Detection and fate of engineered

nanoparticles 1n aquatic systems

Karen Tiede

PhD

2008



PhD Thesis
November 2008

Detection and fate of engineered

nanoparticles in aquatic systems

Karen Tiede

SUpervisors:

Dr Alistair BA Boxall
Dr Steven P Tear

University of York, Environment Department &

Central Science Laboratory, EcoChemistry Team

This thesis 1s submitted in partial fulfilment of the requirements

for the degree of Doctor of Philosophy.



Abstract

Abstract

The proliferation of nanotechnology has prompted discussions over the safety of
these materials to human health and the environment as their environmental fate and
impact i1s widely unknown. This is partly due to the lack of suitable analytical
techniques to detect and characterise engineered nanoparticles in the environment.

This thesis aims to provide a better understanding of the environmental fate of
engineered nanoparticles by developing analytical methods suitable for nanoparticle
analysis in aquatic systems and employing these to laboratory-based environmental

fate studies.

As a first step the applicability of existing analytical techniques to nanoparticle
detection and characterisation in complex media were crtically reviewed and
potentially suitable approaches were i1dentified.

A comparison of submicron microscopic techniques revealed that the use of the
novel WetSEM'™ approach is a promising complimentary tool for the visualisation
of nanoparticles in aquatic systems avoiding drying artefacts e.g. salt crystals
compared to conventional submicron microscopic techniques.

Hydrodynamic chromatography coupled to inductively coupled plasma mass
spectrometry was developed using gold nanoparticles as sizing standards for the size
and elemental characterisation of nanoparticles in aquatic systems. The method 1is
fast, robust, features a high sample throughput and fractionates particles over a wide
size range (5 — 300 nm). The method was validated by electron microscopy.

This technique was then applied to assess the fate of silver nanoparticles in activated
sewage sludge processes. It was found that the majority of the silver partitioned to
the solid sludge residue. However, a fraction of the silver nanoparticles can survive
wastewater treatment in the nanoform and therefore might be released to rivers and
streams. A modelling approach based on the obtained data was developed to predict
nanosilver concentrations in the surface waters.

Finally, based on experimental work and published literature, approaches for

environmental fate and ecotoxicity testing to support environmental risk assessments

for engineered nanoparticles are critically discussed.
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Chapter 1 Introduction

Chapter 1

Introduction

Nanomaterials are commonly regarded as materials with at least one dimension
below 100 nm (Borm and Muller-Schulte 2006), although there i1s no official
definition. They include nanofilms and coatings (< 100 nm in one dimension),
nanotubes and wires (< 100 nm in two dimensions) and nanoparticles (< 100 nm in
three dimensions) (Hochella 2002). Their chemical variety covers metals, metal
oxides, polymers, carbons, biomolecules and clays in many different shapes and
forms (Tran et al. 2005). Nanoparticles can occur naturally (e.g. in ashes, as soil
particles or biomolecules), be produced unintentionally (e.g. in diesel exhaust) or be
intentionally engineered (Banfield and Zhang 2001; Sharpe 2006). This review will
mainly focus on engineered or manufactured nanoparticles (ENPs).

As a consequence of their size, nanoparticles show different physico-chemical
properties compared to their respective bulk material. These include changes in
optical properties, which can cause changes in colour (e.g. gold colloids appear as
deep red), thermal behaviour, matenial strength, solubility, conductivity and (photo)
catalytic activity (Hochella 2002; Kamat 2002; Burleson et al. 2004). Nanoparticles
are effectively a bridge between atomic or molecular structures and bulk materials
(Henglein 1993). For example, nanoparticles made of semi-conducting materials and
with a size between ~ 1 and 10 nm (corresponding to the diameter of ~ 10 to 50
atoms) are small enough to show quantum effects (quantization of electronic energy
levels) and are typically called quantum dots (Rao et al. 2002). Probably the most
significant influence on the behaviour of nanoparticles, however, is the change in

surface-to-volume ratio (Banfield and Zhang 2001). Volume decreases with size but

the proportion of atoms at the particle surface increases, and, therefore, the surface
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Chapter 1 Introduction

properties can dominate the properties of the bulk material (Waychunas 2001).
Furthermore, the structure and properties of the surfaces of nanoparticles are
substantially modified compared to the surfaces of the same materials in bulk form
owing to the proportionally high curvature of the nanoparticle surfaces, more surface
defects and edges, as well as the presence of highly catalytically active sites (Madden
and Hochella 2005). Additionally, targeted change in surface properties of ENPs can
be achieved by coating or functionalisation of nanoparticles.

The potential benefits of engineered nanomaterials have been long recognised but not
until recently has the step from research to manufacture and use been made.
Engineered nanomaterials are now being manufactured in ever increasing quantities
and finding application in a wide range of products and sectors, including medicines,
cosmetics, clothing, engineering, electronics and environmental protection (Ponder et
al. 2001; Obare and Meyer 2004; Aitken et al. 2006; Chaudhry et al. 2008). Current
applications range from antibacterial wound dressings and clothing to reinforced
tennis rackets to advanced, transparent sun protection.

In the food sector, the uses of nanotechnology derived food ingredients, additives,
supplements and contact materials are expected to grow rapidly. Chaudhry et al.
(2008) claim that, worldwide, over 200 companies are conducting R&D into the use
of nanotechnology in either agriculture, engineering, processing, packaging or
delivery of food and nutritional supplements. Food safety will also potentially benefit
with the introduction of nano-based detectors, sensors and labelling (Weiss et al.
2006). In some countries, nanomaterials are already used in food supplements and
food packaging, with nanoclays as diffusion barriers and nano-silver as antimicrobial

agents (Sanguansri and Augustin 2006; Chaudhry et al. 2008; Corporate watch 2007;
table 1.1).
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Chapter 1 Introduction

The proliferation of nanotechnology has prompted discussions over the safety of
these materials to human health and the environment. It is almost inevitable that
humans will be exposed to engineered nanoparticles; for example, due to migration
of nanoparticles from food packaging into food, as well as from the application of
creams directly to the skin. In addition, unintended (e.g. waste, wastewater, sludge)
and intended (e.g. groundwater remediation) release of nanoparticles into the
environment may lead to indirect human exposure (e.g. via drinking water, food
chain, etc.).

The pulmonary toxicity of airborne particles (mostly referred to as ultrafine particles
< 10 um) has been well studied and it is known that toxicity is strongly related to
particle size (Brown et al. 2001; Hasegawa et al. 2004; Geiser et al. 2005; Frampton
et al. 2006). However, the toxicity of engineered nanoparticles and their etfects on
human health, as well as their environmental fate and impact in water and soil, 1s still
widely unknown (Burleson et al. 2004), although some studies suggest (eco-)
toxicity. It has been reported that different types of nanoparticles can cause
cytotoxicity and cross-cellular layers (Shiohara ef al. 2004; Koch et al. 2005; Chen
and von Mikecz 2005; Hardman 2006; Brunner et al. 2006), as well as accumulate in
tissue (Bullard-Dillard et al. 1996) and cause increased production of oxyradicals (L1
et al. 2003). Toxicity of fullerenes and TiO, nanoparticles to Daphnia, large mouth
bass, zebra fish and other aquatic species has also been reported (Oberdorster 2004;
Oberdorster et al. 2006; Lovern and Klaper 2006; Yeo and Kang 2008). Studies have
also looked at impacts on terrestrial systems, for example alumina nanoparticles have
been shown to be phytotoxic (Yang and Watts 2005). Fullerenes, silver and other
nanoparticles have also shown antibactenial behaviour, e.g. 1n healthcare applications

and in aquatic environments (Sondi and Salopek-Sondi 2004; Oberdorster ef al.

2006; Lyon et al. 2006; table 1.2).
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Chapter I Introduction

Even in cases where nanoparticles do not show any acute toxicity, questions of long-
term effects, bioaccumulation and the impact on food webs remain unanswered.
Engineered nanoparticles may also affect the toxicity of other substances, since
natural nanomaterials are known to act as nanovectors for contaminants (Mccarthy
and Zachara 1989; Kersting ef al. 1999; Lyven et al. 2003; Lamelas and Slaveykova
2007). For example, a study on carp showed enhanced cadmium bioaccumulation in
the presence of Ti0O; nanoparticles (Zhang et al. 2007).

Therefore, it is crucial that we begin to understand the behaviour of engineered
nanoparticles in food materials, consumer products and environmental matrices, as
well as their toxicity to humans and the environment. To accomplish this, access to

robust analytical methodologies is essential for detecting and characterizing

engineered nanoparticles in a range of matrix types.

The primary aims of this study were to therefore (a) develop and evaluate analytical
methods for quantifying, visualising engineered nanoparticles in a range of
environmental matrices; (b) to apply the developed techniques to begin to understand
the fate of engineered nanoparticles in activated sludge treatment systems; and (c)
based on the knowledge gained, to provide recommendations on how the
environmental risks of engineered nanoparticles could be better assessed in the

future. These aims were achieved using the following specific objectives:

1. Review available analytical methods potentially suitable for the detection of

ENPs 1n complex matrices

2. Test the most promising and novel analytical methods as identified in 1. for the
detection and characterisation of metal-based ENPs 1n aquatic systems
3. Develop novel analytical methods for metal-based ENP detection and

characterisation 1n aquatic systems and validate the applicability of developed

approaches for experimental fate studies

4. To use the developed methods to explore the fate of selected ENPs 1n the

aquatic environment
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Chapter 1 Introduction

5. Using data from 4. alongside information on usage and usage patterns of the
study ENPs, quantify the likely magnitude of environmental exposure and
explore the subsequent risks to aquatic communtties

6. Based on the knowledge developed in 1. — 4., provide recommendations on how
environmental fate and effect studies could be better designed 1n order to ensure

more accurately characterise the risks related to ENPs

In this thesis solely metal and metal oxide ENPs are studied as they are currently
used in a range of products (paints, sunscreens, cosmetics etc.) and their use pattern
is expected to give rise to environmental exposure (Hansen et al. 2007b). Also, metal
and metal oxide ENPs are commercially available in a range of sizes.

Additionally, the analysis in complex matrices is likely to be less challenging than

analysis of carbon-based ENPs and knowledge gained could assist in developing

methods for carbon-based ENPs in the future.

The aims and objectives described above have been addressed in 5 stand-alone

papers, which constitute the main part of this thesis:

Chapter 2 i1s a critical review of existing analytical methods to detect and
characterise ENPs 1n food and the environment. Selected methods are illustrated
using 1mages generated during experiments performed during this PhD programme.
The most promising methods for engineered nanoparticles characterisation in the
aquatic environment were identified and the novel wet scanning electron microscopy
(WetSEM ™) technology was selected for further assessment (chapter 3). Further, the

need to develop new analytical methods was identified and addressed in chapter 4.

In chapter 3 the suitability of sub-micrometer microscopic techniques for the
visualisation and characterisation of metal-based ENPs in aquatic systems is
discussed. Conventional scanning electron microscopy (SEM) and the novel

approach of WetSEM™, enabling particle imaging under fully liquid conditions, are

compared.
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In chapter 4 the development of hydrodynamic chromatography inductively coupled
plasma mass spectrometry (HDC-ICP-MS) is described for the simultaneous size
characterisation and elemental analysis of metal-based ENPs in aquatic systems.
Gold nanoparticles were assessed as size calibration standards and relative retention

time markers. The method was validated for a range of different inorganic

nanoparticles in water and sewage sludge.

In chapter 5 this novel HDC-ICP-MS method is applied in a laboratory-based study
to assess the fate of nanosilver as a model metal-based nanoparticle in activated
sewage sludge processes. Results were confirmed by transmission electron
microscopy. The obtained data was used alongside simple exposure models to
predict the potential nanosilver concentration resulting from water treatment works

in surface waters and therefore to support environmental risk assessment of ENPs.
The experience and knowledge gained from the analytical development work and

fate investigations 1s used in chapter 6 to discuss how environmental fate and effects

studies could be better designed in the future in order to more accurately assess the

risks of ENPs to the environment.

Chapter 7 provides overall conclusions and recommendations for future research.
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Chapter 2 Review

Chapter 2

Review: Detection and characterisation of engineered

nanoparticles in food and the environment

Introduction

This chapter provides an overview of the different analytical techniques avatlable for
the detection as well as physical and chemical characterisation of engineered
nanoparticles in product formulations, environmental matrices and food materials. As
limited work has been done to date on the detection of engineered nanoparticles in
the environment and food, this review draws heavily on studies reporting detection
and characterisation of nanoparticles in raw products and natural nanoparticles in
environmental systems where much more information 1s available (e.g. Walther
2003; Lead and Wilkinson 2006; Wigginton et al. 2007a). Possible future directions
of ENP analysis and characterisation in biological, environmental or food samples

are 1dentified and areas of further research are recommended.

Nanoparticle properties & their analysis

The potential toxicity and behaviour of nanoparticles will be affected by a wide
range of factors including particle number and mass concentration, surface area,
charge, chemistry and reactivity, size and size distribution, state of aggregation,
elemental composition, as well as structure and shape (Borm and Muller-Schulte
2006; Chau et al. 2007; table 2.1). Therefore, when analysing nanoparticles 1n

different matrices, it is not only the composition and concentration that will need to
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Chapter 2 Review

be determined but also the physical and chemical properties of the engineered
nanoparticles within the sample and the chemical characteristics of any
capping/functional layer on the particle surface.

The analytical techniques should be sensitive enough to measure low concentrations,
as small particles normally represent only a small part of the total mass. The
techniques should also minimise sample disturbance to ensure that laboratory
analyses reflect the unperturbed environmental state (Chen and Buffle 1996; Gimbert
et al. 2007). A range of analytical techniques is available for providing information
on concentration and properties, including microscopy approaches, chromatography,
centrifugation and filtration, spectroscopic and related techniques (table 2.2). In the
following parts of this chapter, a selection of these methods will be discussed that are
potentially suitable for nanoparticle characterisation and literature examples will be

used to demonstrate the application of different techniques to complex media.

Overview of analytical methods applicable to nanoparticle analysis

A wide range of methods i1s available for the detection and characterisation of
nanoparticles; a choice of different approaches are described below and a summary

of the information generated by different techniques and their application to complex

media 1s given in table 2.2 and table 2.3, respectively.
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Chapter 2 Review

Microscopy and microscopy related techniques

Microscopy-based methods include optical approaches, i.e. confocal microscopy, as
well as electron and scanning probe microscopy.

The typical dimensions of nanoparticles are below the diffraction limit of visible
light, so that they are outside of the range for optical microscopy. However, near-
field scanning optical microscopy (NSOM) — a scanning probe microscopy (SPM)
technique — can obtain a spatial resolution of ~ 50-100 nm, much better than
conventional optical microscopes. This is achieved through the use of a sub-
wavelength diameter aperture. NSOM may, therefore, be suitable for optical imaging
of nanoparticle aggregates (Maynard 2000).

The diffraction of light 1s also the limiting factor for confocal microscopy. However,
using confocal laser scanning microscopy (CLSM), resolutions of up to 200 nm can
be achieved and tiny fluorescent objects can often be located more precisely than the
resolution limit. Another feature of a CLSM is the high-resolution optical imaging of
thick specimens (optical sectioning). Naturally fluorescent samples or samples
treated with fluorescent dyes are detectable. Confocal microscopy has only recently
been applied in colloid characterisation and has been combined with fluorescence
correlation spectroscopy (FCS) to characterize fluorescent species in complex
systems (Lead et al. 2000b; Prasad et al. 2007).

The most popular tools for the visualization of engineered nanoparticles are electron
and scanning probe microscopes. Depending on the technique, resolutions down to
the sub-nanometre range can be achieved. Using atomic force microscopy (AFM),
scanning electron (SEM) and transmission electron microscopy (TEM), nanoparticles
can not only be visualized, but also properties such as the state of aggregation,
dispersion, sorption, size, structure and shape can be observed (Mavrocordatos et al.
2004). For comparison, figure 2.1 shows TiO; and ZnO nanoparticles imaged by
SEM, TEM and AFM (all images shown were obtained by the candidate; AFM
images obtained in tapping mode).

In TEM, electrons are transmitted through a specimen (therefore, the specimen has to
be very thin) to obtain an image; in SEM scattered electrons are detected which

originate from the surface of the sample thus imaging the sample’s surface

topography. In general, imaging samples comprising lighter atoms, compared to
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higher mass atoms, 1n an electron microscope 1s more demanding as less contrast 1s
produced 1n the image due to reduced electron scattering.

Analytical (mostly spectroscopic) tools can be coupled to electron microscopes for
additional elemental composition analysis, generally known as analytical electron
microscopy (AEM). For example, energy dispersive X-ray spectroscopy (EDS) can
be combined with SEM and TEM permitting a clear determination of the
composition of elements heavier than oxygen, quantitative analysis, however, leads

to a ~ 20 % uncertainty (Mavrocordatos et al. 2004).
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Figure 2.1. ZnO (Ist row) and TiO,; (2Znd row) nanoparticles suspended in distilled water,
allowed to dry and imaged in order from left to right by SEM, AFM and TEM. Initial sizes as
stated by the manufacturer (Sigma Aldrich, UK): 50 — 70 nm for ZnO particles and 5 — 10 nm
for TiO, particles (own work).

Electron energy loss spectroscopy (EELS) 1s based on characteristic energy losses 1n
the incident electron as 1t passes through the specimen due to interactions with
individual atoms within the sample. The specific energy losses observed enable
identification of the elements within the specimen. This technique can only be used

with TEM and quantitative analysis has uncertainties as low as 10 % (Mavrocordatos
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et al. 2004). Selected area electron diffraction (SAED) can also be combined with
TEM and provides information on crystalline properties of particles (Mavrocordatos
et al. 2004).

Electron microscopy is usually a destructive method, meaning that the same sample
cannot be analysed twice or by another method for validation. Other disadvantages of
electron microscopes are charging effects caused by accumulation of static electric
fields at the specimen due to the electron irradiation required during imaging. This
can normally be overcome by using a sample coating made of a conducting material,
but this can result in a loss of information. Also, biological samples often need
treatment, such as heavy metal staining, for improved contrast.

For biological samples, a scanning transmission electron microscope (STEM)
belonging to the group of TEMs can be of use. Dark-field microscopy with a STEM
allows high contrasts and, therefore, imaging of biological samples without staining.
In combination with diffraction and spectroscopic techniques, STEMs can also
provide 1images and chemical data for nanomaterials with a sub-nanometre spatial
resolution (Liu 2005). Utsunomiya and Ewing (2003) successfully applied high-
angle annular dark-field scanning transmission electron microscopy, scanning
transmission electron microscopy-energy dispersive X-ray spectrometry and energy-
filtered transmission electron microscopy to the characterisation of heavy metals on
airborne particulates.

X-ray microscopy (XRM) can provide spatial resolution (down to ~ 30 nm, limited
by the X-ray beam focusing optics) imaging of a specimen in the aqueous state
without the need for sample preparation, e.g. fixation, staining or sectioning
(Jearanaikoon and Braham-Peskir 2005; Thieme et al. 2007). X-ray microscopy can
also be combined with computer tomography to enable 3D imaging (Thieme et al.
2003). A vanation of the XRM 1is the scanning transmission X-ray microscopy
(STXM), which has been used, for example, to characterize metallic Fe particles for
remediation purposes (Nurmi et al. 2005).

The major limitation of conventional electron microscopes, such as transmission
electron and scanning electron microscopes, 1s that they have to be operated under

vacuum conditions. This means no liquid samples can be introduced to the sample

chamber and sample preparation (dehydration, cryofixation or embedding) 1is

435



Chapter 2 Review

necessary, which usually leads to sample alteration and dehydration artefacts
(Mavrocordatos et al. 2007).

To limit artefacts, efforts have been made to improve sample preparation techniques
for electron microscope imaging. For example, Lonsdale et al. (1999) applied high
pressure freezing and freeze substitution to image barley aleurone protoplasts by
transmission electron microscopy (TEM). This method preserves the cellular fine
structure and antigenicity of proteins better than conventional chemical fixation and
dehydration techniques. Another possibility is the use of a cryo-TEM, which enables
imaging of frozen samples on a cold specimen-stage and microscope. This has the
advantage of preserving and visualizing structures that would be lost or altered by
other sample preparation methods. Wang et al. (2004) employed this method to
image Fe(IIl)-doped TiO; nanoparticles (2-4 nm) in an aqueous environment with a
special sample holder. Mavrocordatos and Perret (1998) embedded iron-rich particles
(30-200 nm) 1n resin and then sectioned these samples for visualization by TEM and
EELS.

However, none of these preparative techniques can fully avoid artefacts caused by
sample drying or preparation. As imaging of nanoparticles in their ortginal state 1s
crucial for nanoparticle research, other methods are required. One possibility to
image nanoparticles under more natural conditions 1s to use an environmental
scanning electron microscope (ESEM). In an ESEM, the gun and lenses of the
microscope are under vacuum conditions as in a conventional SEM, but, due to a
detector that is able to operate under higher pressure and multiple pressure limiting
apertures to separate the sample chamber from the column, the sample chamber 1itself
can be operated at around 10-50 Torr. Therefore, samples can theoretically be
imaged in their natural state without modification or preparation under variable
pressure and humidity, theoretically up to 100 %. Additionally, the gas ionization in
the ESEM sample chamber eliminates the charging artefacts and, therefore, materials
no longer have to be coated with a conducting material. Other advantages of an
ESEM are that the detector is insensitive to light, and fluorescence or
cathodoluminescence does not disturb imaging. ESEM still allows X-ray data, e.g.

from EDS, to be obtained. However, an ESEM cannot achieve real atmospheric

pressure and only the top surface of a specimen can be imaged, which, in the case of
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a liquid sample, is the water surface. The contrast is increasingly poor with
increasing humidity and there is the possibility of specimen drifting. Also, a loss in
resolution from ~ 10 nm up to ~ 100 nm is unavoidable.

Doucet et al. (2005a) compared the performance of an environmental and a
conventtonal scanning electron microscope (ESEM and SEM, respectively) for the
imaging of natural aquatic particles and colloids. Analysing river estuary samples
they found that the conventional SEM provides sharper images and lower resolution
limits, but produces more imaging artefacts due to drying of the sample. To some
extent, ESEM samples retain their morphological structures without the need of
sample preparation, but image interpretation and imaging itself is more complex.
Also, 1t has been stated that the maximum relative humidity at which imaging could
be performed was 75 %, as, at 100 %, layers of free water over the sample made
colloid visualization impossible. Sizing of colloids revealed technique-dependent
differences; hence, Doucet et al. (2005a) suggest that ESEM and SEM should be
used as complementary techniques, but are in favour of the ESEM for imaging
colloids and colloid aggregation. Redwood et al. (2005) applied an ESEM to analyse
and quantify humic substances (Suwannee river humic acid, 100 mg/L) as a function
of humidity and pH (3.3-9.8). They concluded that ESEM 1is an important
complementary technique to other analytical methods for probing changes in colloid
structure as a function of hydration state; however, they also concluded that at
present non-perturbed samples cannot be imaged (Redwood et al. 2005).

The technique of WetSTEM allows transmission observations of wet samples in an
ESEM under annular dark-field imaging cc;nditions down to a few tens of nm.
Combining elements of TEM and ESEM, samples that are fully submerged can be
imaged. The imaging i1s achieved by placing a TEM grid with the sample on a TEM
sample holder. This holder i1s placed in the ESEM chamber allowing transmission
imaging under non-vacuum conditions (Bogner et al. 2005).

An alternative to the ESEM methods described above is the use of a WetSEM'™
capsule as a specimen holder, in which the sample is added and the holder is then
sealed. These capsules have been developed by QuantomiX (Rohovot, Israel) for
imaging of samples in a conventional SEM under hydrated conditions. There are two

different types of WetSEM '™ capsules on the market suitable for conventional SEM
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with a back-scattered electron detector: one for imaging in liquids and another for
imaging of solid but wet materials (e.g. biological samples, food or soil). With this
technique, in situ imaging of nanoparticles in natural media is possible. The capsule
separates the sample from the vacuum chamber of the microscope and a membrane
in the capsule allows electrons to pass into the sample; thus, enabling imaging under
atmospheric pressure. It i1s possible to conduct semi-quantitative and qualitative
clemental analysis with these capsules provided the microscope is equipped with an
energy dispersive X-ray spectrometer (Thiberge et al. 2004b; Thiberge et al. 2004a;
Joy and Joy 2006; Timp et al. 2007). Limitations are a loss of resolution and the
sensitivity of the membrane to radiation damage. Also, objects have to be close to the
membrane to be visible. Thiberge et al. (2004a & b) describe in detail the theory,
characteristics, limitations and possible applications of WetSEM'™ capsules using a
conventional SEM and an ESEM. There are no studies present in the literature on the
use of WetSEM for studying nanoparticles in environmental conditions.

Imaging under fully liquid conditions is also possible using atomic force microscopy
(AFM). The AFM belongs to the family of scanning probe microscopes (SPMs)
(Balnois et al. 2007). An oscillating cantilever is scanning over the specimen surface
and electrostatic forces (down to 107'* N) are measured between the tip and the
surface. An AFM can achieve 3D surface profiles from these force measurements
with height resolutions of ~ 0.5 nm. The main advantage of an AFM is that it images
sub-nanometre structures under wet or moist conditions. Although under liquid
conditions particles not fixed to a substrate will float around and eventually stick to
the cantilever, which leads to imaging artefacts, both as smearing effects and changes
in the cantilever oscillation properties, as the tip gains weight. This smearing effect
could be minimized by using a non-contact scanning mode where the tip is not
touching the particles but only feel its forces (Balnois et al. 2007). The main
limitation of AFM for nanoparticle visualization is that the geometry of the tip is
often larger than the particles being probed and this leads to errors in the onset and
offset of particle topography on a scan, resulting in severe overestimations of the
lateral dimensions of the nanoparticles. Therefore, accurate size measurements
should only be taken on the height (z-axis) of the particles and the lateral dimensions

only used with great caution. Furthermore, AFM for environmental or food related
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samples 1s limited in the ability to obtain qualitative or quantitative information of
the sample composition. Nevertheless, the force patterns that emerge can also help in
identifying the nature of individual atoms via a technique called chemical force
microscopy (CFM) (Sugimoto et al. 2007; Shluger and Trevethan 2007). This recent
development could lead to progress in AFM application to more complex samples.
Scanning tunnelling microscopy (STM) 1is another type of scanning probe
microscopy and is based on the quantum mechanical nature of electrons on the sub-
nanometre scale. A conducting tip 1s brought into proximity of a metallic or semi
conducting surface such that when the gap between the surface and the tip is
~< 1 nm, and a small voltage applied to the tip (or surface), electrons can ‘tunnel’
through this gap creating a very small current, the magnitude of which 1s very
sensitive to the tip-surface separation. By scanning the tip across the surface and
adjusting the height of the tip to maintain a constant tunnelling current, the surface
can be imaged with a resolution of ~ 1 nm or better. STM has been applied to
environmental samples to image redox properties of microbial enzymes (Wigginton
et al. 2007b).

AFM has been used to characterise natural colloidal matter. For example, Lead ef al.
(2005) analysed natural aquatic colloids by AFM and their structure was found to
vary as a function of pH. Mica slides were dipped for 30 min into filtered samples
rinsed with distilled water and allowed to dry prior to imaging in tapping mode. It
has been stated that it is not known whether imaging under ambient humidity or
liquid water produces better results. 4 priori, imaging under liquid water appears to
provide ideal experimental conditions. However, atmospheric humidity retains
colloid-bound water, helping to maintain structure, and AFM tips exposed to organic
matter 1n solution soon become coated 1n the organic matter, potentially affecting the
veracity of the images. This 1s also a possibility in imaging after air-drying.
Comparing TEM and AFM using different sample preparation methods indicated
similar morphologies (Lead et al. 2005). Balnois et al. (1999) employed tapping
mode AFM for the analysis of humic acid on mica. They found that aggregation
might be related to the hydrophobicity of the sample. No aggregates were observed
for relatively hydrophilic humic acids (Suwannee river) at pH 3-10, but aggregates

were seen for peat humic acid at low pH and high ionic strength. A comparison
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between AFM, Fluorescence Correlation Spectroscopy, Field-Flow Fractionation and
Pulsed Field Gradient-NMR on a reference fulvic acid sample (Lead et al. 2000a)
consistently showed that AFM resulted in smaller particle sizes measurements than
the other techniques, even though AFM is a number-average method whereas the
others are mass-average methods. This underestimation of the size of the fulvic acid
was thought to be due to drying or other substrate effects during the AFM procedure.

Although an AFM is operated under ambient conditions, samples still have to be
applied to a specimen holder, which can cause alterations; thus, sample application
has to be done carefully. A range of sample preparation techniques have been
reported by Balnois and Wilkinson (2002), including drop deposition, adsorption,
ultracentrifugation, which have successfully been applied in the characterisation of
environmental biopolymers (e.g. humic substances, polysaccharides) by AFM
(Balnois and Wilkinson 2002). Bickmore et al. (1999) developed methods (including
electrostatic attraction and adhesion based) to fix clay minerals to a substrate thus
allowing imaging in aqueous suspensions by AFM. Further applications of AFM to
environmental colloids have been reviewed by Maurice (1996). He describes the
AFM as powerful tool to image environmental colloids and surfaces 1n air or
immersed in water at sub-nanometre-scale resolution with examples of applications
and limitations. Very recently a review has also been published relating the
application of AFM to nanotechnology in food science (Yang et al. 2007).

From the above, it is clear that, using a combination of microscopic techniques, we
can not only visualize nanoparticles but also generate useful data on the size, size
distribution and other measurable properties (Baatz et al. 2006; Jose-Yacaman et al.
2001; Biberthaler et al. 2003; Rabinski and Thomas 2004; Chuklanov et al. 2006).
However, it needs to be recognised that the image analysis of the microscope outputs
1s as crucial as imaging itself. Only small amounts of samples can be analysed by
microscopic techniques and this has an impact on the statistical significance of the
results. The average particle size 1s a number average, and size distribution obtained
by image analysis depends on the number of particles measured. Since there are
often fewer larger particles, it is important to count and measure enough particles to
obtain good counting statistics on these size fractions. The same issues need to be

considered when measuring ENPs in food or environmental samples in the presence
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of high concentrations of natural nanomaterials. It may, therefore, be necessary to
measure thousands of particles to generate reliable data. Therefore, it 1s essential to
develop automation and image analysis procedures. Image contrast can have an
iInfluence on the visible size of the particles or light element particle coatings may be

invisible, leading to controversial or incomparable results.

Chromatography and related techniques

Techniques based on or related to chromatography can be used for the separation of
nanoparticles in samples. These techniques are rapid, sensitive (detector dependent)
and non-destructive, so that samples are available for further analysis. Although
some chromatographic tools allow a range of solvents to be used, samples usually
cannot be run in their original media, which can cause sample alteration and sample
solvent interaction. By attaching traditional analytical tools (e.g. ICP-MS, DLS) as
detectors to size separation techniques, it is not only possible to quantify different

nanoparticles in food, water, biota and soil, but also to characterise or elementally

analyse them.

The best-known technique for size separation is size exclusion chromatography
(SEC). A size exclusion column 1s packed with porous beads as the stationary phase.
The pores of the column retain particles, depending on their size and shape. This
method has been applied to the size characterisation of quantum dots, single-walled
carbon nanotubes and polystyrene nanoparticles (e.g. Krueger et al. 2005; Ziegler et
al. 2005; Huang et al. 2005). Size exclusion chromatography has good separation
efficiency, but major disadvantages include possible interactions of the solute with
the solid phase or the limited size separation range of the columns, which may not
cover the size range of both the primary nanoparticles and their aggregates. Methods
employed to overcome the problem of solid-phase interactions include the addition
of capping agents to the mobile phase and the recycling of the analyte. SEC has been
successfully combined with a range of detection techniques to not only monitor the
s1ze fractionation of the particles but also to characterise them. For example, Song et
al. (2004) used voltammetric detection for gold nanoparticles separation and Helfrich

et al. (2006) employed ICP-MS as a multi-element detection method, whereas Porsch
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et al. (2005) worked with multi-angle laser light-scattering (MALLS) (Porsch et al.
2005).

Unlike SEC, 1n capillary electrophoresis (CE) there are no solid phase interactions.
CE allows the separation of particles in different solutions based on the charge and
size distribution of the components. However, as separation is not based on size
alone, data interpretation is more complex. Also, mobile phase interactions cannot be
excluded. Lin et al. (2007) used CE for the sizing of engineered Au and Auw/Ag
nanoparticles and Schmitt-Kopplin and Junkers (2003) have used CE 1n the
characterisation of humic substances and other natural organic matter.

Hydrodynamic chromatography (HDC) separates particles based on their
hydrodynamic radius. A HDC column is packed with non-porous beads building up
flow channels in which particles are separated by flow velocity and the velocity
gradient across the particle. Therefore, larger particles elute faster from the column
than smaller ones (Mcgowan and Langhorst 1982). The non-porous beads
considerably reduce the risk of solid-phase interactions compared to the porous
packaging in a SEC column. Available HDC columns show size separation ranges
from 5 to 1200 nm depending on the column length, whereas the size separation
range of a SEC column 1s dominated by its pore size distribution. The wider particle
size-separation range of HDC allows a whole range of nanoparticles to be sized in
different media and is particularly helpful in allowing a better understanding of
formation of aggregates. HDC has been connected to the most common UV-Vis
detector for the size characterisation of (fluorescent) nanoparticles, colloidal
suspensions and biomolecules (Williams ef al. 2002; Chmela et al. 2002; Blom et al.
2003), but also to dynamic light scattering (DLS) for sizing separate lipid
nanocapsules (Yegin and Lamprecht 2006). A major limitation of HDC is poor peak
resolution.

A highly promising technique for the size separation of ENPs in complex natural
samples 1s field-flow fractionation (FFF) (Giddings 1993; Beckett and Hart 1993;
Schimpf et al. 2000). It is similar to chromatographic techniques, but separation is
solely based on physical separation in an open channel without relying on a
stationary phase. The particles are separated based on how they are affected by an

applied field. The field controls the particle transport velocity by positioning them in
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different average laminar flow vectors in a thin channel. The field can be a
centrifugal force (sedimentation FFF) or a hydrodynamic flow perpendicular to the
separation flow (flow FFF). FFF is able to fractionate particles in a range from 1 nm
to 1 mm 1n Brownian mode.

FFF 1nstruments can be coupled to online or offline detection and characterisation,
which in addition to size distributions, allows analysis and visualisation of the
fractionated samples by electron microscopy (Baalousha er al. 2005a). FFF can also
be coupled to a range of sensitive and multi-element techniques, such as multi-angle
laser light-scattering (MALLS) and ICP-MS (Hassell6v et al. 1999b; von der
Kammer et al. 2005a). FFF coupling techniques have been successfully applied in
geochemistry and natural colloid research as well as studies into the behaviour of
engineered nanoparticles. Applications range from colloids in fresh and marine water
to size separation of soil suspensions (Ranville et al. 1999; Hassellov et al. 1999a;
Hassellov et al. 1999b; Chen and Beckett 2001; Lyven et al. 2003; Siepmann ef al.
2004; von der Kammer et al. 2004; von der Kammer et al. 2005a; Stolpe et al. 2005;
Baalousha ef al. 2005a; Graff and Frazier 2006; Lead and Wilkinson 2006; Gimbert
et al. 2006; Peng et al. 2006; Baalousha et al. 2006a; Baalousha et al. 2006b;
Baalousha and Lead 2007). Also, single walled carbon nanotubes have been length-
separated by dielectrophoresis FFF (Peng et al. 2006) and many engineered
nanoparticles, such as SiO;, metals, metal oxides, carbon black, etc. have been
analysed by FFF (Schimpf et al. 2000).

The limitations of FFF techniques are membrane or accumulation wall interactions,
the continuous re-equilibration in the channel (for trace constituent studies) and the
need (in some circumstances) of preconcentration, additional concentration of
sample during equilibration and an increasing possibility of aggregation in the
channel (Beckett and Hart 1993; Hassell6v et al. 2007).

In theory, any aqueous or non-aqueous phase of any ionic strength and a pH between
2 and 11 can be used as a carrier. This gives versatility in terms of selecting the
carrier composition to favour colloidal stability, thus minimizing wall and membrane
Interactions and particle-particle interactions.

Stegeman et al. (1994) compared the resolving power and separation time in thermal

field-flow fractionation (TFFF), hydrodynamic chromatography and size exclusion
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chromatography for the size separation of polymers, and concluded that TFFF
theoretically has the best separation potential due to high selectivity, but this may not
be exploitable in practice owing to the technical requirements. On the other hand,
SEC was found to be the fastest method for low molecular masses (Stegeman et al.
1994). In general, FFF and HDC have a wider dynamic size range than SEC, while

SEC has higher separation efficiency (less peak broadening). SEC also suffers from
more sample perturbations than FFF or HDC.

Centrifugation and filtration techniques

Centrifugation and filtration techniques are well-established tools for the preparative,
size fractionation of samples. These are low-cost, high speed and high volume
techniques. Ultracentrifugation (UC), for example, is a centrifuge system capable of
very high spinning speeds for accelerations up to 1,000,000 g. There are two
different types of ultracentrifugation: analytical and preparative UC. In an analytical
ultracentrifuge (ANUC), a sample can be monitored in real time through an optical
detection system using ultraviolet light absorption and/or interference optical
refracttve index sensitive systems. This allows the operator to observe the evolution
of the sample concentration versus the axis of rotation profile as a result of the
applied centrifugal field, and is valuable for sedimentation velocity and
sedimentation equilibrium experiments (gross shape of macromolecules,
conformational changes in macromolecules and size distribution). Preparative
ultracentrifugation has been used for pelleting of fine particulate fractions, for
gradient separations (Bootz et al. 2004) and for harvesting aquatic colloids and
nanoparticles on TEM and AFM substrates (Mavrocordatos et al. 2007; Balnois et al.
2007).

Traditional membrane filtration allows the fractionation of particle sizes between
0.2and 1 mm (Lead and Wilkinson 2006). Comparative data obtained for soil
suspensions, for filtration and sedimentation FFF indicates that membrane filtration
can both over- and under-estimate smaller size fractions due to clogging as well as
electrostatic interactions (Gimbert et al. 2005). Microfiltration with pore sizes
>0.1 pm 1s a simple and common method, although exhibiting many artefacts

caused by, for example, filter-cake formation and concentration polarisation
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(Morrison and Benoit 2001). Ultrafiltration is applicable for large sample volumes;
however, with decreasing pore sizes, common filtration artefacts are even more
likely. For the separation of nanoparticles and 1ons, nanofiltration with pore sizes of
0.5 or 1 nm can be used.

Cross flow filtration (CFF) or tangential filtration recirculates the samples and,
therefore, reduces clogging, concentration polarisation and other artefacts caused by
traditional dead-end filtration (Lead and Wilkinson 2006). It has become the standard
method for separating colloids and particles and its efficacy has been evaluated
against AFM by Liu and Lead (2006). The method has been applied to fluorescence
investigations of colloidal organic matter and dissolved organic matter in lake and
river water (Liu et al. 2007) as well as in seawater (Guo et al. 2000). Electrically
assisted cross-flow filtration has also been used for the separation of nanoparticles
(Sung et al. 2007). Doucet et al. (2004) evaluated cross-flow ultrafiltration (CFUF)
for the size fractionation of freshwater colloids and particles (1 nm — 1 mm) by AFM
and SEM, and concluded that CFUF is not fully quantitative and separation 1s not
always based on size alone. Amounts of large colloids might be overestimated and
fractionation is not always consistent with the nominal pore size of the membranes.
These conclusions have to be treated with some caution as the validation techniques

used (i.e. AFM and SEM) also have their limitations (Doucet et al. 2004).

Spectroscopic and related techniques

A wide range of spectroscopic methods is available for nanoparticle analysis and
characterisation. Scattering techniques useful for nanoparticle charactenisation
include light scattering methods, such as static (SLS) and dynamic light scattering
(DLS), or neutron scattering, such as small-angle neutron scattering (SANS).

DLS or photon correlation spectroscopy (PCS) is particularly useful for sizing
nanoparticles and determining their state of aggregation in suspensions. DLS
provides fast in situ and real-time sizing (Ledin et al. 1994), but also has
considerable limitations. For example, interferences can be caused by a range of
possible artefact sources, such as dust particles, which will influence the scattering
intensity compared to smaller particles and, therefore, on the sizing result. Also, data

obtained from samples containing particles with heterogeneous size distributions are
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difficult to interpret. DLS is solely quantitative and unless the sample content 1is
known or pure, size fractions cannot be related to particles of a specific composition
(e.g. Bootz et al. 2004).

Static light scattering, also known as multi-angle (laser) light-scattering (MAL(L)S),
gives information on particle structure and, in combination with dynamic light-
scattering or FFF, particle shape can be determined.

SANS can be used on solid or liquid samples. For example, Diallo ef al. (2005) have
applied SANS for the characterisation of Suwannee River fulvic acid aggregates 1n
aqueous solutions. |

Small angle X-ray scattering (SAXS) is an analytical X-ray application technique for
investigating the structural characterisation of solid and fluid materials in the
nanometre range. Monodisperse and polydisperse systems can be studied. In
monodisperse systems, size, shape and structure determination is possible, whereas,
in polydisperse systems, only the size distribution can be calculated.

Laser-induced breakdown detection (LIBD) is a laser-based technique featuring
extremely low detection limits, which is capable of analysing the size and
concentration of colloids, depending on the measured breakdown probability (BP).
LIBD 1s, therefore, a highly promising tool for nanoparticle characterisation,
although i1t cannot distinguish between different types of particles and requires
particle-specific size calibration (Bundschuh ef al. 2001a; Bundschuh et al. 2001Db).
Other laser-based techniques include Raman spectroscopy and laser-induced
fluorescence (LIF). Instruments are now available combining these techniques,
allowing the atomic, molecular and structural characterisation of a specimen, as well
as a better understanding of physical properties.

UV-Vis and infrared spectroscopy offer the possibility of characterising
nanoparticles, especially quantum dots and organic-based nanoparticles, such as
fullerenes and carbon nanotubes. Fourier transformation infrared (FTIR) and UV-Vis
spectroscopy have been used to compare aqueous colloidal suspensions of C60
(Andrievsky et al. 2002). Pesika et al. (2003) also used UV spectroscopy to study the

relationship between absorbance spectra and particle-size distributions for quantum-

sized nanocrystals.
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Nuclear magnetic resonance (NMR) is a powerful technique providing information
on the dynamics and three-dimensional structure of a solid compound or a
suspension. Carter et al. (2005) characterised air- and water-stable silica
nanoparticles by NMR. Diffusion NMR spectroscopy has also been used for the
characterisation of the size and interactions of colloidal matter (Valentini et al. 2004,
Carter ef al. 2005). Lead et al. (2000a) used pulsed field gradient NMR to measure
the diffusion coefficients of fulvic acids.

X—réy spectroscopy comprises X-ray photoelectron (XPS), X-ray fluorescence (XRF)
as well as X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD). XPS
is highly surface-specific due to the short range of the photoelectrons that are excited
from the solid sample and, therefore, XPS could be useful to characterise
nanoparticle surfaces and coatings. X-ray diffraction is non-destructive and can
reveal information about the crystallographic structure or elemental compostition of
natural and manufactured materials. Nurmi et al. (2005) used this technique, as well
as XPS, for the characterisation of zero-valent Fe nanoparticles for use in
remediation. X-ray fluorescence (XRF) spectroscopy is also non-destructive and can
be used to identify and determine the concentrations of elements present in solid,
powdered or liquid samples. XRF can be subdivided into wavelength separation
(WDXRF) and energy dispersive XRF (EDXRF).

X-ray absorption (XAS) and emission spectroscopy is used in chemistry and material
sciences to determine elemental composition and chemical bonding.

Other potentially suitable spectroscopic techniques for nanoparticle characterisation
include electron paramagnetic resonance (EPR), Mossbauer, Auger electron (AES)
and 3D fluorescence excitation-emission matrix spectroscopy (EEM). Mdossbauer
spectroscopy provides information about chemical, physical and magnetic properties
by analysing the resonant absorption of characteristic energy gamma-rays, known as
the Mossbauer effect. Liu et al. (2007) and Lead et al. (2006) applied 3D
fluorescence excitation-emission matrix (EEM) spectrophotometry for the
fluorescence investigation of colloidal organic matter and dissolved organic matter in
lake and river water. EPR spectroscopy can be applied for particle surface reactivity
analysis, and is a sensitive, specific method for studying organic and inorganic

radicals formed in chemical reactions or the reactions themselves, similar to NMR.
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Auger electron spectroscopy 1s also commonly used in the surface characterisation of

nanostructures. Quantitative bulk analysis by AES has been described by Powell and
Seah (1980).

Mass spectrometry

Mass spectrometers consist of an ion source, a mass analyser and a detector system.
Two 1onization techniques often used with liquid and solid biological samples
include electrospray ionization (ESI) and matrix-assisted laser desorption/ionization
(MALDI).

Inductively coupled plasma (ICP) sources are mainly used for metal analysis. Mass
analysers (e.g. ion trap, quadrupole or time-of-flight) cover different mass-to-charge
ranges, differ in mass accuracy and achievable resolution. Most of the available
analysers are compatible with electrospray ionization, whereas MALDI is not usually
coupled to a quadrupole analyser.

Mass spectrometry (MS) approaches, such as MALDI, laser-induced tluorescence
(LIF) or 1on trap (IT) mass spectrometry, have been applied for the analysis of
fluorescently labelled nanoparticles (Peng et al. 2003; Cai et al. 2003).

In the case of ICP-MS, samples cannot only be injected directly into the ion source
but via a combined technique, such as HPLC. An increasingly popular combination
In this respect is FFF-ICP-MS, which allows the size separation of the sample with
quantitative and elemental analysis of the obtained size fractions. This development
1s highly promising for nanoparticle analysis, as particles can be simultaneously
sized and analysed in their original environment (Ranville et al. 1999; Lyven et al.
2003; von der Kammer et al. 2004; Bolea et al. 2006; Baalousha et al. 2006a).
Whereas conventional mass spectrometry (MS) is applicable for identifying
unknown compounds and their mass concentrations, as well as their isotopic
composition, single particle mass spectrometry (SPMS) has also the ability to size
single particles. MS techniques have also been used in aerosol characterisation,
including aerosol time-of-flight mass spectrometer (ATOF-MS). An ATOF-MS
consists of an aerosol introduction interface; a light-scattering region for sizing and a
TOF-MS. Suess and Prather (1999) published a review on the topic of mass

spectrometry of aerosols, describing tools for offline MS of aerosols, such as
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LAMMS, SIMS and ICP-MS, tools for online MS, such as surface/thermal 1onization
MS (SIMP, DIMS, CAART, PAMS), and laser desorption/ionization MS (ATOFMS,
PALMS, RSMS, LAMPAS). More applied examples are described by Janzen et al.
(2002), who compared the sizing of nanoparticles with SPMS and TEM. Lee et al.
(2005) used SPMS to characterise the size and composition of polydisperse aerosol
nanoparticles. They estimated particle size with a laser ablation/ionization time-of-
flight single-particle mass spectrometer and validated their results by differential
mobility analysis (DMA). In situ characterisation of size and elemental composition
of individual aerosol particles in real time was performed by Prather ef al. (1994)
with the help of an ATOF-MS. For the sizing and analysis of aerosol nanoparticles, a
DMA has also been coupled to an ICP-MS (Okada et al. 2002).

Other techniques

Particle counters for number concentrations. The electrical sensing zone method
counts and sizes particles by detecting changes in electrical conductance as particles
suspended in a weak electrolyte solution are drawn through a small aperture. The
technique has been successfully applied to the size and surface charge
characterisation of nanoparticles using a carbon nanotube-based Coulter counter (Ito
et al. 2003). Condensation particle counter (CPC) measurements can also provide
data on the number and concentration of individual particles by growing the particles

through a condensing process using various operating liquids, such as alcohol and

water.

DMA for sizing aerosols. A differential mobility analyser (DMA) can be used to
determine the size distribution of sub-micrometer aerosol particles. Particles are
firstly charged and then their electrical mobility is measured as a function of their

charge and size. After sizing, the particles are still suspended in air and are ready for
further analysis (McMurry et al. 1996; Weber et al. 1996; Okada et al. 2002).
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SMPS for sizing and number concentration determination. A scanning mobility
particle sizer (SMPS) consists of a DMA and a CPC. First, particles are separated by
their electrical mobility in the DMA; then, the size fractionations enter a CPC, which

determines the particle concentration at that size.

BET method for surface area determination. The very common Brunauer—-Emmett—
Teller (BET) method enables the determination of the specific surface area of solids

and, thus, nanoparticles by gas adsorption (Brunauer et al. 1938).

Thermogravimetry and differential thermo analysis (TG-DTA). DTA can be applied
for phase changes and other thermal processes, such as the determination of melting
point. In combination, TG-DTA 1s useful for investigating the thermal stability and
decomposition, dehydration oxidation, as well as the determination of volatile
content and other compositional analysis. Thermogravimetry in combination with a

mass spectrometer can be used for surface analysis. Surface molecules are removed

by heating and afterwards analysed by MS.

Electrophoretic mobility and the zeta potential. Electrophoresis 1s used for studying
properties of dispersed particles, in particular, for measuring the zeta potential. The
zeta potential 1s a measure of the overall charge a particle acquires in a specific
medium and gives an indication of the potential stability of a colloidal system. If all
the particles have a large negative or positive zeta potential, they will repel each
other, which leads to higher stability than if the particle charge is nearly neutral. The
zeta potential 1s a measure of the net charge and there may be significant charge
heterogeneities that can still lead to aggregation, even though the net zeta potential
suggests otherwise. Information about the aggregation state of a nanoparticle
dispersion is highly valuable for nanoparticle fate and behaviour studies. As an
example, the electrophoretic mobility of silica spheres suspended in water at

different concentrations and salinities has been studied by Reiber et al. (2007).
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Nanomaterial analysis in food and biological samples

As previously discussed, when measuring nanoparticles in different media, 1t 1s not
only necessary to generate data on concentrations but information will also be
required on the size distribution and properties of the particles. No single technique
can provide all this information, so a range of analytical techniques 1s required.
Moreover, while a range of methods has been shown to be applicable to the analysis
of nanoparticles, the current methods do not fulfil all data requirements.

As shown in the previous section, many analytical tools are theoretically suitable for
the characterisation of nanoparticles, ranging from electron microscopy to dynamic
light scattering to field flow fractionation techniques, but only a few of these are
applicable to the analysis of more complex samples. Requirements for analysis of
engineered nanoparticles in natural and food related samples will differ greatly from
their analysis in pure or neutral media (e.g. air, distilled water). In complex media, it
1s essential to analyse samples of diverse elemental compositions and samples
containing more than one type of nanoparticle. Many techniques are destructive or, 1f
not, application of some sample preparation methods can lead to artefacts. In
addition, natural samples will be heterodispersed and, for measuring size
distributions, instruments providing a wide size-separation range from, ideally, 1 nm
to up to several mm, are needed. There are many methods available for the sizing of
particles, but very few, if any, is applicable to the entire size range. In the next

section, some of these challenges are discussed in more detail.

Bulk versus single particle analysis

One problem with some methods, as discussed previously, 1s their application range.
Existing techniques have to be divided between tools suitable for analysing
individual particles (depending on particle size) or the bulk material. Classic
composition and mass-based tools are readily applicable for the bulk matenal;
however, elemental analysis of single particles in a dilute environment has only
recently become available (e.g. aerosol mass spectrometry). Whereas, standard tools
for elemental composition and mass concentration are restricted by thetr limit of

detection (LOD), techniques capable of characterising individual particles face
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spatial limitations. Especially, particle sizing techniques are restricted by their size

separation range. Figure 2.2 illustrates the size range of selected methods for particle
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Figure 2.2. Sizing methods and their size range for nanoparticle measurement. Adapted from
Lead and Wilkinson (2006) and Gimbert ef al. (2007b).

Sizing artefacts and the lack of reference materials

The limitations of each analytical method for nanoparticle characterisation can lead
to inconsistent results and, therefore, to inaccurate predictions of material properties
and structure (Carter er al. 2005). For example, 1t 1s still almost impossible to
determine the absolute size of particles. Correct size measurements are difficult,
which often leads to artefacts, depending on the applied tool and the medium the
particles are analysed in. For example, organic coatings that are not visible n the
electron microscope (due to light elements, such as carbon) can lead to errors In

sizing, especially when compared to sizing tools that measure the hydrodynamic
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radius of particles, such as FFF or DLS. It has been reported that the average size and
s1ze distribution of nanoparticles can significantly vary when comparing results from
different techniques, such as electron microscopy, dynamic light scattering, CFF or
ultracentrifugation (Bootz et al. 2004). The lack of consistent reference materials and
standards further exacerbates this problem (Lead and Wilkinson 2006). Nanoparticle
sizing standards, as well as standardized methods for sampling and measurement,
are, therefore, urgently required to overcome the problem of inconsistent data (Borm
et al. 2006). To the best of our knowledge, standardized nanoparticles are not yet

available and researchers have to rely on commercially available, often not well-

characterised, nanoparticles.

Sample preparation

Depending on the technique, to analyse natural samples, sample preparation and/or
digestion 1s often required. As nanoparticles can and do change structure and
composition in response to their environment, results obtained for pre-treated or
digested samples can often differ from the situation where the particles are
characterised in situ (Burleson et al. 2004). These artefacts in analysis can be
avolded by using techniques that do not require or reduce sample preparation to a
minimum. The complexity of data obtained for some techniques (e.g. NMR, CE) for
samples in their original state can make analysis and interpretation difficult.

If sample preparation cannot be avoided, a careful record of sampling and
preparation steps 1s essential to track artefacts. The nature of nanoparticles can also
change over time; for example, aggregation can increase or decrease and particles
could dissolve. A lot of effort has been put into the development of sample
preparation methods that improve the conservation of the original state of the sample.
Especially in the field of microscopy, advances have been made in sample
preparation ranging from gel-trapping techniques for imaging emulsions under the
SEM (Paunov et al. 2007) to high-pressure freezing and freeze-drying for imaging
biological specimen under the TEM (Lonsdale et al. 1999; Bootz et al. 2004).

Fixation methods for imaging clay minerals and particles in aqueous solutions under

the AFM have also been developed (Bickmore et al. 1999).
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Natural versus engineered nanoparticles

At the moment, it is very difficult to distinguish between particles of engineered
origin and particles from a natural or other source (Burleson et al. 2004). A way has
to be found to differentiate between natural occurring and engineered nanoparticles.
As the number of engineered nanoparticles actually reaching the environment or their
bioavailability is unknown, this will allow concentrations in consumer products and
the environment to be determined. Therefore, selective detection methods need to be
developed. Another solution to this problem could be nanomaterial labelling, with
suggestions ranging from fluorescent- and radioactive-labelling for carbon-based
nanoparticles to isotopic enrichment or depletion of metal-based nanoparticles. Also,
special particle coatings or entrapment of rare elements in nanotubes or fullerenes
could be used to enable the detection of these distinctive chemical characteristics
after an experimental study. Gulson and Wong (2006) reviewed the possibilities of
isotopic labelling and tracking of metal and metal oxide nanoparticles for
nanotechnology research. Isotopic labelling of carbon nanotubes and fullerenes has
already been performed; for example, '°C isotope carbon nanotubes are available and
“C-C60s have been synthesized, with subsequent uptake and toxicity studies
(Scrivens et al. 1994b; Bullard-Dillard et al. 1996).

Conclusions and recommendations for future work

Analytical methods are required to reliably detect and characterise nanoparticles and
their properties in matrices to which humans and ecosystems are exposed, including
air, soil and water as well as food and consumer products. These methods must also
be applicable for nanoparticle characterisation in toxicological and ecotoxicological
testing; only then can an appropriate risk assessment be performed and nanoparticle
properties of risk identified and regulated or used in standard testing (Scientific
Committee on Emerging and Newly-Identified Health Risks (SCENIHR) 2005).

These techniques have to be able (a) to deal with heterogeneous samples, (b)

minimize sample alteration to avoid artefacts and (c) provide as much information as

possible, because most characterisation techniques are destructive and, therefore,
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samples often cannot be analysed twice or by more than one technique. An ideal
analytical instrument should allow simultaneous determination of all
physicochemical properties of a nanoparticle and, as many nanoparticles are transient
in nature, obtain them by real-time sampling (Prather et al. 1994). While a wide
range of tools is available, the existing tools do not fulfil all desirable criteria and
have limitations when considering their application for food and natural samples.
Therefore, until new tools have been developed, existing tools have to be used and
combined in such a way that data can be validated. Analysis of the unperturbed
sample or further analysis of the size fractionations is preferred. Complementary
analytical tools should be applied and care taken with sample preparation.

As this review demonstrates, promising developments have been made 1n
nanoparticle analysis; however, further advances are essential to overcome these
deficiencies. Especially, in situ analysis as well as routine and reliable techniques to
improve size determination, size distribution of particles and other nanoparticle
properties are important.

Nanotoxicology and nanoecotoxicology are still in their infancy and risk assessments
are practically nonexistent, especially in the food sector. Therefore, progress in
nanoparticle testing (in vivo and in vitro) 1s urgently needed to guarantee consumer
safety, including the development of standard testing materials and testing
guidelines. In addition to toxicity studies, various uptake paths have to be studied,
including dermal, oral and intestinal, as well as nanoparticle accumulation and
potential long-term effects. Other effects of nanoparticle uptake could be the
interaction with other (toxic) substances and their mobilisation or dislocation, not
only in the human body, but also in consumer products. The environmental fate,
behaviour and bioavailability of nanoparticles are unknown and, thereby, their
potential impact on food webs and persistence. Their effect on other substances also
needs examination; for example, whether contaminant transport in the environment
could be facilitated through adsorption to nanoparticles, whether nanoparticles
enhance contaminant uptake or have a negative impact on bacteria useful for natural
remediation. Furthermore, data on environmental and exposure concentrations are

unavailable. Developments in the above-mentioned analytical fields will be crucial to

further our knowledge of nanoparticle and related issues.
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Chapter 2 Review

In the work described in the following two chapters, two of the approaches identified
in this review as having potential to provide useful data on the characteristics of
engineered nanoparticles in aquatic systems, are explored in more detail. Chapter 3
describes an evaluation of the WetSEM ' method using metal-based ENPs and a
range of complex aquatic matrices. In chapter 4, an HDC-ICP-MS method is
developed and evaluated for detecting and characterising metal-based ENPs in

aqueous samples of varying complexity.
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Chapter 3 Imaging of nanoparticles under liquid conditions

Chapter 3

Imaging of engineered nanoparticles under fully liquid

conditions i1n environmental matrices

Introduction

Electron and atomic force microscopy (EM and AFM) have proven to be powerful
tools for the imaging and characterisation of nanoparticles. The conventional
application of EMs for environmental samples, e.g. nanoparticles in natural waters,
1s, however, still a challenge (see chapter 2). For example, in scanning and
transmission electron microscopy (SEM, TEM), due to the vacuum conditions in the
sample chamber, sample preparation such as coating, drying, staining, freezing and
embedding s essential and therefore only perturbed samples can be imaged. This can
lead to 1imaging artefacts. Environmental SEM (ESEM) 1s a possibility to overcome
the vacuum conditions in the SEM sample chamber and allows imaging of hydrated
samples (Bogner et al. 2005). However, imaging of fully unperturbed samples in an
ESEM is not yet possible (Redwood et al. 2005) as standard pressure conditions and
also imaging under fully wet conditions cannot be achieved, as at 100 % relative

humidity the hydrated samples are fully covered by a layer of free water, which

makes particle visualisation impossible (Doucet et al. 2005a).

One possible approach to address the limitations of AFM, TEM, SEM and ESEM is
to employ WetSEM'™ technology. WetSEM™ employs stainless steel capsules
designed by Quantomix'™ (Quantomix, Israel, Internet 2008). The capsules are
equipped with an electron transparent membrane so that wet samples can be placed

into the capsules and imaged in a standard SEM (Barshack et al. 2004a; Thiberge ef

67



Chapter 3 Imaging of nanoparticles under liquid conditions

al. 2004b; Joy and Joy 2006). The approach has been applied to samples in liquid
e.g. un-manipulated biological samples such as cells and tissues (Thiberge et al.
2004a; Barshack et al. 2004b). It may however be a very useful technique for
imaging ENPs in environmental matrices.

The aim of the work described in this chapter was therefore to explore the potential
for WetSEM'™ to be used as an imaging technique for characterising the fate and
behaviour of ENPs in aquatic systems. Experiments were performed on a range of
metal and metal oxide nanoparticles (Au, TiO;, ZnO and Fe;O3) and a range of
aqueous media (distilled water, lake water and a soil suspension). Results obtained
using WetSEM ™ were compared with conventional SEM, TEM/EDS and AFM. As

similar results were found for the conventional methods, only results from SEM are

presented 1n the following sections.

Methods

Preparation of metal and metal oxide samples in distilled water, lake water and soil
suspension

Gold nanoparticles in water dispersion (average size: 50 nm) were purchased from
BBInternational, UK and metal oxide nanoparticles in powder form 1n size ranges of
50-70 nm for ZnO NPs, 5-10 nm for Ti0O, NPs and 20-25 nm for Fe;O3; NPs as stated
by the manufacturer from Sigma Aldrich, UK. Samples of TiO,, ZnO and Fe,0; as
well as mixtures of these metal oxides were prepared in both distilled and lake water
(Iake water sampled from a lake on the grounds of the Central Science Laboratory,
UK and distilled water by Millipore, UK) and kept refrigerated. Initial particle
concentrations dispersed in the sample liquid were ~5 mg/L. Au nanoparticles
(~ 10 mg/L) were added to a well-characterised soil suspension (soil in distilled
water, soil: Wedgenock UK, OS map reference: SP26826645, 41.5 % clay, 5.58 %
organic matter, 4.9 pH CaCl,, <1 % CaCO; and 22.3 % CEC).
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Sample preparation and imaging of metal-based nanoparticles by conventional SEM
Samples of T10,, ZnO and Fe,0;3 as well as mixtures of these metal oxides for SEM
imaging were prepared by applying 15 pL (corresponding volume to WetSEM™
capsules) to Aluminum stubs with Carbon discs (Agar Scientific, UK) or Stlicon, and
allowed to dry. Imaging took place in a FEI Sirion'” FEGSEM under standard
working conditions (HR mode, acceleration voltage, spot size, magnification,
detector mode and working distance are stated on figures or in figure legends).
Additionally, in-situ qualitative elemental analysis of the samples was performed

with an Oxford Instruments INCA EDS x-ray analysis using the Sirion in EDX

mode.

WetSEM™ imaging
The ability of imaging and chemically analysing metal oxide nanoparticles under
fully liquid conditions was achieved by using capsules developed for WetSEM™ by

Quantomix (Quantomix, Isreal; Thiberge et al. 2004a). These QX capsules comprise
an electron transparent membrane enabling the imaging and elemental analysis of
liquid samples (Thiberge et al. 2004b) in a conventional SEM/EDS.

Two different capsule types were applied: The QX-102 capsule (figure 3.1) i1s
applicable to liquid samples and particles that can be adhered or are close to the
capsule membrane (capsule volume 15 pl). The QX-302 is suitable for imaging
thick or solid, non-adherent samples such as tissue and plants in a wet environment
with a maximum diameter of 3 mm and sample thickness up to 1 mm.

Imaging of all liquid samples (described below) took place in the above-described
FEI Sirion™ FEGSEM instrument. In order to reduce electron beam damage to the
thin membrane of the capsules it was best to choose high incident beam energies of
20-30 keV rather than lower keV, and to minimise excessive dwell times of the beam
on areas of the membrane such as when imaging at high magnification or when using
spot mode EDS. Through-the-lens detection (TLD) was found to give higher contrast
in the image than standard secondary electron detection because of smaller collection
angle that the TLD has, which reduces the collection of secondary electrons

generated within the membrane. Applied working conditions are shown in the

respective figures.
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Figure 3.1. QX-102 capsule.

WetSEM'™ imaging of metal-based nanoparticles in distilled water. First, the
QuantomiX™ QX-102 capsule was applied to image metal-based nanoparticles in
distilled water. 15 pL of the respective samples (samples of T10;, ZnO and Fe,;0; as
well as mixtures of these metal oxides in distilled water) were pipetted into the liquid
dish of the QX-102 capsules in accordance with the supplier instructions one to
seven days prior to imaging. No further sample preparation was performed. The

capsules were kept dark and refrigerated until analysis.

WetSEM™ imaging of metal-based nanoparticles in lake water. After imaging of
metal oxide nanoparticles in pure media, the performance of the capsules was
assessed using more complex media. Thus, samples of T10,, ZnO and Fe,03 as well

as mixtures of these metal oxides in lake water were applied to QX-102 capsules and

imaged as described above.

Capsule membrane coating for improved WetSEM™ imaging of metal-based
nanoparticles in lake water. As the beam can penetrate ~ 2-3 um into the sample,
objects have to be close to the membrane to be imaged. For better adhesion of
particles to the capsule membrane and therefore improved imaging of lake water
samples, membrane coating prior to analysis was tested. QX-102 capsules were
treated with three different membrane coatings to improve adherence of negatively
and positively charged as well as neutral particles respectively according to the

coating protocols available on the manufacturer’s website (Quantomix 2008).
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To improve attachment of neutral particles to the capsule membrane, the membrane
was coated with gelatine a day before usage. For this, 0.1 % w/v Gelatine was
dissolved 1n distilled water at 37 °C until no lumps were visible. 15 pL. were then
applied to the liquid dish and incubated for one hour. The solution was removed and
the dish rinsed twice with phosphate buffered saline (PBS). Then 15 pL of the metal

oxide nanoparticle spiked lake water sample were applied to the pre-treated liquid

dish and incubated for one hour at room temperature prior to imaging.

To achieve attachment of negatively charged particles to the capsule membrane, the
membrane was coated with poly-l-lysine. For this, 0.1 % w/v poly-l-lysine in
distilled water were applied to the liquid dish and incubated overnight at room
temperature. The solution was removed and the dish rinsed twice with distilled
water. Then 15 pL of the metal oxide nanoparticle spiked lake water sample were
applied to the pre-treated liquid dish and incubated for one hour at room temperature
prior to imaging.

To achieve attachment of positive charged particles, capsule membranes can be

coated with poly (sodium-4-styrenesulfonate) (PSS). For this 15 puL of a PSS

solution of 0.3 % w/v in distilled water have been applied to the capsule liquid dish
and incubated overnight at room temperature. The solution was removed and the dish
rinsed twice with distilled water. Then 15 pL of the metal oxide nanoparticle spiked

lake water sample were applied to the pre-treated liquid dishes and incubated for one

hour at room temperature prior to imaging.

WetSEM™  imaging of metal-based nanoparticles in a soil suspension. Sample
complexity was then further increased by spiking gold nanoparticles to a soil
suspension. For this a different type of capsule, the QX-302, was used. A Gold
nanoparticle - soil suspension was applied to a spacer (Whatman® 3 mm CHR,
diameter: 3 mm, thickness 0.3 mm) and then to the capsule. Attachment of the
sample to the capsule membrane is mechanically achieved by adding more spacers
(depending on the thickness of the sample) and by the sealing stub, which contains a
plunger that, once the capsule is closed, pushes the sample towards the membrane.

Samples were imaged by SEM/EDS, using the methods described above, and a
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through-the-lens detector (TLD) was used. Applied working conditions are shown in

the respective figures.

Image analysis for all images was performed using the public domain Java image-

processing program Imagel.

Results and discussion

Using WetSEM™ we achieved the visualisation of metal-based ENPs under fully
wet conditions minimising sample alteration and therefore imaging artefacts. The
approach taken was to sequentially increase the complexity of the samples starting
with metal-based nanoparticles in distilled water, then lake water and a soil
suspension. Also capsule membrane coating approaches were tested to improve
imaging. Results were compared to conventional scanning electron microscopy
images. As the primary aim of the study was to develop a method for imaging
engineered nanoparticles in liquids, spiking concentrations for the study
nanoparticles were selected to ensure that the particles could be easily detected by
the method. The concentrations used were therefore around two orders of magnitude
higher than predicted environmental concentrations for engineered nanoparticles in
use today (Boxall ef al., 2007). It is recognised that in the future, to make the method
applicable to ‘real’ environmental situations, work will need to focus on lowering the

detection limit of the method and/or developing approaches to concentrate samples

prior to imaging.

WetSEM™ imaging of metal-based nanoparticles in distilled water

Imaging under fully liquid conditions with the help of QX-102 capsules was
achieved for Fe;O3; and TiO; in distilled water. ZnO nanoparticles could not be
observed in these samples. This could be due to the fact that ZnO did not attach or
was not close enough (> several microns) to the capsule membrane and thus could
not be detected. Alternatively, the ZnO particles may have dissolved, making

visualisation impossible. This is supported by recent studies that demonstrated that
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ZnO nanoparticles dissolve rapidly in water (with a Ca(NOs); concentration 0.01 M

and a pH of 7.5) up to an equilibrium concentration of around 16 mg of Zn per L

(equivalent to 24 mg/L ZnO) after 72 h (Franklin et al., 2007).

In figure 3.2 SEM and WetSEM™ images of TiO, in distilled water are shown.
WetSEM ™ was performed without any sample preparation and therefore alteration.
Thus, images reveal a lower density of particles and aggregation than conventional
SEM 1mages and drying artefacts were avoided. However, particle sizes seemed to
be comparable between SEM and WetSEM™ and show aggregate sizes of mostly
>1 pm. Using EDS, elemental characterisation of the particle clusters could be
achieved (see EDS spectrograms, figure 3.2).

It has to be noted that particles are not necessarily fixed in the capsules and may be
moving within the liquid phase. If this movement is on the same time scale as the
image acquisition time there may be some loss of sharpness of the particles in the
image (figure 3.2c). Additionally, particles further from the membrane will be
imaged with slightly poorer spatial resolution than particles close to the membrane

due to the increased electron scattering of the beam the further the beam travels in

the matrix.

It was generally found that particles tended to move and drift away from the electron
beam. Therefore, imaging and EDS analysis was rather challenging. Also, as the
capsule membrane was sensitive to radiation damage, imaging time was limited and
therefore objects of interest had to be found quickly and adjustment of imaging

conditions e.g. focus and astigmatism correction as well as EDS analysis has to be

done quickly.
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Figure 3.2. TiO; in distilled water imaged by WetSEM'" (a, ¢) and conventional SEM (b, d).
Dried sample as imaged by conventional SEM indicate a higher state of particle aggregation
compared to the image under fully wet conditions. Image 3.2¢ shows difficulties in image
sharpness probably due to moving particles in water. Scale bars indicate 20 pm in top row and 2
um bottom row. X-ray spectra are acquired for the areas indicated by the white square boxes.
EDS spectrograms confirmed the element titanium as major component of the particles and are
shown for images a (e) and c (f).

WetSEM'™ imaging of metal-based nanoparticles in lake water

To achieve visualisation of nanoparticles under liquid conditions 1n natural
environments, T10, Fe,O; and ZnO nanoparticles were spiked to lake water and
imaged by WetSEM'™. Figure 3.3 shows images of mixed metal nanoparticles
spiked to lake water and imaged by conventional and WetSEM 'Y, Figure 3.3a shows

a dried sample revealing TiO, particles with sizes of 400 to 1000 nm; elemental
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composition was confirmed by EDS. Particles are apparently surrounded by natural
organic matter and other lake water components such as Na, Cl, Ca (confirmed by
EDS). However, as the sample was in a dry state, artefacts cannot be omitted and
information on the association of the TiO, particles with other lake water
components as suggested by the EDS analysis could therefore be biased.

Figure 3.3b shows another area of the metal mix in lake water. Spiked Fe;O3 or ZnO
particles could not be singled out compared to theTiO, particles in figure 3.3a,
although EDS reveals the presence of Fe and Zn among e.g. Mg, Ca and Cl.
However, Fe and Zn could also be part of the original lake water components and be

picked up by EDS in the form of crystallised salts due to drying.

These possible drying artefacts have also been described by e.g. Doucet et al.
(2005a), although using an ESEM to visualise natural aquatic particles and colloids.
Doucet et al. (2005a) found that imaging under 100 % relative humidity was not
possible in an ESEM as the hydrated samples were fully covered by a layer of free
water. On the other hand, even partial drying of the sample by decreasing humidity
was found to be able to induce shrinking and aggregation of the sample, which
means that particle size can be significantly affected. Redwood et al. (2005)
described similar effects of dehydration and salt crystal formation in conventional
SEM and also ESEM images (even at high humidity) of humic substances. This
limits the ability of these conventional methods for imaging unperturbed samples
(Redwood et al. 2005). The presence of high concentrations of water has also been

shown to hinder the imaging of humic substances (Redwood et al. 2005).

In comparison to the images obtained by conventional SEM, WetSEM'™ images of
the spiked lake water samples clearly showed single TiO; particles (figure 3.3¢) and
also (quite diffuse) particle clusters (figure 3.3d) with a particle size of ~ 1 pm and
therefore larger than in the ones visualised in the dried sample (figure 3.3a).
However, attachment of the particles to the membrane was weak and therefore
objects close enough to the membrane, thus suitable for imaging, were difficult to

find. According to EDS analysis other lake water components were not detected in

the immediate area around the particles.
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Figure 3.3. ZnO, Fe,0;, TiO, nanoparticles spiked to lake water and imaged by conventional
SEM (a: scale bar 5 um; b: scale bar 10 pm). WetSEM ' images of fully submerged,
unperturbed metal oxide particles in lake water are shown in 3.3¢, d (non treated capsule
membrane; scale bar: 10 pm). EDS spectrograms are given for each image. Acquired X-ray
spectra are indicated by the square box or arrows.
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Capsule membrane coating for improved WetSEM™ imaging of metal-based
nanoparticles in lake water

To still avoid drying artefacts in conventional SEM or in an ESEM, but to improve
imaging and therefore information gain by WetSEM'™, the capsule membranes were
coated as ideally objects of interest have to be close to the capsule membrane to be
visualised. Thus, to improve attachment of particles to the membrane, different
membrane coatings were tested.

Figure 3.4 shows images of metal-oxide nanoparticle spiked lake water samples and
their respective EDS spectrograms obtained by WetSEM™ using different
membrane coatings. In figure 3.4a, EDS analysis of the visualised object (~ 3 um)
attached to the gelatine treated membrane reveals the presence of Zn and Fe in
association with other lake water components such as Na, Cl, P, Ca.

Figure 3.4b shows single Fe;O3 particles attached to a poly-l-lysine treated capsule
membrane (theoretically attracting negatively charged particles). With a size of ~ 150
to 300 nm these Fe;O; particles are the smallest particles observed in this
WetSEM ™ study.

A definite improvement compared to the use of untreated capsules could be achieved
for PSS coated membranes (theoretically attracting positively charged particles).
Again a lake water sample spiked with ZnO, TiO; and Fe,;03 particles was studied
(figure 3.4c). Although, ZnO particles could not be seen, presumably natural organic
matter interacting with particles consisting of Ti and Fe (confirmed by EDS) could
be imaged (figure 3.4¢). This could indicate that not only particles may interact with
organic matter, but also that different particle types might associate in aquatic
systems. It 1s believed that the imaging of natural organic matter suspended in lake
water has been achieved for the first time. The deeper penetration of the electron
beam into the liquid sample enabled the 3D visualisation of the organic matter.
Particles were determined to be in the size range of ~ 350 to 1300 nm. Other natural

lake water components apart from natural organic matter could not be observed in
figure 3.4b and 3.4c.
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Figure 3.4. Images of a ZnO, Fe,0;, TiO, nanoparticles mixture in lake water using WetSEM '™

capsules with coated membranes. Gelatine treated capsule membrane: scale bar 5 pm (3.4a);
poly-l-lysine treated capsule membrane: scale bar: 2 pum (3.4b); PSS treated capsule membrane;
scale bar: 10 pm (3.4¢). Acquired X-ray spectra are indicated by the square box or arrows. EDS
spectrograms show elemental composition of the respective samples. In 3.4¢, TiO; and Fe,0;
particles visibly interact with natural organic matter as well as each other.

The capsules in combination with EDS only image and elementally detect particles,
and therefore, in water, dissolved lake water components such as NaCl do not show
in WetSEM ' V/EDS analysis in comparison to the salt crystals observed and analysed
by conventional SEM/EDS. This could provide essential additional information to
conventional SEM imaging.

Figure 3.4c shows that carbon or carbon-containing material such as natural organic

matter can be visualised by WetSEM' ", however, elementally identification by EDS
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1s not possible as the membrane of the capsules consists of a polymer and therefore C

and O peaks are always observed.

WetSEM' " imaging of metal-based nanoparticles in a soil suspension

For imaging of Au particles in a soil suspension QX-302 capsules were used. For
these, mechanical attachment of the sample to the capsule membrane was achieved
with the help of spacers (number of spacers depending on the thickness of the
sample). In figure 3.5 images of the spiked soil suspension are shown and particles n
a size range of 300 nm to 20 pum can be observed. From conventional EM imaging ot
the applied Au particles 1n distilled or natural water, 1t was found that they do not
tend to aggregate and keep their initial sizes of ~ 50 nm and also their spherical
shapes. For these images EDS was unavailable and as the observed particles 1n figure
3.5 were bigger than 50 nm, it 1s assumed that the high atomic number Au particles

interact with the soil particles (adsorb, coat), which then appear bright (figure 3.5).
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Figure 3.5. WetSEM " images (different magnifications, scale bars indicate 50, 20, 10, and 10
um) of a soil suspension spiked with Au particles (50 nm). Bright large areas indicate interaction
of Au particles and soil particles.
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Conclusions

To conclude, compared to conventional SEM, which show dehydration artefacts,
WetSEM'™ has potential for in-situ imaging of unperturbed environmental samples
while avoiding many of the artefacts associated with other imaging techniques. As
with other submicron microscopic techniques, the capsules allow qualitative
observations on the major class of particles present in the sample; they can provide
information on particle size and composition (in combination with EDS), state of
aggregation and particle associations. In general imaging of particles with a higher
atomic number (such as gold) facilitates imaging tremendously. Although the
capsules are not reusable, their quick and easy application with minimal or no sample
preparation in a conventional SEM is an advantage. Additionally, as the sample is in

a closed capsule, imaging under standard pressure is possible (e.g. compared to
ESEM).

However, there are a number of limitations of WetSEM'™ that mean that it is

probably not yet suitable as a routine method for environmental analysis. For

example:

1) imaging through a membrane significantly reduces the spatial resolution of

SEM, the membrane is also very sensitive to radiation damage;

2) as particles are able to move in the liquid through Brownian motion, images

can be blurred;

3) the current detection limit of the method is lower than the imaging methods
that 1involve a drying step (which concentrates the study particles) and is
probably greater than concentrations expected in the natural environment;

4) 1maging can be difficult, if particles do not attach to the capsule membrane as
electron scattering and therefore object detection worsens with the distance of
the object of interest from the membrane. In addition, as only the top surface

of the sample is imaged, the representativeness of the whole sample is

unknown;
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5) the approach can currently only provide qualitative information and as the
method is relatively costly and time-consuming, it is not possible to visualise

large numbers of samples or characterise large numbers of particles within a

sample.

6) in the current study, the method has only been shown to be appropriate for

metal and metal oxide nanoparticles and its application to a wider range of

particle types 1s unknown.

Many of these limitations can likely be addressed through further developmental
work. For example, object attachment to the membrane can be improved by
membrane coating; pre-concentration methods may increase the sensitivity of the
approach (although these could also introduce artefacts); and via evaluation studies

employing a number of different characterisation techniques on different samples.

It 1s believed that the ability of visualising untreated, wet nanoparticle samples 1s a
significant achievement and thus WetSEM ™™ can supply significant supplementary
information on the in-situ investigation of particles in environmental matrices.
Therefore, in combination with complementary techniques (SEM, TEM, AFM) and
other analytical tools (e.g. HDC- or FFF-ICP-MS, DLS), WetSEM™ could help to
provide a better understanding of the environmental fate and behaviour of ENPs in
the future.

However, while the method produces useful information, it is expensive and highly

time consuming and probably needs significant development before it can be used

routinely in environmental studies. Therefore it has not been used in the fate

investigations described later in this thesis.
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Chapter 4

Size characterisation of inorganic nanoparticles in ‘real’

environmental samples using HDC-ICP-MS

Introduction

This chapter describes the validation of a novel chromatographic technique,
hydrodynamic chromatography (HDC), which not only separates particles over the
conventional size range of nanoparticles, i.e.,, from 5 to > 100 nm, but goes well
above this (the column used in this work goes up to 300 nm, but other formats can go
to ~ 500 nm). This extended sizing range should allow researchers to monitor
processes such as particle aggregation, particle/natural organic matter interactions,
and also particle dissolution. When interfaced to a multi-element detector (ICP-MS),
the technique allows investigations into the behaviour and fate of a range of
inorganic ENPs in ‘real-world’ situations.

In HDC, particle separation is solely based on particle size, and 1s independent of
particle type and density (Yegin and Lamprecht 2006). The column is packed with
non-porous beads, which build up flow channels or capillaries. Particles are
separated by flow velocity and the velocity gradient across the particle (Mcgowan
and Langhorst 1982; figure 4.1). In the narrow conduits, larger particles are
transported faster than smaller ones, as they cannot fully access slow-flow regions
near the conduit walls (Small et al. 1976), leading to faster elution of larger particles

from the column, and higher retention times for smaller particles.
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Parabolic flow profile

Eluent
flow

Figure 4.1, Primary separation mechanism in the HDC column; separation by flow velocity in
channels between particles

A number of approaches have been proposed for the detection and characterisation of

ENPs 1n aquatic samples, including microscopy-based techniques (chapter 3), light
scattering methods and several based on chromatography (chapter 2). The most
promising of these involve the use of separation techniques such as field flow
fractionation (FFF) (Baalousha et al. 2005a; Baalousha et al. 2005b; Chen and
Beckett 2001; von der Kammer et al. 2005b; Baalousha et al. 2006a; Baalousha et al.
2006b; Siepmann et al. 2004; von der Kammer et al. 2004), liquid chromatography
(Arangoa et al. 2000; Song et al. 2004; Wilcoxon and Provencio 2005; Wilcoxon et
al. 2001; Wilcoxon et al. 2000; Sivamohan et al. 1999; Song et al. 2004; Song et al.
2003; Saridara and Mitra 2005), size exclusion chromatography (SEC) (Bolea et al.
2006; Bootz et al. 2005; Huve et al. 1994; Krueger et al. 2005; Liu and We1 2004;
Wei and Liu 1999; Wang et al. 2006), gel electrophoresis (GE) (Bruchert and
Bettmer 2005), and capillary electrophoresis (CE) (Schnabel et al. 1997; Schmitt-
Kopplin and Junkers 2003; Lin et al. 2007; Feick and Velegol 2000). Where these
have been combined with element-specific detectors, such as ICP-MS (Hassellov et
al. 1999b; Giusti et al. 2005; Helfrich et al. 2006; Metreveli et al. 2005; Siepmann et
al. 2004), an additional degree of selectivity is gained, thereby increasing the quality
of the data obtained. To our knowledge, only FFF-ICP-MS has been successfully
applied to samples in environmental media (e.g. Gimbert et al. 2007a; Stolpe et al.
2005), the others having only been used on standards and/or simple solutions. The
limitations of the different separation techniques are e.g. the complexity and time-
consumption as well as membrane interactions and membrane cut-off of FFF

(appendix 2), the limited size separation range of available and solid phase
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interactions of SEC columns (Lead and Wilkinson 2006), and the complex

interpretation of migration times, i.e., distinguishing size-based from non-size-based

interactions (CE and GE).

In addition to the advantageous particle sizing range available when using HDC, the
method developed in this chapter also utilizes the full capability of state-of-the-art
ICP-MS collision-cell technology (simultaneous analysis of six particle types, based
on T10;, Si10,;, Au, Ag, Al,O; and Fe;0;). The stabilisation (in a range of
environmentally-relevant matrices) and use of Au particles, both as external
calibrants (5 to 250 nm) and as internal standards (the latter, improving the accuracy
of particle sizing data by allowing relative retention times (rRT) to be calculated) are
also presented. The analytical method was evaluated for a range of ENPs in different
sample matrices. The method features a high sample throughput, with minimal
sample preparation and it is believed that this approach is suitable for the routine size

and elemental characterisation of inorganic ENPs in environmental fate and

ecotoxicity studies.

Materials and methods

Analytical Method

Size separation was achieved using a PL-PSDA Type-1 hydrodynamic
chromatography column (separation range 5-300 nm) (Polymer Labs, Shropshire,
UK) attached to an Agilent 1200 HPLC system (Agilent, Cheshire, UK) fitted with
an auto-sampler (figure 4.2).

The water-based mobile phase was a proprietary product comprised of a salt mixture

and surfactants, and was obtained from Polymer Labs (Shropshire, UK). As a
proprietary product, exact details of its composition are not available. However, a
comparable HDC mobile phase was described by Mcgowan & Langhorst (1982) and
comprised 0.002 M Na;HPO,, 0.2 % non-ionic surfactant, 0.05 % C;2H,5SO4Na
(SDS), 0.2 % formaldehyde, adjusted to pH ~ 7.5. The flow was split, post-column,

using a tee joint to decrease the sample volume reaching the ICP-MS plasma and to
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allow natural aspiration of the nebulizer. The injection volume was 20 puL (unless
otherwise stated); the mobile phase flow rate was 1.7 ml/min; pressure was constant
at ~ 9 MPa. All tubing was made of 1nert material. Detection was achieved using an

Agilent 7500 ICP-MS (Agilent, Cheshire, UK). The instrument set-up and

parameters are given 1n table 4.1.

The Agilent ICP-MS allows the analysis of elements normally affected by plasma-
based polyatomic interferences, by adding different gases, e.g., helium and hydrogen,
to a collision cell. Therefore, using the instrument in hydrogen mode, 1t was possible
to simultaneously analyse problematic particles, such as Fe;O3; and S10, alongside
T10,, AL,O3 Ag and Au nanoparticles. To ensure that the separated peaks were due
to the element of interest, and not residual interferences, additional 1sotopes (where
available) were also monitored. The ratio of the element’s i1sotopes could then be

used to confirm the elemental identity of the peak.

g

29

Figure 4.2. Picture of HDC-1CP-MS set-up.
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Table 4.1. Instrumental parameters for the ICP-MS.

" Parameter Setting
RF power [550W
Reaction cell mode Oft

On: H, gas: 4.9 mL/min (Ti, Fe)

Nebulizer pump 0.3 rps
Nebulizer gas flow:
Carrier gas 0.75 L/min
Make-up gas 0.34 L/min
Sample depth 8 mm
S/C temperature 2 degC
Extract | OV
Extract 2 -100 V
Omega Bias-ce -18V
Omega Lens-ce 0.8V
Cell entrance 36V
QP focus 5V
Cell exit 36V
OctP RF 190 V
OctP Bias -7V
QP Bias -4V
[sotopes monitored “AL “Si. Y'Ti. *T1. Fe. '°7Ag, 'Oqu, 7 Au

Size calibration

Selection and validation of size calibration standards. Gold particles were chosen as
[CP-MS calibrants because the element is rare in nature, mono-isotopic (giving
maximum sensitivity from a small added amount), and is relatively interference-free.
In addition to this, the particles are readily commercially-available as well-
characterised spheres, covering an appropriate size range, with relatively narrow size
distributions. Gold particles, of nominal mean diameters; 5 nm (range 3.5-6.5 nm);
10 nm (range 8-12 nm); 20 nm (range 17-23 nm); 50 nm; 100 nm and 250 nm, were
used. The smaller particles (5-20 nm) were obtained from Sigma Aldrich (Dorset,

UK) pre-dispersed 1n 0.01 % tannic acid with 0.04 % trisodium citrate, 0.26 mM
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potassium carbonate and 0.02 % sodium azide (the latter as a preservative). The 5
and 10 nm gold particles were filtered through 20 nm Anatop filters (Whatman

International Ltd, UK) to improve particle homogeneity. The larger particles were

obtained from BBInternational (Cardift, UK).

The average diameters of the differently sized gold nanoparticle standards were
confirmed by automated object-based analysis of transmission electron microscopy
(TEM) images. For TEM analysis, samples were prepared by applying droplets of
the respective samples to 200 mesh copper grids with carbon film (Agar scientific,
UK) and allowed to dry. Imaging took place on a JEOL 2010 TEM coupled to
energy dispersive x-ray spectrometry (Oxford Instruments, UK), using standard
conditions (200 kV acceleration voltage). Image analysis of at least ten
representative 1mages from five different grids was carried out using Definiens

Developer

, an automated object-based image analysis software (Tiede et al. 2008;
Athelogou et al. 2007). The Definiens Developer software allows automated
classification of 1image objects (created through segmentation) and the calculation of
statistical values such as mean size, length and width relations of the extracted
objects. Rule sets for image object classification are developed in a modular
programming language (CNL — Cognition Network Language), which enables the

transferability to other images and leads to a significant performance gain compared

to manual image analysis (Tiede and Hoffmann 2006).

Steric stabilisation of gold nanoparticles for internal retention time marking in
environmental matrices. To prevent potential destabilisation and aggregation of the
electrostatically-stabilised gold particles when spiked as internal standards in high
ionic strength samples, e.g. natural water samples, the calibrants were sterically
stabilised. Note, 1f the particles are only to be used as external calibrants,
stabilisation 1s not required. Steric stabilisation was performed by first linking an
amine reactive derivative of biotin to a 70,000 MW dextran polymer and then
conjugating the polymer to the gold particle. This procedure was chosen not only
because of the increased stability of the resulting particles, but also because the

researchers reported that the added layer had negligible effect on the particle’s
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diameter (Chen ef al. 2004; Wilson et al. 2004). Their explanation was that the linear
relationship between the minimum numbers of molecules required to prevent
flocculation and the square of the particle diameter, suggested that the surface of the

particle had become totally enveloped by the dextran.

Evaluation of the stability of sizing standards in different media. To explore the
stability of the gold particle standards 1n a range of media that could be used in
environmental fate and behaviour studies, the stabilised and non-stabilised gold
particles were added (to give a final concentration of ~ 5 mg/L) to distilled water
(Millipore, UK); lake water sampled from a lake on the grounds of the Central
Science Laboratory (CSL, Sand Hutton, UK); a 0.01 M CaCl, solution (CaCl, matrix
1s recommended for use in environmental fate studies by the OECD (2000)); and the
HDC-ICP-MS mobile phase, and then left for at least 24 hours. Samples were
prepared for TEM 1maging as described above. TEM/EDX was applied, under
standard operating conditions, to validate the sizes and stability of the different gold

particles in different media.

Reproducibility and robustness of the HDC-ICP-MS methodology. To ensure the
reproducibility and robustness of the HDC-ICP-MS approach, the gold calibrants
were analysed, as bracketing standards, between every fourth sample injection within
an analytical batch (i.e., n = 4 for each particle type, per analytical batch). Between-
run reproducibility for each gold particle was assessed from the above analyses,

performed over a 6-week period (n = 32).

Size calibration approach. Size calibration of the HDC column was performed using
the six gold standards. Mean diameters of the particles were plotted against retention
times, to obtain a calibration curve. Calibration curves were constructed at the start,
middle and end of each analytical run, with samples bracketed by injections of a
single standard (20 or 50 nm, depending on the sample). Because of the lateral flow
processes involved 1n the separation mechanism, the resulting calibration curves for

HDC are not linear. Whichever single standard was used as the bracket calibrant, 1t
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was also used as an internal standard where possible, to monitor matrix-induced

retention time shift.

Evaluation of analytical method for a range of ENPs in different sample matrices

In order to assess the suitability of the method for use with ‘real’ environmental
samples, silver particles (nominal size < 100 nm, 10 % wt, Sigma Aldrich, Dorset,
UK) were spiked into sewage sludge (Broadholme Sewage Treatment Works, near
Wellingborough, Northamptonshire, UK) to give concentrations of approximately 10
mg/L 1in 2 g/LL of mixed liquor suspended solids (MLSS). The mixture was then
shaken for 6 hours, allowed to settle and the supernatant then directly analysed by
HDC-ICP-MS (injection volume 100 pL), without the need for filtration,
centrifugation, or any other preparative step. The samples were also analysed by

TEM, to validate the results obtained from the HDC-ICP-MS.

To assess the suitability of the method for the simultaneous analysis of different
nanoparticle types, a mixture of metal and metal oxide ENPs was analysed, using
external calibration, and a 20 nm gold internal standard (retention time marker). The
following nanoparticle powders and dispersions were purchased from Sigma Aldrich.
Particle sizes were given by the manufacturer as follows: Fe,O3; powder (20-25 nm);
Al,O; dispersion 1n water (< 20 nm); T10, powd<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>