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Abstract

Engineered nanoparticles are increasingly being used in a wide range of commercial products
including paints, personal care products, textiles, and coatings. As a result, increasingly
large quantities of engineered nanoparticles are being released into the environment via a
range of different pathways. While there are a wide selection of available tools capable of
making measurements of engineered nanoparticles in the environment, these all have their
own unique drawbacks. In this thesis, a range of optical techniques for the measurement of
engineered nanoparticles are critically assessed. One of these, nanoparticle tracking analysis,
was selected for further investigation. This investigation commenced with a conventional
nanoparticle fate and behaviour study using an existing commercial solution in order to
get a better understanding of the capabilities of currently available systems. One of the
primary issues identified was the inability of available commercial equipment to operate
effectively at concentrations as low as those predicted for the natural environment. Following
this, further development of the nanoparticle tracking analysis paradigm resulted in the
twin capabilities of shape determination directly from light-scattering data (which has never
been successfully achieved before) and an improvement in low-concentration performance
by three orders of magnitude. Finally, a simple nanoparticle aggregation study from the
literature was repeated, this time at concentrations leveraging the new, lower-concentration
capability. The profoundly different outcome from running this experiment at environmentally
relevant conditions — that aggregation proceeded at a sufficiently reduced rate that the
nanoparticles were effectively stabilised — demonstrates the importance of this development: at
environmentally relevant concentrations nanoparticles behave in very different ways compared
to the current standard of lab-based studies at artificially high concentrations. Using this
newly-developed low-concentration approach it is possible to cheaply and quickly work at

these concentrations.
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Chapter 1

Introduction

1.1 Thesis structure

This thesis is structured as follows:

Chapter 1 contains a general overview of nanoparticles and nanoparticle suspensions, and
summarises much of the more important work which has thus far been completed in the
field. This is followed by a more detailed exposition on the behaviour and measurement of
nanoparticles in the context of environmental study. It culminates in a comparison of some of
the more important measurement methods, examining their strengths and weaknesses. These
are used to justify the choice of nanoparticle tracking analysis (NTA) for further investigation.

Chapter 2 contains a pilot study using NTA for an environmental study in order to further
assess the advantages and shortcomings of current NTA offerings in order to better justify
the later developments to the NTA instrumentation and use. This study also turns up some
important results in its own right, and these are discussed.

Chapter 3 takes the largest shortcoming identified in NTA (the ability to take measurements
at environmentally relevant concentrations) and works to mitigate this by describing a
bespoke development of the NTA concept which is capable of taking measurements at
concentrations improved by approximately three orders of magnitude compared to currently
available commercial implementations. This bespoke equipment is validated against the
relevant guidelines from ISO17025 to ensure it is operating in a scientifically useful (precise,
robust, and reproducible) manner.

Chapter 4 leverages the development of the NTA concept described in Chapter 3 to
perform an experiment which would previously have been infeasible. Nanoparticle aggregation
kinetics are tracked in real-time at concentrations nearly three orders of magnitude lower than
would previously have been possible, and this is used to verify that nanoparticle aggregation

kinetics scale with concentration; many previous results which were obtained from lab-based
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studies at unrealistically high nanoparticle concentrations have yielded results which are of
little or no relevance for environmental study.

Chapter 5 addresses another of the shortcomings of NTA which were identified in Chapter 1.
In this chapter, the issue of analysis of nanoparticles for shape is tackled, and a novel method
of optical analysis was used which allowed the inference of nanoparticle shape directly from
the scattering data, while previously this type of analysis was limited to electron-microscopy.

Finally, Chapter 6 draws all the results together and emphasises the importance of
these results in the context of the current state of human knowledge and understanding of
nanoparticles in the environment, while proposing some additional developments to the work.

The software that was developed to accompany and enable this work is included digitally.

1.2 Context

1.2.1 What is a nanoparticle?

According to a 2011 EU paper on the subject [1], a nanoparticle is: ‘a natural, incidental or
manufactured material containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50 % or more of the particles in the number size distribution,
one or more external dimensions is in the size range 1 nm — 100 nm.” This definition is very
broad, and includes a wide range of naturally-occurring substances, including zinc sulphide
nanoparticles produced as waste by many bacteria [2], a great many biological substances
(including the iron storage protein eukaryotic ferritin [3], exosomes [4], and cholesterol-carrying
lipoproteins [5]), and many naturally-occurring minerals [6].

Engineered or manufactured nanoparticles are those which have been manufactured by
humans to fulfil a particular purpose. While humans have used engineered nanomaterials and
engineered nanoparticles for millennia [7-9], it is only more recently that we have recognised
them as such. Indeed, some of the earliest references to these materials as ‘engineered’ are
from some of the earliest environmental studies [10, 11], which were some of the first to
make the distinction between naturally-occurring and man-made engineered nanoparticles.
This distinction is important, particularly given the context that engineered particles of a
substance have been shown to be capable of exhibiting distinct behaviour when compated
with apparently identical naturally-occurring particles [12].

Engineered nanoparticles are becoming increasingly ubiquitous in 21st century life and are
used in a range of products from deodorants, socks, suncream, bandages and fuels to cutting-
edge medical treatments [13—21], they are a new high-tech selling point for many products.

For an up-to-date picture, please consult the database of nanoparticle-containing products
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maintained at http://www.nanotechproject.org/inventories/. While this proliferation
of products may be good news for many industries that have developed to service demand
for ever more salubrious make-up and sleeping bags, there is very little in the way of specific
regulation regarding nanoparticle manufacture, use, or disposal [22,23]. Concerns have
therefore been raised about the possibility that these particles could have negative effects

upon the health of both ecosystems and humans [24].

1.2.1.1 Nanoparticle structure and coating

At their most simplistic, nanoparticles are small quantities of a single element or crystalline
compound. These may be either polycrystalline [25] or single crystals [26,27]. However, there
are many more complex forms a nanoparticle may take. For example, when there is more
than a single component in a nanoparticle there are a multitude of ways they can couple. A
selection of some of the better-understood examples is shown in Figure 1.1 [28].

Many commercially available particles come with ‘capping agents’ adsorbed onto the
surfaces of the particles, the chief aim of which is usually to prevent the particles from
aggregating [29,30]. These usually work in one of two ways: either by increasing the surface
charge on the particles in order that the coulomb force repels them and decreases the energy
of collisions to reduce the probability of adhesion and aggregation [31], or by affecting the
entropy of the particle surfaces such that entropy is maximised when the particles are well
dispersed, and entropy is lowered when particles are attached to each other [137]. This is
known as steric repulsion [32].

The coating materials are very important when considering the fate, behaviour, and
ecotoxicology of engineered nanoparticles [33]. This is because, provided the coating remains
intact, the majority of the behaviour and interactions of the particle is determined by the
coating rather than the composition of the core material [34]. This is the same principle
that has piques scientific interest in core-shell nanoparticles like those shown in Figure 1.1 —
for particles of something expensive like platinum, a platinum-coated particle could be an

equally-effective and significantly cheaper option [35].

1.2.2 Nanoparticles in the environment

There are many ways that these particles may be released into the environment. For example,
nanoparticle-containing toothpaste will typically be disposed of using a domestic washbasin —
these particles will travel through the sewage treatment process and eventually be released
into a natural water system with the effluent [36]. Similarly, nanoparticles added to fuel will

be released into the air with the exhaust; this will either remain aerosolised in the air, or settle
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Figure 1.1: Diagram illustrating some of the many ways 2-element nanoparticle may form.
A: Core-shell structure; B: Multishell; C: Ball-and-cup; D: Janus; E: Quasi-Janus. Diagram
reproduced from [28].
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Figure 1.2: Diagram illustrating some of the processes and possible eventual fates for engineered
nanoparticles which have been released into the environment. Reproduced from [36].

out upon road surfaces, to be carried into natural water systems next time it rains [37-40] This
is illustrated in Figure 1.2. Estimates of nanoparticle concentrations in the environment have
been made, suggesting concentrations of certain particles could be as high as 30 ug/L [41,42]

A major concern is how these particles affect the ecosystems into which they are released,
both during normal use and at their end-of-life disposal. Before these questions of ecological
and wider environmental impact can be answered, the behaviour and eventual fate of these
particles needs to be well understood [15]. A diagram illustrating a few of the types of
behaviour which need to be considered for environmental study are summarised in Figure 1.2.

Engineered nanoparticles (ENPs) are a class of emerging pollutant [43] whose fate and
behaviour in the natural envionment is very poorly understood. One of the processes that
ENPs are known to undergo in natural environments is the aggregation of primary particles
to form larger masses [36]. These aggregates tend to have lower activity levels compared to
the primary particles due to factors such as the reduced surface area [44].

Gold is a good example of the possible hazards posed by ENPs. In bulk form it is extremely
chemically stable [45] and virtually unregulated. In bulk form, this makes sense — if a large
quantity of bulk gold were to be deposited or disposed of in a river, it would stay there. It
would not readily transform into anything harmful, it would not poison anything — at worst it
could produce shading effects [46,47] which aren’t specific to its chemical properties. However,
nanometer-sized gold behaves completely differently. It can form 5-fold crystals [48,49] which
have significant levels of strain at the surfaces, generating resonances at energies that allow
it to become strongly catalytically active [50]. At even smaller sizes, gold particles actually
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cease to be electrically conductive at all — it has an insulating transition at about 2 nm [51].

Clearly, a material such as this requires more robust regulation than is currently in place.

1.2.2.1 Risk assessment and regulation

As has hopefully been made clear, there are some significant potential environmental risks
posed by the continued use of engineered nanoparticles. This points to a clear need for a
well-reasoned and rigorous approach to regulation, and environmental regulations require
robust and scientifically-literate risk assessments [52,53].

In order to carry out a meaningful environmental risk assessment, there are several steps
which need to be taken. Firstly, there must be at least one pathway for the potential toxicant
from the product or process for which it is used into the environment. Once such a pathway
has been proposed, it then needs to be established that the potential toxicant does actually
follow that pathway and is present in the environment. In the case of nanoparticles, this has
been covered thoroughly; research has covered environmental emission of nanoparticles from
textiles [54], personal care products [55,56], fuel additives [38], and generic incineration of
nanoparticle-containing materials [57] as just a few examples.

Once it has been established that there is a viable pathway for the potential toxicants into
the environment, these potential toxicants need to be shown to have toxic effect upon organisms
at the concentrations and in the forms in which they are found in the environment, or a form
into which they could transform. This latter condition may be illustrated using the well-known
example of mercury toxicity [58,59]. While methyl mercury is highly bioavailable [60,61] and
bioaccumulative [62,63], ethyl mercury (usually in the form of thimerosal, commonly used to
stabilise vaccinations) is not generally considered to be a significant toxicant [64].

Assuming it has been established that a substance has a pathway into the environment,
and that there are organisms in the environment which are sensitive to the toxicant, it is then
necessary to understand the effects, if any, which may be caused in those organisms by this
toxicant at the modelled/measured concentrations, and thence to the wider ecosystem [65].
Only once all these steps are satisfied can a meaningful estimate of risk be determined and
therefore a meaningful regulatory regime be imposed [66].

Current sticking-points for the regulation of nanoparticles are centred around three
main issues. These are the ability to measure nanoparticles in the environment [67], an
understanding of exactly how various different nanoparticles behave in the environment
(under environmentally relevant conditions) [14], and how environmentally-relevant doses of
engineered nanoparticles affect organisms and ecosystems [68].

While it is increasingly widely accepted that many of the engineered nanoparticles which
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are seeing widespread use currently pose little risk on their own [69,70], efforts to characterise
fate, behaviour, and risk from these particles have demonstrated that currently-available
analytical techniques fall short of the efficacy required for effective risk assessment and realistic
environmental measurement, as will be made clear in the following sections. While this may
not be a significant issue here and now, it is clear that as ever more types of nanoparticle
and nanoparticle-based products are developed and sold, eventually some of these will be
genuinely highly toxic, and it would be greatly advantageous for there to already be effective

and sufficient analytic techniques in place to deal with and mitigate this threat.

1.2.2.2 Early studies

While nanoparticles have been used by humans for millenia [7-9], it is only in the past few
decades that they have been intentionally used, and used in large quantities [71]. However,
most of these nanoparticles have not been considered from an environmental toxicology
or eco-toxicological perspective until more recently; some of the earliest peer-reviewed ac-
knowledgements of the possible risks of ENPs in the environment weren’t published until
2003 [10,11], though their mammalian toxicology had been investigated more than ten years
previously in 1992 [72]. This relatively large delay was principally due to the fact that in
most jurisdictions these new nanoparticle-containing products were (and remain) largely
unregulated — the ENPs used in these products are familiar and well-understood chemicals
in bulk quantities — substances like silver, zinc oxide, and titanium dioxide are commonly
used [54,73].

Many of these early studies cited in this section involved suspending high concentrations
(up to about 1 g/L [74]) of ENPs in water before exposing organisms to them [75,76]. At very
high concentrations like these, ENPs of almost any composition and morphology can have
serious toxic effects — they can coat biological surfaces and effectively ‘smother’ organisms [77].
This is quite apart from some of the other toxic effect mechanisms which can operate at
lower particle concentrations, including cytotoxicity and genotoxicity [78,79], endocrine
disruption [80,81], and reproductive impairment [33,82].

Studies into the behaviour of ENPs have historically tended to focus upon their homoag-
gregation (aggregation of a species of particle with other members of its own species) and
sedimentation behaviour, and the earliest studies were more concerned about the consequences
of these processes for nano-enabled medicines than the environmental perspective [83-85].
While these can be useful for understanding the behaviour of small aspects of ENP behaviour
in isolation, they do not usually produce results which have direct relevance for understanding
and predicting the behaviour of ENPs in the environment [86].
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1.2.2.3 More recent progress

More recently, the study of nanotoxicology has become less of a scattergun exercise and far
more methodical and rigorous. While previous studies may have focussed upon the specific
effects of a specific nanoparticle upon a specific organism under specific conditions, now more
general, useful, and widely-applicable results are pursued. Machine-learning has become a hot
topic in the study of ‘big data’, and this has been brought to bear upon nanotoxicological
studies [87]. The ability to sequence genomes quickly and inexpensively has led to more rigorous
study of genotoxicity [88]. Related systems biology in the form of genomics, metabolomics,
proteomics, and transcriptomics are allowing much higher-throughput screening for genetic
and epigenetic changes induced by the tested stressors [20,89-92]. This is hugely important
for the measurement of nanotoxicity because it permits the detection and measurement of
effects which are not manifested in ways picked up by traditional endpoint toxicology studies,
in which a limited number of endpoints are monitored and observed for toxicologically-induced
changes.

Behavioural studies have started to investigate a wider range of processes, including
heteroaggregation (aggregation of nanoparticles of one species with nanoparticles of another
species) and the more general interactions with the chemistry and biology of the natural
environment [93]. In general it has been found that in systems which contain a population of
ENPs among a wider population of naturally-occurring particles, the dominant aggregation
process is in fact heteroaggregation of natural organic nanoparticles and ENPs [94,95].

These behavioural studies also feed into fate modelling and experimentation — once the
behaviour of any given particles in a given environmental scenario is known then is is possible
to determine what their eventual fate is, and on what timescales the particles will progress
to their eventual fate. Some important environmental fate studies include the conclusive
demonstration that local water chemistry can have a profound effect upon whether particles
will remain suspended or sediment out [96] and recognition that in soils, soil composition is just
as important as nanoparticle composition and coating [97]. While it has long been recognised
that sewage sludge is an important final resting place for a range of pollutants [98,99], sewage
treatment plants have generally not been designed for removal of nanoparticles, so assessment
of removal efficiencies in treatment plants is also important [100].

A further recently-reported complication is the suggestion that under certain environmentally-
relevant conditions, metal ions could be reduced to form nanoparticles while in the natural
environment [101]. This adds an additional layer of complexity to the tracing of apparently

engineered nanoparticles detected in the environment to their source, an area in which there
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appears to have been no progress made in the peer-reviewed literature.

1.3 Nanoparticle behaviour

In order to understand the eventual fate of engineered nanoparticles in the environment, it is
necessary to understand and quantify their intermediate behaviour. The main behavioural
processes which engineered nanoparticles have been shown to undergo are sedimentation [102],

dissolution [103], and aggregation [104].

1.3.1 Sedimentation

Sedimentation is a process which usually only plays a minor role in the fate and behaviour of
nanoparticles which fit within the EU definition (which typically do not fit within the EU
definition of a nanoparticle [1], owing to being larger than 100 nm), as it is a process which
has an increasing influence on suspensions of larger particles or aggregates of smaller particles
which have grown to the degree that they are no longer stable in suspension. Sedimentation is
largely independent of the composition of the nanoparticles [102], though heavier nanoparticles
have been shown to sediment faster than lighter particles [105]. It has also been shown that
sedimentation rates can be affected by the means by which the nanoparticles were initially
suspended, suggesting that more evenly-dispersed nanoparticles (such as those which have
been ultrasonically dispersed) will sediment less than those which have been less adequately
dispersed (for example using a vortex dispersion technique) [106]. Sedimentation is important
when considering the environmental effects, fate, and behaviour, because it can be a means
of partitioning particles to the sediment phase in aquatic systems [107,108] where they may
become less bioavailable. In in-vitro toxicology assays it can also be important because the
location of the sample in a vial becomes important — a biofilm on the bottom of a vial may
receive a different effective dose when compared to an identical biofilm which is vertically
mounted [105].

Colloids are stable suspensions of particles or molecules which do not exhibit sedimentation
at all [109]. Colloids are usually accepted to be formed of particles no larger than 1 pm in
diameter, as particles larger than this are usually accepted to be insufficiently stable to remain
in suspension indefinitely [110].

There is a significant body of research investigating techniques to prevent sedimentation,
some of which revolve around the modification of the suspending medium, using guar gum
for example [111], while others indirectly influence the sedimentation rate by retarding the

aggregation rate, resulting in a slower formation of larger aggregates and thereby reducing
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the effective sedimentation rate [112]. Yet other approaches involve examining the quality of
the suspension and optimising suspension techniques to prevent sedimentation [106].
Sedimentation rates have been used as a means of estimating the sizes of nanoparticles,
based upon the principle that under accelerated sedimentation (centrifuge) conditions, larger
particles will sediment faster [113-117]. However, this technique doesn’t appear to have gained

traction and isn’t commonly used in the literature.

1.3.2 Dissolution

Dissolution is important for the study of nanoparticles in the environment for several reasons
[118]. Firstly, it can allow a nanoparticle to release its content slowly over time, which could
cause either an increase in toxicity (when the particle’s constituent parts are more toxic or
bioavailable in solution than in suspension [68]), or a decrease in observed toxicity (because
the release is over a longer period of time, the effective dose would be lower than that from an
equivalent quantity of ions being directly released). This can be a serious complication when
attempting to conduct an environmental impact assessment [15]. Secondly, the solubility of
nanoparticles can have a direct effect upon their usefulness or useful life. An example of this
is the use of silver nanoparticles in textiles; if the particles are too readily soluble, then they
won’t survive ordinary textile laundering processes [119]. Finally, dissolution can occur during
the extraction and measurement process, and in order to ensure that measurements of soluble
particles are representative of the particles initially present in the sample, additional care must
be exercised [120]. Understanding the mechanisms of nanoparticle solubility also is impactful
in other fields, for example, the development of nano-enabled drug-delivery approaches [121].
There is some interest in the development of systems capable of electrochemically measuring
dissolution rates of nanoparticles is suspension [122].

As far as was possible, all the nanoparticles used in the work presented in this thesis were
made from gold (which is insoluble in water), in order to avoid having to deal with the issue

of dissolution.

1.3.3 Aggregation

Aggregation is the third of the three dominant physical processes undergone by engineered
nanoparticles in the environment [104]. A brief introduction to aggregation has already been
given in Section 1.2.2.3.

Aggregation is, as has already been alluded to, important for the study of the fate and
behaviour of engineered nanoparticles for several reasons. Firstly, aggregation can increase the

sedimentation rate of particles as they aggregate and become less stable in suspension [112].
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Aggregation can also have an important effect upon the bioavailability of the particles — a larger
particle may be less bioavailable, while an engineered particle which has heteroaggregated
with a natural nanoparticle may actually become more bioavailable [36,123]. Finally, there
EU definition of a nanoparticle should be considered in the context of aggregation. While the
EU definition [1] considers particles purely on their primary size (so even a large aggregate
should be seen as a collection of smaller constituent particles), it is not easily possible to
measure a particle and state definitively whether it is a primary particle or an aggregate —
only TEM is well-placed to interrogate aggregate structure and determine this. While in
some highly-controlled laboratory-based circumstances it may be obvious which particles are
aggregates and which are primary particles, in general this is not true. This is a crucially
important point, for reasons which will be covered in Chapter 2.

It is commonly assumed that the process of aggregation is not reversible except in
special cases where particles have been explicitly designed to disaggregate. Examples of the
disaggregation of ENPs include intentional disaggregation for the formation of metallic thin-
films, [277] particles which have aggregated exceedingly fast into unstable fractal forms with
high surface energy or when influenced by biological processes such as aptamer binding [278§],
when encapsulated in synthetic dendrimer [279], or in the presence of high organic matter
concentrations [280]. Once aggregated particles have been released into the environment it is
often tacitly assumed that they will remain in their aggregated state. For example, the effect
of pH upon nanoparticle aggregation has been investigated before, but only in terms of the
effect upon unaggregated particles and not in terms of the effect upon existing aggregates
that have formed under different environmental conditions. This has repercussions for current
exposure models [41], which at present only include nanoparticle aggregation as an irreversible
process [115]. This need for more research into the reversibility of nanoparticle aggregation in

environmentally relevant circumstances has been acknowledged in the literature [281].

1.3.3.1 DLVO Theory

Except where otherwise noted, all the material in this section on Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory has been drawn from some standard texts, available in the following
references: [110,124-126]. More detail is given in Appendix B, though is unnecessary to
understand the contents of this thesis.

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [127,128] is one of the foundational
theories of the behaviour of suspensions of particles in dilute electrolytes, and is commonly used
to provide an estimate of the aggregation behaviour of nanoparticles in aqueous suspensions.
The first principles of DLVO theory were laid down in the 1940s and 1950s, building upon the

29



work of Schulze, Hardy, and Smoluchowski. Schulze and Hardy determined that the critical
coagulation concentration was related to the inverse sixth power of the charge of the counter-
ion [129,130]. Notably, Hardy showed in the same paper that different ions with the same
charge may also have an effect upon aggregation kinetics. This becomes relevant in Chapter
2. This is commonly referred to at the ‘Schulze-Hardy Rule’. Smoluchowski’s contribution
to the understanding of aggregation kinetics and DLVO theory was the derivation of an
integrodifferential description of the particle size distribution in an aggregating system [131].
However, direct application of ‘Smoluchowski’s Law’ requires the derivation of a ‘kernel’ for
the aggregation type (for example: diffusion-limited, reaction-limited; these are discussed
further in the following section), a non-trivial task. For this reason, Smoluchowski’s law isn’t
used directly in this thesis.

The main premise of DLVO theory is that in a regime for which the van der Waals
attraction is greater than the coulomb repulsion between particles, the net rate of aggregation
will be positive. At the ‘tipping point’ where the attraction is equal to the repulsion, the
particles will completely fail to 'see’ each other, and won’t interact, and when the repulsive
forces are greater than the attractive ones, the particles will interact, but will remain dispersed.
Thence the theory predicts that there will exist a definite point at which the repulsive force
generated by the surface charge on particles (the source of the coulomb repulsion) is equal
to the van der Waals attraction, one side of which the rate of aggregation is effectively zero,
and the other side of which the rate of aggregation will increase with the increase in the
difference between the forces. An additional level of DLLVO theory includes the description
of an ‘electric double layer’ (EDL; also sometimes referred to as the ‘diffuse double layer’).
This is formed of counter-ions from the solution which have an opposite charge to the particle
surface. To a certain extent, this cloud of counter-ions can have the effect of shielding the
coulomb repulsion from the surfaces of the particles, thereby decreasing the total repulsion.
The resulting potential is illustrated in Figure 1.3.

There exists a simplified version of the theory, which is only true for ¢ < %m\/, where
1) is the surface potential of the particles, and 2’ is the valency of the ion with the greatest
charge. This simplified version is stated in Equation (1.1)

Deyp?

= const (1.1)

where x; is the reciprocal of the thickness of the ionic atmosphere of the particles, A is the
van der Waals constant and D, is the dielectric constant.

However, this is a rarely useful equation; the conditions necessary are seldom fulfilled for
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Figure 1.3: Graph showing the shape of the potential given by DLVO theory. The graph clearly
shows the attractive van der Waals potential V4 and the repulsive electrostatic potential Vg
combining to give a net potential. The primary minimum is the energy minimum which occurs
when particles are aggregated. Changes in chemical context may in certain circumstances
lower this energy barrier sufficiently that shear forces or even spontaneous diffusion could
cause the particles to disaggregate. The secondary minimum is a stable distance at which it
is energetically favourable for particles to remain, though it is not always present for every
combination of particles and electrolytes. In systems in which a secondary minimum is present,
it can render it energetically favourable for particles to form weak associations with each
other in a process called ‘flocculation’, as distinct from ‘aggregation’. Flocculation can lead
to aggregation further down the line. The potential which must be overcome in order for

aggregation to occur is marked as Vipax. This image is reproduced from [132]
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a real-world scenario. A more rigorous and widely applicable equation is given by Equation

(1.2)
1 Aeb2§

YMdom ngfd (5) Dg’ (k‘BT)5

my = (1.2)

where A is the van der Waals constant, e is the electronic charge, v is the concentration of
the electrolyte in mol.cm ™3, ngom is the number of dominating ions in one molecule, D is the
dielectric constant, kg is the Boltzmann constant, 5 is the ratio of the valency of the auxilliary
ion 2z to the dominating ion z1, Cy is a constant, and fy (3) is a function of the ‘asymmetry
of the electrolyte’ such that f;(1) =1, and fy(8)~1. m, is the reciprocal concentration of
the dominating ion in the solution. The ‘dominating’, or ‘potential-determining’ ions are
those which have the greatest effect upon the surface potential of the nanoparticles, which in
dilute aqueous solutions is are usually HT and OH™ ions [133]. Auxiliary ions are those which
create the electrical double layer (EDL) around the surfaces of the particles, and can typically
include all the ions in solution of opposing charge to the dominating ions.

However, the derivation of these equations relies upon a number of key assumptions.
Firstly, it assumes that the energy barrier between particles remains constant regardless of
whether it is a single particle or a large aggregate. This is a reasonable assumption for larger
particles for which the ionic atmosphere is small compared to the radius of the particle, but
for smaller particles this is not necessarily the case.

Another important assumption made is the neglect of Brownian motion. This is important
because should a particle be moving under the influence of Brownian motion, it will possess
kinetic energy. This will effectively decrease the energy barrier between particles, in theory
making it easier for them to aggregate. However, the effect can be shown via the Stokes-Einstein

relation [134,135]
k
p= sl
6mnr,

(1.3)

to scale with r% such that the larger particles find their energy barriers decreased by significantly
more than smaller particles, suggesting that aggregation may occur in more of a cascade-like
exponential manner — the further it has proceeded, the greater its propensity to continue.
This is because the Stokes-Einstein equation scales as %, meaning larger particles will diffuse
more slowly, kinetic energy scales with mass, and mass scales as 73, leaving the second-power
relationship. The variables are as follows: D is diffusivity, kg is the Boltzmann constant, T
is the absolute temperature, i is the viscosity of the fluid, and 7 is the sphere-equivalent
hydrodynamic radius. This T‘}QL dependence comes from the fact that the diffusion coefficient is
actually an expression of the area a particle will diffuse through per unit time. Converting
this to a mean linear velocity But this comparison relies on a few assumptions of its own.
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Firstly, that the Stokes-Einstein relation is a good approximation in these circumstances, and
secondly and most importantly, that the hydrodynamic radius in the Stokes-Einstein relation
may be used interchangeably with the radius of curvature of a sphere-equivalent particle.
Additional theoretical work would be required to determine whether this is a relevant effect
in these circumstances.

The third major assumption that DLVO theory appears to rely upon is the approximation
of the interaction of spherical particles. The theory itself is derived for a pair of infinite flat
plates separated by a uniform layer of electrolyte, and this effect is mapped onto a pair of

spherical particles using Equation (1.4)

Nd:Gd/HOOR(h)dh (1.4)

where R (h) is the repulsion per unit area of parallel plates separated by h, H is the smallest
seperation of the curved surfaces, Ny is the repulsive force of the curved surfaces, and Gy
is a factor that relates the shape and spatial orientation of the particles to the electric
field curvature, and in DLVO theory is assumed to be described by G4 = 7ry. This is an
approximation that only holds for large 73, such that z;7,>>1 and %>>1, where z; is the
reciprocal of the thickness of the ionic atmosphere. Additional calculation would be required
to determine precisely what corrections are required to this assumption to extend it for smaller
values of ry,.

Furthermore, it is pointed out by Grasso et al [136] that DLVO theory also fails to account
for effects like hydrogen bonding and steric interactions, both of which are highly relevant for
the analysis of aggregating nanoparticle systems. There are also certain known systems which
DLVO theory completely fails to describe the behaviour of [137]

To conclude, DLVO theory requires a large number of variables, has many shortcomings
(including an inability to describe certain systems directly!), and cannot describe the actual
mechanism of attachment (for example, some aggregates can be observed under TEM to have

sintered together, while others remain loosely bound [138]).

1.3.3.2 Aggregate structures

Aggregation rates principally have two limiting factors ‘diffusion’” and ‘reaction’. When one or
other of them is limiting the rate of aggregation, the process is referred to as ‘diffusion-limited
aggregation’ [139] or ‘reaction-limited aggregation’ [140]. Diffusion-limited aggregation is

the fast limit of aggregation, where the attachment efficiency is 1. This means that every

'Though various additions — ‘extended DLVO’ — theories have been developed to attempt to include
additional capability to classical DLVO theory.
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single collision between particles results in an aggregation event, and the rate of aggregation
is completely controlled by the collision rate or diffusion rate of the particles — the larger their
diffusion coefficients, the more frequently they will collide [141]. Reaction-limited aggregation
is the slow limit of aggregation [142], where the attachment efficiency approaches zero. This
means that the majority of collision events do not result in aggregation [143].

Aggregation rates may be estimated from a combination of the attachment efficiency and
the ‘single collector contact efficiency’. The single collector contact efficiency is effectively
the rate of impact of particles with a surface of unit area (the ‘single collector’). Once it is
known at what rate collisions between particles occur and what the probability of adhesion on
contact (the attachment efficiency) is, then it is trivial to take the product and calculate the
number of successful aggregation events per unit time, or the aggregation rate. Aggregation
rates are usually only given as the rate of primary particle-primary particle aggregation, as
aggregation rates for larger compound particles is strongly dependent upon the structure of
the aggregates being formed. However, here a more complex model is considered, because
for the calculation of the mass of particles constituting an aggregate, some knowledge of the
density or porosity of the aggregates is necessary.

It has been shown that for diffusion-limited aggregation, the fractal dimension of an
aggregate is approximately 1.7, while for a more compact and slowly created reaction-limited
case, a fractal dimension Dy approaching 2.3 is more typical (Figure 1.4) [144]. Thereby, a
zero-order approximation to the fractal dimension of an unknown aggregate which is known

to be neither diffusion- or reaction-limited is about 2. Equation (1.5)

_(Th Pi (1.5)
Necol = o .

where n.) is the mean number of particles in an aggregate, and hence the number of successful
collisions per particle that need to have occurred, r;, is the aggregate hydrodynamic radius,
and r¢ is the radius of the primary particles prior to aggregation, allows the number of particles
in an aggregate to be estimated.

The number of collisions that did occur during the same period may be calculated using

the mean free path, in Eqn (1.6)
1

~ Vngo

for particles whose velocities follow a Maxwell distribution?, where A 7 is the mean free path

/\f (1.6)

in metres, n, is the particle concentration, and o is the collision cross-section. The collision

cross-section is the cross-sectional area that one particle’s centre must traverse in order to

2The statistical distribution which describes the motion of dilute particles in thermal equilibrium [145].
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RLCA

DLCA

Figure 1.4: Diagram showing the difference in structure between structures which typically
arises from diffusion-limited aggregation (labelled DLCA), and reaction-limited aggregation
(Labelled RLCA). Figure reproduced from [144].

collide with another particle.

When combined with a mean linear velocity from Equation (1.7) [146]

[2kpgT
b= 1.7
v 6mnr (1.7)

it can yield a mean rate of collisions per particle in the sample suspension. Hence, for a given

size of aggregate over a given time interval, it is possible to compare the rate of collisions
that occur to the rate of collisions that need to be successful in order to achieve the requisite

aggregate size for a given fractal dimension. This process is summarised in Eqn (1.8)

D
(%) (1.8)

2kgTrrs
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Qe —

where tio is the duration for which aggregation has been allowed to occur, 7 is the viscosity
of the matrix, T is the temperature at which aggregation occurred, kg is the Boltzmann
Constant, . is the attachment efficiency and all other variables are as previously defined.
If TEM images could be used to confirm that the relationship between fractal dimension
and aggregation mode is sufficiently strong, it would be possible to map the attachment

efficiency directly onto a fractal dimension. Should the relationship work, this new fractal
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dimension could be fed back into the equation to generate a higher-order estimate for the
fractal dimension of the aggregate. This would be trivial to iterate over until the change in
fractal dimension between iterations is small compared to the error margin associated with
the correlation of attachment efficiency and fractal dimension.

An alternative means of calculating the attachment efficiency is to consider the rate of
loss of primary particles rather than the rate of formation of the largest aggregates at the
end. This has the benefit of allowing the collision rate to decrease as a function of time as
the number of particles decreases, but doesn’t fully allow for the increase in the collision
cross-section as particles grow. Using this approach, a comparable means of calculating the
attachment efficiency may be derived, though this would have to wait for future work.

A challenge presented by the measuremet of aggregation is the capability of a given
measurement technique to detect aggregated dimers — it is mathematically obvious that an
increase in hydrodynamic diameter of ~28 % occurs as a result of a single aggregation of two
spherical particles (Table 1.1). However, even populations of nominally homogenous particles
contain a distribution of particle sizes; there will be a variation of typically +20 % for smaller
particles. Consequently, should 2 nominally 10 nm particles, whose actual diameter happened
to be 8 nm, aggregate, then the mean hydrodynamic diameter of the aggregate would be 10.24
nm, significantly smaller than the largest expected particles in the original sample. For larger
particles, the variance will be smaller as a fraction of particle size, and so the overlap between
the size of a possible small aggregate and the size of a possible large particle contunies up to a
particle size variation of just over 10 %. However, even in this case the two peaks would be
sufficiently close that it would require not inconsiderable statistical analysis to differentiate the
two peaks. Factoring in the broadening of distributions inherent in the NTA technique [147],
it is entirely possible that even particles exhibiting a variation in diameter of 5% could

become indistinguishable from their dimers.

Number | Mean Relative Sphere-
of Particles | Equivalent Hydrodynamic Diameter

1

1.28
1.50
1.66
1.79

U W N~

Table 1.1: Mean relative hydrodynamic diameter of all possible aggregation shapes for a
given number of particles. This assumes that all possible n-particle shapes occur with equal
frequency. The precise method by which this was estimated is given in Appendix A
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1.3.4 Light scattering

The interaction of light with small particles (a term which will be used generically for particles
whose size is small compared to the wavelength of visible light) is well understood, and can be
explained by several theories of increasing complexity. Those relevant to the light-scattering

experiments described later are described below.

1.3.4.1 Rayleigh scattering

Rayleigh scattering is a sub diffraction-limit optical phenomenon that has been known
about for many years [148], and exploited for many applications, including nanoparticle
measurement [149]; weather radar [150]; paint [151], glass [8], and ceramic pigmentation [152].

Rayleigh scattering is one of the most basic descriptions of the scattering of light by
small particles, though it is perfectly adequate for many applications when the conditions
outlined later in this section are met. In general, it is a good description of the light-scattering
behaviour of particles for which the radius is significantly smaller than the wavelength of
illumination. The exact cut-off for the validity of the approach is still a disputed matter, with
various estimates ranging from 2* < 0.05 [153] to ngkor < 1 [154], where n, is the relative
refractive index, kg is the wavenumber of the illumination, A is the corresponding wavelength,
and r is the radius of the particle . For larger particles (or shorter wavelengths) then Mie

scattering is more accurate (see Section 1.3.4.2).

A basic mathematical description of Rayleigh scattering is given in Equation (1.9)

16746 /m2 —1\? | 9
I=1I, R <m2+2> sin” (¢) (1.9)

where m = %; ng, is the refractive index of the particles and n,, is the refractive index of
the suspending medium. ¢ is the scattering angle, I is the scattered intensity, and I is the
incident intensity. R is the distance from which the observation was made (i.e. the scattered
light follows the standard # falloff with distance), and r is the radius of the particles.
Thus it can be seen that the scattering efficiency is strongly dependent upon the radius

of the scatterer, scaling as r%

. This is important when considering optical measurement
techniques, as will be outlined later. It can also be seen that there is a strong inverse
dependence (%) upon illuminating wavelength — shorter wavelengths will result in far more
efficient scattering. This will also be used later.

Of significant importance for Chapter 5 is the origin of this theory. While a full derivation

is not given here (one is available in [155]), it relies upon the assumption that the scatterers
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are significantly smaller than the wavelength of electromagnetic radiation illuminating them.
Then, as the wave propagates past them, the scatterers experience an oscillating electric field
which is of approximately constant magnitude across the entire scatterer. The effect of this
upon the electrons in the scatterer is to periodically accelerate them back and forth in step
with the oscillations of the electric field. This acceleration of the charged particles itself emits
radiation of a frequency corresponding to the frequency of oscillation, and therefore to the
frequency of the illuminating radiation. The efficiency with which this scattering mechanism
works depends upon the number of electrons in the scatterer which may be influenced by
the oscillating field, and the degree to which these electrons are free to move (how easily
polarisable the particle is). These two quantities are captured by the use of the refractive
index in the Rayleigh equation.

One more important thing to note is the sin?(¢) term. This dictates that scattering
efficiency will be maximal perpendicular to the direction of illumination. Again, this aspect
of the Rayleigh scattering phenomenon will be used later.

A full derivation of this is given in one of Rayleigh’s original papers [155], and considerable

further discourse on the matter by Kerker [153].

1.3.4.2 Mie Scattering

Mie scattering is another commonly-used description of the light-scattering behaviour of
spherical particles of arbitrary sizes, including those described by the Rayleigh approximation.
Mie scattering is considerably more mathematically complex, and so only some key results
are quoted here. For these purposes, the scattering efficiency @) is one of the most important

results. This is given in Equation (1.10)

Q= (22”) (2n + 1) R (ap + by) (1.10)

medium / p—1

where

0 - pm?jn (M) [@mkn (Tm)] = p1jn (@n) [MEmjn (M)’ (1.11)

2 (m) [ ()| = Y () [ (mi)

bn = :uljn (ma:m) [l'm]n (xm)]/ B ,ujn (:Em) [mxm]n (mxm)], (1.12)

7
H1Jn (mxm) [xmhg) (xm):| - th) [ml']n (mx)]/

2 .
kmedium = ml;\lizdlum (113)

The j, are the spherical Bessel functions of the first kind, h,, are the spherical Hankel

functions, m is the relative refractive index, x,, = Emedium”p, and p and juq are the permeabil-
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ities of the particle and the suspending medium respectively. Primes denote derivatives with
respect to x,,. These results may be found in publications by Cox and van de Hulst [154,156].

In contrast to the Rayleigh approximation, the dependency of the scattering efficiency
on the illuminating wavelength and the particle size in Mie scattering is not explicit, and
is in fact dependent upon the value of the n'* Bessel function and the n'* Hankel function.
Another significant difference between the predictions of Rayleigh and Mie scattering is that
the Rayleigh approximation always predicts that scattering is maximal perpendicular to the
illumination. However, Mie scattering predicts that as the size of the scatterer increases,
the angle of maximal scattering will tend towards the forward direction. This is important
when attempting to capture light scattered by scatterers within certain size ranges — the
smallest scatterers will scatter most strongly perpendicularly, so may be effectively excluded
by capturing light from a slightly larger angle.

When the results of the Mie solution are compared with the results given by the Rayleigh
approximation, it turns out that even significantly beyond the accepted region of applicability
for the Rayleigh approximation, the Rayleigh approximation can give a very useful estimate of
the scattering behaviour in a far more mathematically elegant way — in order to calculate a Mie
scattering eﬂiciency3, it is necessary to make use of a computer to calculate the convergence
of the infinite summation, while calculating a Rayleigh scattering efficiency is a single quick

calculation which may be accomplished analytically. This will be demonstrated in Chapter 5.

1.4 Measurement of nanoparticles

A key consideration when conducting any investigation into nanoparticles, whether in the
laboratory or in the wider environment, is the nano-metrology of the particles. There are a
variety of different metrology techniques available, a brief introduction to some of the most

important and widely-used of these is given below.

1.4.1 Electron microscopy

Electron microscopy in its various forms is usually considered to be the gold standard for
measurement of ENPs because it allows accurate and reproducible direct measurements of the
physical sizes of particles [157], while competing techniques only indirectly infer the size. Some
of the most salient considerations pertaining to the use of electron microscopy are recounted

below.

3<Scattering efficiency’ is defined as the fraction of incident light of a given frequency which is scattered,
often at a particular angle.
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1.4.1.1 Scanning Electron Microscopy

Scanning electron microscopy is a frequently-used approach [29], and has the key advantage
that relatively large sample volumes can be processed quickly. In SEM imaging, an electron
probe scans across the surface of the sample, and the electrons which are scattered are
recorded and used to generate an image. Two different types of scattered electrons are
typically generated: ‘backscattered’ electrons, which scatter off the surface of the sample,
and ‘secondary electrons’ which are dislodged from the surface by the incident electrons
(Figure 1.5). Typical resolution for modern SEM systems can be down to about lnm in
ideal conditions [158], though many systems still in frequent use are much older models with
corresponsingly lower resolution. Two uses/developments of SEM are of particular note for the
purposes of measuring ENPs in an environmentally relevant context. Atmospheric SEM, in
which the sample itself is held at a low vacuum while differential pumping techniques maintain
other parts of the microscope at appropriately higher vacuum, allows particles to be directly
imaged in liquid suspensions [159]. This technique is reported to only permit detection of
relatively large particles [160]. Other competing implementations of this include the use of
sealed sample-filled capsules with silicon nitride windows to permit the electrons through. The
trade-off is that these images tend to be less sharp than those captured using more conventional
SEM approaches [161]. Single-particle tracking of liquid-suspended ENPs in real-time using
SEM has been achieved, though this has only been shown to be possible in non-volatile ionic
liquids, and is therefore not directly applicable to environmental measurement [162].

SEM can also be used together with electron spectroscopy techniques to probe for the
presence of certain elements. Coupled with the relatively large samples which can be analysed,
this allows for screening of natural material for the presence of build-ups of materials commonly
used in ENPs. Images at this resolution are typically not suitable for analysing the size and
shape of the particles, but are only indirectly capable of inferring the presence of ENPs —

other possible causes for small masses of these materials must be neglected [163].

1.4.1.2 Transmission Electron Microscopy

Transmission electron microscopy is typically capable of achieving very much better spatial
resolution than SEM; typical new microscopes have a spatial resolution of down to 0.1 nm or
better [164]. While SEM depends upon the scanning of an electron probe across a sample,
TEM instead uses a wider beam which illuminates the entire sample. STEM instead uses a
scanning probe similar to SEM, which is slower but carries many of the advantages of SEM

over to TEM [165]. The higher resolution of TEM allows it to be used for far more accurate
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Figure 1.5: Diagram showing scanning electron microscope function. PE denotes primary
(incident) electrons, RE denotes the ‘reflected’ (backscattered) electrons, and SE denotes the
secondary electrons. Diagram taken from [157].

determination of shapes and sizes of nanoparticles. A camera placed behind the sample
records the transmitted electrons. Because contrast in TEM images requires electrons to be
deflected from the beam, under normal circumstances it is only suitable for the measurement
of objects made from heavier elements (phase-contrast [166] notwithstanding, though phase
contrast imaging techniques are not used in this thesis).

Owing to the high spatial resolution, TEM is the de-facto standard for measuring ENP
sizes and shapes [161]. In common with SEM, there have been several important innovations
which are relevant for environmental study of ENPs. One of the most significant is the
development of liquid-cell TEM. This is usually done using a pair of silicon nitride plates
with the sample sandwiched between them, though this can have a deleterious effect upon the
resolution [167-169].

Another important innovation is environmental TEM. This is very similar to environmental
SEM, and shares many of the benefits and drawbacks. One of the major differences is the
need for a much higher vacuum in a TEM column than is usually present in an SEM.
This is accounted for by the use of additional apertures between the sample area and the
vacuum-sensitive parts of the TEM and the adoption of a very effective series of pumping

stages [170,171].
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1.4.2 Single-particle ICP-MS, and associated hyphenated techniques

Single-particle inductively-coupled mass-spectrometry (spICP-MS) is a development of the
ICP-MS concept to allow for detection and classification of single ENPs) [172]. This technique
is very widely-used for environmental ENP measurements [103,173,174]. Ordinarily, ICP-MS
uses an inductively-coupled plasma flare as an ionisation stage for a mass spectrometer (MS).
The MS stage can then scan through a range of mass-to-charge ratios and produce a picture
of the entire contents of the sample [175].

In single-particle operation, the ICP-MS setup is a little different — the MS is typically set
to only detect a single mass-to-charge ratio which corresponds to the expected composition
of the ENPs to be analysed [176]. The dwell time on the system is shortened as much as is
practical for the MS without raising the noise sufficiently to obscure or obfuscate the signals
relating to ENPs, and the input sample is diluted sufficiently that there is a low probability
of several ENPs travelling through the system simultaneously [117]. With careful tuning,
this should enable the individual particles to be detected as short peaks in the appropriate
mass-to-charge ratio over time. The exact sizes of these peaks may be used to determine
the approximate size of these particles [177]. For gold or silver ENPs, spICP-MS is reported
to be reliable down to particle sizes of 15 nm [178]. Because the standard system only
considers a single isotope at a time, it is largely impervious to interference from natural
nanoparticles. This does mean, however, that it cannot directly yield useful information about
heteroaggregation and heteroaggregates. Aggregation is discussed in more detail in Section
1.3.3.

There are many further additions to this system which can enable more in depth analysis,
analysis of samples with different characteristics — less homogenous samples for example — by
the addition of further stages. These are often referred to as ‘hyphenated techniques’; because
while none of the technology is necessarily new, the particular combination of techniques may
well be novel. For example, an sp-ICP-MS setup may sometimes include aysmmetric flow
field flow fractionation (AF4) equipment to ‘preprocess’ the particles to select for particular
size fractions. AF, is based on the principle that small particles experience less drag than
larger particles; thereby a vessel with a flow gradient may be used to draw the larger particles
away from the smaller particles [95,179-181]. Another example is the inclusion of tandem MS
units (spICP-MS/MS). The use of tandem MS units allows for much better detection of trace
elements due to far better rejection of contaminants with similar mass:charge ratios [182].

Finally, a key recent development is the use of time-of-flight apparatus. This optimisation

overcomes the specific limitation that usually sp-ICP-MS is only capable of measuring a
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single element at a time, leveraging the capabilities of ICP-TOFMS [183-185]. Time-of-flight
capability can allow for more than one element or isotope to be measured simultaneously [186],
allowing composition or isotopic ratios to be obtained [176]. Praetorius et al [176] have used
spICP-TOFMS recently to determine isotopic ratios of lanthanide nanoparticles, allowing
naturally-occurring particles to be differentiated from engineered anthropogenic particles.

Many other hyphenated techniques are available, and some have applications to measure-
ment of ENPs in the environment [187,188]. There is no reason why many of these hyphenated
techniques may not be used in conjunction with other techniques described herein, though such
integration is uncommon. One example is the coupling of AF4 to a multi-angle light-scattering
system [189].

As an associated hyphenated technique, hydrodynamic chromatography (HDC) is of
particular note. A development of the familiar concept of chromatography, rather than
achieving separation based upon relative solubility in the mobile and stationary phases the
separation is based upon the hydrodynamic diameters of the particles. The principle was first
reported in 1967 when Haller [190] successfully separated viruses on a porous glass plate by
hydrodynamic size. This was further developed into a more generic method for the sizing of
suspended colloidal particles by Small [191] in 1974. While early implementations were large
pieces of equipment (Figure 1.6), some more recent implementations of the HDC paradigm
have successfully miniaturised the equipment by replacing the column with cappilaries [192]

to the point that such apparatus may now be fitted to a microfluidic chip [193,194].
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Figure 1.6: Diagram of typical hydrodynamic chromatography equipment. Labels are as
follows: A — reservoir, B — pump, C — pressure gauge, D — sample injection valve, E — detector,
F — recorder, G — computer. Diagram reproduced from [191].
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In hydrodynamic chromatography, the analogue of the ‘stationary phase’ is a bed usually
made from a collection of solid non-soluble beads. The ‘mobile phase’ is a liquid, frequently
water, though other solvents may also be used [191]. As the mobile phase and sample are
pumped through the stationary phase, those particles with larger hydrodynamic radii will
experience greater drag and will therefore be drawn through the column faster than those
particles with smaller radii and therefore lower drag coefficients. The gaps between the beads
behave like a network of capillaries, such that the voids contain very high flow rate gradients
are formed. In this way, the principle of operation is very similar to AF, [195].

HDC has been used for many different studies, including investigation of the fate of
nanosilver in sewage sludge [187,188], characterisation of gold nanoparticle mixtures [196],

analysis of polymer latexes [197], and various other macromolecules [198].

1.4.3 Dynamic light scattering

Dynamic light scattering (DLS) [146], sometimes also referred to as photon correlation
spectroscopy (PCS), uses coherent (usually laser) illumination of the sample. Electrophoretic
light scattering (ELS) is a derivative technique which uses an electric field to measure
the zeta-potential (effective surface charge) of the particles at the same time as the size
measurement [199-201]. The basic experimental setup (Figure 1.7) is fundamentally similar
to many other light-scattering implementations, and consists of a polarised monochromatic
light-source, a sample cell, and a photo-detector or photocell. In more archaic configurations,

the photocell would be replaced with an autocorrelator.

A SCATTERING
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Figure 1.7: Diagram of typical multi-angle DLS experimental configuration. Diagram repro-

duced from [146].
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The technique depends upon the measurement of the rate of intensity fluctuation of
scattered light. This fluctuation is digitally recorded, and then the autocorrelation of the
signal is taken. A graph showing an example of this time-dependent fluctuation is given in

Figure 1.8.
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Figure 1.8: Exemplar plot showing the fluctuation in intensity of scattered light recorded for
DLS measurement, of the type which could be obtained using the apparatus shown in Figure
1.7. Image reproduced from [202].

Autocorrelation is a technique in signal processing which examines the similarity between
different regions in a pair of functions. Autocorrelation is a special case of cross-correlation.
The mathematical definition of a cross-correlation of two functions, f (¢t) and g (¢), is given in

Equation (1.14) [203]
(f%9) () = / (1) g (t—r)dt (1.14)

f* (t) is the complex conjugate of f (t), and 7 is commonly referred to as the ‘lag’. This form of
the equation is strictly for use on continuous functions; for the discrete time-quantised functions
recorded from DLS experiments it is necessary to consider the integral as a summation over
all measured values of t.

Autocorrelation is the special case in which f(t) = ¢g(¢). Then at time ¢ = 0, the
autocorrelation will be maximal — f (¢) correlates with itself perfectly and has no lag (7 = 0).
However, as we continue to evaluate the autocorrelation function for ¢ # 0, 7 may adjusted
such that 0 < 7 < t. In this way, the autocorrelation function is effectively correlating every

datapoint between f (0) and f (7) with f (¢). As t increases, the autocorrelation should decay
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as the configuration of particles scattering light changes due to the random motion of the
particles. The rate at which the configuration of particles changes is related to the rate at
which they diffuse via Brownian motion, and therefore the hydrodynamic size of the particles.
Thereby, the rate of decay in the calculated autocorrelation function is directly related to the

sphere-equivalent hydrodynamic diameter of the measured particles.

(a)

SCATTERED LIGHT INTENSITY
(arbitrary units)

TIME (arbitrary units) —»

(b)

(arbitrary units)

SCATTERED INTENSITY AUTO CORR. FUNC.

TIME (arbitrary units) —=»

Figure 1.9: Plot showing a) an exemplar time-dependent intensity fluctuation of the type
shown in Figure 1.8, and b) the autocorrelation of this fluctuation, showing the decay of
autocorrelation with time. Figure reproduced from [146].

Each differently-sized particle in a sample will be diffusing at a different rate, and will
therefore be contributing a term to the decay. Thus the decay can be expressed as given in

Equation (1.15)

()= Za exp [j] (1.15)

where the a; are the relative abundances of the populations of particles and the 7; are the
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characteristic times associated with those populations which have been derived from the
autorrelation series [146]. In this case, characteristic times are proportional to the inverse of
the diffusion rate.

In the case that the sample being analysed is monodisperse, then there will be a single
characteristic time which it is simple to extract by fitting an exponential to the decay function.
However, in polydisperse suspensions, each particle or population of identical particles will
be contributing an exponential term to this sum, assuming there are ¢ different populations.
Each of these decays has a characteristic time, 7;, and these times are directly related to the
diffusion rate, which in turn is related to the sphere-equivalent hydrodynamic diameter of the
particles.

Obviously, it is challenging to analytically separate a sum of exponential decays. It is
possible to do this numerically, provided the characteristic times of the different exponentials
are sufficiently different, and that the relative magnitudes of the a; are such that no single
decay dominates. This analysis may be accomplished using the CONTIN algorithm developed
by Stephen Provencher in Fortran, though an open-source Matlab version is now also available.
[204-207]. Each characteristic time returned by the algorithm may then be fed into the
calculation of the sphere-equivalent hydrodynamic diameters of the particles.

One problem with DLS that should be easy to appreciate is that it is incapable of
differentiating between intensity fluctuations caused by the changing of particle configurations
and the intensity fluctuations caused by the rotating of aspherical particles. Thence, should
a sample of aspherical particles be measured, the additional fluctuations will either be
interpreted by the algorithm as evidence of an additional population of particles with a
different hydrodynamic diameter, or just as a single population but with a grossly skewed
and unrepresentative hydrodynamic diameter. Some modern systems include the ability to
correct for this if the aspect ratio of the particles is input into the system, though this does
somewhat defeat the object of making measurements of unknown samples.

Another limitation of DLS is that larger particles will scatter light significantly more
efficiently than smaller particles, as is shown in Section 1.3.4.1. Using the Rayleigh approxim-
ation, it has been shown that the scattering efficiency of a small particle scales as the 6th
power of the radius, i.e. a particle of 20 nm diameter would appear to be 64 times as bright
as a particle of 10 nm. This makes it very easy for larger particles to completely mask any
signal being generated by smaller particles in the same sample — this masking is commonly
referred to in the literature as ‘poisoning’. Some commercial DLS systems add the capability
to take data at a range of scattering angles though cheaper commercial solutions will tend to
rely upon a fixed angle of 5. This variable-angle capability can help in the remediation of the
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problem of poisoning by large particles [208,209].

DLS also requires the use of samples sufficiently dilute that no multiple scattering occurs
— allowing multiple scattering increases the rate at which configurations appear to change
because there are intrinsically many more n-particle configurations possible than there are
1-particle configurations. The technique has been extended to account for this in a more
recent approach which has been dubbed ‘diffusing-wave spectroscopy’ (DWS) [210].

These things make DLS a very useful technique for rapid low-cost characterisation of
ENPs which are known to be monodisperse and spherical. However, for the majority of
size-measurement situations associated with the study of ENPs in the natural environment, it
is an ill-suited technique due to its poor performace faced with polydisperse or non-spherical
particles. This is not to say it isn’t widely used for this purpose [211-213].

DLS has been used in a range of nanoparticle behaviour studies, mainly involving measuring
aggregation behaviour of nanoparticles [93,212,214], though more recently it appears to be

being eclipsed in the peer-reviewed literature by some of the other techniques described here.

1.4.4 Differential dynamic microscopy

Differential dynamic microscopy (DDM) is closely related to DLS, in that it shares the use
of the time-dependent variation in intensity of scattered light to determine the particle size.
However, the two key differences are that DDM uses white-light illumination as opposed the

4 camera rather than a

the laser illumination of DLS, and DDM uses a high-speed camera
photodiode for data acquisition. This allows DDM to examine the light scattered at a range
of scattering vectors, which is roughly equivalent to running a multi-angle DLS experiment
but measuring several angles simultaneously [215]. DDM can function regardless of whether
the objects being imaged are sufficiently large as to be independently-resolvable using an
optical microscope [216,217].

More rigorously, DDM considers the differences between an initial frame and each
subsequent frame. Thereby it builds up a stack of difference images, |framey — frame; |,
|frames — framey|... |frame,, — frame;|. This may be repeated many times using different

starting frames. These difference images are referred to as D (x,y; At). We then define o2 (At)

as the sum of the squares of all the pixels as shown in Equation (1.16).

o (At) = / |D (z,y; At)|* dedy (1.16)

If 02 is plotted as a function of At, it should increase from a small value to eventually

4The precise speed required depends upon the size of the particles being imaged — smaller particles diffuse
faster and therefore require a faster camera.
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plateau at a higher value. This represents an increase in difference from the initial frame to
the point that any additional changes in a frame cause no discernible increase in difference.
This is very useful for demonstrating that there is some information in the video file which
may be extracted, but is not directly useful for extracting it.

By Parseval’s theorem, which states that energy is conserved by a Fourier transform, it is

possible to re-cast 0. This is shown in Equation (1.17)
o? (At) = / |Fp (Uy, Uy; At)|? dU,dU, (1.17)

given that Fp is the Fourier transform of D, and U, and U, are the co-ordinate axes in Fourier
space.

Because on a sufficiently large length scale, the images captured are isotropic (or nearly
s0), it is then possible to calculate the 1-dimensional power spectrum® |Fp (u; At)|?* given
that u = /U2 + U2

Using the substitution ¢ = 27u, a family of curves may then be plotted of |Fp (g, At)|2 as
a function of At, a different curve for each ¢. This is illustrated in Figure 1.10. Each of these
curves will have two regions; the first is an exponential growth, and the second is a plateau at
a particular value of |Fp (q, At)|2. This exponential growth corresponds again to the decay in
correlation between adjacent frames, but now it is possible to look at the decay of Fourier
modes corresponding to particular scattering vectors.

It is of note that ¢ may also be rewritten as a scattering vector, in the form

in (0
q= 27TSH/1\( ) (1.18)
0
where ko = % and Ag is the wavelength of light.
Each mode decays with time as exp [;(—%ﬂ , with a characteristic time 7 (q) = ﬁqm where

Dy, is the mass diffusion coefficient. Thereby we arrive at the relationship given in Equation
(1.19).

P (@ 80F = ) |1-ew (Z25) | + @) (1.19)

B (q) is a theoretically constant term related to the power spectrum noise from the
hardware. For a given value of ¢, A(¢q) and B (q) may be treated as fitting parameters,
allowing the characteristic time 7 (¢) to be determined. It is then possible to work backwards

and determine the diffusion coefficient corresponding to a given characteristic time, and

5The 1-dimensional power spectrum is the breakdown of the quantity of energy accounted for as a function

of frequency, e.g. showing that at 1 Hz there are n W being transmitted, while at 2 Hz there may be 5 W.
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Figure 1.10: Plot showing |Fp (¢, At)|* as a function of At for three different particle sizes.
Note the differing rates of decay to differing values of | Fp (g, At)|* for differently-sized particles.
Image reproduced from [216].

then with basic knowledge of the viscosity and temperature of the sample it is possible to
calculate an approximate hydrodynamic diameter for the particles scattering at a particular
wave-vector.

The information presented in this section, in addition to further details can be found in
references [216-219].

The technique has been used for biological fluoresence analysis [220, 221], measuring
motility of micro-organisms [215,222, 223], investigation of the optical properties of janus

particles [224], and the analysis of nanoparticle and protein dynamics [219,225].

1.4.5 Nanoparticle tracking analysis
1.4.5.1 Principles of nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) is a third distinct use of light scattering to measure
nanoparticles [149]. While DLS and DDM are ensemble techniques which gather data on a
large number of particles simultaneously without being able to extract the effect of a single
particle upon the result, NTA is a single-particle technique. NTA uses laser illumination and
an ordinary microscope, allowing a video camera to be used to track the light scattered by
individual particles (Figure 1.11). For a system with known magnification and pixel pitch, it

is then possible to extract the diffusion coefficient and hence the hydrodynamic diameter of
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particles on a single-particle basis [149] using the Stokes-Einstein relation

D— kT
6Ty

(1.20)

where D is diffusion coefficient, kg is the Boltzmann constant, 1" is the absolute temperature,
7 is the viscosity of the fluid, and 7}, is the sphere-equivalent hydrodynamic radius. Clearly,
this is excellent for the measurement of particles in the highly polydisperse samples which

cause ensemble techniques the most difficulty.

Figure 1.11: Illustration containing a frame of NTA image showing individual particles overlaid
with their tracks. The image has been doctored to show several features of typical NTA
operation: 1) Some particles are tracked for many frames, while others are only tracked for
a small number 2) Sometimes objects that may correspond to noise in the system may be
tracked for very short durations, and 3) Large artefacts (like the one shown centre-bottom)
can frequently be interpreted by analysis software as more than one particle and therefore
should not be tracked.

The basic apparatus necessary for taking NTA measurements is shown in Figure 1.12,
though this neglects all the ancillary optics for beam delivery and imaging. The finer technical
details of NTA apparatus are covered in greater detail in Chapter 3, along with a description
of modifications which may be made to significantly improve the performance over currently
available commercial systems.

This single-particle nature of the measurement means that there is very little poisoning
effect from large, highly-scattering particles, and renders it far simpler to calculate a size
distribution as opposed to a mean size. In the same vein, it is also possible to use NTA
to determine the relative abundances of differently-sized particles with ease, as there is no
inherent weighting in the system towards particles of one size or another [227].

NTA is also capable of making very limited differentiation between particles of differing
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Figure 1.12: Basic schematic of a commercial piece of NTA apparatus. The glass with a
metallised surface is unnecessary in general, but for this particular implementation it is
technically essential. Image reproduced from [226].

composition by considering the ratio of the intensity of light scattered by a particle to the
inferred hydrodynamic radius [67,228]. The big disadvantage of this is that many particles
will scatter the incident radiation in an extremely similar manner, indeed the difference in
scattering power is linked more to the refractive index of the core material than it is to any
possible surface effects of the particles. This makes it possible to differentiate easily between
particles of latex and gold for example, but not between silver and gold [228]. Differentiation
by composition using NTA is further hindered by the fact that it is challenging to obtain
completely regular and even illumination across the entire field of view, meaning that two
identical particles in different areas of the field of view of an NTA instrument may have very
different intensities on the camera.

Crucially for regulatory purposes, NTA is the only commercial technique which is capable
of measuring the number concentration of particles directly, by counting the number of
particles measured in a known volume — TEM requires extrapolation from the approximate
volume of sample deposited onto the TEM grid and assumptions about the distribution of
particles on the grid, DLS and DDM can only roughly estimate relative abundance of different
particle sizes, and spICP-MS cannot differentiate between multiple particles should more than
one pass through the ICP stage simultaneously. This is of great importance, because the EU
definition of a nanoparticle places the emphasis upon the number concentration of particles

(particles per millilitre) rather than upon the more conventional analytical chemistry measure
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of mass concentration [1].

1.4.5.2 Limitations of current nanoparticle tracking analysis implementations
1.4.5.2.1 Reproducibility

NTA isn’t always portrayed as the most reproducible method of analysing nanoparticles,
indeed of the methods compared, Anderson et al [229] found that NTA gave the greatest
variation in measured particle size distribution. These authors do concede, however, that it
was a significantly faster method than either of the others tested; NTA measurements were
reported to take <5 minutes, while allowing for sample preparation time neither of the other
techniques assessed could be completed through to analysis in under 3 hours. Furthermore, it
is admitted that the method for which the least variation was found was highly subjective,
i.e. one researcher could remain internally consistent with the results, but the repeatability
became considerably worse than that of the NTA when multiple researchers were involved

with taking the measurements.

1.4.5.2.2 Large and small particles

At large particle sizes, NTA can be seen to either suffer from a greatly increased detection
limit (and therefore cease to detect particles), or ascribe wildly fluctuating radii to those
which it detects. This is because, as shown in Section 1.3.4.1, the intensity of scattered light
is proportional to the 6th power of particle diameter [230], and so for a given input power
from the illuminating laser, there will come a point when the light scattered by the particles
is too much for the digital CCD and it will overload. This overloading is, as observed by
Holland [231], the cause of what he refers to as a ‘tracking error’. A tracking error occurs
when the algorithm that detects and defines the co-ordinates of the centre of a particle cannot
find anything to latch onto i.e. when the particle is a uniform collection of overloaded pixels
reporting maximum luminance values, it is very hard to define a particular point within
this area of maximal intensity by which to describe the particle’s location. This can cause
the particle-tracking algorithms to start picking different centre-points from frame to frame
on an apparently arbitrary basis, which can give the impression that the particle is moving
with considerably higher speed than in fact it is, and thence the deduced hydrodynamic
radius will be badly skewed and inaccurate. Unfortunately, the exact centroid localisation
algorithm utilised by the Nanosight NTA software is proprietary, and therefore not possible
to interrogate directly.

While the Nanosight NTA appears to be accurate to both ends of its measurement
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range [228] it struggles to stretch to both ends of its range simultaneously (i.e. a single
polydisperse sample containing both particles of 2100 nm and particles of ~1 um) [232] who
find that when using a mixture of 100 nm and 1 pum particles, the inclusion of the 1 yum
particles causes a drop of the particle count for the 100 nm particles of ~35 %. This because
with a 6th power dependence of scattered intensity on particle size, the intensity of light
being scattered by the larger particles will be ~ 102 times greater than that from the smaller
particles. In order to achieve a great enough intensity of radiation to reliably track the smaller
particles from frame to frame, the gain settings on the CCD would have to be turned up
sufficiently high that any useful information would easily be blanked out by the relatively
huge luminance off the larger particles. Similarly, should the gain of the CCD be reduced
sufficiently to image the larger particles efficiently, the signature of the smaller particles would
be completely lost. It is entirely possible that some pre-processing techniques like AF4 could
be used to precondition the sample.

In a similar vein, it has been reported that while in the middle of the NTA operating
range it is relatively accurate, towards the ends, and in particular the lower end of its stated
operating range, the accuracy drops off significantly [67]. It was found the NTA was returning
values of over 100 % larger than either the nominal value of the samples, or the values
measured using other means. The authors suggest that some of this may be down to the fact
that NTA measures the hydrodynamic radius, and the only other assessed techniques which
do the same are DLS, DDM, and HDC. This hypothesis is supported by the fact that DLS
was also making significant overestimates of the size, though not to quite the same extent
that NTA was.

It is suggested by Filipe et al [232] that when really small particles (i.e. particles below the
detection limit of the equipment®) are present in a sample, the fact that they aren’t directly
detectable doesn’t mean they have no effect on the result of a measurement. Just because
they are failing to scatter light of sufficient intensity that it can be measured and tracked
directly is not to say that they are completely failing to scatter light. In sufficient number,
particles below the detection limit scattering light will slightly brighten the background of the
recorded images, potentially masking small (but otherwise normally detectable) particles. As
far as either the peer-reviewed literature or the Nanosight documentation goes, there is no
mention of any statistical or computational method by which this is combated.

A possible solution to this has been described by Gallego-Urrea et al [234] suggesting

5The quoted detection limit of the Nanosight NTA is 10 nm for highly-scattering materials like gold and
silver, and ‘larger’ for less highly-scattering materials. Detection limit for particle size is primarily determined
by the scattering efficiency of the particles and particle size, though other contaminants in the sample can also
have a negative effect upon the detection limit by increasing the background light levels, particularly if they
fluoresce [233].
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that it may be possible to ‘compress’ the dynamic range of captured video in order to
simultaneously brighten the darker areas of the image and darken the brighter areas, making
it more easily possible to simultaneously measure both larger and smaller particles. While
artificially brightening the darkest areas will have a similar effect, it additionally runs the risk
of amplifying any background noise sufficiently that the software picks up random speckles as
particles, and thereby generates ‘phantom’ particles that don’t really exist. The authors don’t
appear to quantify the effect of such digital processing, so this may be an area for future

research.

1.4.5.2.3 Particle shape

It has been stated [235] that the variations in the brightness (‘twinkle’) of any given particle
during the duration of its path across the field of view is a result of irregularities in the
shape of the particle. According to Malloy and Carr [149] and Carr et al [228], one of the
key assumptions of NTA is the spherical nature of the particles. However, Carr et all state
explicitly that this variation in intensity cannot be used to derive any information concerning
the shapes of the particles being measured.

According to Carr et al [228] and Schwyzer et al [236], when an asymmetric particle is
measured, the number returned by the NTA software is a ‘sphere equivalent’ hydrodynamic
radius. Since Rayleigh scattering efficiency is proportional to the 6th power of radius, a
heavily asymmetric particle (such as Schwyzer’s carbon nanotubes), will display a tremendous
variation in scattered intensity, and thence will appear to fluctuate, or ‘twinkle’. It is possible
that this effect could be used to make broad estimates about the degree to which a particle is
oblate or prolate by looking at the proportion of the time that the particle is ‘bright’ and
‘dim’, and the intensity ratio of bright:dim. It may be possible to increase the quality of this
shape information further by introducing a second laser of different wavelength, perpendicular
to the first. In this way, two different signals about the same particle at the same time, both
varying in brightness dependent upon the area presented to them, could allow far improved

shape determination.

1.4.5.2.4 Particle track length

As a result of the limited period for which NTA will track a particle, there is an inherent

uncertainty in the values measured for particles. The larger number of steps it is possible to

track a particle for, the more accurately one may infer its size. Estimates of the number of

steps for which a single particle may typically be tracked using the Nanosight implementation

vary from 5 [231] to 10 [237]. This results in particles being both under- and over-sized by the
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software, and a spurious broadening of the size distribution peak [238]. Saveyn et al [23§]
describe a statistical correction to account for this broadening and reshape the distribution to
more closely resemble the true particle distribution. It is important to note that the statistical

correction is not in itself infallible, and is no substitute for acquisition of good data.

1.4.5.3 Applications of nanoparticle tracking analysis

NTA has been leveraged for a great many different applications (see below), but is especially
well suited for use in the characterisation of risk from ENPs in the environment — its greatest
strength over many competing techniques is arguably its ability to determine the form of
occurrence of ENPs in aqueous suspensions, and therefore characterise the exposure inflicted
upon organisms in the environment.

The pre-eminent commercial implementation of the NTA concept is the Nanosight
(Nanosight, Salisbury, UK), which has been used in a vast range of fields which require analysis
of nano-sized objects between about 10 nm and 1 gm including graphene membranes [239],
particle-porous medium interactions [240], microplastic/nanoplastic decomposition [241], iden-
tification and measurement of cellular vesicles [242], catalyst development [21], aggregation
studies [243,244], drug development [245], and biological protein dynamics [246], not to mention
nanotoxicology and environmental nanoscience [16,54,247-250] among others [54,251,252].

More specifically, in terms of environmental studies, NTA has been used to investigate
the degradation of micro- and nano-plastics [241] and the effects of this [252], aquatic fate
and behaviour testing of nanoparticles of CeOz [16] and BizO3 particles [253], measurement
of particles for ecotoxicology testing [247], and the relevance of these laboratory-based
nanoparticle studies to the real environment for regulatory ecotoxicology purposes [254]. A
comprehensive list of several hundred relevant papers is available in [233] on pages 1-11.

Some of the techniques considered here are compared in a lot more detail in the following

section.

1.4.6 Comparison of techniques

Clearly, each of the techniques considered here in detail have their own unique advantages
and disadvantages. This section summarises the differences between some of available the
techniques.

A quantitative comparison of a wide range of techniques is given by MacCuspie et al [67].
There are several important things to be drawn from this comparison. Firstly, the TEM
values are in most cases the closest to the nominal values. This is no surprise; indeed, the

TEM value is likely to be a truer representation of the actual size of the particles than the
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nominal value, as TEM is a direct measurement of the physical sizes of the particles. A second
key point is that for the NTA measurements, the modal particle size is in all cases a far
better representation of both the TEM and nominal sizes than the mean particle size. This is
particularly important in Chapter 3, and will be referred to again later. A third notable point
is that both DLS and NTA were reported to have over-estimated the particle sizes in the
smaller (10-20nm) particles but are much closer to the nominal and TEM values for the larger
(40-100 nm) particles. Unfortunately, MacCuspie et al don’t detail the exact concentrations
of particles they used for each of the individual measurements summarised in this table, so it
is impossible to interpret the results in the light of these.

Given the techniques reviewed in Sections 1.4 and 1.4.1, Table 1.2 was compiled. This
table emphasises that all the reviewed techniques have their own niches in which they are
superior to other reviewed techniques in some way. Likewise, all the reviewed techniques have
foibles which prevent them from being of significant use in other circumstances.

Figure 1.13 contains a brief visual comparison of some of the more important nanoparticle
metrology techniques in terms of the sizes and concentrations of nanoparticles they’re capable
of detecting and measuring. The scales on the axes are completely arbitrary and approximate;
the figure is only intended as a visual aid. Relative concentrations and resolutions are
taken from the relevant sections in this chapter. As this figure makes obvious, spICP-MS
is currently the only technique capable of making measurements of nanoparticles at the
lowest concentrations; in this case, the far left end of the ‘nanoparticle density’ axis denotes
environmentally relevant concentrations.

Given the information summarised here, it was decided to attempt to extend the capabilities
of NTA; several motivations were used to justify this decision. Firstly, both NTA and DLS
utilise relatively simple and inexpensive equipment which may be assembled from off-the-shelf
commodity equipment. Hence, the technical expertise necessary to construct a custom-
designed set of measurement apparatus is confined to the fields of optical systems design and
implementation and computational data analysis. For comparison, consider that building a
splCP-MS rig from scratch requires advanced knowledge of gas flow systems, plasma physics,
vacuum systems, mass spectrometry, and detector science, to name but a few.

Another key reason to attempt to extend the NTA concept is the unique ability to track
individual particles, with minimal influence of the observation upon the particle’s behaviour,
over relatively long periods and through relatively large volumes (when compared to the
volumes particles may be tracked in fluid-cell TEM, for example). Fundamentally, this
ability to obtain time-resolved data on single particles is unique to NTA, and it would be of
tremendous impact to be able to make such measurements in real environmentally relevant
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Table 1.2: Table comparing some of the more widely-used nanoparticle analysis techniques
on their advantages and disadvantages for environmental study. The list of advantages and
disadvantages is not exhaustive, and is only intended to cover some of the more salient points
regarding environmental study. All data summarises results cited earlier in this thesis.
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Figure 1.13: Figure showing a subset of the more popular nanoparticle measurement techniques
and their current regions of usefulness in terms of particle sizes and particle densities (number
concentrations). Many less-used techniques have been omitted for clarity.

samples (or even in real environmental samples).

Finally, having determined the operational parameters of NTA, it is apparent that many
of the perceived limitations of NTA as a technique are more accurately limitations of the
Nanosight commercial implementation of the NTA concept, and that there are no technical
reasons a bespoke NTA device could not be designed and produced (still using commodity
hardware) capable of significantly outperforming current commercial solutions in certain
regards.

With this in mind, some environmentally-orientated nanoparticle fate and behaviour studies
were run using the current commercial offering in order to confirm that the predominant issues
as reported in the literature are indeed the predominant issues with the Nanosight platform
in the context of environmental nanoparticle research. This is described and presented in

Chapter 2 .

1.5 Important unanswered questions

The first requirement in order to effectively regulate the use of a particular material in a

particular state is a robust and efficient means of classifying that material in that state [52].
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While nanoparticles can be measured robustly by use of an electron microscope, this is
not at all efficient in terms of either operator time or financial burden — in order to get
statistically significant results it is necessary to manually count and measure a large number of
particles [255], even after a complex sample-preperation procedure has been carried out. This
comes on top of the financial burden associated with operating and maintaining an up-to-date
TEM. Furthermore, TEM samples cannot ordinarily be aqueous — and hence the morphology
of suspended particles may be effected by the sample preperation procedure [159]. Clearly, for

effective regulation of nanoparticles, additional classification techniques are necessary.

1.5.1 Particle morphology
1.5.1.1 Single-Particle Shape

The shape of single nanoparticles is a very important consideration. Conventional optical
measurement techniques only allow for measurement of a mean sphere-equivalent hydrodynamic
diameter. While for a spherical particle this may be a useful measure, it is significantly less so
for a nano-rod or nano-disc. A nano-rod of diameter 2 nm and length 100 nm would exhibit a
geometric mean diameter of ~35 nm (and therefore a sphere-equivalent mean hydrodynamic
diameter slightly larger). Such a rod may be capable of penetrating a biological membrane
that a 35 nm sphere would not [256] — while the two particles may have a similar diffusivity,
their toxicological effects on certain species may differ significantly. A more recent example is
the discovery that ENPs with high-aspect-ratio rod-like and wire-like structures can interact
with tissues via the pathogenic fibre paradigm [257-261]. This paradigm is best-known as the
pathogenic pathway associated with the irritation of the lungs, formation of granulomse, and
ultimate tumour growth resulting from asbestos exposure [262,263]. Hence, for regulatory
purposes it is important to be able to differentiate between the two cases.

Similarly, a nano-disc of similar semi-axes would exhibit a geometric mean diameter of
~70 nm, and yet the adsorbative properties of a disc to certain biological (and non-biological)
surfaces is significantly greater. While this may not enhance the direct toxicity, it can allow
for significantly increased coating, possibly leading to photosynthetic impairment, respiratory
impairment, or a range of unspecified surface-related negative effects to a much greater degree
than the sphereical equivalent [46]. They have also been shown to be useful for scattering
light within high concentrations of algae in bioreactors, allowing algae in the centre of the
reactor to receive sufficient light [264]. However, this raises questions about whether high
environmental concentrations of such discs could abet the algal blooms which are becoming

an increasing problem in natural water systems when coupled with nitrogenous agricultural
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run-off [265]. In a similar vein, it has also been demonstrated that mammalian cells will
preferentially internalise nanodiscs over nanorods [266].

It has been shown that the rates of sedimentation and diffusion of nanoparticles can have a
significant effect upon the exposure and uptake of ENPs by natural organisms [267]. It is also
known that the shape of nanoparticles can greatly influence the surface charge density and
distributions [268] and the diffusion and sedimentation dynamics of nanoparticle suspensions
and colloids [269] — this is one possible explanation for some of the differences in uptake
rates between different shapes of particle. Should it be possible to take quick and accurate
optical (possibly NTA-based) measurements of the shape of suspended nanoparticles, then it
would permit the characterisation and prediction of exposure and uptake more accurately
than current models are capable.

The effect of nanoparticle shape upon their diffusion and sedimentation dynamics is also
important for the fabrication of particles of different shapes; the effect has been exploited for
the selection and separation of differently-shaped particles at the fabrication stage [270,271].
Being able to confirm the correct functioning of such fabrication systems in near real-time
using an optical technique could give significant time and financial savings over the current
TEM-based approaches to quality control for the production of non-spherical nanoparticles.

Therefore it would be of great significance for both regulatory and commercial applications
if NTA could be developed such that the shape of single particles is measurable simultaneously

to mean diameter. Possible approaches to this problem are discussed later in Chapter 5.

1.5.1.2 Aggregate structure

The structure of aggregates is another important piece of nanoparticle morphology. In general,
aggregates that come together fast and have an attachment efficiency approaching unity (i.e.
diffusion-limited aggregation, which is discussed in Section 1.3.3.2), will have a lower fractal
dimension [144]. The fractal dimension is a quantity closely related to spatial dimension, and
is useful for describing the properties of fractal- and fractal-like structures [272]; nanoparticle
aggregates are one such class of fractal-like structures [273]. In this context, it is useful to
visualise the fractal dimension as a coefficient describing the porosity of the particle — larger
fractal indices indicate more dense and interconnected (or ‘complex’) aggregates [274]. This
means particles with a lower fractal dimension have a more open structure and potentially a
larger surface area. Toxicologically, this is important — a more open structure not only means
a higher surface area, but it also allows greater solvent circulation within [275]. Consequently,
particularly for nanoparticles susceptible to dissolution, this means that the toxic effects could

be exacerbated compared to an aggregate of similar size and higher density.
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Using comparison to TEM images, it should be possible to calibrate calculated attachment
efficiencies (which may be calculated from scattering data over time, or estimated from physical
and chemical parameters — both are discussed later in Sections 1.3.3.2 and 2.2.4) and particle
concentrations to fractal dimension of the average resulting aggregate, and thereby develop
a means for the prediction and indirect measurement of aggregate structure for non-soluble

particles from light-scattering measurements.

1.5.1.3 Aggregate stability

It is widely tacitly assumed for toxicological purposes that once two nanoparticles have adhered
to each other, they will remain as a single entity indefinitely [36]. Hence if a suspension of 10
nm particles, known to have significant toxic effects upon a given species at 10 nm, but not at
>30 nm, were to be allowed to aggregate to 40 nm before release into the aquatic environment,
this would be generally considered to be ‘safe’ because the risk of the 10 nm particles becoming
available once more would be deemed negligible. This assumption has not been tested under
environmentally relevant conditions however, and simulation of this is decidedly non-trivial.
The best (and prevailing) theory currently used to mathematically describe nanoparticulate
suspensions is Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [127,128]. DLVO theory

is discussed in greater depth in Section 1.3.3.1.

1.5.2 Detection limits

Current NTA apparatus has a very limited range of particle concentrations it is capable
of measuring — the Nanosight instrument has a useful analysis range of between 10% and
1010 particles/mL, though different versions of the Nanosight manual contradict each other
on this point — one old version even suggests that it can successfully measure ENPs at 10°
particles/mL, though this is untrue and has been removed from more recent editions. This
doesn’t compare very favourably to the predicted environmental concentrations (PECs) from
various studies, which tend to estimate that even considering current exponential increases in
nanoparticulate waste, concentrations several years down the road are unlikely to rise above
about 10° particles/mL [36,71,100,276]. Several possible ways of circumventing this issue are

suggested and discussed later.

1.5.3 Particle composition

The composition of nanoparticles is equally as important in an environmental context as many
of their other properties. For example, 30 nm gold ENPs may be innocuous enough in a given

system, but 30 nm silver ENPs may be severely toxic to a particular organism. Similarly,
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naturally occurring nanoparticles, usually organic in nature, should not be considered when
assessing anthropogenic nanopollution. While current techniques allow simple differentiation
between species of radically differing polarisability and refractive index based on the ratio of
calculated size and mean intensity of scattered light (for example, it is trivial to differentiate
between populations of latex and gold, but not between gold and silver) [67,228], it is not
possible to robustly declare that an arbitrary sample of unknown composition contains any
specific material. Again, for regulatory toxicological and pollution-monitoring purposes, it
is very important that the composition of the nanoparticles in a sample is known, and it is

significantly more beneficial if everything can be accomplished with a single piece of equipment.

1.6 Conclusion

There is a well-established community currently developing approaches for the assessment of
the impact of nanopartices on individual organisms and upon ecosystems and the environment
as a whole. Over the previous two decades, the science of nanotoxicology has matured from
being at best a haphazard collection of largely irrelevant results into a well-regarded field
of scientific endeavour with a high degree of importance to further human technological
development.

There has already been a significant amount of work in the field of ENP measurement for
environmental study, and this has resulted in the development of new techniques including
single-particle optical tracking analysis and a broad range of single-particle hyphenated
techniques. While each of these tools has its own speciality and advantages in different
situations, there are still some measurement scenarios which are universally problematic. This
provides scope for development of existing and novel tools to alleviate some of the related

challenges.
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Chapter 2

Assessment of NTA performance
and reversibility of nanoparticle

aggregation

In this Chapter, the Nanosight commercial NTA system is used to investigate the reversibility
of the aggregation processes undergone by engineered nanoparticles in the natural environment
in a selection of different environmentally-relevant conditions. This chapter is also used to
give a better idea of some of the limitations of the Nanosight NTA system for application to

environmental study.

2.1 Introduction

In order to verify some of the outcomes from the review of current literature, a study using
the current commercially available Nanosight NTA platform was carried out. Other than the
specific aims of the specific study (outlined below), it was hoped to corroborate the speculation
that inability to measure particles at low concentrations and inability to infer anything about
the shapes of particles and particle aggregates were one of the major drawbacks preventing
NTA from being more broadly applicable to environmental nanoparticle studies.
Considering electrostatically stabilised particles, the surface charges will interact with
any electrolytes in the suspension via DLVO theory [127,128] as described in Section 1.3.3.1.
These suggest that as the pH of the suspension changes, so should the surface charges. This
has been experimentally confirmed [36,282]. If an aggregate were to form at one pH, and then
the pH changed in a way that increased the surface charges, it is entirely possible that this
could lead to a reverse in aggregation as the aggregates become energetically unfavourable. If

this is the case, it is reasonable to hypothesise that this could occur given environmentally

64



relevant variations in water pH. This type of behaviour has already been observed in ENPs,
whereby alkaline conditions were used to break up an aggregate [279]. However, this result
was not environmentally relevant — the conditions described in this paper were designed to
mimic the internal fluids of a human rather than those which may be found in the natural
environment.

Other natural parameters that could conceivably affect the rate of aggregation include two
key processes: application of shear forces (from water flow and agitation due to phenomena
such as waterfalls) and freeze-thaw cycling. Firstly, it was thought that there are a great
many means by which shear forces may be generated in natural water systems, from ocean
tides and waves through to smaller waterfalls and eddies. These all exert some amount of
shear force, and this could cause a destabilisation of nanoparticle aggregates. Clearly, the
variation in the magnitude of this force over time is of some importance — while a mountain
stream with many waterfalls and a steeply inclined riverbed may descend hundreds of metres
in a few hours or less, wide meandering rivers may take several days or more to make the
same descent.

Finally, freezing is an important process, both in the natural environment and in the
laboratory [283-285]. In the natural environment, most freezing processes are slow, and result
in large ice crystals, while in the laboratory, samples may be frozen slowly in a -18°C freezer
or plunge-frozen in liquid nitrogen at 77 K [286]. When a sample is frozen slowly, the larger
ice crystals that form could lead to an expansion inside particle aggregates, forcing them apart.
Similarly, the smaller crystal structures formed by plunge-freezing could have this effect but
to a lesser extent. It is known that certain combinations of complex organic molecules can
stabilise nanoparticles through freeze-thaw cycles [287], but little research has been published
beyond this.

The aims of this study were to verify whether or not any of the environmentally relevant
conditions considered above could cause the reverse of ENP aggregation, and if so, to what
degree. Secondly, the study aimed to either verify or refute the proposed shortcomings of
the NTA approach for carrying out environmental nanoparticle studies. Finally, because the
effect of freezing upon nanoparticle suspensions in an environmental context hasn’t been
investigated before in any way, the study aimed to determine the effects (if any) of freeze-thaw

cycling upon nanoparticle suspensions.
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2.2 Methodology/materials and methods

2.2.1 Selection of particles

All the nanoparticles used in the study were made from gold. This was in order that any
effects due to dissolution could be ignored, and because gold is highly-scattering and therefore
has a low detection limit for NTA analysis. It is documented [249] that much or all of the
physical behaviour of ENPs is down to their surface coating, so the results are equally valid
for other nanoparticle cores capable of being coated with the same agents. All particles were
nominally 30 nm. This size was chosen as it is within most of the competing definitions of a
nanoparticle, and is a size that is simply and accurately measured using currently available
nanoparticle tracking analysis (NTA) equipment.

Three surface coatings were investigated. Firstly citrate-coated particles were chosen as
negatively charged particles at pH 7 in water. Citrate-coated particles are some of the more
readily available commercial particles, so it is therefore likely that they will be used more
frequently than particles using more obscure or niche coatings. Neutrally coated (sterically
stabilised) particles are represented by a polyethylene glycol (PEG) coated sample, and the
positively-charged candidate of choice was amide-functionalised PEG (PEG-NHz). Neither
of the latter two coatings are as readily available as citrate. The citrate- and PEG- capped
particles were obtained from Sigma Aldrich (Gillingham, Dorset), while the PEG-NHj; particles
were sourced from NanoCS (Elmhurst, New York).

All particles were dispersed in deionised water at concentrations of approximately 10°
particles/mL so as to be comfortably within the concentration range of the NTA apparatus
being used. The Nanosight NTA is reported to give accurate measurements of nanoparticle
size and relative concentration at concentrations between 108 and 2.5 x 10? particles/mL [288],
a figure which the authors suggest could be principally limited by the cleanliness and quality

of the diluting media. The measurement of particles is discussed in Section 2.2.4.

2.2.2 Pre-study aggregation of nanoparticles

In order to study the reversibility of aggregation, all samples had to be in a uniform aggregated
state prior to the testing of various conditions. This was achieved by increasing the ionic
strength of the electrolyte with the addition of NaCl, a well-documented means of achieving
such an end [137,212,289,290] which has the benefit of having no effect upon any of the test
parameters. The ionic strength of each sample was brought up to 0.2 M, and the samples were

left for 72 h to aggregate. This concentration was selected because it has been shown to lead
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to aggregates that are neither very porous and loosely bound (with a low fractal dimension)
nor very tightly-packed and very well-bound with a high fractal dimension (and therefore be
highly unlikely to disaggregate in any circumstances) [144].

All samples were aggregated in the 72 h immediately prior to test conditions being applied.
This avoided the problem of sample degradation or further aggregation between studies,

particularly given that sample preservation techniques were among those under test.

2.2.3 Selection and implementation of conditions

The range of pH values tested was taken from the regional variation in natural waters found
in the region of Yorkshire, UK [291], and the range from pH 3 through to pH 10 was used.
Nanoparticles were therefore tested at the extremes of this range, at pH 3 and at pH 10, and
were subjected to these conditions for 24 hours. Controls for all test conditions were used to
control for the increase in ionic strength caused by the addition of NaOH and HCI, in which
the ionic strength of the control was equalised with the ionic strength of the test sample by
the addition of further NaCl. Acidic conditions were imposed by the use of HCI, and alkaline
conditions were obtained using NaOH except where otherwise noted. All added solutions were
screened to ensure they did not contain any nanoparticulate contamination.

Natural shear forces were simulated using a rotary shaking table, running at 2Hz, orbital
radius 9.85 mm for 20 h. For a sample of 8 mL (as was typical during the study), this
exerted sufficient acceleration over time to give a total energy exertion of 94 J per sample;
approximately equivalent to the change in gravitational potential energy of a similar quantity
of water flowing from an elevation of 500 m to sea-level. All test samples were accompanied
by non-shaken controls.

As previously mentioned, two different freezing paradigms were selected. For one set of
samples, a domestic -18°C deep freeze was used to simulate slower natural freezing processes.
Samples were left in overnight to ensure that the entire sample had frozen completely. Plunge-
freezing was carried out in liquid nitrogen. Less than a minute was required to freeze each
sample completely, so they could be defrosted immediately for measurement. Non-frozen
controls weren’t used, since it is reasonable to assume that while the samples are in a frozen
state, no aggregation or disagregation processes are able to take place. Frozen controls were
used to verify that the phials didn’t release nanoparticles during freeze-thaw cycling.

All samples were duplicated, and where the initial results suggested it was necessary, were

repeated up to 5 times to guarantee reproducibility.
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2.2.4 Characterisation of particles

All particles samples were characterised using TEM (JEOL 2011, JEOL, Japan) upon receipt
from the suppliers, prior to the commencepent of the study. All subsequent characterisation of
particles was carried out using a Nanosight LM-14 NTA instrument (Nanosight, Salisbury). All
measurements using the Nanosight were repeated at least three times, and all measurements
were at least 90 s long. Where appropriate, due to lower particle concentrations, more repeat
measurements and longer recording times were used. When using NTA, the mean particle
sizes were always used rather than the modal sizes — significant aggregation can occur without
removing sufficient number of the original primary particles for the mode to change. This
may be seen more clearly in Section 2.3, where Figure 2.2a shows that in common with
all measured cases, despite significant aggregation having obviously taken place, the mode
remained in approximately the same location throughout.

Measurements of each particle sample were made before the aggregation stage (at the
commencement of the study), after the aggregation stage (just before the implementation
of the stressors, 72 h after the commencement of the study), and immediately after the test
period (usually 96 h after the commencement of the study, except for the frozen samples. For
some of the frozen samples, further measurements were taken an additional 4 h after defrosting.
pH measurements were taken of every sample at the same time as the NTA measurements.

As well as looking at the size distribution of nanoparticles, the mass balance was also
examined. It is important to be sure that the change in a nanoparticle size distribution
measured in the suspension is representative of all the nanoparticles in the initial sample,
i.e. that there has been minimal sedimentation. It has been documented that the porosity
of a nanoparticle aggregate is dependent upon the rate of aggregation [144]. While it is not
possible to account for the varying rate of aggregation due to the different treatments used,
the majority of the aggregation occurred during the highly-controlled pre-study aggregation
phase. Using the data shared by [292], it is possible to estimate that with the concentration
of NaCl used and the resulting aggregation rate, the nanoparticle aggregates formed have a
mean fractal dimension of 2. It is then a simple case of using the equation m, = % prrPf to
determine the mass my, where p is the density of the nanoparticle material, r is the diameter
returned by the nanosight, and Dy is the fractal dimension of the nanoparticle aggregate [293].
Given these assumptions about the state of the aggregates, and the additional assumptions
that the primary particles are solid and that the number concentrations given by the Nanosight
are accurate, it is possible to calculate the approximate mass of particles before and after

aggregation. It was found that in all cases apart from those involving freezing that the mass
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concentration calculated using the tools described in Section 1.3.3.2 that there was a slightly
larger mass in suspension at the end of the test aggregation compared to the mass present at
the beginning. This slight increase suggests that no sedimentation occurred; because a larger
particle will scatter light more efficiently than a small one, a large particle may be detected in
dimmer parts of the beam profile in which smaller particles would not produce a sufficiently
strong signal. In the cases of every freezing test, the mass balance suggested that a significant
fraction of the particles in the sample had sedimented out.

It is important to realise that the primary (unaggregated) particles should not have this
equation applied to them — they are solid spheres! Therefore, before the mass balance was
calculated, the original (unaggregated) size distribution was subtracted and treated as solid

spheres.

2.3 Results

All three nanoparticle types were characterised using TEM. Representative images of the
three different particles used are shown in Figure 2.1. The Au-PEG-NHs particles were found
to be (40+10) nm, the Au-PEG particles were (354+15) nm, and the Au-citrate particles
were (29.8+0.2) nm. It is unsurprising that the particles which are most widely-available and

widely-used are both the closest to their nominal size and have the smallest variance in size.

Figure 2.1: Representative TEM images of the three ENP types used in this study, L-R
citrate-coated (negative surface charge), PEG coated (neutral surface charge), and PEG-NHy
(positive surface charge).

It was found that for all aggregates subjected to acidic conditions, aggregation continued
at either a similar or higher rate than the control samples (Figure 2.3). A graph showing
the typical progression of this aggregation throughout the experimental process is shown in
Figure 2.2a. The PEG-NHs-coated (+ve charged) particles behaved the same in alkaline
conditions, while the PEG- and citrate-coated particles exhibited different behaviour. The

PEG-coated particles exhibited a decrease in aggregation relative to the control, but this was
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probably only due to a stabilisation, not a reverse in aggregation because the particle size still
increased during the test period, albeit slower than the increase in particle sizes seen in the
control samples. The citrate particles appeared to react the same, suggesting that the alkaline
environment stabilised the suspension. However, in several individual samples, an actual
reverse in the aggregation process — a decrease in mean particle size — was seen, suggesting
that there is some kind of dynamic equilibrium or steady-state going on in this circumstance
(Figure 2.3). The reverse in this case is shown very clearly in Figure 2.2b. Complete results
are given in Table 2.1.

In order to verify whether this effect was caused by interaction with the NaOH specifically
(for example, due to the Na reacting with the capping agent), or simply the change in pH,
the alkaline treatment of the citrate-capped particles was repeated again using NH4OH
instead of NaOH to determine whether the cation was causing the effect. These experiments
demonstrated that the alkalinity definitely had a strong stabilising effect upon the suspension,
but in this case none of the samples exhibited any resuspension. However, the experimental
error was large as a proportion of the measured values; it is therefore possible that some
resuspension still occurred but was not detected.

The particles which had been shaken all exhibited an increase of aggregation rate compared
to their respective controls.

All samples subjected to freezing treatment aggregated significantly compared to meas-
urements taken immediately prior to freezing (2-way ANOVA, p<0.05). All samples were
measured as soon as they had been defrosted sufficiently to be injected into the NTA apparatus
— any change of aggregation state therefore had to occur during either the freezing or thawing
processes. In addition to the general significant increase in the rate of aggregation, it was
found that for all particles apart from the PEG-coated examples, this increased aggregation
was much greater for the slowly-frozen particles which had been frozen at -18°C.

Subsequent measurements were taken using the Nanosight at an additional 4 hours after
defrosting to investigate any longer-timescale effects of the freeze-thaw process. In none of
these measurements were sufficient nanoparticles seen for the Nanosight to be able to make a
measurement, this suggests the aggregation process had been accelerated by the freeze-thaw

process to the degree that only a small number of large aggregates remained in the system.
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(a) Representative aggregation curve showing the NTA measurements of citrate particles after initial
aggregation in NaCl and then after HCI treatment at pH 3. The ion-parity and non-ion-parity controls
are also shown. This set of curves is typical of most of the conditions tested.
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(b) Aggregation curve showing the NTA measurements of citrate particles after initial aggregation in
NaCl and then after NaOH treatment at pH 10. The ion-parity and non-ion-parity controls are also
shown. It can be seen that the post-alkaline treatment sample has exhibited clear disaggregation.

Figure 2.2: Two exemplar curves showing 2.2a a sample which exhibited an increase in
aggregation as a result of the treatment, and 2.2b a sample in which the treatment caused
a reverse in aggregation. Each curve was generated by averaging five repeat measurements.
Error bars are omitted for clarity, though all errors associated with these measurements are
given in Table 2.1 and in Figure 2.3. Similar graphs were obtained for all particles in all
conditions.
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Figure 2.3: Plot of % change in mean particle diameter relative to controls in all conditions
and with all particles. Error bars show standard deviations. Bars marked with * represent
changes in mean particle size which are statistically significant at the p<0.05 level.

2.4 Discussion

2.4.1 General discussion

All the experiments conducted used nanoparticles at a concentration of ~ 10° particles/mL,
which is approximately three orders of magnitude greater than the reported predicted en-
vironmental concentrations (PECs) for engineered nanoparticles [276,294]. While there is
some value in showing what may happen to a population of engineered nanoparticles under
certain combinations of conditions at the artificially high concentrations which were tested, it
is not necessarily possible to sensibly extrapolate and claim that in the natural environment
at environmentally relevant concentrations will behave in exactly the same way. Thereby
the major limitation of this work is that it’s only really applicable to circumstances in which
similarly high concentrations of nanoparticles are used. Examples of such situations include
laboratory-based acute toxicity studies [295,296], many studies which are carried out in
microcosms [297, 298], mesocosms [299, 300] and nanocosms [301]. They are also relevant
beyond environmental nanoscience — there are many other fields including nanopharmacology
and materials science which increasingly make use of nanosuspensions and freezing for which

these results may have important implications [302-306] .
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2.4.2 pH Results

The majority of these results back up the common assumption that nanoparticle aggregation
is a one-way process. However, in the case of alkaline treatment of citrate and PEG capped
particles, a reverse in aggregation relative to the control was observed. In the case of the
PEG-capped particles, this was only a reverse in aggregation relative to the control rather
than an absolute reverse in aggregation. This corresponds to a stabilisation of the particles.

In the case of the citrate-capped particles, this was again apparently a stabilisation rather
than a reversal of the aggregation process when all the samples were considered together.
However, this does hide the fact that some of the individual samples did show a reverse in
aggregation — a greater number of primary nanoparticles and a smaller mean particle size were
observed after treatment. An example of a sample exhibiting this behaviour is given in Figure
2.2b. In samples for which this behaviour was seen, the resuspension of particles corresponded
to an increase in number concentration of primary particles of up to approximately 60 %
compared with the number concentration present in the pre-aggregated samples. This suggests
not only that nanoparticle aggregation at environmentally relevant rates is a reversible process,
but also that in certain environmentally-relevant conditions it can be a dynamic process in
which aggregates are continuously forming and breaking apart until more stable configurations
are formed.

In order to determine whether the reverse in aggregation was a more general phenomenon
or just restricted to a specific interaction between the citrate capping and the NaOH, the
same tests were repeated using NH4OH as an alternative alkaline solution. For reasons that
aren’t entirely clear, these data exhibited high variability and while most samples exhibited at
least a stabilisation effect, the variability was far too great to draw any concrete conclusions
from. The scale of this variability is shown in Figure 2.3.

These studies were all carried out in deionised water with added NaCl. This is not
representative of the more complex chemical environment in natural surface waters, and it is
inevitable that real-world nanoparticle behaviour will be slightly different due to the presence
of a range of other electrolytes, the presence of dissolved organic carbon and other organic
macromolecules, and a range of biological and physical processes which were not modelled.
While it is beyond the scope of this work to examine the extension of the experiments to

natural waters, this would be a very interesting continuation.
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2.4.3 Shaking results

In all cases, the shaken samples exhibited a statistically significant increase in aggregation
compared to the controls. This is easily understood in terms of the number of collisions
between particles, and the energy of each collision. In order for two particles to successfully
adhere, they must approach each other with sufficient energy to overcome the repulsive forces
(in this case either electrostatic or steric) (see Section 1.3.3.1). If the sample is being shaken,
that means that the average particle will have greater kinetic energy. This translates into a
greater mean velocity, shorter mean-free-path (and therefore more frequent collisions), and
greater average collision energy. A possible extension of this work would be to investigate the
link between additional energy added to the system and change in rate of aggregation. For
example, would the same amount of energy, deposited in the sample at twice the rate for half

the time have a comparable effect.

2.4.4 Freezing results

The most significant aspect of the nanoparticle freezing experimental results is that there was
a dramatic increase in aggregation rate. This suggests that freezing, however it is carried
out, may not be the optimum solution for storing nanoparticle and nanoparticle-containing
suspensions and samples.

However, as demonstrated by the complete absence of suspended nanoparticles after a
further 4 hours had elapsed, these aggregation processes are incredibly fast. All the aggregation
reflected in the results shown here must have occurred during either the freezing or thawing
processes. Given the high rate of post-thaw aggregation, it is likely that the capping material
has been largely removed from the ENPs by the freeze-thaw cycle. The mechanism for
this would be that the difference in thermal expansion coefficients between the particle, the
capping agent, and the water caused the capping agent to become detached. The flash-frozen
Ny samples froze in a matter of a few seconds while the more slowly-frozen samples had a
few hours in which to freeze. Similarly, the flash-frozen samples appeared to form a more
polycrystalline solid (opaque white in appearance) which thawed in approximately 5 minutes,
while the slowly-frozen samples formed a more solid block of ice (transparent in appearance)
which took in the region of 20 minutes to defrost.

Interestingly, only the flash-frozen samples which contained nanoparticles formed such an
opaque polycrystalline structure. The deionised water controls formed a far more transparent
structure which took a lot longer to thaw. The difference in structure is almost certainly

down to the fact that the nanoparticles provided a great number of nucleation sites, but the
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change in thawing rate suggests a change in latent heat of fusion as well. In the context of
some research in the freeze-drying of nano-suspensions for the manufacture of nano-enabled
pharmaceuticals [307,308] this is particularly interesting. Abdelwahed et al [307] suggest
that there are several distinct steps in the crystallisation of a nano-suspension in water, the
first of which produces pure water ice, and the second of which produces an amorphous solid
which can incorporate the nanoparticles. However, they do not state the critical concentration
at which the formation of pure ice ceases and formation of amorphous ice commences. It
is entirely possible that the concentration of nanoparticles in the samples was sufficiently
high that the pure ice stage was completely bypassed. If this were the case, it is hard to see
why the amorphous structure was only seen in the flash-frozen samples and not their more
slowly-frozen counterparts.

Finally, it is worth highlighting that the PEG-NHs-capped nanoparticles, which have
the largest and most complex capping agent, exhibited the greatest degree of aggregation,
while the PEG and citrate-capped particles aggregated slower. This is possibly down to an
effective increase in diameter caused by the larger capping agent; this would increase the
collision cross-section and therefore increase the aggregation rate for an identical attachment
efficiency. Similarly, ‘bridging flocculation’ (in which the nanoparticles are bridged by large
polymer molecules) is reported to work more efficiently with larger polymers [309]. If the
freezing process has done something towards detatching the polymers from the surfaces of
the particles, then this effect may explain the differences in aggregation rates. It is well
documented that in the natural environment a nanoparticle will acquire a bio-corona which
can have a profound effect upon behaviour, frequently having a stabilising effect [310] by
modifying the surface chemistry; as has already been stated, the majority of the behaviour of
a nanoparticle is determined by their surface chemistry. Bio-coronae tend to be composed of a
variety of differently-sized molecules; whether this has any effect upon nanoparticle stability

under freeze-thaw cycling would be of great interest from a sample preservation perspective.

2.5 Conclusions

There are a few important conclusions which can be drawn from this work. Firstly, the as-
sumption that natural aggregation processes of engineered nanoparticles are one-way processes
has been shown to hold true in the majority of cases, though in a minority of simulated
natural conditions it was found that the aggregation was able to be reversed. Thereby it has
been demonstrated that the previously-reported disaggregation of ENPs in alkaline conditions

can be replicated using environmentally relevant parameters. This should feed into future
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environmental fate models, and will therefore have a direct impact upon environmental
risk assessment applications — it will be necessary to take account of the fact that primary
(unaggregated) nanoparticles may be released from aggregates in locations remote from the
site of the initial emission of nanoparticles to the environment of the site of initial aggregate
formation. This will require the inclusion of water chemistry ‘downstream’ (either literally, in
the case of a river, or metaphorically in the case of oceanic bodies of water) of emission in
modelling exercises and risk assessments.

Secondly, the usefulness of freezing as an approach to sample preservation and storage for
later analysis of ENPs has been called into question. While there are few viable alternatives,
it has been shown that the freeze-thaw process has a detrimental effect upon the stability
of all tested nanoparticle suspensions, and any measurements taken after a sample has been
defrosted does not necessarily bear any relation to the contents of the sample prior to freezing.
This effect was almost independent of choice of freezing process. It would be of great interest
to verify whether the same effect is seen for nanoparticles in biological samples.

Finally, it has been shown that resuspension of engineered nanoparticles may readily be
detected and quantified using an NTA-based methodology. However, one major limitation
to this work is the concentrations at which it was carried out. While the results are directly
applicable for many other fields, they are of limited value for environmental study (except in
the most extreme cases of nano-pollution) owing to having been carried out at concentrations
approximately three orders of magnitude higher than those predicted in the natural environ-
ment. The concentrations used were dictated by the limits of detection of the commercial
NTA equipment used. This inadequacy, while shared with many contemporary pieces of
environmentally-focused nanoparticle research, could be remedied by the use of a nanoparticle
measurement apparatus capable of making measurements at environmentally relevant concen-
trations. While this could be achieved by switching to an alternative measurement technique,
as reasoned in Chapter 1, it was decided to further develop the NTA technique to enable these
measurements to be taken optically at lower concentrations. The methodology and results of

this are presented in Chapter 3.
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Chapter 3

Adaptation of NTA for
low-concentration operation, and

verification of modifications using

ISO guidelines

In this chapter, the design, development, and testing of a new NTA apparatus is described

which addresses some of the concerns identified in the preceding two chapters.

3.1 Introduction

The methodology and results presented in this chapter are directly motivated by some of the
shortcomings identified in Chapters 1 and 2 regarding the ability of NTA to make measurements
of nanoparticle suspensions in which the particles are present in environmentally relevant
conditions.

Optical techniques like dynamic light scattering (DLS) and nanoparticle tracking analysis
(NTA) [149,311] are able to analyse samples very rapidly (when compared with TEM ap-
proaches) by observing, either directly or indirectly, the Brownian motion of the nanoparticles
in a solution. However, existing optical-based methods are only capable of measuring particles
at concentrations above ~10% particles/mL [312].

An NTA-based approach was selected for this further development after identifying the
limiting factors preventing current implementations from being effective at lower concentrations.
Here is introduced and evaluated an NTA-based approach for ENPs capable of functioning

at concentrations down to ~5x 105 particles/mL — an improvement of 3 orders of magnitude
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compared to existing commercially available NTA instruments.

While such single-particle radii will carry a large degree of uncertainty, when a sufficiently
large number of particles are tracked the method can be used to build up a good estimate of
the size distribution of particles in the sample. Currently, the only commercially available
NTA system is the Nanosight (Nanosight, Salisbury) which is described in full in [149]. This
instrument is specified to perform well at concentrations of the order 10® particles/mL and

above.

3.2 DMaterials and Methods

3.2.1 A bespoke NTA system

A completely open NTA system was developed and is shown diagrammatically in Figure 3.1
and as a 3-dimensional render in Figure 3.2. The system was built using almost exclusively
off-the-shelf components with the aim of making it as quick, cheap, and easy to replicate as
possible. A description of the system components and how they differed from the current

commercially available system is provided below.

Laser

Collimator ——

| >

Beam expander
S

Microscope
objectives

,,,,,,,,,,,,,,,,,, Sample
chamber

Beam dump

Figure 3.1: Diagram of the described apparatus. The solid vertical line denotes the optical
path of the illumination beam, and the dotted line indicates the optical path of the scattered
light.

Significant development work was undertaken to develop satisfactory solutions to various
problems inherent in current commercial implementations of the NTA paradigm. Firstly, the
(viewing) microscope objective was chosen to give as large a field of view as possible. In the
first case, a 20x infinity corrected plan achromatic lens was used to give a very large field
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Figure 3.2: 3-dimensional render of the equipment shown in Figure 3.1.

of view. However, while some Brownian motion was detectable using this lens, the effective
pixel size was too large to accurately estimate the diffusion coefficient for individual particles
using this lens. Consequently, the microscope objective comprises of a 50x long working
distance objective (Edmund Optics 50x EO M Plan Apochromat Long Working Distance
Infinity Corrected) which has a working distance of 13.0 mm. This gives a field of view (FoV)
~ 16,000 um?, approximately twice that of the Nanosight system. The long working distance
was required in order that the lens be capable of focusing through the ~0.7 mm thick wall of
the sample chamber and so that a sufficient depth of fluid is between the inside of the chamber
and the laser beam so that the laser doesn’t illuminate and scatter off the wall; 13 mm is the
working distance of the best commercially available option identified. This wasn’t an issue
with the lower magnification lens — less powerful lenses tend to have longer working distances
anyway. This is illustrated in Figure 3.3. In common with the commercial Nanosight NTA
system, a viewing angle of approximately 90° from the angle of illumination was used.

Because a much larger area is capable of being imaged, a more powerful laser was necessary
to suffciently illuminate the larger volume. Here, a 400 mW 404 nm semiconductor laser diode
(Thorlabs LP404P400M) was used. The shorter wavelength was chosen in order to allow the
laser to couple more efficiently with smaller particles [313,314]. Following initial trials, it
was found that an additional solid-state peltier-based cooling system with a passively-cooled
heatsink was necessary to hold the laser at a sufficiently constant temperature that particle
tracking was realistically possible over time-scales of more than a few seconds.

Beam delivery was via an aspheric collimation lens, a basic condenser setup, and finally a
20x infinity-corrected microscope lens. Initially, when only using a 20x viewing objective, the
use of a second microscope objective was unnecessary, but in order to maximally illuminate

the smaller FoV afforded by the 50x viewing objective, the additional condensing objective
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was necessary. Experiments were also made using variable slit apertures to reduce the level of
out-of-focus background, but this was found to yield no appreciable gain in image quality for
a significant amount of additional alignment complication.

The larger FoV necessitated a high resolution camera in order to detect the small movement
of the diffusing particles. Here an IDS UI-3240CP-C (Thorlabs, Cambridge) camera with
pixel pitch of 5.3 ym was employed, leading to each pixel representing 105 nm of translation.
The new camera also enabled a much higher frame-rate — up to 60 frames per second (fps)
for a full FoV capture, or up to 229 fps for limited regions of interest. This high framerate
could allow for further optimisation to measure smaller particles which diffuse more quickly.
The camera was also fitted with a global shutter in order that particles travelling in different
directions at the same velocity were not measured differently. This could occur because a
rolling (non-global) shutter measures a single line at a time — a particle moving vertically
would in one direction be measured earlier with each passing ‘frame’; and in the other direction
would be measured later — an issue that is avoided by using a global shutter. The smaller
pixel size on the higher-resolution camera further necessitated the use of a more powerful
laser. The sample chamber comprised a 2.5 mL plastic spectrophotometry cuvette (Thermo
Fisher, Winsford). One of the benefits of using such a large sample chamber in combination
with such a powerful laser is that the laser is sufficiently powerful to excite convection. This
convection rapidly achieves a constant rate in the region of 25 um/s, weakly dependent upon
the particle size, particle concentration, and sample volume, and can thereafter be used as
a means of circulating the sample and allowing a greater proportion of the particles in the
sample chamber to pass by the FoV than would otherwise be the case. Testing of the system
showed that even with <100 uL of sample in the chamber, this convection was still present.
This means that even when only a relatively small volume of sample is available, the benefits
of the convection are still present.

Data for all analyses were recorded straight into a computer running Debian GNU/Linux
and Matlab R2015b using a custom-written c++ framegrabber compiled as a matlab execut-
ables (MEx) function, allowing a single Matlab-based GUI to be used for both data capture
and analysis. A sample was measured by recording 60 seconds of uncompressed video at a
resolution of 1280x 1024 pixels at 60 fps, 8 bits per colour channel. Because the camera was a
colour model, only the blue channel was recorded, because for particles of the sizes measured
this was the only channel containing any useful information. Each of these recordings was
repeated a total of 5 times.

Analysis of these video stacks was also performed using Matlab. A derivative of the
Matlab implementation of the Mosaic particle tracking package [315] was used as a starting
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Figure 3.3: Diagram showing the sample chamber in plan view. This demonstrates the need
for a viewing objective with a long focal length. The dashed vertical line denotes the optical
path of the illumination beam, and the dotted line indicates the optical path of the scattered
light.

point. The Mosaic package contains a number of scripts for iterative localisation and intensity
determination of centroids to sub-pixel resolution, trajectory linking, and basic visualisation,
parts of which are capable of taking advantage of modern multi-threaded processing hardware.
Further code was written to allow for real-time visual feedback on changes to detection
parameters and thresholds and demonstrate their effect, making analysis configuration as
user-friendly as possible. This source code is provided as digital supplementary material, and
instructions for the installation and use of this code is given in Appendix F. More detailed in
instructions for the modification of the more complex parts of the code are given in Appendix

G. A screenshot of the main window of the NTA software is shown in Figure 3.4.

3.2.1.1 Pre-processing of images

The analysis software includes several tools for the pre-processing of video images to eliminate
noise and improve the ability of the Mosaic particle tracker to track the particles. The simplest
of these is the implementation of some basic compression and thresholding to allow all pixels of
intensity below a fixed level to be set to black, before all non-black pixels are re-scaled to cover
the entire 8-bit gamut of the video codec. This can result in a much cleaner background with
fewer stray local maxima which may be interpreted as particles. This is an implementation
of the compression algorithm suggested by Gallego-Urrea et al [316] for the enhancement of
NTA image contrast.

This does, however, come with a caveat — this approach can cause some of the local
maxima which correspond to particles to become split in two, owing to some slightly darker
pixels having been zeroed — this can lead to pairs of ‘particles’ being detected rather than

just a single centroid. This is remedied by the inclusion of a variable gaussian blur which can
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compensate for this effect. The use of gaussian blur can also correct for the influence of ‘hot’
pixels (pixels which are stuck ‘on’; and for speckle noise from other sources. Indeed, this is
the same approach used by the Nanosight NTA software.

A more innovative approach to reducing the background which was also implemented in
the software was the use of a ‘disc filter’. This effectively looks for circular objects (as the
point-spread functions of particles should be), and darkens everything else, thus increasing
the contrast between the particles and the background. It is possible to vary the size of the

disc used to allow for differently-sized point-spread functions.

3.2.1.2 Analysis parameters

Most of the analysis parameters are completely self-explanatory (effective size of pixels,
minimum number of steps to track a particle for etc), but a few warrant further explanation.
Firstly, the ‘global size parameter’ gives the size of the ‘particle neighbourhood’. This
parameter fulfils a dual function. If the software detects a centroid which is larger than this
parameter (in pixels), then it will neglect to track it. Equally, if two detected centroids are
found within this radius of each other, they are treated as a single particle. This has the
positive effect that particles with rings around them (as slightly out-of-focus particles tend to)
won’t be treated as several particles, and equally that particles crossing behind each other
will not be accidentally swapped with each other upon crossing — they will just be neglected.

The ‘cutoff’” parameter gives the minimum likelihood of a detected centroid being a particle
necessary in order to be tracked. This likelihood is calculated based upon the size of the local
maximum, and the contrast between the local maximum and the background. The setting of
this parameter is most effectively carried out using the available visual feedback to set the
tracker to detect only particles which behave like particles when scrubbing through the video.

Also worthy of mention are the options for drift correction, minimum expected particle
size, and data significance, which are all closely related. The drift correction allows for the
suspending liquid to be in motion, either by intentional flow-through pumping, designed-in
convection, or unwelcome/incidental convection. The drift correction option enables a drift-
correction algorithm which calculates the time-dependent group velocity of detected particles
and generates an apparent mean flow vector across the FoV. This frame-by-frame mean flow
vector is then subtracted from the single-particle trajectories, thus deconvoluting the particle’s
Brownian diffusion from the substrate motion. The minimum expected particle size option
will throw away the data from any tracked particle with a diffusion coefficient sufficiently
large that it would correspond to a particle smaller than this limit. This is important, because
a large amount of background noise is generated by the tracking of random noise on the
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camera sensor which appears to jump around a lot. While a lot of this is removed by various
algorithms already described, some still remains and needs to be removed. Similarly, the data
significance option is used to set a maximum standard error permissible in the estimate of
the diffusion coefficient for a single particle — particles with a standard error larger than the
value of this parameter are assumed to be tracked noise or the result of the tracker jumping

between two different particles, and are thus thrown away as bad data.

3.2.2 Evaluation of the system performance

ISO standard ISO17025 [317] contains a range of guidelines for the confirmation and calibration
of different analytical methods. These guidelines allow analytical confirmations produced by
one laboratory to be trusted by other laboratories. The approaches used in the guidelines were
therefore employed to evaluate the new NTA system in terms of performance characteristics
such as reproducibility, sensitivity and selectivity. The evaluation work was done using gold
nanoparticles which were chosen because of their high refractive index (and therefore strong
scattering), and because they are highly stable and not prone to dissolution or chemical
interaction. Gold nanospheres of nominal sizes 30 nm and 100 nm (Sigma Aldrich, UK) were
prepared in deionised water at 5 different nominal particle number concentrations: 109 mL™!,
108 mL~!, 5x10% mL~!, 5%10° mL~! and 10* mL~!. For comparative purposes, the stock
solutions of spheres were characterised by transmission electron microscopy (TEM) (JEOL
2011/JEOL 2200FS) and also run using a Nanosight LM14 instrument (Nanosight, Salisbury),
equipped with a 532 nm 80 mW laser. Three Nanosight videos per sample were recorded; these
videos were analysed using the supplied NTA3.2 software. The 30 nm particles were stabilised
using a citrate coating, while the 100 nm particles were stabilised using phosphate-buffered

saline (PBS). A description of the different evaluation steps is provided below.

3.2.2.1 Fundamental reproducibility

All samples were measured a minimum of 9 times (as suggested by the ISO guidelines). In
order to ensure that the occasional failed measurement didn’t cause the experiment to fail
to meet this guideline, every sample was measured a minimum of 15 times at three different
concentrations spanning the expected useful range of the instrument. Ten measurements per
sample were also made at s beyond the expected detection limits in order to determine whether
the effects of either small traces of nanoparticles or high concentrations are distinguishable

from other causes for bad/failed measurements/noise.
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3.2.2.2 Temporal stability

Analytical instrumentation may be adversely affected by local environmental factors. It is
important that the instrumentation is robust to such interference, and will give the value
for the same measurement regardless of possible temporally local interferences. To assess
this, every measurement was repeated on different days of the week. Ideally, different spatial

locations would also be tested, but this was impractical to verify.

3.2.2.3 Resistance to interference

It is crucial that any analytical technique has quantified limits of interfering contaminants
that can impede, skew, or otherwise degrade the quality, reproducibility, and validity of
the measurement. In the case of measuring engineered nanoparticles in natural waters, the
principle source of interference is the presence of natural nanoparticles and organic matter.
To assess interference from humic acids, an environmentally relevant concentration of humic
acid (5bmg/L) [249] was spiked into the 30 nm samples at all concentrations, and into DI
water. These samples were than analysed. If separate populations of particles were visible
representing the 30 nm ENPs and the HA, this was interpreted to mean that the methodology
was immune to relevant levels of interference. If it was impossible to distinguish the two
populations, or only a single population was detected at an incorrect size, then this was
interpreted to mean that interference from the HA had prevented a successful measurement

from being taken.

3.2.3 Analysis of video data

Data processing was done on the YARCC (York Advanced Research Computing Cluster), a
small computing cluster based upon SGE (Sun Grid Engine). This allowed analysis to take
place over a single weekend, rather than the month or more that would be required even on a

more powerful personal workstation. An exemplar video frame is shown in Figure 3.5.

3.2.4 Visualisation and representation of results

When tracking a large number of particles over a number of frames, each particle will contribute
an estimate of the mean particle size to the overall distribution. However, those particles
which have been tracked for a larger number of frames should yield a more authoritative
estimate. Brownian motion will always result in a certain variance of track lengths, but an
unusually large variance could suggest that there has been a jump from tracking one particle

of one size to another particle of a different size, meaning that the mean particle size this
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Figure 3.5: Representative frame of video, in this case taken from some 30 nm ENPs.

track contributes to the overall distribution is not necessarily representative of any of the
particles present. Both of these effects can be minimalised by taking into account the variance
in the contribution of each particle to the overall distribution. Rather than contributing a
single count to a single bar of a histogram, each nanoparticle contributes a gaussian with
unitary area (corresponding to a single particle), centered on the average estimate of the
particle’s size, but also with a corresponding variance. This is a simple means of incorporating
an approximation to the uncertainty inherent in each single-particle measurement into the
final measured output. This means each particle has still made an equal contribution to the
area of the histogram and to the mean particle size, but the contributions of particles which
are more likely to be truly representative of the particles in the sample give a larger weight to
the localisation of particle size peaks. All the plots shown in this chapter have been treated

this way.

3.3 Results and Discussion

3.3.1 TEM and Nanosight Characterisation

Representative TEM images of both ENP samples are shown in Figure 3.6. Nanosight-based
NTA data is summarised in Table 3.1. Across the Nanosight videos, 4,213 particles in the
100 nm sample were tracked, along with 7,235 particles in the 30 nm sample. Usually, TEM

analysis will give a similar or slightly smaller value for the particle size compared to that
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Figure 3.6: Representative TEM images of 30 nm (left) and 100 nm (right) ENPs used in this
study.

measured using NTA because the physical size measured using TEM is slightly smaller than
the hydrodynamic size measured by NTA. However, for the nominally 100 nm particles, the
TEM measurement is significantly larger than the NTA measurement. This is possibly due
to slight oblacity of the particles — so they lie flat on the TEM grid and expose their largest

cross-section, while the NTA measurement is an average of all the axes of the ENP.

30 nm ENPs 100 nm ENPs

Mean Size (Nanosight) || (62.9£1.9) nm | (89.6£13.0) nm
Mean size (TEM) || (29.8+£2.6) nm | (106.24+13.1) nm

Modal Size (Nanosight) || (57.1£0.5) nm | (86.1£19.1) nm

Table 3.1: Summary of Nanosight and TEM characterisation analysis of both nanoparticle
samples used.

3.3.2 Sensitivity

Representative plots for 30 nm and 100 nm particles are shown in Figure 3.7 and full results
for all particles in all conditions are tabulated in Table 3.2. A complete set of plots for all
measurements (including error bars) are attached in Appendix C.

In all cases the ENPs had their sizes accurately identified at concentrations of 5x10% mL ™!,
A representative size distribution at this concentration is shown in Figure 3.8. Similar plots
are provided for all ENPs at all concentrations at all measurement points in the supporting
information. While at the lower concentration of 10* mL~! the ENPs were occasionally
accurately identified, however this was not reproducible either with time nor between different
samples.

At high concentration, no samples were reproducibly measurable at 10° mL~!. That is,
while some measurements did indeed yield accurate sizes, this was not replicated between
repeat measurements, and the majority of measurements failed to produce accurate size values.
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Figure 3.7: Representative plots showing the measured size distributions of nominally 30 nm
(Figure 3.7a) and 100 nm (Figure 3.7b) particles at all five concentrations tested. Error bars
are ommitted for clarity. Complete plots for all tests of all particles are provided in Appendix

C.
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Figure 3.8: Representative size distribution plotted for 30 nm ENPs measured using both the
Nanosight instrument at a concentration of 10® particles/mL and with the bespoke system at
5x10° particles/mL. The particle counts have been normalised in order to plot them on the
same axes. Inset is a close-up of the detected modes. Dotted lines show standard errors.

However, at concentrations of 102 mL~', 30 nm ENPs were reproducibly measurable but 100
nm ENPs were not. This is possibly a result of the higher scattering efficiency of the larger
particles — at higher concentrations the out of focus background is much larger, and more
efficiently scattering ENPs increase this background. Therefore, at 10® mL™!, it is likely that
this background interferes with the detection and tracking of 100 nm ENPs while allowing 30
nm ENPs to be measured effectively.

At the highest concentration tested, 10° particles/mL, particles were not successfully
identified in any case. There are two principal reasons for this. Firstly, because the system
has a depth of field that is small compared to the width of the field, in order to sufficiently
illuminate the FoV, a considerable depth which is out of focus is also illuminated. This causes
a background which may be successfully removed computationally as previously described (see
Section 3.2.1.1) at lower concentrations, but as concentrations rise, the difference of intensity
between the light scattered by the in-focus particles and the out-of-focus noise becomes too
small to accurately recover the particle locations. The other cause of this is the particle
localisation. In order to minimise the occurrence of particle-jumping, whereby the particle

tracker jumps from following one particle to following another and joining their tracks up,
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the mosaic particle tracker uses the concept of a ‘particle neighbourhood’, which is set to the
same as the maximum jump of a particle between frames. If more than one particle is present
in a single neighbourhood, then neither particle is tracked. As the concentration of particles
increases, as does the incidence of particles being disregarded as too close to accurately and
meaningfully track. This results in a dramatic reduction in the number of particles which are
tracked and which contribute to the final particle size distribution.

In all cases, there is a considerable tail on each distribution. This is a statistical artifact
generated by the fact that Brownian motion is only being measured in two dimensions.
The tacit assumption is that the Brownian motion is equally partitioned between all three
dimensions. This is a good approximation over very long observation periods, it becomes
less good for shorter durations of a couple of seconds. If a particle is moving more in
the unmeasured z-direction during measurement, then this will result in the particle being

measured to be larger than it should be and vice versa.

3.3.3 Reproducibility and temporal stability

Measurements of all samples at all concentrations were repeated on at least 2 different dates.
Additionally, all samples were measured both before and after a complete strip-down and
rebuild of the equipment. In the case of the 30 nm Au ENPs, these were combined, but
in the case of the 100 nm Au ENPs these were separate events leading to an extra set of
measurements. To demonstrate the repeatability of the technique, results are shown for a
single concentration of ENPs, though similar data is available for all concentrations. Only
modes were considered, because identification of any larger aggregates present was of no
interest — only the reproducibility of measurements of a single population of ENPs is of
interest.

Modes were localised using Origin Pro curve fitting tools, which were also used to generate
the standard deviations of these localisations. Summary statistics for all ENPs at 5x10°

mL~1 are shown in Table 3.3.

Sample H Mode (nm) ‘ Standard Deviation

30 nm Day 1 41.7 1.6
30 nm Day 2 41.3 1.0
100 nm Day 1 68.8 7.3
100 nm Day 2 81.4 10.1
100 nm Rebuild 65.4 8.2

Table 3.3: Summary of results for all samples at 5x10° mL~!, testing for repeatability and
temporal stability.

In the case of the measurements of nominally 30 nm particles over time, the measurements
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are not statistically significantly different at the P<0.05 level, so it was concluded that
for ENPs of this size, measurements are reproducible and stable over time. Similarly, the
measurements of nominally 100 nm ENPs remained stable over time, no individual pairing of

measurements exhibiting statistically significant differences at the p<0.05 level.

3.3.4 Selectivity

In all the samples spiked with 5 mg/L HA, the ENPs were not successfully detected — in
all cases either no particles were successfully tracked above the background, or only the HA
particles were successfully tracked and no local maxima in the resultant size distributions
corresponded to the ENPs. While particles were successfully detected and tracked at all ENP
concentrations, the sizes of these tracked particles corresponded in no cases to the ENPs
present; instead, very broad distributions of particles were seen, suggesting that the HA
particles were completely eclipsing the ENPs. A representative size-concentration plot, in this
case corresponding to a preparation of 10®> mL~! ENPs spiked with 5 mg/L HA, is shown in
Figure 3.9.

Visual examination of the video frames captured from all samples spiked with 5 mg/L
HA reveals a very high background. Equally, when configuring the camera to capture the
HA-spiked samples, the gain setting needed to be set at about 5 % of the value used for
all the other captures in order to prevent the camera from being over-saturated. A pair of
representative video frames are shown in Figure 3.10, showing a frame containing 5 mg/L HA
spiked into 30 nm 10® mL~! ENPs, and a frame containing 5 mg/L HA spiked into DI water.

It is worthy of note that while at the higher ENP concentrations used by Park et al., the
HA particles at a concentration of 5 mg/L occur with an HA:ENP ratio of ~1:1, this ratio
slips to ~1000:1 when the ENPs occur at environmentally relevant concentrations. While it is
simple to recover the measurements of ENPs when they constitute 50 % of the sample, it is
not so facile to separate them when they constitute only 1 %, of the NPs present.

Despite these limitations, three-dimensional histograms were plotted to determine whether
it was possible to use the difference in relative scattering efficiencies between gold and HA.
A representative histogram is given in Figure 3.11. Clearly, there are no pairs of peaks of

significant size which could reasonably correspond to separate signals from the gold and HA.

3.4 Conclusion

The new NTA system and software have been shown to be effective at measuring ENPs at near

environmentally relevant concentrations of 5x10° particles/mL, up to 3 orders of magnitude
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Figure 3.9: Representative size-concentration plot for a sample of 30 nm Au ENPs spiked
with 5 mg/L HA. Also plotted is a sample of the same 30 nm ENPs in the absence of HA for
comparison. Plots have been normalised so relative particle counts are arbitrary. Dotted lines
show standard errors in curves of their respective colours.

Figure 3.10: Representative video frames containing HA samples. On the left is a sample
containing 30 nm Au ENPs with 5 mg.L.~* HA spiked in, while on the right is a sample
containing no ENPs and 5 mg.L.~! HA. False colour has been added to enhance the clarity of
the images.

lower concentration than current commercial systems. This has been verified against relevant
guidelines in ISO 17025, which has demonstrated that in systems with little interference
from other nano-sized objects the measurements taken are both robust and reproducible.
However, studies investigating the interference from HA suggest that in the conditions tested,

the presence of HA had a deleterious effect upon the resultant measurement. In order for
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Figure 3.11: Representative plot showing the 30 nm gold particles in the presence of 5 mg/L
humic acid. The particle size axis has been reversed in order to clearly show the whole
3-dimensional field. Note that it does not appear possible to differentiate the gold and humic
acid when the particle number concentrations at this different.

optical techniques to be more widely useful at these lower concentrations, it is necessary that
new and more effective methodologies for removing these organic particles from suspensions
without effecting ENPs are developed. Examples of applications that the system is currently
unsuitable for include the measurement of ENPs in most natural waters and measurements in
artificial media whose ingredients include any significant quantity of natural organic matter.

This work could have a significant impact on a range of fields of science, not least because
it renders measurements which were previously slow and expensive cheap and quick. Examples
of this include the near real-time monitoring of suspended ENPs for long-term or chronic
ecotoxicology assays, drinking water assessment and quality assurance, and nanoparticle
behaviour studies at environmentally relevant ENP concentrations. Because the system is
completely open, it is also possible to add additional features and apparatus with a minimum
of effort. For example, it would be the work of minutes to fit a pair of Helmholtz coils around
the sample chamber for the investigation of magnetic effects, magnetic hyperthermia, magnetic
self-assembly of nanostructures and more.

Important avenues of study which have been opened up by this development include the
measurement and characterisation of nanoparticle kinetics in suspensions at concentrations
which were previously inaccessible on short and almost real-time time-scales. Furthermore,

with some caveats regarding the organic content of the water, it will be possible carry out
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chronic exposure ecotoxicological studies while monitoring the ENP content of the water in
near real-time.

This new low-concentration capability is demonstrated in Chapter 4, in which it is used to
enable a study which would otherwise not have been possible using conventional approaches

to NTA.
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Chapter 4

NTA analysis of nanoparticle
aggregation kinetics at
environmentally relevant

concentrations

The results in this chapter directly follow on from and build upon the methodologies developed
in Chapter 3; the bespoke NTA system described therein is used to carry out an investigation
into the aggregation kinetics of ENPs which would have been impossible using commercially-
available apparatus. The experimental procedure is the same as a previously-published study
which had some unsatisfactory aspects which are addressed here. This also allows many of

the concerns raised in Chapter 2 to be addressed.

4.1 Introduction

Studies looking at the behaviour of engineered nanoparticles (ENPs) in suspension in water
have been carried out quite intensively, examining a range of conditions, types of water,
particle compositions, and particle coatings [31, 43, 100, 102, 119, 137, 318-325]. One of
the processes which has been shown to be important in most ENP fate and behaviour
studies is aggregation [326]. Broadly, there are two main classifications of aggregation:
homoaggregation [327], in which ENPs adhere to other ENPs, and heteroaggregation [328],
in which ENPs adhere to other natural nanoparticles (NPs), usually natural organic matter
(NOM) [94] in the form of humic and fulvic acids [280], though interactions with clays and

iron oxides are also included in this category [326]. Heteroaggregation with much larger NOM
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particles is sometimes referred to as adsorption, because the particles to which the ENPs
adhere may be significantly larger then themselves, but because the norm in ecotoxicological
nanoparticle studies is to use ‘heteroaggregation’. Because of the challenges of making robust
measurements of ENPs at environmentally relevant concentrations, previous studies have all
been carried out at concentrations several orders of magnitude greater than those which have
long been predicted (and have recently been measured) in the environment [329].

It has been theorised that ENP aggregation processes at lower (environmentally relevant)
concentrations will proceed vastly more slowly, but this has never been robustly demonstrated
experimentally. Environmental fate models require a quantitative theory of ENP aggregation
behaviour in order to make useful predictions [36], yet the only data on ENP aggregation in
common environmental and ecotoxicological media has been taken at concentrations several
orders of magnitude higher than those seen in the environment [249] or at undocumented
concentrations [330]. This can lead to incorrect predictions of the rate at which ENPs
aggregate, sediment, and eventually remove themselves from circulation in natural water
systems, and eventually incorrect environmental risk assessments and potential unnecessary
serious future risk to both humans and ecosystems. This is because the degree of toxicity of
many nanoparticles is linked to their concentration [68]; under-estimated concentrations are
therefore a hazard to be avoided.

Using a custom-built optical nanoparticle analysis system (as described in Chapter 3), it
was demonstrated that at environmentally relevant concentrations, ENP aggregation doesn’t
occur in most test systems at rates similar to those seen in previous studies carried out at

higher concentrations.

4.2 Materials and methods

4.2.1 Selection of particles and concentrations

In the study of nanoparticle aggregation in a range of ecotoxicological media and natural
waters by Park et al. [249], ENPs of concentration approximately 8 x10® mL~! were used. This
concentration was chosen such that the particles could easily be measured at both the starting
concentration and the likely post-aggregation concentration using the Nanosight nanoparticle
tracking analysis (NTA) equipment (Nanosight, Salisbury). However, these concentrations
are environmentally unrealistic — realistic environmentally-relevant concentrations are in the
region of 10° mL~! as discussed in Chapters 1 and 3. In order to get a better idea of how the
ENPs actually behave in the environment, it is highly desirable to carry out these experiments

at, or as close as is possible to, the concentrations predicted and measured in the environment.
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Using the custom-built NTA system capable of making measurements of ENPs down to 10°
mL~! as demonstrated in Section 3.3, this can be accomplished. However, as ENPs aggregate
their concentration decreases, so the starting concentration of the study has to be higher than
the limit of detection of the equipment. For this reason, a concentration of 5x10% mL~! was
used. This is more than 2 orders of magnitude lower than the previous study [249], yet leaves
sufficient headroom in the detection limit that even significant aggregation or sedimentation
should leave a measurable concentration of ENPs in suspension.

As in the study by Park et al., a selection of ENPs with different capping agents with
different modes of action were chosen. All particles were gold to prevent any dissolution
or chemical interaction if the particle core interfering with the aggregation process or the
measurement process. Electrostatically stabilised particles with a negative surface charge in
deionised water at pH 7 were chosen, using a citrate capping agent. 30nm nominal particles
were obtained form Sigma Aldrich (Southampton, UK). Positively charged particles with
an amide-functionalised polyethylene glycol (PEG-NHz) capping of the same nominal size
were obtained from NanoCS (Colorado, USA). The same supplier was used for similarly-sized
neutrally-charged sterically-stabilised ENPs with a PEG coating. All ENP sizes were confirmed
using transmission electron microscopy (TEM) (JEOL2011, JEOL, Japan). Representative

TEM images of all three samples are shown in Figure 4.1.

Figure 4.1: Representative TEM images of all three nanoparticle samples used. L-R Au-Citrate,
Au-PEG, and Au-PEG-NHs.

4.2.2 Measurement of nanoparticles at low concentrations

After the initial size measurements using TEM, all other measurements of all ENPs were
measured at low concentrations using the custom built NTA apparatus from Chapter 3. This
system is capable of measuring highly-scattering (usually metallic) ENPs in liquid suspension
at concentrations down to a limit of approximately 10° mL~!. Particles were also interrogated

for shape, as described in Chapter 5.
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4.2.3 Selection of conditions

Park et al. use a selection of natural waters in addition to a number of standard ecotox
media when running their experiments. Rather than repeat every single combination of waters
tested in the previous experiment, a decision was taken to focus on the more interesting of the
conditions reported. In terms of ecotox media, artificial hard water (AHW) [331], artificial
pond water (APW) [332], and artificial sea water (ASW) [333] were selected based upon the
results of the previous study — ASW and APW gave some of the highest aggregation rates
across the board, while AHW resulted in some relatively low aggregation, particularly given
the relatively high ionic strength of the medium. DI water was also used as a control.
Unfortunately no natural water samples could be measured at the new low concentrations.
This is because of interference in the measurement due to dissolved natural organic matter
(NOM). This is discussed in detail in section 3.3.4. While in the study Park et al carried out this
was not an issue — at 5 mg/L, humic acid (HA) particles occur broadly in number concentration
parity with the ENPs so it is possible to account for them — in the low concentration study
the HA particles outnumbered the engineered particles by more than 1000:1, which rendered
it impossible to recover the ENPs when performing the analysis without additional sample
pre-processing. When interpreting the results, it is worth comparing the results with those
given in Figure 4.2 from Park et al. — in the case of citrate-capped particles the ecotox
media tested bracket the natural waters perfectly, but for both other types of particles the
aggregation in natural waters was always greater than the aggregation in any of the media.
A
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Figure 4.2: Plot showing the aggregation behaviour of four different nanoparticle samples,
reproduced from [249]. The grey bars represent unidentified natural waters, while the black
bars represent standard ecotoxicology media as follows: 1: APW, 2: M4 media, 3: ASW, 4:
Algae growth media, 5: Lemna media, 6: EPA AHW, 7: EPA artificial medium hard water, 8:
EPA artificial soft water. The y-axis gives mean hydrodynamic diameter as measured using

a Nanosight instrument, while the ordering of the z-axis and identification of the different
natural waters in the chart is ambiguous in the original publication.
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4.2.4 Calculation of aggregation kinetics

The rate of aggregation of ENPs in suspension is dependent upon a range of factors. These
include temperature T', attachment efficiency . (the fraction of collisions between particles
which result in aggregation), the concentration of ENPs, [NP], the viscosity of the suspending
fluid 7, and the cross-sectional area of the ENPs ¢. In order to describe the aggregation
behaviour of ENPs is suspension we need to use all of these.

The mean free path of an ENP is the mean distance that an ENP travels within a

suspension between collisions with other ENPs [334]. This quantity can be calculated from

1
V/20[NP]

into a collision rate, we need the mean velocity the ENPs are travelling at. Again, we can take

basic kinetic theory using the relation A = from Chapter 1. In order to convert this

2kpT
6mnr

a result directly from kinetic theory that v = [146], where 7, is the sphere-equivalent

hydrodynamic radius of the ENPs (assuming them to be perfect spheres). By taking the
quotient of these two quantities the mean time elapsed between ENP collisions, Equation

(4.1), is obtained.
1 6mnry,

" 20 NPV kpT (1)

T =

S| >

For ENPs at concentrations of 8x10%® mL™!, the approximate concentration of 30 nm
diameter ENPs used by Park et al., these calculations give a mean free path A of 0.156 m. By
contrast, the mean free path for the same particles at the concentrations of 5x10% mL~! used
in this study works out to be some 24.75 m. In both cases, the time-averaged mean velocity

I assuming measurements are taken at a temperature of 298 K. This

comes to 4x107% m.s~
means that for the particles at the higher concentration, the initial mean time between ENP
collisions is approximately 10.7 hours, while for the particles at the lower concentration, the
mean time between collisions works out to be approximately 1,700 hours.

This means that for the higher concentration particles, over the 48 hour duration of the
study, assuming that the increase in particle cross-section through aggregation approximately
compensates for a reduction in the concentration of particles through the same process, that
the average particle will have collided nearly 5 times. In other words, the average particle
has had 5 opportunities to form an aggregate. Conversely, the average particle in the low
concentration study had just under 0.03 collisions in the same time frame, and therefore had
very little opportunity to aggregate, even in the limiting case that the attachment efficiency is
unity. Hence we can make the hypothesis that aggregation in the low concentration samples
will proceed at approximately ﬁth of the rate observed at the higher concentration.

At this low aggregation rate, by the end of the study it is unlikely that any aggregates
formed would be larger than dimers or trimers. These have a sphere-equivalent hydrodynamic
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diameter very similar to the original ENPs. A possible further means of determining the
aggregation state of the ENPs lies in interrogating their shape. This could be achieved using
the method described in Chapter 5. Since all particles started out nominally the same size
and nominally spherical, and then any deviation from a spherical particle shape distribution

suggests that some aggregation has occurred.

4.2.5 Experimental procedure

As in the study by Park et al., all samples were ultrasonicated prior to being observed over a
duration of 48 hours. Nominally, the same time points for these measurements were used,
measurements being taken at nominally O h, 1 h, 2 h, 4 h, 8 h, 24 h, and 48 h. Because
it is challenging to take measurements at exact time points, measurements were made as
close as was practically possible to these nominal elapsed times, but the actual times of data
capture as recorded in the raw image metadata were used in all the analysis. This is why
some samples have slightly different measurement times. pH measurements were taken of
each sample coinciding with each measurement of particle size.

All samples were duplicated, and each duplicate was measured three times at each time
point. Each measurement involved capturing 45 s of 1280x1024 8-bit video at 60 fps. All the
data were collected during a single week to minimise the risk of interference from external
sources differing for different samples. Possible examples of such ‘interference’ in this case
would principally be sources of low-level background vibration which are commonly found in
laboratory environments like vacuum pumps and air conditioning units. Analysis was carried
out in parallel on York advanced research computing cluster (YARCC). The software and

analysis of this NTA data is described in full in Section 3.2.3.

4.3 Results

The main body of results is summarised in Figure 4.3; enlarged versions of these plots
are provided in Appendix D. In all cases except three, the changes in mean ENP size
were statistically insignificant at the p<0.05 level, 2-way ANOVA. Of the cases in which a
statistically significant change in mean particle size was seen, two of these were increases in
mean particle size and one was a decrease. The standard deviations of the means are of a
similar size to the standard deviations on the data of Park et al., only the published data
neglects the variance in each replicate and considers only the variance between replicates.
Representative TEM images of each of the three ENP samples are shown in Figure 4.1.

Statistically significant aggregation was seen only in the PEG-capped particles in APW,
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(c) Plot showing the time-evolution of particle (d) Plot showing the time-evolution of particle
size for 30 nm PEG-coated particles spiked into size for 30 nm PEG-NHs-coated particles
artificial pond water. In this case statistically- spiked into artificial hard water. This is the
significant aggregation at the p<0.05 level was single case where an apparent decrease in mean
seen. particle size was measured.

Figure 4.3: Representative plots showing the aggregation process as a function of time for a
selection of particle-conditions combinations. Figures 4.3a and 4.3b illustrate examples in
which no aggregation was detected. Figure 4.3c gives exemplr reslts from a coating-condition
combination in which aggregation was observed, and Figure 4.3d illustrates the sole example
of an apparent reverse in aggregation. A full set of plots covering all tested combinations of
particles and conditions is given in Appendix D.
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and in the citrate-capped particles in AHW. The only other statistically significant change
in mean ENP size was seen in PEG-NHy capped particles in AHW, but this was a decrease
in size. It is possible that this was due to the sedimentation of larger ENPs as observed by
Park et al. However, at these lower concentrations it was not possible to directly observe this
sedimentation if it was indeed present. This is surprising, as the AHW was chosen because of
the relative stability of all the particles tested in it compared with the other media as reported
by Park et al. In particular, the citrate-capped particles were reported to have aggregated
several times more slowly in AHW than in APW or ASW.

The time-resolved pH data are given in Table 4.1. As can be seen, there is very little
variation over time between samples except in deoinised water, where in the cases of the
electrostatically-stabilised particles the pH drops rapidly during the first four hours, before
stabilising. It is possible that this is due to the equilibration of the ions from the capping agents
after spiking and ultrasonication, which occurred immediately prior to the first measurement
point. It is possible that the reason this drop in pH was not seen in other samples is that the
other ions in the ecotoxicology media act as a buffer to prevent a small number of ions from
having a large impact upon the overall pH.

Samples were also interrogated for the shapes of particles. As shown in Figure 4.4, many
of the samples at the nominal 48 h timepoint exhibited a tri-modal intensity distribution when
all particles were treated as an ensemble — a clear evolution from the broadly mono-modal
distribution seen at the 0 h timepoint. However, it was not possible to attribute different
peaks to different particle shapes, and the existing theory is unable to adequately explain the
origins of these peaks. Because the camera gain is uncalibrated, it was not possible to compare
the relative intensities of peaks at different timepoints, so the exact evolution over time of
the intensity distribution could not be followed. It is likely that the additional peaks suggest
some degree of aggregation at a level below that detectable by examining the calculated size
distribution. For example, partial dimerisation could cause the formation of an additional

pair of peaks which correspond to some rod-like particles with an aspect ratio of 2:1.

4.4 Discussion

These results are closely aligned with the hypothesis — while at 8x10® mL~! aggregation
proceeded in a forwards direction at a rate sufficient that in all test cases it was readily
measurable within the 48 hour timeframe. By comparison, at the more environmentally relevant
concentration of 5x10% mL ™!, after 48 hours only 2 of the 12 combinations of conditions and

particles yielded a measurable increase in particle size. Given that the reasons for this are
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(a) Representative intensity distribution from a sample of PEG-NHs-coated particles spiked into AHW
at time = 0 h. Note how the distribution shape is broadly-speaking mono-modal, but there is already
a small shoulder appearing to the right (as dominates the distribution in Figure 4.4b), suggesting that
there has already been some activity in the short period between spiking and measurement.
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(b) Representative intensity distribution from a sample of PEG-NHs-coated particles aggregated
in AHW for 48 h. Note how the distribution shape is a poor match for any of the theoretical or
experimental distributions discussed in Chapter 5.

Figure 4.4: Pair of plots showing the intensity distributions of PEG-NHs-capped particles
spiked into AHW at the first timepoint (¢ = 0 h), and final timepoint (¢ = 48 h). Note that
the evolution with time suggests that there is a change in particle shape happening over time.
Given that the particles are insoluble, this is probably driven by aggregation at a level too
low to be reflected in mean particle sizes. Similar behaviour was seen across all samples to
varying degrees.
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well-understood, it is reasonable to extrapolate this result to even lower concentrations and
infer that when ENPs are released into natural water systems in the quantities they currently
are, that homoaggregation behaviour is not a major process affecting their eventual fate. This
is in agreement with some experiments which have suggested that heteroaggregation and
sedimentation can be dominant processes in the natural environment [335].

The concentrations of HA tested by Park et al. are environmentally accurate, and so
while collisions between pairs of ENPs will be very rare, collisions between ENPs and NOM

will occur with vastly greater frequency. Therefore, assuming that aeyp yp and

~ Qenp.nom
ONP & ONOM, heteroaggregation of ENPs with NOM will be the vastly dominant process
compared to homoaggregation of ENPs, and will still proceed at a measurable rate if at
all. Unfortunately, due to hardware limitations, this was not possible to verify. The natural
consequence of this is that in natural waters with high NOM content, ENPs will collide
frequently, permitting high aggregation rates given large a,, while in waters largely devoid
of NOM, the ENPs will remain unaggregated in suspension for much longer durations than
current models may allow for.

The kinetics of ENP aggregation suggest that the aggregation seen in this study should
initially occur at approximately ﬁth of the rate observed by Park et al. However, the
published dataset doesn’t contain sufficient information to extract initial aggregation rates
so a direct comparison in this way isn’t possible. Taking the approximate gradient of the
initial fast aggregation processes from the graphs published by Park et al. (an initial fast
aggregation appears to occur up to about 75 nm per hour) and multiplying this by ﬁ results
in an approximate initial homoaggregation rate of ENPs in these experiments of 0.46nm
per hour. Making the naive assumption that the aggregation rate over the 48 hours of the
experiment remained constant, this would equate to an increase in mean particle size of 22 nm.
However, this data is only presented for MUDA-capped particles, which Park et al. show to
aggregate in all the media tested in this experiment at up to about four times the rate of the
Au-PEG-NH; and Au-PEG particles which were also used in this study. This suggests that a
change in particle size of about 5 nm would be expected in these experiments using PEG and
PEG-NH; coated particles in a 48 h timeframe. Given the uncertainty in the measurements
of mean particle size, this 5 nm increase would not usually be statistically significant. This
is faster than the kinetic theory suggests, as it would require more than one collision every
1,700 hours to reach this rate of aggregation, but the discrepancy could easily be due to the
large uncertainties involved with the estimates taken from the data provided by Park et al.

The evolution of the distribution of scattered light intensities over time strongly suggests
that a very low level of aggregation may be occurring, but it was not possible to extract any

107



quantitative data from this approach. The weak dependence of sphere-equivalent hydrodynamic
diameter of an aggregate upon the number of constituent particles, as described in Section

1.3.3.2, means that this is a very feasible explanation for the phenomena observed.

4.5 Conclusions

To conclude, this study has demonstrated that ENP homoaggregation is not a dominant
process in ENP fate and behaviour in natural waters. This has important consequences for
fate and behaviour modelling, and also for any subsequent environmental risk assessment. For
example, while most existing environmental fate models used for environmental risk assessment
consider homoaggregation to be an important process affecting nanoparticle fate, these results
have cast serious doubt on that. In the case of a modelled system which previously relied
upon homoaggregation to remove nanoparticles by aggregation and subsequent sedimentation,
the eventual modelled concentrations would be very inaccurate, and could lead to significant
nanoparticle pollution issues.

For a study duration of 48 hours, aggregation was only observed in two of the 12 particle-
condition combinations tested. This confirms the hypothesis from kinetic theory that at
environmentally relevant concentrations homoaggregation is no longer significant a contributor
to environmental nanoparticle fate. Furthermore, the distribution of single-particle scattered
intensities was used to infer the occurrence of a very low level of aggregation below that which
was detectable by only considering the Brownian motion of the ENPs. Again, the possibility
of this low level of aggregation agrees with the result derived from kinetic theory.

However, previous studies have shown that ENP interactions with NOM play a significant
part in ENP fate and behaviour at much higher ENP concentrations, and there is no reason
to doubt that NOM still plays an important role in determining ENP speciation, behaviour,
and fate at environmentally relevant ENP concentrations and in the natural environment.

An obvious and desirable extension to this work would be the investigation of the pre-
cise effects of realistic concentrations of NOM on realistic concentrations of ENPs, though
current NTA methodologies are not yet capable of making these measurements robustly and

repeatably.
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Chapter 5

Determination of nanoparticle
shape from NTA data: theory,

simulation, and experiment

In this chapter, the uses of the phenomenon of Rayleigh scattering (as described in Section
1.3.4.1) in the measurement of nanoparticles will be considered. Currently, its uses in this field
are limited to being able to determine the size of particles [149], and to a limited extent, their
composition [228]. Nanoparticle shape is of great relevance for ecotoxicology, and toxicology
in general, for reasons which have already been discussed in Section 1.5.1.1. Chronologically,
the material presented in this chapter comes immediately after Chapter 2, but is presented
here in order to preserve the logical flow of research presented in Chapters 2, 3, and 4. For
this reason, the tools described in Chapter 3 were not available at the time this work was
carried out, and all the optical scattering data used herein was acquired using the Nanosight

System.

5.1 Introduction

The optical measurement of nanoparticle size may be achieved by use of dynamic light
scattering (DLS), which is also sometimes referred to as photon correlation spectroscopy
(PCS), which leverages the Brownian motion of nanoparticles in a liquid suspending medium
in order to infer a distribution of hydrodynamic radii from the autocorrelation decay of the
scattered intensity of light, as the particles diffuse away from their initial configuration [202], as
described in Section 1.4.3. Using more recent advances, the same result may be achieved using
differential dynamic microscopy (DDM) [216] (see Section 1.4.4), or nanoparticle tracking
analysis (NTA). In common with DLS, DDM is an ensemble technique that considers a sample
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in bulk, while NTA uses a microscope to individually track the points of light scattered by
particles and can thereby ascribe individual hydrodynamic radii to each particle in its field of
view [149].

Differentiation of individual nanoparticles by particle composition using optical means may
only be achieved by NTA. Because NTA can attribute an individual hydrodynamic radius to
each particle [149], it it possible to calculate the scattering efficiency on a particle-by-particle
basis by using the intensity of the particle’s scattered light. However, the technique is limited
to differentiating between different species of vastly differing refractive indices only, and it is
strictly qualitative. It isn’t possible to analyse some gold particles and confirm them to be
gold, but it is possible to analyse a mixture of gold and latex particles and confirm that there
are particles of at least two different compositions present [67,228].

Given that NTA is apparently the more flexible of the available optical techniques for
nanoparticle analysis (see Section 1.4.6), it would appear to be an attractive technique for
further development. Current commercially available NTA implementations do not attempt
to take into account any non-spherical character of analytes; they assume that all particles
are spherical, and will generate sphere-equivalent hydrodynamic radii for particles regardless
of their actual shape. The manual for the Nanosight range of NTA instruments goes as far as
to state that it isn’t possible to derive any shape-related information from the light-scattering
data. Herein it is demonstrated that this is not true for single-particle optical tracking, and
that nanoparticles can be analysed for shape and size simultaneously using an off-the-shelf
NTA setup.

The shape of nanoparticles is a very desirable property to measure for several reasons. As
has been previously described and discussed, the behaviour and interactions of engineered
nanoparticles in any medium is strongly shape-dependent [336,337], and there are specific traits
which have been observed for specific structures including nanorods [9,338], nanoshells [313,339],
and nanodiscs [264,340]. These cited papers cover the full gamut of nanoparticle scenarios
including medical applications for drug-delivery and direct therapy, use in self-assembly
nanosystems, environmental interactions, and catalytic applications. Optical measurement of
this property is particularly desirable because the only current alternative capable of making
measurements of nanoparticle shape measurements is TEM. There are a plethora of situations
in which TEM is an unsuitable technique for making such measurements, as has already been
covered in previous chapters.

It is also salient to consider that one of the major areas which an optical nanoparticle shape
measurement paradigm could be applied to is the quality control aspect of nanoparticles at
the point of manufacture — currently quality control of non-spherical particles must be carried
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out off-line using TEM; development of an optical technique capable of carrying out real-time
on-line measurements could have a significant effect of lowering the cost and increasing the
quality of such non-spherical particles. Another area in which the optical measurement of
nanoparticle shape could have a significant impact is the characterisation of exposure of

organisms to aqueously-suspended ENPs of different shapes.

5.2 Theory

5.2.1 Polarisation and scattering efficiency

When a particle is moving under the influence of Brownian Motion, it is constantly being
buffeted by molecules and particulate matter within the suspending medium. When these
impacts hit the particle in question a non-zero distance from its centre of mass (CoM), they
impart a torque upon the particle, leading to random rotation [341] in addition to the random
translational motion described by Brownian Motion [342]. In a sphere, which is rotationally
isotropic, this stochastic rotation has no detectable effect upon the light scattered, and may
be ignored. However, for a particle that is rotationally anisotropic (in this chapter we shall
consider the special cases of basic oblate and prolate sphereoids — rods and discs), there is a
measurable time-resolved effect upon the intensity of scattered light.

The scattering efficiency of a sphere is dependent upon the polarisability «, a scalar

quantity which may be calculated using the Lorentz solution, Equation (5.1)

3 (ng — 1) (ng — 1) rg
a_4ﬂ(ng+2)v_ n2 +2 (5-1)

where n, is the complex refractive index, V is the volume of the particle, and r, is the
radius [153].

However, for a rotationally anisotropic sphereoid, the polarisability must be expressed as a
tensor property. Qualitatively, taking the example of a nanorod, it will be considerably more
polarisable along the length that across the diameter. Consequently, when the illuminating
electric field aligns with the principle axis of the nanorod then the nanorod will scatter very
strongly, and when the principle axis of the rod is orthogonal to the electric field, it will only
scatter weakly. Van de Hulst [156] shows that for such a sphereoid, if orientated such that one
of its semi-axes is parallel to the illuminating laser beam, the polarisability tensor becomes

diagonalised, and the ;' diagonal element may be calculated from Equation (5.2),

E=E,—L; 4P (5.2)
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where E is the incident electric field, E is the effective electric field, P is the polarisation per
unit volume, and L; is a function depending upon the ratios of the three semi-axes to each
other.

This can then be used to calculate the L; by cyclic permutation from Equation (5.3),

giving Equations (5.4) and (5.5).

> abe, ds
L = / 3 T T (5.3)
b 2(s+a2)F (s 41} (s + )b
> abe, ds
Ly, = / 3 T T (5.4)
b 2(s+c2)2(s+a?)2(s+b?)2
> abe,, ds
Ly = / 3 T T (5.5)
b 2(s+b%)2(s+c2)2(s+a?)?

where a, b, and ¢,, are the three semi-axes, and s is a convenient integration variable.
By contemplating only oblate and prolate sphereoids, only the cases for which b = ¢,, are
considered. In the prolate case, a > b, and in the oblate case, the inverse is true. It is possible

to solve Integral (5.3) for the two cases respectively, as shown is Equations (5.6) and (5.7),

1—é€? 1 L+e
, _ Pl 14 L (ltee 5.6
Iprolate e% |: + 26]7 . (1 - 6p>:| ( )
2—¢2 1
Lloblate - 1-— eg |:1 B 1-— €p aretan (1 B ep):| (57)

where €2 =1 — 2—2 [156].

By substitution for P from Equation (5.2) using the relationship PV = «a; E,, it is possible

to calculate o using equation (5.8),

- v
4 (L + 71 )

aj (5.8)
where all variables are as previously defined, and «; is a set of the three diagonal elements of
the polarisability. Clearly, either Equation (5.6) or Equation (5.7) could be used to substitute
for L; as appropriate.

Using this relationship, it should be possible to estimate «; if some experimental means of
estimating the L; and V' is found without requiring direct measurement of any polarisation or

electric fields.
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5.2.2 Intensity distribution shape

Averaged over a long period of time, or over a large number of identical particles, it may be
assumed that all possible orientations of the particles occur with identical frequency. Given
this assumption, it is necessary to demonstrate whether this may have an observable effect
upon the shape of the intensity distribution. In the simplest case, consider a 1-dimensional
nano-rod of length [ forming an angle 6 with the axis of the electric field of a polarised laser
source. the polarisation P of the rod should vary with 6 as P = Eal cos (§). This is illustrated
in Figure 5.1. This only needs to be evaluated for 0 < 6 < 7, because all other values of 0
produce symmetrical results. Because scattered intensity scales as the square of polarisation

and therefore electric field, the scattered intensity scales with cos? ().

A

Figure 5.1: Schematic illustrating the origin of the cosine term in the relationship between
angle of particle and scattering efficiency.

However, the nanoparticles in question are not simple 1-dimensional entities. If this is
generalised to a 2-dimensional nano-rod with semi-major axis [ which will still make an
identical contribution to the scattering behaviour, and with a semi-minor axis d. Because [
and d are perpendicular, when 6 = 0, polarisation in the d direction will be zero; indeed simple
trigonometry demonstrates the d contribution to the scattered field to scale as P = Eadsin (6).
The total contribution from both possible axes of polarisation to the total scattering intensity

pattern is therefore the sum of these, this is given in Equation (5.9),

I = E*a® [I? cos® (0) + d* sin? (0)] (5.9)

valid for the region 0 < 6 < 5. This gives rise to stationary points at § = 0 and at 6 = 7.

This is illustrated in Figure 5.2. In this case, scattering efficiency is a completely arbitrary

relative measure of the scattering power of the particle in a given orientation, and can take
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any value from 0 (no scattering occurring) to 1 (the most efficient scattering observed for the

particle in any configuration).

Scattering efficiency / arbitrary units

w2

Angle of rotation

Figure 5.2: Plot showing theoretical scattering efficiency of a 2-dimensional nanorod as a
function of angle, for the region 0 < 6 < 7. Note the two stationary points at § = 0 and at
0=7I.

2

This is of little direct use — at no point in the measurement process is the angle formed
between the scatterer and the incident field known. However, since the gradient of the curve is
smallest in proximity to its stationary points, it is possible to plot a curve which is distinctive
with no assumed knowledge of 6 other than the assumption that over a sufficiently long
duration, all possible values of 6 will have been recorded with approximately equal frequency.
Exactly what the minimum duration of observation required in order that this approximation
is justified is unclear, and would need to be verified experimentally. If a histogram is plotted
from all the different scattered intensities for all values of @, then there will be maxima at
the most frequently-occurring intensities. Such a histogram, made using the simulated data
used to plot the graph in Figure 5.2, is shown in Figure 5.3. Because of the gradient profile of
the initial distribution from Figure 5.2 (the rate of change of the gradient is smallest near
¢ =0 and 6 = 7, hence an equal distribution of samples from this background distribution
will result in a histogram with two modes at the extrema of intensity), this will be a bimodal
distribution with frequency peaks occurring at intensities that correspond to angles of § = 0
and 6 = 5. These two peaks will be of identical heights, and therefore can offer no information
on whether the nanoparticle is a rod or a disc; indeed the differentiation makes no sense in a
2-dimensional approximation.

Adding in a third dimension requires a second angle ¢ to be introduced. For a rod,
variation of ¢ has no effect upon the polarisation when 6 = 7, but does have an effect when

0 = 0. This means that, should both vary completely randomly, then the scattering efficiency
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Frequency density

Scattering efficiency / arbitrary units

Figure 5.3: Plot showing theoretical histogram for a 2-dimensional rod, plotted using the
same data used to plot the graph shown in Figure 5.2.

corresponding to the 2-dimensional case of § = § should occur with double the frequency of
the efficiency seen at 6 = 0 in the final scattering histogram. The converse is true for a disc.
In this case, the variation of ¢ has no effect when 6 = 0, but does have one at § = 5, which
leads to the scattering behaviour seen at 6 = 0 occurring with twice the frequency of 6 = 3.
The result of this is that for a rod, with the shortest semi-axis repeated, there are twice as
many low-scattering configurations as highly-scattering configurations. This means that the
low-intensity peak in the resultant histogram will have approximately double the height of
the high-intensity peak. The converse is true for discs, which repeat their longer semi-axis,
and will therefore have a larger high-intensity peak in the intensity histogram. Theoretical
distributions showing this are given in Figure 5.4.

Thereby it should be possible to use the shape of the measured intensity distribution to

determine whether the particle is spherical by the presence of one or more intensity peaks,

and furthermore classify non-spherical particles as either rods or discs.

5.2.3 Calculation of nanoparticle dimensions

If we proceed from Equation (5.2) by substituting P in terms of L and using the relationship

I=g |E|?, the scattered intensity may be written as

L.
EO 1_7Jl
Lj+m2—1

This can be rearranged to express L; as a function of I and E,. Then choosing L; and

2
(5.10)

L1 and taking their ratio allows E to be eliminated (since E, remains the same for all
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(a) Histogram showing the theoretical scattering efficiency distribution of a rod-shaped particle. Note
that the scattering peak at lower efficiency is approximately twice as far above the baseline (in the
centre of the distribution) as the peak at higher efficiency.

Frequency density

1 1.5 2 25
Scattering efficiency / arbitrary units

(b) Histogram showing the theoretical scattering efficiency distribution of a disc-shaped particle. Note
that the scattering peak at higher efficiency is approximately twice as far above the baseline (in the
centre of the distribution) as the peak at lower efficiency.

Figure 5.4: Theoretical histograms showing the scattering efficiency for a rod-shaped particle
(5.4a) and a disc-shaped particle (5.4b). These are three-dimensional generalisations of the
two-dimensional histogram shown in Figure 5.3.
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nanoparticle configurations). Thereby it is shown that the ratio of intensities at each intensity
which corresponds to an alignment with the incident electric field is directly correlated to the
ratio of the squares of the associated L.

It is then possible to express the ratio of the L; to each other as a function of m, the I;,

and Z, where 2 =2 %’r, as shown in Equation (5.11).

1 1
I <i (m*—1) -2 j2+1> I?
it = (5.11)
L. 1\ 1
J (i (m2—1) — EI;) 2,

Because we are only considering cases when « is a diagonalised tensor, and « is only
diagonalised when E is aligned with a semi-axis of the particle, these I; must therefore
correspond to the intensities of the intensity peaks calculated in Section 5.2.2. They may be
experimentally found, or predicted numerically using the stationary points of the scattering
efficiency as a function of particle orientation.

Because =13 is always small compared to m? — 1 (in the extreme case that I corresponds
to the entire intensity of the incident laser beam, Z1 3 will still be ~1% of the magnitude of
m? — 1 for a highly-scattering metal), the (m2 — 1) — EI; terms will always very nearly cancel

for any m, leaving Equation (5.12).

== 5.12
o (5.12)

All that remains is to relate these parameters to the dimensions of the particles, which
can be done using the measured sphere-equivalent hydrodynamic diameter from the same
NTA data. By rearranging Equation 5.8 for L and substituting, bearing in mind the two
approximations ¥L; =1 and Ly : Ly : Lz = % : % : é [156], it is possible to derive an aspect
ratio for the particles. Use of the sphere-equivalent hydrodynamic radius calculated from the
measured diffusion coefficient then makes it a simple task to calculate the numerical values
for the semi-axes. This makes the assumption that the ‘sphere-equivalent’ hydrodynamic
diameter returned by the Nanosight instrument is indeed equally applicable to all shapes of
particle; this is strictly incorrect, as the diffusion coefficients from which these diameters are

calculated will vary with shape as well as sphere-equivalent size. A correction for this has

been calculated for discs [343], and is given by

8D, (1 — 2)*

Dy =
— (292 — 3) arcsin (\/ 1- CIDZ) + (1 — 2®2) arctan ( 1;}2)

(5.13)

)
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where all variables are as previously defined, D, is the circular diameter, and ® is the
ratio between D, and the thickness of the disc. However, applying this correction requires
foreknowledge of several of the variables which are supposed to be being calculated (the
thickness and circular diameter of the discs), so it is not possible to meaningfully use this. The
same goes for the equivalent corrections for particles of other shapes. This is worth bearing in
mind as a source of uncertainty in the final calculated shape and size.

Because for the linearly-deformed sphereoids this theory is capable of describing, one of
the semi-axes will always be repeated, it is possible to derive expressions for L and Lo in

terms of the two remaining unique semi-axes, a and b, given by Equations (5.14) and (5.15).

1
L =——~ 5.14
) o
L ! (5.15)
2= 73 .
(c+1)
By substituting the geometric relationship between r,, a, and b (given by a = 3T22Zb2) in

order to eliminate a before taking the ratio of Equations (5.14) and (5.15) in order to express

the relationship in terms of the ratio of L; : Ly (which is known) results in Equation (5.16).

V3ry,

b=4+—— (5.16)
V2B +1
It then follows that:
37“,21 — b2
_ 5.17
a o5 (5.17)

for rods and:
a=4/b>+3r; —b (5.18)

for discs (accounting for a different repeated axis). These results may be applied directly to
the ratio of Ly and Lo (calculated using Equation (5.12)) and the NTA measurement of ry,
in order to calculate estimates the dimensions of the semi-axes of the particles. Obviously a

negative value for b makes no physical sense, so the negative solution may always be neglected.

5.3 Numerical simulation

5.3.1 Motivation

A potential issue identified in the analytic theory is the dependence upon treating all the

particles as simple dipoles; the same assumptions used in Rayleigh scattering. As has already

been discussed in Section 1.3.4.1, the accepted limits within which the Rayleigh model is
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valid are not generally agreed upon; however the particles used (described below) when
illuminated with 400 nm radiation fall outside most proposed cutoff criteria. A numerical
model such as this allowed for verification that the dipole-based theory was adequate for
this circumstance. In order to confirm whether this analytic theory did indeed describe the
behaviour of the particles in a theoretical environment free from experimental interferences,
numerical simulations of a selection of nanorods and nanodiscs were carried out using the

COMSOL Multiphysics® [344] finite element wave optics package.

5.3.2 Simulation configuration

Models were constructed using the approximation of Raki¢ et al [345] for the relevant optical
properties of gold and silver. Particles modelled were a nanodisc with thickness 10 nm
and radius 70 nm, and a nanorod of length 64 nm and diameter 5 nm; these reflect some
of the particles used for the experimental confirmation in Section 5.4. In order to make
use of the symmetry of the systems, concentric spheres were used; the inner of which was
filled with virtual water, and the outer being a ‘perfectly matched layer’ to create a ‘soft’
boundary to the modelled domain causing no reflections and allowing far-field measurements
to be taken without modelling a much larger volume, as described in the COMSOL manual.
The nanoparticle was suspended at the centre of these spheres. A uniform plane-polarised
background electric field was created, and then the far-field scattering patterns were calculated
for different angles between the nanoparticle and axis of illumination. A diagram showing the
setup for a silver nanodisc is shown in Figure 5.5. The colour scale is completely arbitrary.
When observing the light scattered by a population of suspended nanoparticles through
an optical microscope, light is effectively being gathered from a small solid angle of each
nanoparticle. Ideally, this solid angle will be centered upon a point perpendicular to the
illuminating radiation. However, on a real physical system such as the Nanosight NTA,
this is not necessarily the case — it is known that the illumination in the Nanosight is at
a slightly oblique angle, and much of the optics are proprietary. In order to sidestep this
issue, simulations were run for two limiting cases. The first is the ideal case of measurements
only being taken from a single point, perfectly perpendicular to the illumination. This is
the equivalent to using a lens which only accepts light that’s perfectly collimated. The other
limiting case is that of measurements being taken from every possible angle. This corresponds
to a lens of infinite radius focussing all the light that falls upon it, regardless of the angle it
should make with the surface of the lens. Clearly neither is perfectly representative of the
real situation which falls between these two limits. It is salient to note that because when

considering each extreme, it was still possible to localise the two peaks of the requisite bimodal
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Figure 5.5: Diagram showing the COMSOL setup, with concentric spheres surrounding the
nanoparticle, in this case a nanodisc. The outer spherical shell is the ‘perfectly matched layer’.
The nanodisc is shown rotated at an angle of about T for clarity; in simulations the particle
was rotated between angles of 0 and 7.

distribution, the exact solid angle from which light is collected is largely inconsequential for
the ability to measure the nanoparticle shape.

These two limits can be better visualised by considering the three-dimensional scattering
pattern at a single angle of illumination. The greatest scattered intensity is always perpen-
dicular to the illumination, and the scattering pattern becomes much weaker at scattering
angles approaching 0 and 7. This is illustrated in Figure 5.6, showing the illuminating beam
propagating in the positive y-direction. As in Figure 5.5, the colour scale is completely

arbitrary.

5.3.3 Simulated results

In the first case, where light was gathered only from a single point, the results agree perfectly
with the analytical prediction in Section 5.2.2 for all nanoparticle configurations tested. This
is no surprise, as the two make exactly the same approximation. The numerically calculated
graph for a nanodisc is shown in Figure 5.7a (red data).

For the case of a nanoparticle observed from all possible angles, the results are slightly less
straightforward. This method is significantly more computationally complex, and typically
took weeks rather than days to compute for each shape. For this reason, only one example for
a rod and one for a disc were calculated. In these cases, the result was less clear. Figure 5.7a

gives the example calculated for the same nano-disc as considered in Figures 5.5 and 5.6. As
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Figure 5.6: 3-dimensional scattering pattern from a nanodisc, illuminating beam propagating
in the positive y-direction.

can be seen, there is a significant tail on the distribution. This is generated mainly from the
scattering at angles either close to 8 = 0 or # = 7. Some of this tail would be captured by a
real microscope, but not all. Furthermore, the numerical model assumes equal sensitivity to
light at all possible intensities (that may be represented using a 64-bit float). A real camera
has some finite limit on intensity resolution at both high and low intensities, a characteristic
that will further curtail the measurement of this tail in real systems. Quantisation is also
evident in the higher-intensity region. These individual peaks each correspond to a single
angle between the nanoparticle and the incident radiation. Calculating a greater number of
angular slices would fill in these gaps at the expense of a large amount of computer time.
As a result of the level of agreement between the analytic theory and the numerically
simulated results, it is reasonable to conclude that while the particles do not meet either of the
proposed criteria for the applicability of Rayleigh scattering discussed in Section 1.3.4.1, the

Rayleigh dipole approximation is a sufficiently good approximation in these circumstances.

5.4 Experimental confirmation

5.4.1 Materials and methods

An experimental confirmation of these theoretical results was carried out using some NTA
equipment (Nanosight LM14), using similar particles to those which were simulated, and a

laser of wavelength 532 nm (green). The Nanosight NTA software can output an ‘all tracks’
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(a) Simulated scattering behaviour for a nanodisc using the all-angles approximation (black) and
simulated scattering behaviour for a nanodisc using the single-angle approximation (red). The respective
heights of the peaks inprecise due to the limited angular resolution used. This compares to the analytic
plot shown in Figure 5.3. Note the high-intensity peak in the multi-angle approximation is quantised
by the angular resolution of the scan; at higher angular resolutions it would become a continuous (and
higher) peak.
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(b) Simulated scattering behaviour for a nanorod using the all-angles approximation. While the
high-intensity peak is not immediately obvious, it can be seen that the frequency of the peaklets
increases at higher scattering efficiencies; a simulation with better angular resolution would generate
an actual peak here.

Figure 5.7: Simulated intensity distributions for a gold nanorod (5.7a) and a silver nanodosc
(5.7b).
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file, which contains (among other things) a complete list of the intensity of every particle
detected in every frame. This allows either all particles to be treated as an ensemble or
the variation of individual particles’ intensity over time to be investigated. Both of these
approaches are detailed below.

ENPs of four different shapes were obtained (Nanopartz, Colorado). Two were gold
nano-rods of different sizes and aspect ratios, and the other two were silver platelets. Ideally
all the ENPs would have been gold, but no gold platelets or discs are currently commercially
available. The ENPs had different stabilising agents, but these should have no effect upon the
light-scattering behaviour of the core material. The particles used are described in Table 5.1.
All nanoparticle samples were analysed upon receipt using transmission electron microscopy
(TEM). Determination of nanodisc thickness relied upon the occasional stack of particles not
laid flat on the TEM grid. For example, the Ag1050 rods only had 44 measurements of particle
thickness b made, contrasting the 450 measurements of the diameter a. Representative TEM
images of the non-spherical ENPs are shown in Figure 5.14. Further analysis was undertaken

using NTA, recording video files for 90 s at 25 frames per second.

5.4.2 Experimental results

Firstly, it was confirmed that the recorded intensity of scattered light from the nanoparticles
does indeed vary over time. Tracking a single nanorod over a duration of 4 seconds at 25
frames per second yielded a variation of intensity with time as shown in Figure 5.8. The
nanorods used for this were the gold, nominally 62 nm length and 6 nm radius (Nanopartz,
Colorado). They are described more fully in Table 5.1 as the ‘Au900’ particles.

If a histogram is plotted of the raw intensity data, a rod-shaped nanoparticle will produce
a bimodal distribution, with the two modes corresponding as previously described to the two
semi-axes. A spherical particle, however, will merely produce a skewed gaussian distribution.
Conversely, platelets will produce a signal that is nearly indiscernible from that of a sphere,
unless the logarithms of the intensities are taken prior to histogram binning. Once these
logarithms have been taken, then we once again receive a bimodal distribution for platelets,
and a skewed gaussian for spheres. Rods will also produce a skewed gaussian. It is not
entirely clear why this is necessary, though it is likely to be related to a combination of some
non-linearity of the camera sensor and proprietary intensity-determination algorithms in the
Nanosight software. Graphs demonstrating this effect are given in Figure 5.9 for rods, and
Figure 5.10 for discs. It is worth noting that the Nanosight NTA output files by default
contain the logarithmic intensity data, not the raw intensity data.

In agreement with the theory, in all cases discs produced the larger of the two peaks at
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Figure 5.8: Plot showing the measured intensity of light scattered by a single rod-shaped
particle over the tracked duration of 100 frames or 4 seconds.

higher intensity, while the rods produced a larger peak at lower intensity. Representative
histograms from both the discs samples are given in Figure 5.11, and representative histograms
for both the rods samples are given in Figure 5.12.

When considering individual particles, for all non-spherical shape classes it was possible to
correctly attribute the particles a shape class from their single-particle intensity distributions
about 80 % of the time. Exemplar single-particle intensity distributions are given in Figure
5.13. Because the Nanosight NTA is only capable of tracking individual particles for a
maximum of 100 frames, this places a hard upper-limit on the number of datapoints which
may be attributed to a single particle. It is of note that while only 80% of individual particles
were ‘correctly’ ascribed a shape, this is not dissimilar to the percentage of nanoparticles in
these samples that the TEM analysis revealed to not belong to the background distribution
of nanoparticles. This suggests another possible application of this technique in nanoparticle
manufacture as a quick and cheap in-situ or flow-through form of quality assurance. Given
that across all samples the single-particle measurements gave the nominal shape of the sample
approximately 80% of the time, while the TEM measurements suggest that approximately
85% of the particles are of the nominal shape, it is therefore reasonable to place a lower bound
on the accuracy of the single-particle technique by suggesting that at least 5% of particles are
incorrectly ascribed a shape. Similarly, an upper bound for the mis-attribution rate can be
established by calculating that in the worst-case scenario, the 20% of particles NTA measured
as belonging to a population of a different shape from the nominal one were in face all from the
nominal shape, and all the non-nominally-shaped particles were identified as belonging to the

124



3000 T T T T T

2500 - 1

2000 - 1

1500 [~ 1

Frequency density

1000 - 1

500 - 1

Logarithm of scattered intensity / arbitrary units

(a) Histogram showing the logarithmic distribution output from the Nanosight software by default for
some representative nanorods. Note that there is only a single mode visible.
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(b) Histogram plotted using the same data as Figure 5.9a, only having been exponentiated prior to
histogram binning. Note that it is now easily possible to discern the bimodal distribution which the
theory suggests should be present.

Figure 5.9: Experimental intensity histograms for a representative sample of nanorods. Figure
5.9a shows a plot of the raw (logarithmic) data output from the Nanosight software, while
Figure 5.9b gives the exponentiated data, making it possible to discern the two modes necessary
for size measurement.
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(a) Histogram showing the logarithmic distribution output from the Nanosight software by default for
some representative nanodiscs. Note that there there are two modes visible, with the smaller mode
occurring at lower intensity, as predicted.
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(b) Histogram plotted using the same data as Figure 5.10a, only having been exponentiated prior to
histogram binning. Note that it is now no longer possible to measure more than a single peak, and as
such the shape of the particles can no longer be determined.

Figure 5.10: Experimental intensity histograms for a representative sample of nanodiscs.
Figure 5.10a shows a plot of the raw (logarithmic) data output from the Nanosight software,
while Figure 5.10b gives the exponentiated data. Twin modes are only visible in the former,
meaning that for shape determination, this is the form which should be used to measure the
peak locations.
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(a) Histogram showing the intensity distribution for a representative sample of the ‘Agh50’ sample of
nanodiscs.
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(b) Histogram showing the intensity distribution for a representative sample of the ‘Agl050’ sample of
nanodiscs.

Figure 5.11: Experimental intensity histograms for representative samples of both ‘Ag550’
(Figure 5.11a) and ‘Agl050’ (Figure 5.11b) nanodiscs. Note that in both cases, bimodal
distributions are received for which the smaller peak occurs at a lower scattered intensity
consistent with the prediction for nanodiscs.
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(a) Histogram showing the intensity distribution for a representative sample of the ‘Au900’ sample of
nanorods.
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(b) Histogram showing the intensity distribution for a representative sample of the ‘Au750’ sample of
nanorods.

Figure 5.12: Experimental intensity histograms for representative samples of both ‘Au900’
(Figure 5.12a) and ‘Au750’ (Figure 5.12b) nanorods. Note that in both cases, bimodal
distributions are received for which the smaller peak occurs at a higher scattered intensity
consistent with the prediction for nanorods.
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nominal distribution. In this case, all 15% of non-nominal particles would be mis-measured,
as would a further 20% of the nominal particles. This places an upper bound on the rate of
mis-attribution at 35%. This is an unrealistically high number, but without being certain
to measure the same particle with both NTA and TEM, it is challenging to assert with any
robustness that it is any lower.

When analysing the data for all particles in a sample as a single population, it was possible
in all cases to determine whether the particles were rod-like, disc-like, or roughly spherical.
However, the determination of the degree of eccentricity was not always predicted quite
as efficiently; while all eccentricities were predicted within an order of magnitude of the
nominal value, some of the predictions varied greatly in accuracy when compared to the TEM

measurements. The results are summarised in Figure 5.1.

’ Particle H\ Au750 rod \ Au900 rod \ Ag550 disc \ Agl1050 rod ‘

Nominal a 53 nm 62 nm 50 nm 140 nm
Nominal b 10 nm 12 nm 10 nm 10 nm
Nominal aspect ratio 3.5:1 5.1:1 5:1 14:1

TEM a (4249) nm | (80+18) nm | (100£20) nm | (150£70) nm
TEM b (134+5) nm | (22£10) nm (244+6) nm (174£6) nm

TEM aspect ratio 3.3:1 3.7:1 4.1:1 9:1
NTA a 70.6 nm 64.2 nm 30.6 nm 73.1 nm

NTA b 4.9 nm 11.5 nm 14.6 nm 31.1 nm

NTA aspect ratio 14.4:1 5.6:1 2.1:1 2.4:1
Error in a 68.9 % 21.2 % 68.1 % 53.0 %

Error in b 61.1 % 8.7 % 38.9 % 80.8 %

Error in aspect ratio 336.4 % 51.4 % 48.8 % 41.7 %

Table 5.1: Experimental results comparing nominal sizes, TEM values, and NTA values.
Errors in NTA values are calculated relative to TEM values rather than nominal values.

Representative intensity distributions from which these results were derived are shown
for rods, discs, and spheres respectively in Figures 5.15a, 5.15b, and 5.15c. Note that the
distribution for the sphere has a small shoulderlet on the left, reminiscent of the disc’s
distribution; likewise, if it were exponentiated, it also exhibits a small flick where it would be
expected for a rod. This suggests that the spherical particles aren’t perfectly spherical, which

is to be expected for a real-world non-idealised sample of particles.

5.5 Sources of error

There are several sources of error, some of which can be significant in certain circumstances.
The majority of these can be grouped together into a single category; those which give rise to
additional fluctuation in the intensity, but which aren’t due to the non-spherical nature of
the particles. These sources of intensity spectrum distortion include the following. Firstly,

there is a quantisation error associated with particles whose scattered light saturates pixels on
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(a) Representative single-particle intensity histogram; in this case from the ‘Au900’ sample of rods.
While the intensity profile clearly identifies this particle as a rod, because of the small number of
datapoints the peak localisation is very poor. Correspondingly, the estimate of particle dimensions was
largely meaningless.

25 T T T T T

20

3

Frequency density
>

6.2 6.4 6.6 6.8 7 7.2 7.4
Logarithmic intensity distribution / arbitrary units

(b) Representative single-particle intensity histogram; in this case from the ‘Ag550’ sample of discs.
While the intensity profile clearly identifies this particle as a disc, because of the small number of
datapoints the peak localisation is very poor. Correspondingly, the estimate of particle dimensions was
largely meaningless.

Figure 5.13: Representative single-particle intensity profiles for a rod (5.13a) and for a disc
(5.13b). Note that the small number of datapoints available (100) results in very poor peak
localisation and therefore very poor dimension resolution.

130



Figure 5.14: Representative TEM images of the ENPs used. L-R, Au750, Au900, Ag550,
Agl050, reference nano-spheres. All bright-field images from JEOL 2011, dark-field image
from JEOL 2200FS.

the camera. This has the effect that, even with gaussian fitting, the intensity of the particle
in a given frame may be significantly underestimated. Secondly, in a more concentrated
sample containing many particles, the background light level will become increased. This
background light level will necessarily compress the range of available measureable intensities,
leading to both systematically incorrect measurements of intensity, and increased quantisation
error (noting that an 8-bit camera can only digitise 256 different shades, a background of 20,
and headroom of the same to avoid saturation can lead to a 16 % decrease in the ability to
resolve differing intensities). It must also be considered that these calculations have always
assumed no multiple scattering is taking place; in any real-life sample multiple scattering will
be present, and this could further increase the peak intensity measured.

The laser in the Nanosight appears to be a single-mode gaussian first order (00) laser,
and as such, the intensity cross-section when viewed from above isn’t uniform, it’s more
intense in the middle. Thereby, a particle which starts being tracked in the centre of the beam
and then moves to the edge (where the flux is lower) will have an intensity profile that isn’t
representative of the particle.

It is also important to remember that particles that are nominally spherical may not
necessarily be either perfectly spherical, or uniform. It is of note that the intensity distributions
from the spherical particles exhibit a small high-intensity peak in the raw intensity profile,
and also a small low-intensity peak in the logarithmic intensity profile, suggesting that the
sample contains a small quantity of slightly rod-like particles and a small quantity of slightly
disc-like particles. Establishing a significance threshold for these peaks is an important step
in adapting the technique for automated analytical use.

Interestingly, it appears that the sphere-equivalent hydrodynamic radii 7 being reported
by the nanosight are not necessarily accurate for eccentric sphereoids — in one case only was
the measured 75, similar to that expected given the TEM measurements of semi-axes. For the
remaining rods, the reported value was nearly 3 times larger than expected, while for all the

discs, 7, was reported to be less than half than expected. This arises because the diffusion
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(a) Typical bimodal intensity distribution received from some nanorods.

900

600 -

a
8
T

N

8

8
T

Frequency Density

100

Logarithmic Intensity / Arbitrary Units

(b) Typical bimodal intensity distribution received from some nanodiscs.
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(c¢) Typical monomodal intensity distribution received from some nano-
spheres.

Figure 5.15: Typical many-particle intensity distributions for the three different shape classes
of particle investigated: rods 5.15a, discs 5.15b, and spheres 5.15c. In all these cases, all the

particles in the sample were treated as a single homogeneous population.
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behaviour of non-spherical objects differs from that of a sphere, as drag forces don’t scale
linearly with surface area or volume [343]. The results would have been far more representative
of the particles tested had the values of 7, been better determined, though this is not possible
without additional knowledge of the shape and size of the particle in the first instance, as
already discussed.

In this chapter, only analysis of the bulk of a sample of eccentric nano-sphereoids — taking
data for all the particles and aggregating it into a single distribution — has been hugely
successful. While this is very good for the statistical robustness of the method, it doesn’t
allow for particle-by-particle shape measurements. In the case of a polymorphic sample, this
method will merely yield a multimodal intensity distribution which defies separation into
individual populations of particles. There are two possible solutions to this.

Firstly, the most thorough solution is to consider the intensity distribution for each particle
individually, ascribe each individual particle an aspect ratio, and then output an aspect ratio
distribution. The major hitch in this approach is the lack of data — in order to satisfy the
central limit theorem for a bimodal distribution, more than 50 datapoints would be needed
for every particle, even assuming there to be no outliers. By comparison, a very clean sample
of homogeneous rods were tracked in the Nanosight, and found to be tracked for, on average,
17.3 frames (=~ 1—70 of a second). It is possible to do some crude analysis by only considering
rare particles that are tracked for longer, and this approach has yielded considerable success
80 % of particles were correctly identified as rods or discs, though the degree of eccentricity
reported was highly inaccurate. The obvious mitigation of this would involve the use of an
optical trap or optical tweezer [338,346-348], in which the trap operates at a sufficiently
different wavelength from the illumination laser that any signal scattered from the trapping
laser could be effectively filtered from the signal. This would allow particles to be loosely held
in place, such that their intensity distributions could be built up over much longer periods of
time. This is not possible on the commercially available Nanosight platform, though would be
entirely possible on other non-proprietary apparatus.

These results only account for sphereoids which have been distorted along a single semi-axis;
two of the semi-axes of all our test samples were the same. The mathematics becomes slightly
more complex in the case of a truly general sphereoid in which all three semi-axes are free to
vary independently, and the theory suggests that there are insufficient fitting parameters to
be able to achieve such accuracy. Matters are further complicated by the lack of commercially

available nanosphereoids of arbitrary semi-axis length.
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5.6 Conclusion

In conclusion, herein is presented here a novel concept for the determination of shapes of
ENPs, complete with the mathematical framework and experimental procedure, and with
experimental confirmation of the technique. While the errors currently associated with
the method are reasonably large, it is reliably and reproducibly possible to differentiate
between 5 different particle populations of different morphologies while using effectively no
computational power over and above that already used by the Nanosight system to determine
the size distribution of a sample of nanoparticles.

The method described here could readily be adapted using a flow-through system for
the real-time monitoring of nanoparticle shape. An example of where this could be useful
might be at a manufacturing plant, where quality control could be dramatically improved and
streamlined by a more rapid and low-cost means of characterising the shapes of the particles
being produced. This could have the effect of increasing the quality of available particles
while reducing their costs.

These results only account for sphereoids which have been distorted along a single semi-axis;
two of the semi-axes of all our test samples were the same. The mathematics becomes slightly
more complex in the case of a truly general sphereoid in which all three semi-axes are free to
vary independently, and the theory suggests that there are insufficient fitting parameters to
be able to achieve such accuracy. Matters are further complicated by the lack of commercially
available nanosphereoids of arbitrary semi-axis length.

This technique is further utilised in Chapter 4.
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Chapter 6

Conclusions

6.1 General conclusions

To conclude, progress of significant moment has been made in the area of optical nanoparticle
tracking and measurement. This progress is manifest in several ways. Firstly, as presented in
Chapter 2, existing commercial technology was leveraged in order to arrive at two important
new results. These were that the previously-reported reversibility of nanoparticle aggregation
in lab conditions could be replicated in environmentally relevant conditions. This is highly
significant and has important repercussions for the development of environmental fate and
behaviour models, and all manner of environmental risk assessment activities. The other
important result obtained using the commercial equipment concerns the preservation of water
samples containing suspended nanoparticles. It was shown that regardless of the means
of freezing, the freeze-thaw process had a significant deleterious effect upon the suspended
particles, such that any measurements taken post-thaw were completely unrepresentative of
the contents of the sample as measured before freezing. This means that any use of freezing as
a sample preservation technique for aqueous suspensions of nanoparticles is likely to interfere
completely with the sample. While it is further likely that a similar effect is present to varying
degrees in other suspending media, this was not tested and so no firm conclusion in that
regard may be made.

One of the major drawbacks which was highlighted as a result of this work was the unreal-
istically high particle concentrations necessary in order to facilitate optical measurement via
NTA. While significant aggregation and disaggregation events were seen at the concentrations
used, these are not necessarily representative of nanoparticle conditions at environmentally
relevant concentrations in natural surface waters, and it would be unwise to assume that
these results are perfectly representative of the real situation. This discrepancy between

laboratory-based study and the real environmental conditions was one of the key motivations
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behind the follow-up work presented in Chapter 3.

A key limitation to existing approaches to single-particle tracking and analysis is the
relatively high concentrations of particles necessary to facilitate a measurement — the requisite
concentrations are of no use for many applications, including the measurement and study
of nanoparticles in the environment and related lab-based experimentation. By analysis of
existing commercial nanoparticle tracking apparatus in order to determine the roots of this
concentration limitation, a bespoke optimised system was constructed using almost entirely
off-the-shelf hardware and open-source software. This improved system, as described in
Chapter 3, proved capable of measuring the particle sizes at concentrations approximately
three orders of magnitude lower than those attained by the commercial alternative in its default
configuration. The new system was then validated using guidelines based upon ISO17025
standards for reproducibility, stability, and resistance to interference. It was found that the
system proved itself capable in the tests of reproducibility and stability, repeatedly correctly
identifying particles at a range of concentrations ranging from those covered by commercial
NTA apparatus down to those given by several environmental predictions. However, the
results of the interference assessment suggested that it was vulnerable to interference from
natural organic matter at environmentally relevant concentrations. The consequence of this is
that while the system has been demonstrated to be suitable for idealised systems and natural
systems containing little or no natural organic matter, it is not appropriate for use measuring
particles suspended in samples containing any significant quantity of organics. This could be
alleviated using some filtration techniques, at the cost of the possibility of losing an unknown
quantity of the target particles in the filter as well.

This new capability for making optical measurements of suspended nanoparticles at
significantly lower concentrations was leveraged in order to study the kinetics of nanoparticle
homoaggregation at concentrations that were previously unattainable by optical means, as
presented in Chapter 4. When modelling the environmental fate of engineered nanoparticles,
homoaggregation is one of the dominant physical processes which is usually included. However,
this understanding of aggregation rates is usually grounded in experimental results from
unrealistically high concentrations. Because particles can only adhere to each other when they
collide, with the lower collision rates characteristic of lower concentrations, the aggregation rate
should be correspondingly slower. This study repeated a subset of some previous experiments
investigating the aggregation behaviour of engineered nanoparticles in a range of ecotoxicology
media. It was found that in all combinations of nanoparticles and ecotoxicology media excluding
two, the rate of aggregation was sufficiently low that the examination of the measured size
distributions suggested that absolutely no aggregation had taken place. Examination of the
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single-particle intensity distributions in the manner described in Chapter 5 suggested that
the particle morphology had changed subtly during the experimental period, which gave
strong evidence that the nanoparticle shape had changed, though the intensity distributions
that were measured didn’t fit directly within the limits of current theory. Therefore it was
concluded that a low level of aggregation had occurred, but at a sufficiently low level that the
effect of this aggregation upon the size distribution was not visible.

The final significant result, as presented in Chapter 5, is the ability to use sub-diffraction-
limit light scattering data of a type that may be obtained readily using either existing
commercial light-scattering platforms in order to determine the shapes of the particles being
imaged. This was accomplished by considering the variation of scattered intensity by single
particles as they rotate in suspension, and it allows the determination of the shape as a
sphere, or a linearly deformed sphere (either a disc-like sphereoid or a rod-like sphereoid).
This scattering data may then be interrogated in several ways. All the particles can be
treated together as an ensemble if they belong to a single population, and using this relatively
large quantity of data an accurate measurement of the particle shape may be achieved. This
data may also be analysed by splitting particles into sub-populations by size; each of these
sub-populations may then be analysed for shape as separate ensembles. Finally, the light-
scattering behaviour may be analysed on a single-particle basis. Because a single particle
will only have been tracked for a limited number of video frames before it is either lost by
the tracking algorithm or diffuses out of the field of view, this doesn’t allow for an accurate
determination of the shape of the nanoparticle, only a rough classification as either a rod,

sphere, or disc.

6.2 Proposals for further work

The work contained herein has the potential to facilitate a great deal more research in related
topics. A few suggestions of the more interesting directions this could be taken in the future

are outlined below.

6.2.1 Optical trapping

One of the key limitations that exists both in the bespoke nanoparticle tracking apparatus
described here and in commercial solutions is that a single particle cannot be tracked for
a very large number of frames, thereby limiting the quantity of data that can be extracted
about individual particles — in most cases it is necessary to consider a very great number of

particles and average across the population to build up a good picture of the contents of even
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a monodisperse suspension. This is the case both for measurement of nanoparticle size and
for the measurement of nanoparticle shape. For example, the Nanosight commercial NTA
software is technically incapable of tracking particles for in excess of 100 frames (which at the
default 25 frames per second equates to 4 seconds), and the bespoke NTA apparatus described
in Chapter 3 is similarly only capable of tracking particles for a similar duration, this time
limited by the rate of convection of the suspending medium.

However, should a particle be trapped in such a way that it was free to diffuse within a
known potential field, like those that may be implemented using optical trapping apparatus
suitable for nanoparticle trapping [346,347,349-352], then it should be possible to gather
far more detailed information about single particles without the need to consider them as a
small part of a population. Recent progress in optical trapping of nanoparticles has developed
tools which would allow nanoparticles to be trapped within the field of view of an NTA setup.
Given the open nature of the particle tracking equipment described here, this would be a
relatively simple step to incorporate, though would require significant modification to the

software to account for the additional non-diffusive forces present.

6.2.2 Magnetic hyperthermia

A property of nanoparticles which was not considered fully in any of the investigations in
this thesis other than as a cause for convection is the heating of nanoparticles, particularly
using magnetic particles in an oscillating magnetic field. This has many uses, and one of the
most important of these which is currently being actively investigated is in the treatment
of cancer [353-355]. Magnetic nanoparticles are injected at the site of a tumour, and an
oscillating magnetic field is used to heat the particles until they start destroying the cancer
cells [356,357]; too cool and they will have no effect, too hot and they’ll damage surrounding
tissue. It is nearly impossible to measure the temperatures of the nanoparticles in situ
from outside of the body, so the strength of the magnetic interaction with the nanoparticles
must be very precisely known, though this is also a highly challenging thing to determine
experimentally.

To add an additional layer of complexity, the particles which are most commonly used in
such trials are iron [17]. These form a layer of iron oxide on the surface. Iron oxide has a
smaller magnetic moment than unoxidised iron, and so the thicker the oxide layer, the less
strongly the particle will couple to a magnetic field and the smaller the heating effect will be
for a given field strength and treatment duration. As the particles age, the thickness of this
oxide layer will increase; while this isn’t an issue on a timescale of hours, it is a problem when

the particles may be fabricated several weeks or months prior to therapeutic use — the ability
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to select optimal treatment parameters are dependent upon knowledge of the exact magnetic
response of the nanoparticles.

Because diffusion rate of particles in suspension is highly sensitive to local liquid temper-
ature, it should be possible to utilise the Stokes-Einstein relation in reverse, using the known
size of particles to deduce the local temperature given the known relationship between the
viscosity of water and its temperature. Using the open particle tracking apparatus described
in Chapter 3, it would be a relatively simple matter to install a set of Helmholtz coils to
generate a uniform oscillating magnetic field within the sample chamber, before using the
measured diffusion coefficients to deduce the degree of heating caused by a known magnetic
field. This could allow for quick and cheap assessment of the magnetic behaviour of the
nanoparticles immediately prior to injection, allowing the magnetic responses of the particles
to be precisely known at the point of introduction to the body, which has the potential to

improve treatment effectiveness and safety, leading to more positive patient outcomes.

6.3 Also attached

Attached as appendices is some additional supporting information. This includes a summary
I was asked to write for SETAC’s ‘Globe’ publication reviewing a session I proposed and
chaired at the SETAC Nantes conference in 2016. Also attached are full instructions for the
utilisation of the software that was developed to facilitate much of the experimental work and
for the more general use of officially unsupported hardware interfaces with Matlab, as are

required for the correct functioning of this software.
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Appendix A

Calculating the mean
hydrodynamic diameter of

aggregates

Throughout this section, it is assumed that the mean hydrodynamic radius of a particle,
7h, can be approximated to the arithmetic mean of the hydrodynamic radii of it’s possible
elevations, 71, such that the effective hydrodynamic radius, given by Equation (A.1), may
be calculated. This is only an approximation, as the actual cross-sectional area will vary

sinusoidally with rotation rather than linearly.

k

T = ;;rn (A.1)

For a nanoparticle monomer, the hydrodynamic diameter is simply twice the radius to a
good approximation. However, a dimer is slightly more complex. There is only one possible
formation of a dimer. In this formation, there are two possible principal elevations - one in
which the particle is end-on, and appears (ignoring turbulence) to have a hydrodynamic radius
the same as a single particle, and the other two identical elevations, each with two particles
side-by-side, whose effective hydrodynamic radius, 7, is given by v/2r. Any elevations in

between will be accounted for by the average of the three. This average, 7 is given by Equation

(A.2).

o T (2\/3+ 1) (A.2)

In a three-particle system, there is more than one possible trimer structure. Either three

particles in a linear format, or three particles in a flat, 2-dimensional triangle. In the linear
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arrangement, there is the additional degree of freedom in that the angle formed by the three
particles is free to vary between straightness (angle of 7 right round until it has become
precisely equivalent to the triangular trimer at an angle of %’T In this treatment of the trimer,
it is assumed that when the angle increases above § that the surface properties of the particles
are such that either the particles rapidly adhere, transforming into the triangular trimer, or
that the repulsion of the particles is such that the angle cannot increase any further. For a
linear trimer with an angle of 7, the particle can be treated exactly as the dimer was, such
that one face (again, neglecting the effects of turbulence) can be treated as a single particle.
Thence, 71 = r, where r is the radius of a single particle, and 7,5 = 73 = v/3r. Therefore, the
value of 7 may be calculated using Equation (A.1), and is found to be Equation (A.3).
r(2v3+1)

P= (A-3)

However, the linear trimer can also flex within our model up to an angle of 5. If we
assume that the trimer exists in the whole range of possible angles with an equal possibility,
then it is possible to calculate the value of 7 at both extremes, and take the mean to achieve
the mean 7. At the extreme of 7, the particle presents two elevations that resemble the dimer,
and one that resembles the other linear trimer, such that these two results may be combined
into Equation (A.4) for the angular trimer.

r (V2 +3)

T = 3 (A4)

The triangular trimer presents something more of a challenge. Again, it may be effectively
modelled using three different elevations. The first of these is simply a top view looking down
onto the plane of the triangle, 71, and this presents three particles, none of them blocking
any of the others, and so the result for a linear trimer can be reused. From one of the side
elevations,rs, it appears as a dimer, so again that result can be recycled. However, in order to
get a fair representation of the mean radius, is is necessary to consider the plane mutually
perpendicular to the two already known 73, in which one particle is partially blocking the
others. It can be shown via a lot of geometry that Equation (A.5) describes this elevation.

For simplicity’s sake, this may be approximated to 73~2.6612.

Py = 712 [—1 — 2arccos (ﬁ _ 1) - ;ﬂ] (A.5)

Obviously, using the long form of 73 has very little benefit over and above its approximation

in this context, so henceforth, the exact form (as shown in Equation (A.5)) will not be used.
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Using Equation (A.1), it is possible to derive an approximate expression for 7, as shown in

Equation (A.6).

=t (, [T 20 v \/§> (A.6)

For four particles, it is trivial to show using results already derived that for a simple linear
arrangement, ¥ = %r, and that a planar triangle with a singly attached trailing particle can
be described by Equation (A.7). Similarly, it is possible to calculate the value for a planar

square to be as given in Equation (A.8).

F=_ (2\/5 + 2) (A.8)

The non-trivial calculation for the nanoparticle tetramer is that of the tetrahedral formation.
From above, it may be modelled as a solid triangle with precisely 1% full cirlces, calculated in
Equation (A.9). From another elevation, it behaves like the partially masked elevation of the
triangular trimer, only with a third particle which has been doubly masked to approximately
the same degree. Therefore, the reaults from Equation (A.5) can be used to arrive at Equation

(A.11). Similarly, the third elevation can be derived to be given by Equation (A.10).

343

ry = mli\f—'_ﬂ- (A.9)
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(A.11)

Using these results from Equations (A.9),(A.10), and (A.11), it is possible to arrive at

Equation (A.12) for the final particle.

F= 3:} <\/27r+2.18+\/\/§+Zﬂ+\/ﬂ+2.66+2.18> (A.12)
s

Exactly the same techniques can be used to derive equations for larger numbers of particles.
In this report, only aggregates of up to 5 particles have been considered, because above that,
there quickly becomes an unmanageably large family of possible structures. However, the

results considered thus far may be used to gain an idea of the trend in aggregate size as
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a function of number of constituent particles. Because of the large number of 5-particle
aggregates possible, an exhaustive consideration of these is not included here.

In the calculation of the average hydrodynamic radius of n-particle aggregates, it was
assumed that each possible aggregate exists with the same probability. This is evidently not
going to be the case in the real world - some structures may be energetically unfavourable,
others may be very stable, while yet others won’t persist long because their shape is favourable
for the binding of additional particles to create yet larger compound particles. A more
thorough study of factors influencing this would be required for this to be taken into account.

It is also important to note that all the effective hydrodynamic radii calculated here are
still only approximations, which completely fail to account for any kind of turbulence effects
causing increased drag and therefore an increase in measured hydrodynamic radius vs that
calculated, and any effects in which a loosely-bound aggregate may be deformed by applied
force as opposed to being accelerated by it, again creating a potential disparity between the

calculated hydrodynamic radius and that which would be measured.
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Appendix B

DLVO Theory

It should be noted that this is not an exhaustive or rigorous derivation of DLVO theory, but
is merely a quick rundown of its origins and means of derivation. For a rigorous derivation,
see [127].

Using the full version of the Debye-Hiickel Equation (Equation (B.1)), where e is the
electronic charge, v is the the concentration of the binary electrolyte, n; and ns are the
concentrations on anions and cations per molecule of electrolyte, k is the Boltzmann constant,
and T is the absolute temperature, it is possible to arrive at a more general and widely

applicable expression, as given in (B.1).

;

a= %renlzl’y = %Tengrgfy = 8ﬁ”ec
_ QO by —n2b¢)

C=MN1z17Y = N2227

For a pair of flat idealised infinite plates (rather than spherical particles) it can then be
shown that the interaction of the particles, P(h) per unit area is as given in Equation (B.2),
where E7 and Fs are the values of the electric field at the surface of the plates, h is the

distance between the plates. All other variables are as previously defined.

nibr _ 1
Py = 2 m2) = PO — oy —ar | )

N (enzbwl _ 1)
&

- gg Z1 Z9

(B.2)

This gives us an implicit dependence on h, since C' is in fact an implicit function of h. C
and h are related by the integral equation, Equation (B.3). This is derived by integrating

Equation (B.1).
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By assuming that g is non-zero, it is possible to simplify Equations (B.2) and (B.3) in

the forms given by Equations (B.4) and (B.5) respectively.

ef1m —1 - em®2Mm —1
P=p [ + ] (B.4)
Z1 z92
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7 :/ x1m e—x 1M1 —x2mM] (B5)
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In the case of a symmetrical electrolyte (that is, one which produces an equal number of
primary and auxilliary ions), Equation (B.4) may be simplified to Equation (B.6), where P

is another constant.

P =2p(z1 + z) nie ™" = Pye " (B.6)

In the case of an asymmetric electrolyte, 79 is accessible via equation (B.7), in which

8= % In the case of the symmetric electrolyte, this cancels significantly, since 8 = 1.

1
owmrine [ [ E [T
In (z1m0) = F (B) = 0 L\/ +65t_1_7 dt+ \/et eﬁt_l_, (B.7)

For such a symmetric electrolyte, the integration substitutions (B.8) may be used, to

transform the integral into the form of Equation (B.9) using accepted methods of manipulation

of elliptical integrals of the second kind (of which this is one).

(B.8)
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Then it is possible to rewrite Equation (B.4) in the form of Equation (B.10).

1
P = 4ynkT (1432 - 1) = 4ynkT cosh? () (B.10)

This may then be compared to the van der Waals attraction, Equation (B.11).

Q=—= (B.11)
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Appendix C

Enlarged graphs from Chapter 3
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Figure C.1: 30 nm particles at concentrations of 10 particles/mL and 10 & particles/mL on
the first day of measurement. These are enhanced versions of the plots found in Figure 3.7.
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on first day of measurement.
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Figure C.2: 30 nm particles at concentrations of 5x 108 particles/mL, 5x10° particles/mL,
and 5x10* particles/mL on first day of measurement. These are enhanced versions of the

plots found in Figure 3.7.
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(c) 30 nm particles at concentration of 5x10% particles/mL
on second day of measurement.

Figure C.3: 30 nm particles at concentrations of 10? particles/mL, 10 8 particles/mL, and
5x 108 particles/mL on the second day of measurement. These are enhanced versions of the
plots found in Figure 3.7.
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Figure C.4: 30 nm particles at concentrations of 5x10° particles/mL and 5x10* particles /mL
on second day of measurement. These are enhanced versions of the plots found in Figure 3.7.
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Figure C.5: 100 nm particles at concentrations of 10° particles/mL, 10 8 particles/mL, and
5x10% particles/mL on the first day of measurement. These are enhanced versions of the plots

found in Figure 3.7.
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Figure C.6: 100 nm particles at concentrations of 5x10° particles/mL and 5x 10* particles /mL
on first day of measurement. These are enhanced versions of the plots found in Figure 3.7.

152



4x10"

3x10"° 4

2x10"° 4

Particle count

1x10"

T T T T T T T T T 1
0.0 2.0x107 4.0x107 6.0x107 8.0x107 1.0x10°
Particle size / m

(a) 100 nm particles at concentration of 10° particles/mL on
second day of measurement.

7x10°
6x10°
5x10°

4x10° H

Particle count

3x10°
2x10° ¢

1x10° - A

0 2y r - . : ; , . .
0.0 2.0x107 4.0x107 6.0x107 8.0x107 1.0x10°

Particle size / m

(b) 100 nm particles at concentration of 10% particles/mL on
second day of measurement.

6x10° 1
5x10° 4
4x10°

3x10° 4

Particle count

2x10°

1x10° 4

T T T T T T T T T 1
0.0 2.0x107 4.0x107 6.0x107 8.0x107 1.0x10°
Particle size / m

(c) 100 nm particles at concentration of 5x10¢ particles/mL
on second day of measurement.

Figure C.7: 100 nm particles at concentrations of 10° particles/mL, 10 8 particles/mL, and
5x 108 particles/mL on the second day of measurement. These are enhanced versions of the
plots found in Figure 3.7.
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Figure C.8: 100 nm particles at concentrations of 5x10° particles/mL and 5x 10* particles /mL
on second day of measurement. These are enhanced versions of the plots found in Figure 3.7.
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Appendix D

Enlarged graphs from Chapter 4
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Figure D.1: 30 nm particles capped with PEG-NHo, citrate, and PEG, spiked into artificial
hard water. These are enlarged versions of plots presented in Figure 4.3
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Figure D.2: 30 nm particles capped with PEG-NHo, citrate, and PEG, spiked into artificial
pond water. These are enlarged versions of plots presented in Figure 4.3
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Figure D.3: 30 nm particles capped with PEG-NHo, citrate, and PEG, spiked into artificial
sea water. These are enlarged versions of plots presented in Figure 4.3
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Figure D.4: 30 nm particles capped with PEG-NHs, citrate, and PEG, spiked into deionised
water. These are enlarged versions of plots presented in Figure 4.3
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Appendix E

SETAC Globe - Pushing
Nanoparticle Studies To the Limit:
Working at Environmentally
Relevant Concentrations and in

Complex Matrices

Samuel R Thompson, University of York, Patrick Bauerlein, KWR Watercycle
Research, Lars Michael Skjolding, Denmark Technical University, and Ralf Kaegi,
Swiss Federal Institute of Aquatic Science and Technology (EAWAG)
Environmental nanoparticle studies, while becoming increasingly commonplace, are dif-
ficult to perform at low enough concentrations, and challenging to perform in sufficiently
complex matrices, in order to represent real-world conditions. However, new tools, techniques
and methodologies are being developed that allow studies to more closely approach true
environmental relevance. Literature has recently been published demonstrating incremental
improvements in detection limits using techniques such as single particle inductively coupled
plasma mass spectrometry (spICP-MS), particularly showing improvements in differentiating
particles against complex backgrounds. This session built upon that foundation by discussing
not only some of the more recent developments in the field but also applications of wide-ranging
techniques, from X-ray nanotomography and nanoparticle tracking, thermo-optical analysis
and spICP-MS. These were reported to have been applied in a broad selection of contexts,
including laboratory-based proof-of-concept experiments through fully integrated field studies.

Seventeen platform presentations were delivered in three two-hour segments. The first
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segment addressed recent developments in instrumentation with most of the talks focusing
upon developments of variants of single particle ICP-MS, including variously modified systems
to include capabilities such as time-of-flight (TOF) and fast acquisition speed technique
(FAST) apparatus. While the majority of engineered nanoparticle studies tend to have an
emphasis in natural waters, one presenter discussed the development of spICP-MS for making
measurements of particles in soil matrices. Another presentation was on the development of
X-ray micro- and nano-tomography as a tool for probing nanoparticleorganism interactions.
One presentation addressed the application of thermo-optical analysis for differentiating
carbon nanotubes (CNTs) from other sources of carbon, particularly when used as a structural
material. The final talk in the first segment detailed the development of nanoparticle tracking
analysis (NTA) to allow it to function not only at environmentally relevant concentrations
but also to determine nanoparticle shape at the same time as size.

The second segment took a closer look at the applications of these new technologies in
the laboratory and in the field. Two presenters spoke about the successful detection and
measurement of engineered nanoparticles in natural river water, one site in the Netherlands
and another site in France. A further update was provided on the environmentally relevant
bioaccumulation of nanosilver in fish using the experimental lakes system in Ontario, Canada.
Researchers found significant bioaccumulation of silver even at higher trophic levels. Attention
was given to the leaching of nanoparticles into the environment, both from more conventional
sources like sewage treatment plants (STPs) and landfill sites, but also from recently identified
sources such as nanoparticle impregnated textiles and the effects of various detergents have
upon the leaching process of these materials. The majority of studies in this segment focused
on inorganic nanoparticles.

The final segment of platform presentations examined the behavior and measurement of
nanoparticles in artificial media. These presentations included effects-based studies interested
in the metabolomics of fullerene interactions with mussels, assessments of nanoparticle stability
over time in marine waters and freshwaters, and an in-depth study of the hetero- and homo-
aggregation of engineered nanoparticles and naturally occurring organic matter, revealing that
natural aggregation processes are almost entirely driven by hetero-aggregation. The session
ended with a final talk detailing the assessment of detection limits of isolopically labeled
quantum dots (QDs) in a range of complex media and demonstration of detection to the low
nanograms per litre, paving the way for future studies involving QDs.

The session had good attendance, with an estimated audience of more than 200 at several

of the presentations. Some of the most important points discussed include:
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Several of the more established nanoparticle analysis systems are now sufficiently
advanced that they can be used to monitor engineered nanoparticles in situ in natural

water and soil systems at environmentally relevant concentrations.

There are still many nanoparticle analysis techniques under development. This should
yield the widespread ability in coming years to make measurements of nanoparticles of

types and in matrices which are currently not viable.

Further work is necessary to improve the detection and measurement of organic nano-
particles in environmentally relevant samples. This should focus on the specific properties

that differentiate the engineered particles from the natural analogues.

Despite the substantial progress that has been made in the analytical development, the
next step requires harmonization, standardization and validation of the experimental

methods currently in use.

The speed of analysis is in need of further refinement in order to allow for more real-time

monitoring.

Author’ s contact information: samuel.thompson@york.ac.uk
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Appendix F

Software installation and use

F.1 system requirements

Operating system Windows 7+, OSX 10.9 Mavericks+, Linux kernel 3.11+. Earlier systems

may work but are untested.

Software Matlab R2014b or more recent. Graphical elements may lay themselves out

non-optimally on some platform/version combinations.

RAM 16GB RAM per minute of video analysed (in a single video file. There is no limit
to the total length of video analysable in smaller chunks). This is also approximately
correct for video capture. RAM use is very intensive, and error-correcting (ECC) RAM

is highly recommended.

Processor Any amd64 (x86-64) processor. Either and AMD FX- series or Intel Xeon

recommended for data analysis.
In addition to this, for video capture the following additional requirements must be met:

Operating system Linux only is directly supported. If IDS releases their SDK for OSX,
OSX will also be automatically supported. Video may be captured using any software

on another platform provided it can output archival (uncompressed) AVI video files.

Hard drive Sufficiently fast storage device. Capture to a slower hard drive is possible, but
is very slow. SSD or RAID array capable of sustained sequential writes of >350MiB /s

highly recommended.
Interface Suitable interface (USB3/GigE) for compatible camera.

Camera Compatible camera (IDS/Thorlabs).
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Compiler GNU Compiler Collection (GCC) 4.8+. Compilation is possible using Clang/LLVM

instead, but is not covered here.

F.2 Installation and use

The software is provided as a collection of code files rather than a compiled Matlab Runtime
to enable the end user to modify it freely. This means that installation and configuration
is slightly more complex. Some of the files are not my own; these all have the appropriate
3rd-party license in their comments. All files without an explicit license are covered by a
GPLv3 license.

Most of the matlab files are in a single folder. The two of these that are of most direct
use are GUI.m and yarccscript.m. Running GUL.m will run the program in graphical mode
from within the Matlab desktop workspace. This is good for troubleshooting, but only allows
a single instance of the program to be run. This is the only supported way of running the
software under Windows. yarccscript.m is a modified non-graphical non-interactive version
of the program, written specifically for use on computing clusters based on Sun grid engine
(SGE), though should in theory run on any correctly-configured computer running Linux or
OSX. Both files rely upon the same back-end files and execute an identical analysis.

Also provided is a shell script, particle_tracker.sh. This is a very simple script which allows
the particle tracker to be started independently of the Matlab desktop environment on Linux
and OSX. The script assumes that your installation of Matlab is in the default location, and
will need editing for the correct version of Matlab. After inserting the correct Matlab version
number, create a soft link to the script file in /usr/local/bin, or some other location in your
default $PATH. Thereafter, the interface may be called by running ‘particle_tracker’ directly
from the terminal. Users of OSX should note that the long path to the Matlab executable is
necessary despite the default Matlab installer creating a symlink in /usr/bin. If the system
default symlink is used, only one instance of the interface may be run at a time, which in
many circumstances can be a frustration. OSX users should also note that OSX will not load
the Matlab desktop if the particle tracker is already running.

The GUI contains three sections. Generally speaking, the left-hand section is for data
capture, the central section is for data analysis, and the right-hand section is for data

visualisation and export. The different controls are described below:
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F.2.1 Data capture

Data capture is carried out using c+-+ mex files for the hardware interface. This is only

supported under Linux. More detail is given in the appropriate appendix.

Camera Selection This is currently unused. Support for multiple cameras may use this at

a later date.
Gain this is the camera gain setting.

Gain boost some supported cameras have a gainboost setting for additional hardware gain.

This will enable it if available.

Exposure This modifies the exosure. Occasionally, setting the maximum possible exposure
will cause a camera issue and it will reset back to minimum exposure. Exposure in

interdependent upon framerate and area of interest.

ROI Most supported cameras allow for a higher framerate for smaller regions of interest.
This allows it to be set. This functionality is occasionally temperamental, and should

not be used when the camera is in monochrome mode.

Capture in... This allows the camera to be set in either colour or monochrome mode.
Monochrome mode currently just takes the blue channel from the camera. This may be

modified to make it more flexible in later versions.

Snapshot Take a high-quality image using the current settings. This is saved in the current

working directory (usually the directory the code is stored in).

I’m using an SSD Because a decent SSD is capable of writing video as fast as it is captured,
selecting this option bypasses the lengthy file-writing stage of the capture process.
Only use on and SSD with the scheduler set to NOOP (no optimisation), and which is
capable of sustaining sequential writes sufficient for the camera and framerate in use.
When using this option, the capture will be a stack of uncompressed and sequentially-
named .tif images. When not using this option, files will be stored as a single archival

(uncompressed) AVI video file. Unfortunately AVI output is not possible in real time.

Live Begins a live preview in the preview window. This is a low-quality preview captured at
about 1 frame per second. Some cameras don’t support the functions used, in which
case it does nothing. On cameras which support it, and capture parameter may be

modified live.
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Stop This stops any live preview.

Update Preview This will update the contents of the preview window according to the
current settings. It is always a good idea to click this even after changing a parameter
which has apparently already updated the preview - sometimes the driver will only send

a partial update the first time.

Capture This institutes a capture of a video. This writes a custom c++ file with the correct
capture settings in, compiles it against the current Matlab libraries, and then executes
the capture function as a matlab executables file. For more details on this, see the
relevant appendix. No progress bar is displayed, but progress may be tracked using a
resource utilisation monitor. It is possible to skip the compilation stage by disabling a
switch that’s hidden in a codefile. Because this can cause capture to fail catastrophically
and even cause kernel panics if the mex binary uses CPU features from a different
machine, this is hidden. Compilation typically takes <1 second, and should in nearly all

cases be left on.

Select framerate Used to select the framerate of the capture. These are only approximate
framerates - the software will try to set the closest possible match, usually within <0.1
frames per second, but the program will write the exact framerate into the output file.
Setting a framerate higher than supported will result in the highest available framerate

being used.

Select capture duration This is used to select the duration to capture for. Setting a
capture duration that will run you out of RAM will cause the capture to fail, and will

leave you at the mercy of your kernel’s OOM Kkiller.

Enter save path here Enter the path to save your captured data here, or click the button
to the right to get a save-as dialog. Always save each capture into a different folder,
otherwise some ancillary files will be overwritten by subsequent captures.

F.2.2 Data analysis

Data analysis is available on all platforms supported by Matlab. Analysis of files captured

using different software/equipment is possible. Options are described below.

Scrubber This allows you to scrub through your file in the preview window and check

analysis parameters.
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Disc filter This needs to be enabled with the adjacent checkbox. It works on the assumption
that all particles will be disc-like entities in the video, and will use a filter to remove

non disc-like objects. The slider alters how strongly this selection is applied.

Compress This needs to be enabled using the adjacent checkbox. This compresses the
dynamic range of the input video and thereby enhances the contrast by expanding the
brightest fraction of the dynamic range to fill the whole dynamic range, thus expunging

the darkest parts of the images. The slider controls the threshold for this.

Blur This needs to be enabled using the adjacent checkbox. This applies a basic gaussian
blur to the image. This may be useful for removing speckle noise. The amount of blur

is controlled using the slider.

Screen Gain This needs to be enabled using the adjacent checkbox. This just changes the

overall gain of the image. It may be useful for images which were under-exposed.

Global size parameter This is the minimum distance between particles in order for the
software to determine them to be two different particles rather than just parts of the
same particle. This should be set to be greater than or equal to the max step length

parameter to avoid the tracker oscillating between two particles.

Cutoff The software assigns each possible particle a probability of being a particle. This
alters the cutoff probability. This should be adjusted until only objects that look like

particles are identified as such in the preview window.

Percentile threshold This has no effect, and will probably be removed in later revisions of

software.
Restore This restores analysis parameters saved using the export function.

Input selection This allows selection of files for analysis. Select either the relevant AVI
video file, or for a .tif stack, choose the params.ids file associated with the relevant .tif

stack.

Minimum steps per track This is the smallest number of jumps a single particle must be
tracked for before it is added to the list of particles outputted in the result. Remember

that a particle detected in n frames will have been tracked for n — 1 jumps.

Minimum % standard error This discriminates particles on the distribution of step lengths.

Particles whose step-length distribution gives the estimate for the sphere-equivalent hy-
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drodynamic diameter an uncertainty greater than this are discarded. It should generally

be set to be large, and used carefully.

Analysis type This is used to select whether all of the selected file or just a fraction should
be analysed. Partial analysis is currently only available for AVI videos; analysis will
fail for .tif stacks. If n frames are requested for analysis, this will always be the first n

frames.

Pixel size This should be set to the change in displacement in metres of a particle moving
by a single pixel. This will need to be calculated using the pixel pitch of the camera and
the magnification of the optical system. Reading this from the camera is not supported,

this will be removed in later versions.

Suspension medium This is used to input the properties of the suspending medium. The
system has built-in values for the properties of pure water so only needs a temperature.
All other media need their viscosity at the recorded temperature to be input in pascal-

seconds.

Minimum expected particle size Thisis the minimum particle size expected - any particles
measured to be smaller than this will be ignored. This is useful to weed out sub-nanometre

noise, and should not be used to weed out inconvenient results!

Max step length This is the maximum number of pixels that a particle may jump between
frames before it is classified as a new particle. This should be the same or smaller than

the global size parameter to prevent oscillation between particles.

Evaluate shape This is experimental and should not be used authoritatively. It requires
the refractive index of the particle material, if known. Currently very inaccurate and

unreliable.

Drift correction This option examines the mean trajectory of all detected particles and
where drift is detected, will remove it. This is useful for correcting for the effects of
convection, but care should be taken when only a few particles are detected in each

frame, as this could skew the analysis result.

Export gaussian This tool can be useful for further analysis of video data using differential
dynamic microscopy (DDM). This creates a new AVI video from the detected particles,

replacing each particle with a normalised gaussian.
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Enter save path here Enter the path to save the processed gaussian export to. Not ne-
cessary for normal analyses, which will export the analysis results to the original data

directory.

Export config This exports the current analysis parameters to a config file. This can be
very useful for analysis using compute clusters - analysis parameters may be set using
this tool, and then the exported config file may be sent to the cluster with the data for

remote analysis.

Process! This starts a local processing job. A progress bar is displayed for each of the three
stages - pre-processing, particle detection, and trajectory linking. The relative durations
of each stage are highly dependent upon the input video and analysis parameters selected.

The interface will become unresponsive while analysis is taking place.

F.3 Data visualisation and export

The software only includes some basic visualisation and export tools, other packages are better

used to creating graphics for publication.

Enter path here Enter the path the the output.csv file generated by the analysis process

to visualise.

Histogram binning Select the histogram binning mode. When in histogram mode, this
allows the number of bins to be specified. In automatic mode, the software will decide

how many bins to plot depending upon the number of datapoints available.

Trimming This can be used to select a maximum and minimum size of particle to consider.
This can be useful for removing noise at sizes no particles should be present, or for

zooming in on a part of the size range.

Minimum steps per track This allows the minimum steps to be altered at the point of
visualisation. Setting a value smaller than the equivalent option used for analysis has

no effect.

Peaks to look for This can be used to select the number of peaks to look for. These are
listed in the ‘peaks found’ box below. If more peaks are asked for than are found,
then all those found are listed and an error is generated. Peak localisation is by a
simple ranked search for local maxima. More advanced algorithms are available in other

plotting packages. Peak heights are also calculated, though these are only meaningful or
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useful in histogram mode. Occasionally, this will fail to find peaks when in smoothed

mode and few particles are tracked.
Plot /replot This replots the output with the current plotting settings.

Use distribution smoothing This option can take a few minutes to compute for larger
datasets. When plotting a naive histogram, the uncertainty in each particle’s size
measurement is neglected, and a particle with a large uncertainty in the estimate of size
is given equal significance to one with a small uncertainty. The distribution smoothing
option generates a normalised gaussian for every detected particle, whose standard
deviation is the same as that associated with that estimate of the particle’s size. Thereby

it gives a greater weight to more statistically robust measurements of particles.
Export Graph This exports the smoothed data to a CSV file called output.export.csv.

Mean size Gives a mean particle size for all particles currently being plotted. Only functions

correctly in histogram mode.

Standard error This is the standard error associated with the estimate of the mean particle

size. Again, this only functions in histogram mode.

Standard deviation This gives the standard deviation of the size distribution when in

histogram mode.

Particle count Gives the number of particles currently included in the distribution. Only

gives a sane result when in histogram mode.

Save and capture again Reinitialises the camera for subsequent capture without reloading

software.

Save and exit Closes software.

F.4 Software availability

Owing to the large number of lines of code (>10,000) and the fact that 3 different languages

are used, the code is only available digitally.
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Appendix G

Integrating a high-speed software
framegrabber into Matlab using

mex files

G.1 Introduction

It is possible with a lot of tinkering to persuade matlab to work with a uEye camera under
linux, with the aid of some C++ coding, the API provided by the uEye drivers, some mex
files, and the OpenCV C library for computer vision. This manual is divided up into sections.
It assumes a rudimentary knowledge of linux, C++, and matlab.

This manual starts by going through the proceedure to obtain still images, and then extends
the technique to capturing strings of images, and then videos. It it not a comprehensive
manual of the uEye API, not does it aspire to be. Rather, it aims to help the reader overcome
the steep learning curve of the new uEye API user and get them to the stage at which the
complete reference manual makes a bit more sense than it did to me the first time I saw it.

This should work with all USB (2&3) uEye cameras, and probably GigE-based, though 1
can’t test this (I think the GigE cameras may have a slightly different initialisation routine).
‘uEye cameras’ includes all such branded cameras sold by IDS, and all rebranded cameras,

such as those sold in the DCU range by Thorlabs.

G.2 Mex files

Mex files are a means of integrating code in C, C++, or Fortran into a matlab project. Under
linux, matlab detects the g4++ compiler (part of the GCC compiler collection) automatically,

and should be able to use it automatically. If you use windows, seriously consider switching
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operating systems, or you're letting yourself in for a world of pain. I think there are free
Microsoft C++ Redistributable packages, but I have never used them. There are no uEye
drivers for OSX, though you could probably port them from the linux versions if you were
that way inclined (I'm not). Under OSX mex still works, and will automatically detect either
g++ or CLang compilers. You can manually select between different available compilers by
running mex -setup from the matlab command prompt. CLang usually can optimise code
slightly better, but since we won’t be optimising at all, it is of remarkably little consequence
which we use. It is worthy of note that g++ has a larger user community, so troubleshooting
will tend to be easier.

A mex file in C++ (which is what this manual deals with) has several important things
that need to be included with it. These are:

-The correct mex header file

-The correct gateway function

-Pointers to the matlab variables

-A self-termination

G.2.1 Mex header file

The mex header file should be included in all mex functions. This may be done in the normal
way, by adding #include <mex.h> to the preamble. If your matlab installation has been
done properly, and the compiler is correctly configured, then g++ should be able to find the
correct file automatically. If the header file isn’t automatically found, then if you ask nicely I
might be able to write you a script that fixes it for you.

The mex header file does several things:

-It defines several C++ types that don’t appear in normal C4++. These include things like
mxArray, which allow C+4++ to correctly read matlab arrays right from the memory address
matlab stores them at using pointers, rather than copying the variables across, thus saving on
both the memory burden and the computational time.

-It introduces functions that can convert between matlab types and C++ types (for
example, if you pass an array from matlab to C++, you use some C++ libraries that require
an input array to be a C++ array, you need to have a means of converting the array to be

readable to the external library. It also allows for conversion the other way.

G.2.2 Gateway function

Normal C++ programs require a main function, which returns an integer 1 upon successful

completion. Matlab has no capacity for a mex function to return any data in the ordinary
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way, and because a main function always has to return an integer, your mex code cannot
contain a main function. Instead, it needs a ‘gateway function’, which must always be called
‘mexFunction’, and must always return nothing, ie void mexFunction(). This mexFunction

needs to have precisely 4 arguments, which takes us on to the next section...

G.2.3 Pointers to matlab variables

Of the 4 arguments that mexFunction takes, two are pointers to matlab variables, and the
other two enumrate them - the 4 arguments are paired as follows:

-nrhs, which is the number of variables on the right hand side of the matlab equation.
For example, if the line of code calling a mex function called myFunc was outl,out2 =
myFunc (inArray, varl, var2);, then nrhs would be the integer ’3’.

-nlhs is the corresponding number of variables on the left hand side of the calling function,
so in the case of the above example, this would be the integer ’2’.

-prhs[] is a pointer to the right hand side of the matlab function. For example, prhs[0]
would contain the input variable inArray from the example, prhs[1] would point to varl
and so on.

-plhs[] is exactly the same, only it points to the left hand side, so plhs[0] would return
a pointer to outl.

Therefore, the line declaring the gateway function must always be as follows:

void mexFunction(int nlhs ,mxArray *plhs[],int nrhs, const

mxArray *prhs[])

It is important to note that these two pointers don’t behave like an ordinary C++ pointer -
it isn’t possible to de-reference them normally. Let’s look at it with the aid of an example: say
we were calling a function a = myFunc(b) ; from matlab. Then prhs[0] would be a matlab
pointer to b in matlab. If b was of type double in order to access the value associated with b

from C++, we would use a function from mex.h, mxGetScalar, as follows:

double b = mxGetScalar (prhs[0]);

b could then be used in exactly the same manner that one would use the double b in
matlab.
Similarly, assigning return functions isn’t as simple as it could be. While it should be

possible to assign a variable to provide the value of plhs[n] perfectly trivially, it actually

173



requires that a new pointer be declared. For example, using again the simplest case of double

type variables and a = myFunc(b) ;

double *a = mxGetPr (plhs[0]);

then a may be used as a normal C++ variable, and when the mexFunction terminates,
the value of a will be transferred back into matlab as the output.

for more complex systems, the same may be repeated with plhs[1], plhs[2]....plhs[n],
and the same with prhs[1] etc....

It is also possible to assign arrays to these output pointers by using the function

mxCreateDoubleMatrix (), documentation available from mathworks.

G.2.4 Self-termination

Because mexFunction doesn’t return anything upon successful execution, your mexFunction
must be self-terminating - it doesn’t just come to the end of the block of code associated with
mexFunction and terminate gracefully - it can behave erratically. It is best to make sure that
there’s always a return; at the end of the block. It will fail to compile if there’s anything
between the return and the semicolon - a function that returns void cannot return a value!

mex functions can be compiled from within matlab using the command

mex myFunc.cpp

myFunc.cpp must be in the active matlab directory. Thereafter, it can be called in the

argsin = myFunc(argsout); syntax of any other matlab function.

G.2.5 Mex with other libraries

While you can write as much mex code as you want at this point, later on you’ll find that
while your code compiles, it will likely ask for a shared object file that it looks like it already
has. This is because a given version of matlab is designed to run with a specific version of
GCC, and if a more recent version of GCC is used during compilation, the library that matlab
installs for itself is incompatible with the compiler.

This is easily remedied:

open a terminal window and login as root (run sudo -i). then run
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find / | grep NAME_OF_LIBRARY_MATLAB_WANTS

you’ll find that there’s a library (.so) file with that name should be installed in /usr/1lib/
(unless you’ve been playing with your GCC installation), and also in your matlab install
folder. cd to the matlab version, and change its name to add a .old extension on the end
of it. Then create a symlink to the other version of it (run 1n -s PATH_.TO_GCC_LIBRARY
NAME_OF _SYMLINK) The name of the symlink should obviously be the same as the file it replaces.
Repeat this for as many shared objects as matlab wants.

Next time you compile and run the code, matlab should follow the symlink and your code

should execute successfully with the correct library.

G.3 uEye API

The uEye API can be simply added to a mex file. There are two components that the uEye
API requires in order to work. The first of these is just another header file, that on a normal

installation of uEYE can be included by using:

#include <ueye.h>

The header file contains mappings and definitions for user-readable parameters (IS_WAIT is
far more user-friendly than 0x1F33FA1B), and declares some new and useful types and structs.
You should never need to worry about the header file though.

However, it also needs to be compiled against a shared object. Shared objects in linux are
pre-compiled binaries, which have the file extension .so and always start with the filestub
1lib. Once again, a standard uEye installation should allow g++ to find the shared object
automatically. If you’re not using linux, this isn’t the case, but you still need to compile
against the same object. I have no idea how this works, but you could try passing the same
arguments to the compiler and see what happens...

In order to pass this library to the compiler to compile against, we need to compile against

libueye_api.so. This may be accomplished using the compilation command:

mex myFunc.cpp -lueye_api

The uEye API contains a wide range of functions. This rudimentary manual will contain

only the required information to allow the user to capture still frames rather than active video
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- it should help the user gain an understanding of some of the more counter-intuitive nicities
of the APL

The code given here will not work alone - there are missing gaps that require another
API to fill - that’s why OpenCYV is included in this tutorial. This section is purely looking at
communicationg with a uEye camera.

Firstly, we need to tell the uEye drivers which camera to connect to. This is more complex
(translation: I havn’t a clue) with multiple camera environments. If there is only one camera,
that camera (unless you tell it to behave otherwise) will always be assigned the handle ‘1’.
Before we can communicate with the camera, we need to explicitly tell the API which camera

to talk to, and we do this with the line:

HIDS hCam = 1;

This uses the type HIDS, which is included in ueye.h. The name hCam is purely arbitrary,
but is used in the uEye manual, so I'll use it here for consistency. Once you’ve declared your

camera handle, you then need to initialise the camera, using:

int initcamera = is_Init_Camera (&hCam,NULL) ;

This is a good example to use to introduce the syntax of a great many uEye functions.
is_Init_Camera() can be called without an output argument (in the example, initcamera),
but things start going badly if that command fails. All (or nearly all) uEye functions will
return an integer. This integer will contain a value that reflects the outcome: 0 means it
executed successfully, and other numbers up to 206 reflect different failures. A full table of
these may be found in the manual, or by trawling through ueye.h. One way of using these

diagnostic numbers could involve:

if (initcamera !'= IS_SUCCESS){

//some function if the initialisation fails

The library allows you to query the error associated with the number, so !=IS_SUCCESS
could be replaced by !=0, though using the mapped names makes the code far more readable

in retrospect. You also need to declare a few other things:
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SENSORINFO = sensor_info;

CAMINFO = camera_info;

Again, this uses non-standard types that are included in the header files (really, they’re
just structs filled with enums, but you don’t have to worry about that).
These variables may be populated using the following couple of lines of code, passing them

as references.

int camerainfo = is_GetCameralInfo (hCam,&camera_info);

int sensorinfo is_GetSensorInfo(hCam,&sensor_info);

These commands will have populated sensor_info and camera_info. This step allows us

to then pull out the maximum sensor size:

int pXPos (sensor_info.nMaxWidth) ;

int pXPos = (sensor_info.nMaxHeight) ;

We'll need to pass these later on to the actual capture stage.
We also need to set the colour mode, which will depend upon the camera you’re using. In

my case, my camera can support up to RGB24, so that’s what I’'m going to set:

int colormode = is_Set_ColorMode (hCam,IS_SET_CM_RGB24) ;

Similarly, IS_SET_CM_RGB24 corresponds to a number you could look up and use instead,
but this is a far more common-sense means of doing it.

Now we’re ready to claim some memory off the heap and load it onto the stack for us to
capture data into. This has several steps: declaring NULL pointers, allocating the memory to

the camera, and then telling the camera it can record data to those pointers:

char*x m_pcImageMemory;

int m_lMemoryId;

int rit = is_AllocImageMem (hCam,pXPos,pYPos ,24,&
m_pcImageMemory ,&m_1MemoryId) ;

int rat = is_SetImageMem(hCam,m_pcImageMemory ,m_lMemoryId) ;
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Those lines should be self-explanatory - it’s more or less standard C++ syntax. When
allocating memory, you need to allocate sufficient for the X and Y size of the image, the
bit-depth (in this case, 24), and it needs references to allocate to the stack.

Before actually capturing any data, there are several other things it’s recommended you
set. I've put some code below you may copy, changing the common sense declared values.
However, be careful - you must declare them in this way - the functions don’t like being given
floats or integers as arguments, they just want pointers or references, even if the variables

aren’t changed by the function.

//set colour correction factor

double strength_factor = 1.0;

int colorcorrection = is_SetColorCorrection (hCam,
IS_CCOR_ENABLE ,&strength_factor) ;

//set white-balance correction

double pval = 1;

int whiteb = is_SetAutoParameter (hCam,
IS_SET_ENABLE_AUTO_WHITEBALANCE ,&pval,0);

//set gain parameter

double gval = 1;

int gains = is_SetAutoParameter (hCam,IS_SET_ENABLE_AUTO_GAIN

,&gval ,0) ;

There are a few final things that need setting before we can capture anything. I'll be
honest and admit I haven’t an earthly what they do or why they’re necessary, but I do know

that it doesn’t work without them:

int dummy;

char *pMem,*plLast;

Finally, we can capture some image data!

int sho = is_FreezeVideo (hCam,IS_WAIT);

This leaves some raw image data stored in m_pcImageMemory. If one simply tries to write
this to a file, you’ll end up with a meaningless string of hex, with odd unicode characters
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in it. Good luck trying to find anything that can open it (I only found one program out of
a multitude that could even tell me that much about it). Clearly we need another piece of
software that can deal with just such a raw image stream, but that’s for the next section...
To conclude, we need to release the camera so another piece of software (or another call
of the same function) can call it. If this was a manual for a stand-alone C++ code that
exited once it had executed, this wouldn’t be necessary, but because we’re looking at using
mex, when a mex file opens the camera, camera ownership actually gets passed higher up
the process tree and it gets given to matlab. If you forget to close the camera, then you’ll
need to restart matlab in order to open it again! This includes if the program fails halfway
through. This is a good use case for many conditional statements to catch the case of if (/*a
variable*/ != IS_SUCCESS){}, allowing you to then close the camera and manually return,

allowing the camera to be called multiple times successively from a single matlab instance.

int en = is_ExitCamera (hCam) ;

And now you should be able to capture image data using the uEye API!

**Tmportant addendum - using this technique for stand-alone programming, all is fine
and dandy - once the program has captured an image, saved it, and exited, the memory
used will be freed. However, this is not the case if calling it as a mex file from matlab - in
this case, memory is only freed upon matlab exiting, unless you free it manually. While you
may not miss the odd few megabytes for a frame or two, if you set up something like a slow
live-update allowing imaging settings to be changed between every frame (I have) then after a
remarkably short period you can find yourself crunching your way through tens of gigabytes
of RAM. Adding the following line to the bottom of your code (and before any premature
return statements) will force your code to release the memory used for video capture before
exiting and orphaning it (once your code has exited and left memory allocated to the stack,
it’s impossible to make matlab release it to the heap again without closing it and re-opening;
allowing a different program to access and release the same memory as the original one would

be a massive security oversight).

int fMem = is_FreeImageMem(hCam,m_pcImageMemory ,m_lMemoryId) ;

179



G.4 OpenCV

In the previous section I said that some kind of go-between program is required to read in
the raw image data, and that’s where OpenCV comes in. It’s a free computer vision toolbox
developed mainly be Intel, and it can do quite a few things we need. You'll need to download
a tarball and compile it from source, and it has quite a few dependencies that need satisfying
as well. Once again, if you're still not on linux, you're completely on your own.

The uEye API does come with the rudimentary ability to create its own image files, but
the selection is limited to .jpg, .bmp, and .png. Jpegs and PNGs are compressed and lossy,
and often not much use for scientific applications, and it doesn’t support windows bitmaps
very well under linux, and they’re not such a useful file format. Feel free to skip all references

to OpenCV, but I'm hoping you’ll thank me for making it easy for you!

G.4.1 Installing OpenCV

Dependencies:
GCC 4.4.x+ (which you should have anyway, unless you've gutted your system)
CMake 2.8.7+
Git
GTK+2.x+
Python 2.6+ with NumPy 1.5+
ffmpeg

If your system is Debian-based and uses apt-get to install packages:

sudo apt-get install cmake git libgtk2.0-dev pkg-config

libavcodec-dev libavformat-dev libswscale-dev

or if you use aptitude:

sudo aptitude install cmake git libgtk2.0-dev pkg-config

libavcodec-dev libavformat-dev libswscale-dev

or if you use something else (portage, yum, zypper, yast, pacman etc) you can probably
fend for yourself. Arch users should note that some necessary packages aren’t available in the
default repositories, and will need to be pulled from the AUR.

I also recommend you install:
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python-dev python-numpy libtbb2 libtbb-dev libjpeg-dev libpng

-dev libtiff-dev libjasper-dev 1ibdc1394-22-dev

which you can just copy into your package manager of choice.

Now you need the source code, available from sourceforge.net/projects/opencvlibrary .
Make sure you get the stable one, the newer ones add no additional useful functionality unless
you need advanced object recognition and 3D rendering (we don’t).

Fire up a terminal, and cd to the directory you expanded the tarball to (or if you don’t
know how to extract a tarball, go to your downloads folder, and run tar -xvf FILENAME.tar

and then cd into the new folder), and run:

mkdir release && cd release && cmake -D CMAKE_BUILD_TYPE=

RELEASE -D CMAKE_INSTALL_PREFIX=/usr/local

This should take a minute or so to execute. Then type make -j8, where the 8 would run
8 parallel threads. The fastest compile times are achieved if you choose a number of threads
that corresponds to the number of physical cores on your machine. This may take upwards
of half an hour even on a relatively fast machine, and will probably use several gigabytes
of RAM. Once this has completed, follow it up with sudo make install. This will install
OpenCV on your machine. If at any point you decide to uninstall OpenCV, navigate back to
this directory and run sudo make uninstall, and it’ll do a complete removal of it (because
you compiled it yourself, your package manager probably doesn’t know about it, so using a

package manager to remove it won’t work).

G.4.2 Including OpenCV in a C++ file

It’s remarkably non-trivial to include the library in your code. Firstly, you need to include

quite a lot more stuff for it to work. You need to add the following to your preamble:

#include <stdlib.h>

#include <stdio.h>

#include <opencv2/core/core.hpp>
#include <cv.h>

#include <highgui.h>
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and you’ll also want to change your namespace to cv (for the uninitiated, add using
namespace cv; to the bottom of your preamble). If you've followed this tutorial so far, you
won’t have used anything that will be affected by this. If you've played the loose cannon, and
at compile you get an error along the lines of TYPE does not exist in this namespace,
then add std:: in front of the offending declaration.

Right at the top of your mexFunction, you’ll want to create a matrix to store your

snapshots in, using a type from namespace CV:

Mat frame (CAPTURE_HEIGHT ,CAPTURE_WIDTH,CV_8UC3) ;

Because it’s a computer vision library, it assumes every object in a matrix is an image,
and so the third argument it takes tells it you’re after a Mat with 8 bits per channel, and
3 channels. note the non-standard syntax it takes - frame is the name of the Mat, but it’s
called like a function!

Now we don’t need to do anything else until our camera has captured the image data:

IplImage* tmpImg = cvCreateImage (cvSize (pXPos,pYPos),
IPL_DEPTH_8U,3);
tmpImg->imageData = m_pcImageMemory;

frame = cv::cvarrToMat (tmpImg) ;

If you care about what this code does, then feel free to look it up! I think the cv:: is
unnecessary, but there’s no harm in leaving it in. Now you have either the choice of saving
the image, or displaying it. Unfortunately, there’s not any facility I've found yet to pass an
image back to matlab directly (please let me know if you find one), so I'd prefer to save it to

disk, but I’ll cover both here. Firstly, saving the file to disk:

imwrite ("image. jpg",frame) ;

Here, image . jpg is the name of the file to be written to the same directory as the program is
running from (which will be your matlab active folder when calling the file from there). You can
choose from several popular image formats, though jpeg and tiff are probably the most useful.
It is trivial to read image files back into matlab - if you don’t know how, then I’d probably go
as far as to say that this tutorial probably isn’t for you. (hint: imread(‘filename’) ;)

Alternatively:
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imshow (" Image",frame) ;

waitKey (0) ;

This opens a window called Image, and displays frame in it. The wait command means
that the program pauses until the window is closed, preventing the program from exiting and
purging the memory while it’s still being displayed (while this wouldn’t be an issue in something
like java, which implements garbage collection, C++ leaves memory [mis|management to the

user).

G.4.3 Compiling using OpenCV

If you take the time to read the official OpenCV documentation, they tell you to use a compiler
that they provide template files for already, but that’s not feasible (while it is possible to
use a compiler outside of matlab to compile mex files, it’s a bigger world of pain than trying
to use Windows 8) if we're restricting ourselves to matlab. Compiling mex files outside of
matlab is covered under ‘Advanced Features’ at the bottom of this tutorial.

You need to add some more compiler arguments in matlab after mex FILENAME.cpp

-lueye_api, or more specifically:

-I/usr/local/include/opencv -I/usr/local/include/opencv2 -L/
usr/local/lib/ -g -lopencv_calib3d -lopencv_contrib -
lopencv_core -lopencv_features2d -lopencv_flann -
lopencv_highgui -lopencv_imgproc -lopencv_legacy -

lopencv_ml -lopencv_objdetect -lopencv_photo -lopencv_ts

It’s a bit of a joke, and a massive faff to type out every time. I recommend you make
yourself an m-file in matlab such that all you have to change to compile different mex files is
the filename. Alternatively, if your code is to be used on different platforms, it might make
sense to write the compile commands into your wider matlab codebase so they compile every
time you run the matlab function (it has a minimal time overhead unless you have many very
complex mex files), as it means that your files will always work (if the machine has the correct

libraries installed).
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G.5 Video Capture

Capturing video using the camera is slightly more complex - the simplest way is to save a
string of image files, and then stitch them back into a video in Matlab - that’s the method
that will be covered here.

Proceed as before, by setting the camera handle and initialising the camera. However,
since we want to be able to control video capture from the computer, the next thing we need
to do is set the camera triggering. Capture of a video frame wants to be arbitrated by the

computer, so we want something like:

if (is_SetExternalTrigger (hCam, IS_GET_EXTERNALTRIGGER) !=
IS_SET_TRIGGER_SOFTWARE) {
int nTrig = is_SetExternalTrigger (hCam,

IS_SET_TRIGGER_SOFTWARE) ;

Which queries the current triggering settings, and then changes them if necessary.

If you are using a USB3 camera, your interface should be fast enough to transfer images
as fast as the camera can capture them; in this case you’ll benefit most from setting the pixel
clock as high as it goes. If you have a slower camera, then you may want to play with the
pixel clock settings for your specific application. In general, the higher the pixel clock, the
higher the framerate you can capture, but the higher the likelihood you’ll drop some frames.

The pixel clock can easily be set to its maximum as follows:

UINT nRange [3];

ZeroMemory (nRange ,sizeof (nRange)) ;

int nClock = is_PixelClock(hCam,IS_PIXELCLOCK_CMD_GET_RANGE, (
void*)nRange ,sizeof (nRange));

UINT nMax = nRange[1];

int nClockSet = is_PixelClock(hCam,IS_PIXELCLOCK_CMD_SET, (

voidx*) &nMax ,sizeof (nMax));

This method will get the camera to return a 3-element array containing [0]:Minimum
clock setting, [1]:Maximum clock setting, and [2]:Minimum increment for clock setting.
Obviously, in this example, the clock is just set to the highest returned value.
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The length of video recorded will be determined by the framerate, and the number of
frames. Both of these should be passed from matlab in the usual way, via prhs[]. It
will henceforth be assumed that frame_count and NewFPS correspond to these two values.
Everything else that was initialised for the single frame capture (other than the memory

allocation) should be run here.

*
Now we need to set the framerate. The uEye camera can very rarely set the exact framerate
that you specify, so it is also important for scientific purposes to know the exact rate at which

the camera is running. The following code will do the trick:

double ActualFPS;

INT frameset = is_SetFrameRate (hCam,NewFPS ,&ActualFPS);

So we make a new variable to hold the actual framerate the camera has been set to run
at, and then pass is to the frame-rate setting function as a reference to be populated by the
camera. It will probably be sensible to pass this back to matlab for further processing of the
video data.

Note that if you attempt to set a framerate that’s above the maximum supported, you
will not receive an error, the camera will just respond by setting it as high as possible given
the other contraints (exposure and pixel clock).

*

Now we need to allocate memory. If your computer is short on RAM, then you need to be
careful - this method is the simplest, but does mean that you need sufficient RAM to hold
the entire video sequence in - with a colour camera with a large field of view, each frame may

take upwards of 5MB. I’ll break the necessary code into chunks:

char *pFrameBuffer [frame_count];
INT pFrame[frame_count];

is_ClearSequence (hCam) ;

First we declare an array of chars, one char per frame to be captured. We also declare
an accompanying array of memory IDs, of type int. Then we tell the camera to clear any

previous sequence it may have been holding.

for (int i = 0;i < frame_count;i++){
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int nAlloc = is_AllocImageMem(hCam,pXPos,pYPos ,24,&
pFrameBuffer [i] ,&pFrame[i]);

int nSeq = is_AddToSequence (hCam,pFrameBuffer [i], pFrame[i
1)

pFrame[i] = i + 1;

Then we iterate over the number of frames we want in our sequence, each time allocating
some memory to successive chars, and also adding new IDs into our identifiers. Then we add
them to the sequence of memory addresses to be recognised by the camera. Please note, this
isn’t the fastest way of doing this - it can take several seconds to allocate sufficient memory
for a large video capture, and so this method isn’t suited to applications where it is critical
that video capture should commence as soon as possible.

It is noteable that this approach can use a large amount of memory, and due to the rate
at which data needs to be written for higher-frame-rate capture, it is advisable not to run on
swap - this can cause a buffer over-run (where the buffer in the camera that holds images
until such a time as the computer is ready to receive them runs out of memory to hold frames
in and will start dropping them). It might be helpful to do a back-of-the-envelope calculation
of bits per channel x number of channels x number of pixels x number of frames to work out a
sensible maximum number of frames that your hardware can safely capture, and thereby code
in a hard limit. If you're a lot better at C++ than me, you could even dynamically calculate
the maximum number of frames based on the amount of currently available memory.

*

Next, we tell the camera to start capturing in free-run mode:

int nCap = is_CaptureVideo (hCam,IS_WAIT);

...and initialise the image queue for the images to end up in:

int nInit = is_InitImageQueue (hCam,0) ;
char *pBuffer = NULL;

INT nMemID = O;

Now we go about writing the captured images to memory as the camera sends them to
the computer:
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int k = 0;
while (k < frame_count){
int nBuffer = is_WaitForNextImage (hCam,1000,&pBuffer ,&
nMemID) ;

k++;

b

You could do this with a for loop instead if you wish - the difference is minimal (I think).

It is obvious that the program waits for the camera to send an image, puts it in the correct

buffer, and then advances to the next buffer to write to.

*

Thus far, we have a load of raw image data stored in RAM, and this needs writing to disk

somehow. We'll save it as a stack of .tif files - they’re uncompressed, so very little information

will be lost. Once again, we’ll make use of OpenCV, only this time we’ll need to put the

image-writer into a loop as follows:

k=0;
while (k < frame_count){
IplImage* tmpImg = cvCreatelImage(cvSize (pXPos,pYPos),
IPL_DEPTH_8U,3);
tmpImg->imageData = pFrameBuffer [k];
frame = cv::cvarrToMat (tmpImg) ;
//convert k to a string so images may be labelled
std::ostringstream strs;
strs << k;
std::string str = strs.str();//str is the name of the new
string

//append this to a filestub

std::string stub = "image';
std::string extension = ".tif";
std::string filename = stub + str + extension;

//write actual file

imwrite(filename ,frame) ;
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k++

As you should be able to see, this iterates through the memory addresses of progressive
frames, and for each one writes a .tif file called image followed by the frame number. Obviously
you can change this for your own purposes with your own filestub. OpenCV supports many
different image formats; it autodetects the file extension, so you just need to change that. 1
put some comments in this snippet, to make sure it was obvious which bits of code do what.
In order for this to work, we also need to include string and string.h in our preamble.

Now we just need to clear all the memory we used. This doesn’t appear to be as simple as

it would be nice if it was:

is_ClearSequence (hCam) ;
is_UnlockSeqBuf (hCam,nMemID , pBuffer) ;
int nSeq2 = is_ClearSequence (hCam) ;
k=0;
while (k < frame_count){
int fMem = is_FreelImageMem(hCam,pFrameBuffer [k], pFrame [k
1)
k++
}

int fMem2 = is_FreelmageMem (hCam, (char*)&pFrameBuffer ,*pFrame

)

Without going into detail about what all this gubbins does, it doesn’t seem to properly
clear the memory - it remains under the control of matlab and isn’t released back again to
the wider system. However, it is available for future mexFunction calls - if you run the same
capture proceedure twice, the second time it won’t appear to use any additional memory. The
reasons for this aren’t altogether clear, though. Could be some incompatibilities between the
uEye API and matlab’s implementation of memory management with mex.

*

Now you just need to convert your stack of .tif images into a video file. We’ll do this
in Matlab. We’ll assume your mexfile has been compiled and is now available as a matlab

function. Something like the following should do the trick:
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%#call whatever your mexfunction is...
frame_rate = mexFunction(args/[]);
%initialise a new video
vid = VideoWriter ('filename.avi');
vid.FrameRate = frame_rate;
vid.Quality = 100;
%open it
open (vid) ;
for i = 0 : frames-1
“read your image files
img = imread(strcat('image',num2str(i),'.tif'));
%add them to your video file
writeVideo (vid, img) ;
hand delete the original image file
delete(strcat ('image' ,num2str(i),'.tif'));

end

frames is referring to the number of frames captured. This code will also delete all your
intermediate image files. Your remaining file will be an uncompressed .avi video file in your
matlab active directory.

There you have it!

G.6 Advanced Features

G.6.1 Higher Framerates

It is possible to achieve higher framerates with many uEye cameras if a smaller area is imaged.
Certainly for our camera (UI-324 series) the following is true.

In general, the rate at which the camera can capture data is restricted by several things:
the rate of data connection to the computer; the rate at chich the camera can read out lines
of image; the number of lines in the image. It turns out that for the USB3.0 connection
we're using, capturing 24-bit colour images, the bottleneck is the rate at which lines of image
may be read from the image sensor. This has an important effect: the highest framerates
achievable by the camera can be achieved while maintaining the full width of the sensor (1280
pix), but only reading out 4 lines. In this way, we have managed to far surpass the 229fps

limit that the camera is specified to. However, a word of caution: running the camera at
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very high framerates does cause the camera to generate a fair amount of heat, and pushing it
past the specification framerate for an expended period of time is not something I could at
all recommend unless you’ve installed some custom cooling mechanics (in which case, you’'d

probably have done better to have purchased a far more expensive camera in the first place).

G.6.2 Area of interest (AOI)

In order to set a reduced area of interest (AOI), you need 4 parameters. Firstly, you need an
x-y pair describing the corner of your area of interest. The uEye reads this from the top-right
corner of the image. Then you need a second x-y pair giving the x-dimension (width) and
y-dimension (height) you want your AOI to have. These are stored in a special C++ struct

defined by uEye.h, called IS_RECT. You would initialise and populate your IS_RECT as follows:

IS_RECT myNewAOI;

myNewAOI.s32X

YOUR_X_CO-ORDINATE;

myNewAOI.s32Y YOUR_Y_CO-ORDINATE;
myNewAOI.s32Width = YOUR_X_DIMENSION;

myNewAOI.s32Height = YOUR_Y_DIMENSION;

All 4 parameters are of type int. It is important to note that different cameras have
different requirements on the parameters: ours has a minimum of 4 and increment of 2 for the
height, and a minimum of 16 and an increment of 4 for the width. Co-ordinates of the corner
have increments of 2 over the entire field of view. It is simple in matlab (or anything else) to
validate these conditions. Below is some sample matlab code for validating (and correcting)

the width:

%make sure it's a multiple of 4
if rem(width,4) ~= 0

while rem(width ,4) ~= 0

width = width + 1;

end
end
%and make sure it's larger than the minimum
if width < 16

width = 16;
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end

This is then passed to the camera using the command:

is_AOI (hCam,IS_AOI_IMAGE_SET_AOI ,(void*)&myNewAOI,sizeof (

myNewAQOI)) ;

As usual, this will return an int corresponding to a return type specified in the full manual.
It is important to remember that with a reduced AOI, memory pointers must be adjusted to
point to a smaller area of memory, and that the conversion from DIB to .tif also needs the

dimensions of the image re-specifying.

G.6.3 Multiple AOIs

This feature is useless to us, so I haven’t tried implementing it, but the documentation for
this is actually rather good, so given what you’ll have learned from this tutorial you should
be able to work it out for yourself! In essence, all AOIs must share at least one co-ordinate
and one dimension with at least one other AOI, so such a feature is not useful for things like
adaptive feature-tracking (only recording small parts of the FOV corresponding to multiple

independently-moving objects eg following multiple faces).

G.6.4 Ring Buffering

I said earlier that there was a limit on the number of frames that could be captured in a single
file. This isn’t strictly true, but breaking that limit does require the use of more complex C++.
In the 2011 standard for C++, the idea of native multi-threading was introduced. There
is plenty of good documentation for this feature available online, but basic ring-buffering
requires 2 threads, and proper robust ring-buffering requires 3. The process goes as follows:

1. Allocate a short sequence of buffers as described in the section on video capture.

2. Initialise capture into this sequence

3. Start a second thread that looks for buffers which have been filled with an image, writes
that image to a file, and then re-initialised the buffer so it can be written into again.

4. When the original thread (the one writing images into the buffers) gets to the last
buffer in the sequence, rather than terminating, it needs to loop back to the first buffer, which
has hopefully been emptied by now.

This is quite simple to achieve, but the obvious issue with this is the ‘hopefully emptied

by now’ part - if the images are being captured much faster than they can be written to
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disk, then some errors are going to start occurring whereby frames are overwritten in memory
before they can be written to disk. This is why a third thread is really needed. This third
thread needs to monitor the relative rates of frame processing of the original 2 threads, and,
if necessary, dynamically insert more buffers into the sequence to allow for any file-lag. This
evidently requires the passing of variables between concurrent threads, which is not something
C+-+ is particularly good at (that’s why concurrent languages like Erlang exist). If you don’t
have a computer science degree, probably just go out and buy more RAM.

Alternatively, you could buy an SSD, turn off the OS default queue optimisation (under
linux, usually CFQ), and set it to noop (no optimisation), and try and ensure that no system
processes that are likely to cause disk 1O saturation will run. For a USB3 camera, this is
probably a safe bet - a modern SSD can write much faster than USB3 can transfer data, so a

buffer over-run is unlikely.

G.6.5 Compiling multi-threaded mex files

There are only certain kinds of argument that mex will allow you to pass to the compiler, and
it turns out that if you want to multi-thread, the necessary arguments cannot be passed (at
least in R2013a), and either matlab will throw an error that it doesn’t know what to do with
the argument, or the compiler will throw an error saying it doesn’t have valid parameters.
Luckily there is a workaround.

Firstly, work out which libraries and arguments are disagreeing with matlab. The errors
that were being thrown should give you a hint about this. By whatever means necessary,
eliminate these from your code temporarily (commenting out both the inclusion and use of
the offending components). Then attempt to compile the code in matlab, using mex -v for
verbose mode. This should give you a lot of confusing text output to the matlab command
prompt. Ignore most of it.

The last few lines of bumf will include two lines starting with g++....... These are the
raw commands that matlab is actually sending to the compiler. Copy these out and drop
them in an empty text file. Save the file with an arbirtary name, and the extension ’.sh’.
Modify the commands to include the compiler arguments that were offending matlab before.

Then go back into matlab, and replace your mex ....... with:

! sh FILENAME.sh;

This will run your shell script to compile your mexfile rather than the dumbed-down

matlab version, and will allow you to compile far more complex things, including GUIs using
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gtk or Qt (matlab doesn’t like them). Because you copied the arguments from matlab, it will
compile it into a .mexa64 library that exports mexFunction, and matlab can immediately use
as if matlab had compiled it itself. The beauty of this approach is it means you can compile
mexFunctions on computers that don’t have matlab installed - all you need are the right
header files and shared libraries, which are simple enough to copy across.

This technique can be applied to many other situations in which it is easier to write a shell
script to do something than script matlab to do the same. This can include things involving
network directories, anything involving copying or deleting large numbers of files (shell scripts
support a far better variety of wildcards), useful functions like scp, dd, etc. Any line of matlab

* will be sent to the default root terminal (matlab

code prefixed by an exclamation mark ‘!
in linux always runs as root). Because of this, it is always best to run a script rather than
a string of terminal commands - most things are terminal-independent, but there are some
things that don’t carry well between different shells (xterm, bash, ksh etc). If you write a file

and then call it using sh, you can guarantee that it will behave the same on any linux system

with all the requisite commands installed.

G.7 Final notes

I hope this saves you a lot of trial and error - had I had such a cribsheet I’d have saved a
good several months of incredibly frustrating trial and error. If you appreciate this, then feel
free to send donations!

Feel free to redistribute this tutorial as you see fit. It is made available under a GNU General
Public License (GPL), full details available here: https://www.gnu.org/licenses/gpl.html

Any code snippets are provided wholly without any kind of warranty, either stated or
implied, and the author accepts no responsilility whatsoever for any consequences resulting in
the use or misuse of any code.

(¢) Sam Thompson 2014 (st643Qyork.ac.uk)
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List of abbreviations

Handy list of abbreviations!

AF, Asymmetric flow field flow fractionation
CPP C++ (C Plus Plus)

Cryo- Cryogenic

d Diameter

Dy Fractal Dimension

D, Hydrodynamic Diameter

DDM Differential Dynamic Microscopy

DI De-ionised

water

DLS Dynamic Light Scattering
EM Electron Microscopy

ENM Engineered NanoMaterial

item [ENP] Engineered NanoParticle
FA Fulvic Acid
GUI Graphical User Interface
HA Humic Acid
ICP Inductively-Coupled Plasma
ICP-MS Inductively-Coupled Plasma Mass Spectrometry

IS Ionic Strength
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ISO International Standards Organisation

LOD Limit of Detection

MEx Matlab Executables

MS Mass Spectrometry

NOM Natural Organic Matter

NP NanoParticle

NTA Nanoparticle tracking Analysis

PCS Photon Correlation Spectroscopy

rp Hydrodynamic Radius

SEM Scanning Electron Microscopy

spICP-MS Single-Particle ICP-MS

TEM Transmission Electron Microscopy

UV-Vis Ultra-Violet—Visual spectroscopy

UX User eXperience
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List of symbols

A van der Waals constant

a First semi-axis of a spheroidal nanoparticle

a; Relative abundance of measured particles

A (q) Fitting factor used in differential dynamic microscopy
a Polarisability

o Attachment efficiency

a; 4 element of the polarisability tensor

B (q) Fitting factor used in differential dynamic microscopy
b Second semi-axis of a spheroidal nanoparticle

B Ratio of the valency of the auxilliary ion to the dominating ion in DLVO theory
Cy Fitting constant used in DLVO theory

¢ Speed of light in a vacuum

¢, Third semi-axis of a spheroidal nanoparticle

D Diffusion coeflicient

D, Dielectric constant

Dy Fractal dimension

Dy, Hydrodynamic diameter

D,, Mass diffusion constant

D, Circular diameter

D (z,y; At) Difference image for given time difference At.
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d Semi-minor axis of nano-rod

¢ Infinitesimal change in...

E Electric field

E Incident electric field

e Electronic charge

e Base of the natural logarithm

ep Eccentricity of particle

1 Viscosity of a fluid

Fp Fourier transform of D

fa (B) Function of the ‘asymmetry of the electrolyte’ in DLVO theory

v Electrolyte concentration in DLVO theory

h Separation of infinite parallel plates used in Debye-Hiickel theory of dilute colloids
H Smallest separation of curved particle surfaces in Debye-Hiickel theory of dilute colloids
h,, Spherical Hankel functions

I Intensity of scattered light

Iy Intensity of incident light

I; Scattered intensity moment corresponding to L;

Jjn Spherical bessel functions of the first kind

k Constant used when calculating hydrodynamic radii of nanoarticle aggregates
ko Wavenumber of illuminating radiation

kp Boltzmann constant

Ly Function depending upon the three-dimensional aspect ratio of a particle

[ Semi-major axis of nano-rod

A Wavelength

As Mean free path
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m Relative refractive index
my Mass (of a nanoparticle or nanoparticle aggregate)
m, Reciprocal concentration of the dominating ion in the solution in DLVO theory
 Nanoparticle permeability
w1 Permeability of suspending medium
n, Refractive index
Neol Mean number of particles in a nanoparticle aggregate
Ny Repulsive force of the curved particle surfaces in Debye-Hiickel theory of dilute colloids
Ndom Number of dominating ions per molecule in DLVO theory
[NP |Nanoparticlenumberconcentrationinsuspension
n, Number concentration of nanoparticles in suspension
P Polarisation per unit volume
® Ratio between circular diameter and sphereoid thickness
¢ Scattering angle
1) Surface potential of nanoparticles in suspension
@ Scattering efficiency
q Scattering vector
r Radius
R Radius of observation
R (h) Repulsion per unit area of parallel plates seperated by distance h.
ro Hydrodynamic radius of nanoparticles prior to aggregation
rp Sphere-equivalent hydrodynamic diameter
7, Mean sphere-equivalent hydrodynamic diameter
rp Physical radius

p Density
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s Integration variable used when calculating the scattering efficiency of a spheroidal nanoparticle
o Collision cross-section for nanoparticles in suspension

o? (At) Sum of squares of all pixels in differential dynamic microscopy

T Absolute temperature

t Time

tiot Elapsed aggregation time

7 ‘Lag’ used in cross-correlation calculations

7; Characteristic time

0 Angle

U Magnitude of primitive vector in frequency space in differential dynamic microscopy

u Total magnitude of vector in frequency space in differential dynamic microscopy

V' Volume

v Time-averaged mean particle velocity

x; Reciprocal of the thickness of the ionic ‘atmosphere’ of a nanoparticle in DLVO theory
T Substitution factor in Mie scattering theory

= A useful substitution variable for the optical determination of nanoparticle shape

2" Valency of ion with greatest charge in DLVO theory

z1 Valency of the dominating ion in DLVO theory

zo Valency of the auxilliary ion in DLVO theory
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