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Abstract

Abstract

The increasing interest in use of nanotechnology by the food industry brought
concerns over safety of engineered nanoparticle application in the foods and food
contact materials. To aid the risk assessment in 2010 a project NanoLyse was funded
by the European Union under Framework Programme 7. The project was focused on
the development and validation of methods for analysing engineered nanoparticles in
food matrices. The research presented in this thesis was a part of NanoLyse and was
concerned with electron microscopy methods.

The aim of this research was optimization of sample preparation procedures and
validation of electron microscopy as an analytical technique for engineered
nanoparticle measurement in foods. Thus the comparison of different sample
preparation techniques was carried out for engineered nanoparticles in food matrices.
Best procedures were chosen: blotting for liquid and sedimentation of the sample
onto electron microscopy grid for solid food samples. These sample preparation

techniques were then included in validation of electron microscopy.

In view of unavailability of the reference materials electron microscopy results were
compared against other analytical methods selected based on the literature review.
These techniques were: nanoparticle tracking analysis, gas-phase electrophoretic
mobility molecular analyser, centrifugal liquid sedimentation and asymmetric flow
field flow fractionation. To render the comparison possible also for studied
aggregated, non-spherical particles of synthetic amorphous silica, the concept of data
transformation into mass equivalent diameter was developed. Thanks to this it was
possible to note that electron microscopy tended to overestimate small particle
number in size distribution due to the sample preparation. Subsequently sample
preparation for electron microscopy was calibrated for the measurement of
engineered nanoparticles of silica. Lastly remaining challenges and knowledge gaps
in regards to the measurement of engineered nanoparticles in food were highlighted
and discussed against NanoLyse project achievements.
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Chapter 1 Introduction

Chapter 1

Introduction

Nanotechnology is a technology employing materials with at least one dimension
smaller than 100 nm (Tiede et al., 2008). These materials feature different properties
to their chemical bulk or ionic counterparts and thus are now or beginning to be
exploited in new products in many branches of industry. A constantly updated
inventory of consumer products containing nanomaterials is available from

www.nanotechproject.org.

One of the industries applying nanotechnology is the food and beverage sector. The
numerous applications of engineered nanomaterials or engineered nanoparticles
(ENPs) in this sector are summarised in several review publications (Chaudhry et al.,
2008; Chaudhry and Castle, 2011; Blasco and Picd, 2011; Cushen et al., 2012) and
include use for improvement of shelf life, sensory quality or nutritional value of
foodstuffs. Examples of types of ENPs in use in the food sector include nano-silver
which is used as an antimicrobial in food packaging (Mahdi et al., 2012); nano-silica
which acts as a taste intensifier in dietetic beverages (MRC, 2009); nano-cellulose
which is used for moisture retention (Strom et al., 2013); and nano-encapsulates
which render lipophilic vitamins suspendable in water (Haham et al., 2012).

Alongside these new developments, recent research findings have reported the
existence of ENPs in approved food additives, including titanium dioxide-E171 and
synthetic amorphous silica (SAS)-E551, which have been used industrially for
several decades. Nanoparticles can also be introduced to the foods as contamination
resulting from the production process. For example Gatti et al. (2009) detected metal
nano and micro contaminants on the surface of bread and biscuits. Finally food itself
is composed of natural nanomaterials. Many of the compounds that make up food
can be smaller than 100 nm in size e.g. casein micelles in milk (Bijl et al., 2014).
The presence of natural and contaminating nanoparticles in foods is expected to
hamper detection and characterisation of any added ENPs.

The characterisation of ENPs in foods is important not only from the industrial new
product development point of view but especially for the assessment of risks to
consumers. ENPs are a new range of food additives and as such require specific

regulation. Studies into the toxicity of ENPs conducted in recent years have raised
16



Chapter 1 Introduction

many concerns regarding potential effects on human health (Norwegian Pollution
Control Authority, 2008; Fede et al., 2012; Asghari et al., 2012). The results of these
studies indicate that for risk assessment purposes, a range of characteristics of an
ENP may need to be considered, including aggregation state, surface charge, shape,
structure, dissolution rate, chemical composition and mass, particle number
concentration (PNC) and specific surface area (SSA) (Norwegian Pollution Control
Authority, 2008; Hagendorfer et al., 2012; Buffet et al., 2011). The rationale for this
is discussed in the following paragraphs.

Aggregation causes an increase in particle size and a decrease in the PNC and SSA
of ENPs. Generally aggregation is considered beneficial from a toxicological point
of view as it has been shown that smaller ENPs are taken up more easily by cells
(Hillyer and Albrecht, 2001; Liu et al., 2010) and thus aggregation is believed to
make ENPs less toxic (Fede et al., 2012). However, aggregation likely results in
changes in reactivity and functionality of the ENPs, which may pose a problem in
regards to the desired application of an ENP in food. Aggregation of ENPs can be
prevented by electrostatic stabilisation or steric stabilisation. Electrostatic
stabilisation is created by repulsive electrostatic double layer forces between charged
ENPs. The charge of the ENP in the environment in which the ENP is dispersed
depends on factors such as the pH and ionic strength (IS) of the environment and can
be determined from the Zeta potential () of the particle. Steric stabilisation involves
the use of long chain molecules as ‘capping’ agents on the particle surface. The
capping agents provide steric hindrance for the agglomeration of particles
independently of pH or IS of the dispersion environment. Examples of capping
agents include surfactants, polymers and proteins. Of special interest are interactions
of the ENP surface with proteins, since they may influence the fate and uptake of
ENPs in an organism (Lynch and Dawson, 2008). How these interactions proceed
depends on several ENP features such as the surface charge (Bouwmeester et al.,

2009) and the structural properties such as shape and crystallinity.

Shape is a very important factor which might influence uptake and distribution of an
ENP within humans and other mammals and hence its toxicity (Norwegian Pollution
Control Authority, 2008). Shape dependent toxicity might explain the toxicological
effects of carbon nanotubes which, though much smaller in diameter, are shaped

similarly to asbestos fibres and act in a similar manner to asbestos, causing necrosis
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Chapter 1 Introduction

of the lungs in mice (Lam, 2003). It needs to be mentioned that shape is not the only
explanation for the toxicity of carbon nanotubes and that a combination of properties
associated with particular material used in the study may lead to different result
(Donaldson et al., 2006).

Crystallinity has an impact on the stability of an ENP and its reactivity (Jiang et al.,
2008b; Barnard et al., 2010). For example amorphous forms of titanium dioxide
ENPs have been found to have the stronger oxidative abilities when compared to
crystalline forms (Jiang et al., 2008b). This property has to be considered in food
industry applications since reactive oxygen species, when accumulated in the body,
are harmful, sometimes resulting in carcinogenicity and causing many other
disorders (Diplock et al., 1998). Furthermore, reactive oxygen species may reduce
the shelf life of a food product and affect its structure (Chen et al., 1999).

Dissolution rate is as important as aggregation state. lons will behave very
differently than ENPs and in some instances may be more toxic (Misra et al., 2012).
For example the gradual dissolution of silver ENPs explains the increases in toxicity
of stored dispersions to human mesenchymal stem cells (Kittler et al., 2010). The
functionality of an ENP, which also depends on their chemical composition, will
have a strong effect on the behaviour of an ENP. The food industry uses this to their
advantage when designing ENPs for use in novel products (Chaudhry and Groves,
2010).

Mass concentration can be measured for ENPs as for ‘traditional’ substances.
However a more useful measure of exposure may be the PNC of SSA. PNC and SSA
are closely connected to some of the other ENP features described above such as
size, aggregation and dissolution and density.

A wide range of methods is available for detection and characterisation of ENPs.
Numerous detailed reviews of these methods are available in the literature (e.g.
Tiede et al., 2008; Luykx et al., 2008; Linsinger et al., 2012 and Dudkiewicz et al.,
2012- Annex 2). Methods include chromatography based techniques, imaging
techniques, spectroscopy based techniques and mass spectrometry. Nevertheless, no
single method is able to measure all of the ENPs’ features described above. Table 1.1
provides an overview of different method capabilities for the characterisation of the
listed ENP properties. The electron microscopy (EM) based methods are described in
more detailed in Chapter 2.

18



Table 1.2- Use of analytical methods for characterisation of some ENP features- marked with “+” (Dudkiewicz et al., 2012)

Size & Size A ii Dissoluti Chemist sh Struct Surface | Particle number Mass Surface
distribution ggregation Issofution emistry ape ructure charge concentration concentration area
Chromatography + +
Ao
1 SLS™,
FFF * ¥ * SedFFF-
DLS"
CE? + + + +
Microscopy and coupled + + + + + + +
analytical techniques
Light Scattering + + + + ELS™ +
SAXS® + + + n "
SANS* + + + +
XRD® + + +
NMR® + + + +
UV-Vis' + + +
Mms® SPMS + + +
Ultracentrifugation/CLS’ + + + + + + +
Filtration + +
Dialysis +
BET™® +
Particle Counters + + +
Dsc™t +
Raman Spectroscopy + + +

IField flow fractionation, “Capilary electrophoresis, *Small angle x-ray scattering, *Small angle neutron scattering, *X-ray diffraction, °Nuclear magnetic resonance, 'Ultraviolet visible

spectrometry, ®Mass spectrometry, *Centrifugal liquid sedimentation, ‘°Brunauer-Emmett-Teller, ' Differential scanning calorimetry, *Field flow fractionation coupled to static light scattering,

B3sedimentation field flow fractionation coupled to dynamic light scattering. **Electrophoretic light scattering
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Further challenges with characterisation of ENPs in food products include sample
preparation and presence of natural and contaminating nanostructures in foods as
mentioned above. Care has to be taken when preparing a food sample for analysis so
that the sampling is representative. In some cases ENPs can be expected to be
localized in restricted areas of the sample. For example, in the case of migration
studies from food contact materials, analysts can expect that ENPs are situated on the

surface of the food packed in the contact material.

For some ENPs (e.g. carbon-based ENPs), it may be difficult to distinguish the ENP
from the background. For example, nano delivery systems are usually composed of
lipids, proteins or polysaccharides (Luykx et al., 2008), which are all naturally

present in food products making detection very difficult.

It needs to be mentioned that characterisation of ENPs in general, even in a pristine
dispersion, is already challenging. Size characterisation of ENPs, for example, faces
two major difficulties: lack of reference materials (especially for ENPs characterised
by a broad size distribution) and incomparability of the measurement results in
between the methods for ENPs which are not spherical. Many of ENPs are spherical
but can undergo agglomeration/aggregation after being added to food. Others might
be aggregated as a result of the production process like the mentioned food additives
SAS and titanium dioxide E171. For these types of ENPs size data are expressed in
different ways by different methods (Table 1.2). Thus the interpretation of
measurement results and comparison in between the studies is very arbitrary.
Furthermore no full validation of the measurement of such ENPs can be carried out,
because the accuracy of the techniques cannot be assessed. Nevertheless
characterisation of the particle size distribution is very important from the
toxicological as well as regulatory point of view. Recently, the European
Commission (EC) issued a recommendation on the definition of nanomaterial (The
European Commission, 2011). This recommendation states that a substance will be
considered as a nanomaterial if 50% of the particle number within a sample is within
size range of 1-100nm. Such a definition adds another challenge as very few
methods are able to measure particle size distribution based on number (PNSD)
rather than mass (Linsinger et al., 2012; Calzolai et al., 2012).
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Table 1.2- Definitions of particle measurements provided by the different

techniques

Techniques providing

Definition
measurement

Measurement

Diameter of the circle
Microscopy with same projected area
as the particle

Equivalent Circle Diameter
(ECD)

Diameter of the sphere
CE, SMPS', GEMMA? | which has same electric
mobility as the particle

Electric Mobility Diameter
(EMD)

Diameter of a sphere with
CLS same sedimentation
velocity as the particle

Stoke’s Sedimentation
Diameter (SSD)

Diameter of a sphere with
same diffusional
behaviour as the particle

Hydrodynamic Diameter | HDC?® SEC*, FFF. DLS,
(HDD) NTA®

Mass Equivalent Diameter Diameter of a compact

(MED) SP-ICP-MS® sphere of same mass as a
particle
Root mean square of the
Radius of Gyration (Ry) SLS, MALLS/ distances of the points on

the object’s perimeter to
it’s center of gravity

IScanning mobility particle sizer, “Gas-phase electrophoretic mobility molecular analyser,
*Hydrodynamic chromatography, “Size exclusion chromatography, °Nanoparticle tracking analysis,
®Single particle inductively coupled plasma with mass spectrometry detection, "Multiangle laser light
scattering

The European Food Safety Authority (EFSA) in their “Guidance on the risk
assessment of the application of nanoscience and nanotechnologies in the food and
feed chain” recommends the use of at least two methods for ENP characterisation
(EFSA Scientific Committee, 2011). According to this guidance one of these
methods should be EM. EM enables visualisation and characterisation of such ENP
features as PNSD, shape, crystallinity and, when coupled to spectrometric
techniques, also elemental composition. The great resolving power of EM is a result
of the application of an electron beam with a wavelength well below the nanometer
range. Optical microscopy, operating at wavelengths A in the range of 400-800 nm
and numerical aperture (NA) ~1, Abbe’s diffraction limit d=A/2NA gives a
resolution of ~ 200 nm. Since the wavelength of an electron beam is much shorter
than the one achieved by light, the resolution of EM will be much higher. For
example, an EM working with an acceleration voltage of 100 kV allows theoretically

to achieve wavelength of 0.0037 nm (Kachlicki, 2007a).
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Two main EM imaging techniques are employed for ENP detection and/or
characterisation, namely scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Calzolai et al., 2012). The various EM methods (Figure
1.1) are briefly described below and elaborated in more detail in Chapter 2.

Optical TEM SEM FIB-SEM

M v | | v |<——Electron gun

<«——Electron beam

~
lens <> v +—Electromagnetic lens
Focused lon Beam
| ——

> *\ *\#/

s

o g
| i <+ Samele
~— Electron detector

Figure 1.1- Overview of EM methods suitable for ENP characterisation

"‘\’i

in food matrices

SEM creates an image by scanning the sample surface with a low energy electron
beam (1-30 keV) and detecting the scattered electrons. This technique is used for
imaging of the sample surface and can provide images with great depth of field,
where the whole area of the micrograph is in focus. In a focused ion beam SEM
(FIB-SEM), the ion beam can cut into the material being analysed and a solid
specimen can be sectioned for 3D imaging while being able to observe the process
(this can also be achieved with in-situ microtomes) (Denk and Horstmann, 2004).

In TEM, a high energy (80-300 keV) electron beam is transmitted through a very
thin layer of the sample. A fraction of the beam is scattered on the sample while
some electrons can be transmitted with little change in energy or direction. Contrast

in TEM is based on detection of these beam interactions with the sample, providing a
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high resolution image and allowing characterisation by numerous spectrometric

techniques (see Chapter 2).

Although EM has been used for decades to characterize nano-sized objects like
particles, viruses and colloids in complex matrices (Bergh et al., 1989; Leppard et
al., 1996; Doucet et al., 2005; Domingos et al., 2009; Tiede et al., 2009c) and has
advantages over other analytical methods in terms of the types and quality of
information it can provide on ENPs, the technique suffers from many drawbacks. For
example, it requires sample preparation, which might be complex and time
consuming, as well as induce alterations to the sample (see Chapter 2). Additionally
EM is only able to characterise only a very small volume of the sample at once
(order of pL), which means that the limit of detection (LOD) is likely to be very high
in comparison to other analytical solutions. The volume constraint also limits the
number of ENPs that can be analysed in EM and may pose a challenge when it
comes to representative sampling. The quantity of ENPs which need analysing to
obtain reproducible data has been discussed in several papers and some authors
recommend measurement of at least 500 ENPs (Linsinger et al., 2013). EM is also
an expensive method to use and consequently acquisition of data on so many ENPs
might not always be possible from an economic viewpoint. Data on measurement
reproducibility for ENPs in foods by EM methods are so far not available.
Additionally for ENPs with broad size distribution and non-spherical shape it is
difficult to apply other approaches which could aid assessment of ENP measurement
trueness for EM because of above mentioned discrepancies in size definitions. These
drawbacks require addressing, to aid the further development of appropriate
guidance on the measurement of ENPs in foods using EM and to give confidence in

the data generated from EM analyses of food materials.

1.1 Aim and objectives

The overall aim of this research was to develop improved procedures for the

detection of ENPs in food materials by EM methodologies. This was achieved by:

1. Performing a literature review of available EM techniques and sample
preparation procedures that might be appropriate for detection and

characterisation of ENPs in food (Chapter 2)
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2. Developing and assessing EM sample preparation protocols for liquid and
solid food samples containing ENPs (Chapter 3)

3. Developing a detailed understanding of the performance of EM methods for
measurement of ENPs in foods addressing such issues as: minimal measured
number of particles required to produce good results, LOD and measurement
precision (Chapter 4)

4. Developing of a novel approach for manipulation of nano-measurement data
to allow comparison of data arising from different techniques (Chapter 5).

5. Applying the approach developed in objective 4 to assess the methods
developed in objectives 2 and 3 against other available analytical approaches
(Chapter 5).

6. Refining EM methods for the accurate assessment of ENP size distribution
using the findings from objective 5 (Chapter 6)

7. Exploring the implications of the findings of the project for end users
(Chapter 7)

The study focuses predominantly on two types of ENPs used in the food
industry, namely Ag ENPs and SAS ENPs. EM images of these ENPs were
contained in Figure 1.2. Ag ENPs are used in numerous food contact materials as
well as some food supplements. Current EU regulations do not allow these
products on the European market, nevertheless they can be purchased using the
World Wide Web. There is also research ongoing on the application of Ag ENPs
in automated food processing, which faces challenges in regards to

microbiological cross-contamination of products.

In contrast to the Ag ENPs, the industrial application of SAS in the food industry
in Europe is well established. SAS is used as an anti-caking agent or filler in
foods. The material has been ‘generally regarded as safe’ for decades and a
recent risk re-assessment (after fractions of ENPs in SAS were detected) suggests
that there is no basis for concern over the consumption of SAS at current
estimated daily food intakes (Dekkers et al., 2010). Nevertheless SAS might fit
into the description of the EC recommendation for the definition of nanomaterial
(The European Commission, 2011). If it does, then foods containing it will
require new labelling from December 2014 (European Commission, 2012).

Nevertheless, measurement of PNSD of SAS is likely to be challenging. One of
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the reasons is the shape of these ENPs. SAS is obtained by burning silicon
tetrachloride using an oxygen-hydrogen flame. In the process Silica droplets are
formed and collide with each other creating stable aggregates (Barthel et al.,
1999). Therefore, unlike Ag ENPs, SAS is comprised of particle clusters (see
Figure 1.2b and d). This means that different analytical methods are likely to
produce very different PNSD for SAS. Additionally as silicon is a ubiquitous
element and silica particles have a low refractive index, detection especially in
foods is likely to be challenging. Therefore a major part of this research was

devoted to the measurement and detection of SAS.

Figure 1.2- SEM (a and b) and TEM (c and d) images of Ag ENPs (a and
c¢) and SAS (b and d)

This research was a part of EU funded NanoLyse project which focused on the
development of analytical methods and reference materials for ENPs in foods. Nine
institutions from Europe and one from Canada participated in the project and this
research benefited from close collaboration with these institutions. Thanks to the
collaboration it was possible to validate EM results against other analytical methods,
such as GEMMA and AF4-ICP-MS and include in this research some of the first

produced reference materials for ENPs in foods.
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1.2 Structure of the thesis

The thesis content is divided in chapters, appendices and annexes. The chapters
comprise the main body of the thesis and describe majority of the research done
during candidate’s studentship. Appendices are supporting information for the thesis
which were removed from the chapters in order to preserve text coherency
(Appendix 2 and 3) or/ and due to the repetition of the part of the research in
different chapters (Appendix 1 and 4). Annexes are stand alone research pieces
related to topic of the thesis and include work done by candidate during PhD. With
the exception of Annex 1 all the annexes were published or accepted for publication.
They were included in the thesis to strengthen claim of publishability of the results
included in the Chapters 3-5, so far unpublished. Annex 1 includes application of
findings in Chapter 5 and 6 to research results from previously generated research in
Chapters 3 and 4. It was included in the thesis to highlight the importance of findings

contained in Chapters 5 and 6 and their possible future applications.
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Chapter 2 A review of electron microscopy techniques

Chapter 2

Characterisation of engineered nanoparticles in food by
electron microscopy

2.1 Introduction

This review provides an overview of the applicability and suitability of EM
techniques for characterisation of ENPs in food samples. Firstly methods of sample
preparation for EM are reviewed and their limitations discussed. Then different EM
imaging modes for application to samples in dry, frozen partly and fully hydrated
state are introduced. Where specific techniques have not been applied yet for
imaging of ENPs in food, examples have been taken from related fields such as

nanomedicine, nanotoxicology and environmental nanotechnology.

2.2 Sampling and sample preparation for electron

microscopy imaging

2.2.1 Sampling

The first and very critical issue of sample preparation for EM analysis is the actual
sampling regime itself. Since the sample volume that can be analysed by EM is very
small, obtaining a representative set of samples from a complex structured bulk is
challenging. Therefore a suitable number of replicates has to be prepared for each
sample and ideally a uniform distribution of the sample components should be
achieved. Sampling procedures should be selected based on e.g. type of ENP and the
nature of the sample matrix. Additionally the small sample volume has an impact on
the LOD (number of particles that can be visualised). If number concentrations are
low then the imaging analysis could be like “looking for the needle in the haystack”.
The volume will also affect quantification (e.g. particle number concentration or
elemental quantification by coupled spectroscopic techniques). Therefore if the
concentration of ENP in the sample is not high enough, separation and pre-

concentration techniques should be considered as described by e.g. Liu et al. 2009.
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2.2.2 Sample preparation

As the standard EM instruments operate under vacuum conditions, a food sample
containing water cannot be introduced into the sample chamber without prior

preparation. There are three ways of dealing with hydrated samples for EM imaging:

e Chemical fixation/stabilization followed by dehydration or drying and
conventional SEM or TEM

e Imaging using environmental SEM (ESEM) or liquid capsules
e Freezing followed by cryo-TEM or cryo-SEM

These are described in more detail below.

2.2.2.1 Sample preparation for imaging by scanning electron microscopy,

transmission electron microscopy and focused ion beam- scanning
electron microscopy

When analysing food with intact cellular structures, such as meat, fruits and
vegetables the aim is to minimize changes in the sample matrix in order to be able to
observe the distribution and interactions of ENP within cells and tissue in the form
that they will occur in the ‘real’ world. In general the methods of choice for
preparation of these types of matrices include fixation of the specimen (e.g. with
glutaraldehyde) and post-fixation (e.g. with osmium tetroxide) followed by chemical
dehydration and either critical point drying for SEM or resin embedding for TEM
and FIB-SEM. Liquid samples and emulsions such as milk, yoghurt or salad
dressings, can be encapsulated in agar and prepared using the same methods (Kalab
and Larocque, 1996; Egelandsdal et al., 1999).

e Chemical fixation and staining

By preserving protein structure with glutaraldehyde and post-fixing unsaturated
lipids with osmium tetroxide it is possible to perform imaging of fat and protein
based processed food with minimal impact on the sample matrix. If the post-
fixation step is omitted, the fatty acids and unsaturated lipids will not be fixed.
Osmium tetroxide also stains the lipids and has further impact on protein
fixation. Other heavy metal stains such as uranyl acetate or lead citrate may be

applied and a mordant, such as tannic acid, can be used to both enhance staining
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and preservation of ultrastructures. For ENPs, the heavy metal staining may
create or enhance contrast on the micrograph, if the particle material and matrix
have a different affinity to the staining compound. The heavy metal can provide a
negative contrast if it is moulded around the particle (or the particle coating)
outlining its structure. For example, in studies of the uptake of polylactide ENPs
in HeLa cells, heavy-metal staining of the cells enabled visualization of the ENPs
using bright-field TEM by increasing the contrast (Musyanovych et al., 2008).
The negative staining technique was originally developed for imaging virus
particles and bacteria (Maunsbach and Afzelius, 1999), but also organic coatings
on nanoparticles can be made visible. This method has been used to reveal e.g.

creatine and albumin coatings on gold nanoparticles (Lopez-Viota et al., 2009).

However, staining can also lead to difficulties in distinguishing ENPs from
densely stained organic structures of the same size. In some cases an
unambiguous identification can be very difficult, for example it is impossible to
distinguish between polystyrene nanoparticles and vascular structures in cells
(Mdhlfeld et al., 2007). Only a comparison of a sample that is known to contain
particles with a blank sample will prevent misleading interpretation of such

images and so the use of appropriate control samples is essential.

e Chemical dehydration

Dehydration of the sample with ethanol is considered to be the best choice for
food matrices and may also improve the preservation of ENP structures
compared to many other solvents that have traditionally been used e.g. acetone.
Studies with silica nanoparticles have shown that agglomeration during sample
preparation using this method is lower than if oven drying or freeze-drying were
used (Rahman et al., 2008). However, ethanol dehydration cannot be used for
food products with high levels of saturated fats or especially water soluble
carbohydrates. Extensive chemical treatment may also induce artefacts. For
example, removal of water and fat during sample preparation can lead to a
removal of ENPs that are associated with one of the phases; and reactions
between the chemicals used for sample preparation and the ENPs are possible.
Therefore, the effect of the dehydration treatment on ENPs in a particular sample
type should be fully evaluated before the method is employed for food analysis.

e Drying
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One approach to overcome the problems of loss of components due to chemical
treatment is to use sample drying techniques. Liquid samples like soups or juices
may be concentrated when dried directly on the microscopy substrate. This type
of approach has previously been employed for the characterisation of ENPs in
sunscreens (Lorenz et al., 2010) and is about most commonly applied way of
preparing ENP suspensions for EM analysis (e.g.Tiede et al., 2009a; Park et al.,
2013; Luo et al., 2013- Annex 4). Drying can be accelerated by blotting off the
excess liquid using e.g. filter paper. This prevents agglomeration artefacts in
dried ENP dispersions (Novak et al., 2001). For food samples, drying methods
can be applied, if the food matrix is liquid and its density is sufficiently low to
allow the formation of a very thin film. Liquid samples may also be diluted by
solvents such as methanol to increase spreading during drying, but this may

influence agglomeration state of ENPs (Lorenz et al., 2010).

Good spreading of the drop on the TEM grid is important to enhance the
distribution of the ENPs on the grid surface. Drop spreading can be enhanced by
inducing hydrophilicity of the grid coating (Hayat, 1989a). Another way of
dealing with grid hydrophobicity is sedimentation of the sample on the top of the
grid using ultracentrifugation (Lienemann et al., 1998). This technique can be

used to provide quantitative data on particle concentration (Zheng et al., 1996).

Milder methods of water removal such as freeze-drying may also be used. Using
this approach, the sample does not have to be chemically treated and rapid
freezing can be used to preserve surface structure (5-10 um deep) (Bozzola,
2007). Fast freezing followed by sublimation is an alternative approach for
drying ENP suspensions (Domingos et al., 2009). A further advantage of
removing water from a sample, especially highly hydrated, is that the ENPs can
be enriched in the residue which simplifies the detection and analysis. However,
artefacts are more likely due to the higher density and structural change of the

sample.

e Preparation of thin sections for transmission electron microscopy
imaging

One of the most challenging steps in TEM is the preparation of a sufficiently thin

sample that allows the electrons to pass through. More complex food samples

can be embedded in resin and cut in 15-90 nm thin sections (Kalab et al., 1995)
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by means of ultramicrotomy. Ultramicrotomy is the standard method for
preparing thin sections of resin embedded biological materials by sectioning the
sample with the cutting edge of a glass or diamond knife (Villiger and Bremer,
1990). The sample is mounted on an arm vertically moving with a defined speed
against the knife edge. The cutting process is controlled under a binocular.
Another option of thin section preparation offers FIB milling. More information
about the method can be found in (Giannuzzi and Stevie, 1999). Liquid samples
can be prepared as resin embedded specimen for TEM imaging without
sectioning. For this purpose a water soluble melamine resin, such as Nanoplast,
is added into the sample. A drop of the specimen is then deposited on the TEM
grid mounted on horizontal centrifuge. Horizontal centrifugation removes excess
of the liquid from the grid forming sufficiently thin layer for TEM imaging and
added resin polymerizes preventing drying artefacts (Perret et al., 1991; Plathe et
al., 2010).

2.2.2.2 Sample preparation for imaging by liquid cell technique and
environmental electron microscopy

Liquid cell techniqgue and ESEM often do not require any sample preparation,
enabling imaging of the specimen in its unperturbed state. However to enhance
visualisation of the fraction of interest in the sample some pre-treatment may be
given to the sample. For example, Quantomix ™ capsules used in the liquid SEM
technique ‘WetSEM™ are suitable for centrifugation, therefore this method could
be used to increase adhesion of fraction of interest to the capsule membrane (Koh et
al., 2008). The membrane of the capsule can also be treated with substances such as
gelatine or poly-I-lysine improving specimen adhesion as demonstrated for ENPs in
environmental matrices and sunscreens (Lorenz et al., 2010; Tiede et al., 2009c).

2.2.2.3 Sample preparation for imaging by cryogenic methods

Samples can be prepared for EM imaging using “physical fixation” by freezing the
sample. Water is often part of the ultra structure of biological samples or food
matrices and drying the samples will change the structure dramatically. In principle,
freezing is the ideal method because chemical treatment and therefore sample
alteration can be avoided. The key to good sample preparation in cryo-EM is the

freezing process. As ice crystals grow, only water molecules are incorporated into
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the ice crystals, and the specimen is thereby segregated into crystals of water and
ridges in- between containing enriched regions with the dissolved material, such as
solutes and macromolecules. Formation of large ice crystals can even rupture and
destroy whole cells in biological samples. The preservation of the ultrastructure is
thus dependent on the avoidance of formation of ice crystals or at least preventing
from growing larger than the structures of interest in the sample. Obtaining
amorphous ice, so called vitrified water, from liquid water by ultra rapid freezing
was first reported in the beginning of the 1980s (Bruggeller and Mayer, 1980). Even
using ultra fast freezing, the thermal conductivity of water will limit the cooling rates
inside specimens and vitrification of samples thicker than a few microns is
impossible without addition of cryoprotectants or application of very high pressure
(Dubochet, 2009).

Different freezing methods are available including plunge freezing (rapid immersion
freezing), contact freezing (metal mirror/slam freezing), spray freezing (propane jet)
and high-pressure freezing (Maunsbach and Afzelius, 1999; Cavalier et al., 2009).
The choice of method depends mainly on the dimension of the sample. In the
absence of cryoprotectants, large samples with dimensions of millimetres to
centimetres are not likely to be preserved without ice crystal damage. These samples
have to be infiltrated with a cryoprotectant like glycerol or sucrose before they can
undergo freezing. For liquid samples, like suspensions and emulsions, plunge
freezing can be applied where the sample is plunged into a coolant like liquid
propane, ethane or nitrogen. Instruments for plunge freezing are commercially
available but also homemade solutions exist. Typically the liquid, e.g. a suspension,
is pipetted on a microperforated, glowdischarged cryo-TEM grid, the excess of

liquid is removed by blotting and the grid is plunged into the coolant.

If a preservation of a thin layer (5-20um) on the sample surface is sufficient, the so
called contact freezing technique can be used (Leforestier et al., 1996). The sample
is rapidly slammed against a cold polished metal surface with high heat conductivity.
Because of the generally low heat conductivity of the samples only a surface layer is
frozen with a sufficiently high speed to avoid ice crystal formation. Another method
is spray freezing (Knoll et al., 1982). There, the sample is placed between two plates
and a jet of liquid propane cooled with liquid nitrogen is applied. The high dynamic

pressure of the jet guarantees fast cooling. With high pressure freezing samples of up
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to 200 um thickness can be vitrified. The method utilizes the fact that water expands
during crystallization by applying a large pressure to the sample during freezing thus
counteracting ice crystal formation. The drawback of high pressure freezing is that it
requires relatively expensive instrumentation, even though references of
‘homemade’ high pressure freezing, exploiting the expansion of water during

freezing in closed containers do exist (Hayashi et al., 2002; Leunissen and Yi, 2009).

Cryo-SEM might require sectioning of the sample by means of the so-called freeze-
fracture method. The sample is fractured and inspected under cryogenic
temperatures. Freeze-fracture provides access to the inside of a bulk sample.
Samples have a tendency to break at the natural planes of weakness e.g. such as the
hydrophobic interior of cellular membranes (Branton, 1966). The fracture can be
succeeded by sublimation of water from the ice surface to reveal more of the
embedded solid structure (Moor and Muhlethaler, 1963).

There are several possibilities to prepare cryo-fixed samples for TEM. Plunge frozen
samples can be directly investigated in a TEM equipped with a cryo-sample transfer
holder. Samples from contact, spray or high pressure freezing can undergo freeze
substitution, i.e. dehydration at low temperatures in parallel with infiltration of a
resin (Maunsbach and Afzelius, 1999). Subsequently, the sample can be treated as a
chemically fixed one.

Another possibility is to fracture a sample that has been sandwiched between plates
during freezing. The plates are separated in a special device and a replica of the
freeze fractured surface is made for TEM investigation, typically by shadowing with
platinum or gold and carbon. Thicker samples (e.g. from high pressure freezing) can
be sectioned in a cryo-ultramicrotome and the frozen sections investigated in a TEM
equipped with a cryo-holder. This technique is known as CEMOVIS (Al-Amoudi et
al., 2004).

2.2.3 Improving localisation of engineered nanoparticles in the
sample

For some ENPs it is possible to use auto-metallography (AMG) or silver
enhancement to increase the ENP size. In this process, silver from solution, is
deposited onto existing particles so that they reach sizes visible in low magnification

EM or even light microscopy. The basic principle is that silver ions adhere to the
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catalytically active nanoparticle or crystal and are then reduced by electrons released
from reducing molecules touching the nanoparticle. This method has successfully
been applied for gold and silver ENPs, Quantum Dots (e.g. CdSe) and nanocrystals
of metallic compounds generated in vivo (Danscher and Stoltenberg, 2006).

To get an overview of the distribution of ENPs in an inhomogeneous sample it is
helpful to visualize the presence of the particles at a relatively low magnification. In
correlative optical and electron microscopy specific areas are identified by screening
with e.g. a confocal microscope and then re-localized at the EM level. This approach
is suitable for absorbing or fluorescing ENPs with sufficient contrast in TEM like
metal ENPs or quantum dots (Nisman et al., 2004). Increasing the number of images

and sub-samples, detection, representativeness and statistics can also be improved.

2.3 Standard Electron Microscopy methods

2.3.1 Scanning Electron Microscopy methods

Pioneer experiments leading to development of SEM method were performed in
1935 by Max Knoll. In next seven years first SEM was constructed in USA. The
resolving power of the prototype was at a level of 1 um, but soon was upgraded to 50

nm (Jozwiak, 2007).

SEMs of today achieve resolutions of 1 nm using high resolution imaging
instruments; and about 3 nm using conventional instruments. However, it has to be
noted that the resolution that can be achieved strongly depends on the sample.
Organic samples like food stuff need to be covered with a layer of electrical
conductive substances like metal or carbon to avoid charging effects during imaging.
Also, the energy of the electron beam has to be adjusted accordingly to avoid

damage of the specimen.

Contrast in SEM emerges from scattering of the electron beam by the sample. SEM
employs several detectors that select specific energy ranges of the scattered signal.
Low energy secondary electrons (SE) primarily provide information on the surface
topography while high energy backscattered electrons (BSE) can be used for
mapping contrast based on differences in atomic numbers, Z, of elements that the
sample is composed of thereby providing good contrast for heavy and light elements
such as Silver ENPs in cells (Koh et al., 2008). Images obtained with a BSE detector

can give visible contrast when the difference between Z of elements is as low as 0.1
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(Jozwiak, 2007) and therefore provide simplicity of data interpretation superior to

other imaging techniques.

Samples for SEM are mounted on aluminium or carbon stubs by sticking with, for
example, quick setting glue, epoxy cement, wax, silver paint or double sided sticky
tape. Tapes can additionally contain carbon to avoid electrical charging of the
sample. Unlike TEM, in SEM, prepared samples can be introduced for imaging in
bulk form as there is no need for cutting thin sections. Generally sample preparation
is less challenging for SEM imaging compared to TEM. For example liquid samples
can be dried directly on SEM stub as demonstrated for sunscreens (Lorenz et al.,
2010) or closed in agar capsules which after chemical treatment undergo incision e.g.
model salad dressings (Egelandsdal et al., 1999). SEM also gives the possibility of
tilting the sample to allow observation from different angles and 3D imaging
(Pouchou et al., 2002).

The characteristic depth of field given by SEM micrographs is of great utility for
food analysis as it allows the effects of ENPs on food structure to be established as
well as the ENPs to be localised. The effectiveness of the technique has been
demonstrated in studies on collagen cross- linking with gold ENPs for drug delivery
system application (Castaneda et al., 2008). In this research SEM micrographs
allowed the authors to measure the effects of the ENPs on the porosity of collagen
gel while TEM analysis showed organization of ENPs in the gel structure.
Compiling data from micrographs by SEM as well as TEM methods is a good
practice, since SEM’s resolution range limits possibility of observations on ENPs

morphology.

Although conventional SEM is commonly used to visualise the specimen surface, in
some studies samples are also fractured for analysing the internal structure. For
example, in research on beef microstructures, samples were chemically fixed and
after dehydration in ethanol, cryo-fractured (Palka, 2003). This way sample

alteration was minimised since frozen ethanol does not form crystals.

Another method for observation of a fractioned sample is FIB-SEM. Dual-beam
FIB-SEM is a powerful alternative to TEM, when a large volume biological sample
(e.g. whole cells, tissue) needs to be imaged. It is a hybrid 3D imaging technique
combining FIB milling with SEM, where the two beams meet at their focal points.
The ion beam is used as a cutting tool, milling slices off the sample, while the SEM
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images the freshly cut surface. The third dimension is obtained by stacking of
subsequent SEM images taken after each FIB sectioning of the bulk material
(Principe, 2007). Resolution is limited to about 10 nm in 3D volumes and requires
the particles to provide a good atomic number contrast in the extremely flat FIB-cut

surface.

Compared to TEM, FIB-SEM provides five-fold lower resolution of 5 to 10 nm in
the X and Y dimensions and 10 nm in Z dimension (Winter et al., 2009). This allows
correct imaging of organelles, cytoskeleton, nucleus, nucleolus, and vesicles, but
prohibits detailed information on the lipid bilayer structure, and any single
molecules. The main advantage, however, is the wide magnification range offered by
SEM mode, and the available image volume of tens of micrometers: making the

whole cell morphology and structure imaging easily achievable.

An image of a sample prepared by FIB-SEM milling can be seen in Figure 2.1a
(stained Hela cell).

FIB-SEM 3D images usually suffer resolution anisotropy (image anisotropy occurs
when voxels (three dimensional pixels) that image is consisted of, instead of cubical
are shaped in cuboids with variable edge length).This can only be avoided if the FIB-
resolution is pushed to its limits: state-of-the-art FIB minimum probe size and
position is stable for 10 nm slice milling (Winter et al., 2009) and thus slice
minimum thickness can be very close to the lateral resolution set by the SEM.
However, thicker sections are often needed when higher volumes are imaged and
time is constrained, which creates vertical to lateral anisotropy. Another source of
lateral anisotropy is caused by the angle between the two beams. In most of the dual-
beam systems, the electron beam is arranged vertically and the ion beam with an
angle of 52°. Tilting of the sample stage allowing straight ion milling is commonly

used.
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Figure 2.1-(a) SEM image of FIB-milled block face of fixed, stained and
embedded HelLa cell;(b) TEM image of silver ENPs in resin embedded,
unstained rat tissue; (c) liquid SEM image of unstained coffee cream
(BSE detector); (d) WetSEM image of metal-based ENPs in lake water;
(e) Cryo-SEM image of freeze-fractured, uncoated oil-in-water emulsion;
and, (f) Cryo-FIB-SEM image of adherent cell (3T3 fibroblast) after
slight sublimation. All the images originate from work of the authors.

2.3.2 Transmission electron microscopy methods

The first TEM was constructed in 1931 by Max Knoll and Ernst Ruska, later winner
of Nobel Prize in Physics. Because of its high resolution and availability in many
laboratories, conventional TEM is frequently used in research on nanosized objects.
The technique has found application in many studies on food nanostructures (e.g.
Fishman et al., 1995; Auty et al., 2005) and therefore is regarded as promising tool
for characterisation of ENPs within food matrices. The resolution in state-of-the-art
TEM is about 0.07 nm and developments are aiming to upgrade it to 0.05 nm
(TEAM, 2013). For TEM, resolution is strongly dependent on the thickness of the
prepared sample and the accelerating voltage for the electrons- the higher the voltage
the better the theoretical resolution. For imaging of food samples, especially
containing structures prone to electron damage, the optimal accelerating voltage of
TEM would be limited to up to 100 kV as for most biological samples.
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There are several ways of acquiring an image by means of TEM and a more detailed
description of these methods can be found in the literature (Kachlicki, 2007b). For
bright field TEM imaging, scattered electrons are totally absorbed by an objective
lens aperture and the un-diffracted part of the beam passes through the aperture hole
to form an image. The user observes a dark object on bright background with
absorption or interference contrast. In TEM bright field imaging of a non-crystalline
sample contrast emerges mainly from differences in the sample thickness and
differences in the sample density and Z, with thicker sample regions and regions with
higher density appearing darker. Metal based ENPs typically give significant
contrast in these matrices (e.g. Lorenz et al., 2010; Tiede et al., 2009c¢) as illustrated

in Figure 2.1b showing a bright field image of silver ENPs in rat tissue.

Bright field TEM is widely used technique in food research. It was applied for
example in studies on morphology analysis and sizing of natural food nanostructures

like starches (Fishman et al., 1995) and casein micelles (Auty et al., 2005).

Dark field TEM imaging is based on detection of the fraction of the beam diffracted
by the sample. This method visualises a bright object on dark background. Dark field
imaging employed in scanning transmission electron microscope (STEM) allows
imaging of nanoparticles and biological specimens without staining and with a sub-
nanometer spatial resolution (Liu, 2005). For imaging the distribution of high Z
elements e.g. Silver or Gold in a light element matrix such as organic tissue, one can
take advantage of the high angle scattered electrons in STEM that are mainly caused
by the interactions of electron beam with atoms' nuclei (scattering is proportional to
Z%). Detection is achieved by the high angle annular dark-field (HAADF) detector,
placed in a circle around the electron beam. HAADF was for instance used to image
gold ENPs with 4 nm resolution within a cell, which amounts to several micrometers

of organic matters (Niels de Jonge, 2007).

High resolution TEM (HRTEM) utilises interference contrast to provide resolutions
capable of visualising atomic layers of crystalline samples and can be applied for
imaging of crystalline ENPs within organic matrices such as food. For example
Fayek et al. (2005) applied HRTEM for imaging and sizing of uranium oxide
nanocrystals on the surface of bacteria. In some cases high resolution imaging
enables identification of ENPs using their characteristic lattice spacing. This has for

example been achieved for fullerenes (Porter et al., 2007). By observation of
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coherent electron nanodiffraction patterns, details of the morphology and 3-D
structure of ENPs can be revealed (Liu, 2005). The three dimensional arrangement of
ENPs within a matrix can be observed by electron tomography. Tilting the sample
holder in the microscope a 3D image can be obtained recording images of the sample

at different angles followed by a computed back-projection (Mclintosh et al., 2005).

2.4 Electron microscopy of hydrated samples in their original
state

Imaging artefacts caused by invasive preparation methods can be partially overcome
by relatively new developments in EM that allow imaging of hydrated and even fully
liquid samples. A range of methods can be employed including liquid TEM,
environmental TEM (ETEM), ESEM, liquid SEM/ WetSEM™ and liquid scanning
transmission electron microscope (Wet STEM) (Tiede et al., 2008).

For example, techniques for high resolution imaging of liquid samples in TEM are
being developed (resolutions of 0.3 nm have been reported by Liu et al. (2008) with
9 nm oxide windows and 2-5 microns of water and of 3 nm by Peckys et al. (2009)
with 50 nm silicon nitride windows and approximately 10 microns of water). Special
microfabricated chips with thin film windows that can be penetrated by the electron
beam are used for this purpose. These chips allow a sample to be imaged in its fully
hydrated state thus avoiding any change from staining or dehydration. Typically the
microchip has a sturdy substrate of silicon for mechanical stability and an opening
containing the window. The material chosen for the window must be resistant to
pressure and electron transparent in such a way that the contribution to the signal
from the window can be said to be negligible (Liu et al., 2008; Peckys et al., 2009).
This method has been used to observe the synthesis of ENPs (Zheng et al., 2009). It
has been shown that high Z particles can be located in comparatively thick volumes
of liquid and that the superstructure of organic composites such as cells can also be
seen (Liu et al., 2008; Peckys et al., 2009). These devices would likely be able to

provide new insights into the ENP interaction with food samples.

The liquid cell method brings many of the advantages of ETEM to a regular TEM.
With ETEM a partially hydrated sample can be viewed. The main difference
between the liquid cell method and ETEM is the pressure of the liquid. In ETEM the
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liquid exists as vapour and can only partially hydrate the sample. In the liquid cell

method the sample can be completely immersed and hydrated.

Imaging in ESEM involves detection of electrons scattered by the specimen surface
and molecules of the gas in the sample chamber (Thiel et al., 1997). Though ESEM
does not operate under atmospheric pressure it is possible to image samples with
100% of relative humidity over the specimen surface, thus preventing water
evaporation. While manipulating vapour pressure it is also possible to partially
dehydrate the sample in the sample chamber. This practice may be very helpful for
ENPs analysis, since e.g. in an aqueous sample imaged at 100% humidity, only the
surface of the water droplet will be imaged and ENPs distributed within will not be
visible (Doucet et al., 2005). ESEM does not need sample coverage with an
electrical conductor since ions present in the water vapour neutralize charged
regions. The technique does not require extensive sample preparation and therefore
is good alternative for food products imaging in their native state as demonstrated for
starch-containing imitation cheeses (Noronha et al., 2008). ESEM was also proven
to produce high contrast images of nano and microsized inorganic contaminations in
bread and biscuits (Gatti et al., 2009). In studies on natural nanostructures in surface
water ESEM imaging was able to provide data on the primary structures of the
particles while conventional SEM imaging shown aggregated colloids and particles
(Doucet et al., 2005). The disadvantage of the method is worse resolution compared
to conventional SEM imaging (10-100 nm) (Tiede et al., 2008).

In WetSEM™ a sample is encapsulated in a special device designed by
Quantomix "™ allowing samples under fully liquid conditions to be imaged through
an electron transparent membrane - similar to the liquid cell technique used for
TEM. This method is suitable for imaging objects made of elements with high
atomic numbers, which will give good contrast on the micrograph (Quantomix,
2011). Water and fat present in the sample may be clearly distinguished by this
method (Quantomix, 2011; Molero et al., 2009) WetSEM™ is a good option for
analysis of metals and metal oxides in environmental samples in their unperturbed
state (Tiede et al., 2009c), therefore is also promising technique for investigation on
liquid foodstuff in their native state. Figures 2.1c and 2.1d show liquid SEM image
of coffee cream and WetSEM™ of metal-based ENPs suspended in lake water
respectively. Like ESEM, the disadvantage of WetSEM™ is that the resolution is
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lower compared to standard methods (10-100 nm) (Tiede et al., 2008). Also ENPs
will move in the liquid due to Brownian motion and therefore focusing can be a
challenge (Lorenz et al., 2010; Tiede 2009c). The capsule membranes can also be
prone to damage by the electron beam (Lorenz et al., 2010; Tiede et al., 2009c;
Tiede et al., 2008). Another approach, WetSTEM, has a resolution of ~ 5 nm. For
this method a drop of sample is applied on TEM grid. Then it is placed on TEM
sample holder, fixed on SEM stub and inserted in an ESEM. Imagining of hydrated
samples is achieved in annular dark field mode by employing BSE detector situated

beneath the sample (Bogner et al., 2005).

2.5 Cryo-electron microscopy

Cryogenic scanning electron microscopy (cryo-SEM) is applied for investigation of
the ultra-structure of bulk samples. The samples are kept frozen by a cryo stage in
the microscope and viewed under high vacuum which allows for high resolution
imaging. In some cases it is possible to view uncoated samples at low acceleration
voltages because the samples are to some extent protected from beam-damage by the
low temperature (see Figure 2.1e).

The fracture planes in freeze-fracture are virtually impossible to control and in
samples where the fracture does not reveal the structure of interest, for instance a
cross section between heterogeneous materials or in cases where 3D imaging is
desired it is possible to perform FIB-SEM on the frozen specimens (see Figure 2.1f).
This has the advantage over ultramicrotomy that very small structures of interest can
be selected by use of cryo-SEM prior to milling.

It is always wise to compare several methods to avoid conclusions made on the basis
of artefacts. A number of studies have employed both cryo-SEM and ESEM to
hydrated samples. Cryo-SEM has the highest resolution, whereas ESEM enables the
observation of dynamic changes to the structure (James and Smith, 2009). The
combination of the two is beneficial to understanding the structure, as the
micrographs can sometimes be complementary (Noronha et al., 2008).

Cryo-SEM s likely to be a very useful approach for analysis of foreign nanosized
objects embedded in food matrices as long as their structure can be distinguished
from the structure of the food product. The method has been used in characterisation
of ENP bio carriers (Gomes et al., 2010), polymer nanocapsules (Li et al., 2009) and

even in visualisation of cellular uptake of polymer ENPs (Win and Feng, 2005).
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For Cryo-TEM, contrast of biological specimens is achieved by slightly under
focusing the sample. By keeping the thickness of the amorphous ice film low and
working at low dose conditions high resolution imaging, for example of 15 nm gold
ENPs with 0.2 nm lateral resolution, is possible (Balmes et al., 2006). Cryogenic
samples are better able to sustain extended radiation and this results in improved
image quality. In a recent paper 0.33 nm resolution was obtained in 3D on viral
particles enabling 3D reconstruction of the detailed protein structure (Zhang et al.,
2010). The technique can be applied for imaging of ENP suspensions, like metal
ENPs (Balmes et al., 2006), solid lipid ENPs (Jores et al., 2004) or micelles
(Knudsen and Skibsted, 2010) and vesicles (Won et al., 2002).

Cryogenic techniques are very useful for imaging of semi-liquid and solid food
samples that cannot be fixed chemically, i.e. fat or polysaccharide based food like
chocolate (James and Smith, 2009) and bread (Barcenas and Rosell, 2006), or
samples where the preservation of the matrix structure is of strong interest, like meat
(Larrea et al., 2007).

2.6 Analytical methods coupled to electron microscopy

Analytical EM allows the determination of the elemental composition of specimen or
specific areas/spots of a sample. The most common example is energy dispersive x-
ray spectroscopy (EDS). EDS and wavelength dispersive spectroscopy (WDS)
enable x-ray microanalysis of spectra emitted by atoms of the sample. WDS is much
more precise than EDS as it also analyses light elements, but because of the high
costs of the detector it is rarely used.

EDS is a helpful tool for the identification of the chemical composition of ENPs and
especially to distinguish between inorganic ENPs contained in an organic food
matrix. EDS can be combined with SEM, TEM, WetSEM™, liquid TEM, STEM,
ESEM, ETEM and FIB-SEM.

For TEM, HAADF and energy filter imaging (EFTEM), electron energy loss
spectroscopy (EELS) is usually applied for characterisation of inorganic materials,
however, this methods can also be useful for the identification of carbon based
ENPs. The combination of EELS and EDS together allows elemental analysis of

most elements since some are mainly detected by one of the methods.
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EDS is generally better suited for detecting elements of high Z, whereas EELS can
readily detect low-Z elements. For instance EELS has been used to image the
distribution of carbon nanotubes in cells, since the nanotube EELS spectrum is
slightly different from the carbon bound in organic materials (Porter et al., 2007).

2.7 Data interpretation and analysis

In most cases, the volume of a sample taken for EM is relatively small (order of pl)
in comparison to the volume of the original food product or environmental material,
e.g. for TEM a few pl are dried on a grid for analysis, whereas a typical bottle of soft
drink contains several 100 ml. If the food product or environmental material is
heterogeneous or an inhomogeneous distribution of ENPs within a homogenous
material is expected, random sampling and the investigation of several samples is
necessary to obtain representative results. Even if a relatively large sample volume is
taken and prepared for analysis, e.g. for SEM, the volume that can be analysed is still
limited. The detection of ENPs requires relatively high magnifications which limits
the field of view. For biological samples, including e.g. cells and tissues, methods
for sampling and quantitative analysis of ultrathin sections by TEM have been
developed (Elias and Hyde, 1980; Mayhew et al., 2009).

A major challenge is the analysis of samples with very low PNC of ENPs. Low
PNCs can for example be expected if ENPs enter foodstuffs by migration from
packaging materials. For a given mass concentration PNC of ENPs depends on their
size and density of the material the ENP is comprised of. Having for example a
sample with a mass concentration of silver ENPs of 0.01 % m/v, 18 ENPs could be
expected per analysed volume of 1 um3 if the particle diameter is 10 nm. In contrast,
for 100 nm silver ENPs at the same mass concentration at least 55 pum3 have to be
analysed to find a single particle. The LOD depends on the preparation and imaging
technique and the ENP properties including, e.g. size, composition, but also on the

size of the analysed volume.

One should also keep in mind that for determining the size distribution of non-
spherical ENPs 3-dimensional information might be required. TEM, for example,
shows only a projection of a certain orientation of the ENP, whereas, methods like

FIB-SEM, tomography or single particle analysis, offer three-dimensional
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information of the ENP size and shape. Nevertheless, these methods will have

limitations at very low particle PNCs.

Extraction of the data from EM images in a representative and reproducible way is a
challenge. Precise qualitative and quantitative image analysis is therefore required.
The accuracy of determining the average particle size and the PNSD of particles
contained in a sample, for example, depends on the number of particles measured
and a valid statistical approach might require thousands of measurements (Tiede et
al., 2008; Hassellov et al., 2008). Therefore automation of image analysis is crucial
for extracting data in a reproducible and objective way. Many of the available image
analysis softwares are, however, based on either manual or per pixel characterisation.
Manual interpretation is often inexact and tedious, whereas per pixel classification
may lead to errors e.g. in the correct determination of particle boundaries, especially
in presence of background noise, which is typical for EM images. Innovative object-
based quantitative image analysing systems, which enable cross linking of
neighboured objects, thus allowing structural and relational acquisition of
information such as distance, relative positions and composition, may overcome
these limitations (Tiede et al., 2008). Examples for the application of automated
image analysis for sizing ENPs can be found in the literature (Tiede et al., 2010;
Tiede et al., 2009a).

2.8 Conclusions

EM methods are capable of detecting and characterising ENP in a wide range of
matrices. The potential of EM for observing interactions of ENP with complex food
matrices is improving with refinement of existing techniques and the development of
novel techniques such as the wet state imaging systems. The traditional EM methods
are promising candidates for high resolution imaging of complex 3D structures
containing known inorganic ENPs. However to date not much work has been done
on ENP-food studies. The main challenge for researchers is sample preparation,
which may not be adequate for foodstuffs containing ENP in the structure. Careful
evaluation of the various methods, considering the highly varying sample matrices
and types of ENP is strongly recommended. A guiding table covering the available
EM choices, based on the research covered in this review, shows the main

possibilities and some pitfalls (Table 2.1).
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In most cases, the use of more than one of the available techniques should be
considered in order to get complementary micrographs and to determine how
processes of sample preparation may alter the structure of the sample. The EM
analysis should naturally be backed by other analytical methods (Tiede et al., 2008).
Figure 2.2 provides a potential decision tree to help the reader in selection of the

most appropriate EM method(s) for a specific food sample.

It is anticipated that EM imaging techniques will mainly be applied for the validation
of detection and quantification methods. The localisation of individual nanoparticles
in a real world food sample by EM, is very much like “finding a needle in a
haystack™ due to time-consuming analysis of small sample volumes and the issue of
representativeness and reproducibility, and likely also wide range of natural
nanostructures present in the sample. Therefore, EM would have to be performed as
a complementary analysis to separation and analytical techniques for real world
samples.

Imaging of food samples containing ENP is still in the development stage. None of
the discussed methods are complete and reliable just yet and the necessity of further
research and validation of the methods against reference materials or/ and other type

of analytical technique is highlighted by this review.
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Figure 2.2- Decision tree illustrating choice of EM methods available for

imaging of defined sample type

In the next Chapter, methods for sample preparation for EM imaging to support ENP
analysis are evaluated in order to identify the most appropriate methods for analysis

and characterisation of ENPs in food materials.
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Table 2.1- Overview of discussed EM methods suitable for ENP characterisation in food matrices

Method and Tvoe of food Type of ENP and examples
Approximate ype ot from the literature, Advantages Disadvantages
. matrix
Resolution references
SEM

Resolution- 1-10 nm

g

!
\
‘

Electron beam scanned

Food powders,
meat, fruit,
vegetables,
emulsions,

protein gels and

protein based

High atomic number eg.
Au(Castaneda et al., 2008),
Ag(Koh et al., 2008)
Chemically different than
food matrix eg. TiOy,
ZnO(Lorenz et al., 2010)
Organic with heavy metal

Imaging of food structure
parameters eg. porosity
(Dubochet, 2009),

ENP preconcentration,
ENP localisation in sample
(Koh et al., 2008),

EDS applicable,
Freeze- dried specimens may

Water removal can alter
structure of sample and
induce ENP artefacts eg.
aggregation
Coating with conductive
substance may obstruct
elemental analysis,

over sample. Scattered foodstuffs stain contrast be imaged (Castaneda et al., Mainly for analysis of
electrons detected in 2008) in alternative to prepared sample’s surface
each pixel. chemically fixed ones
FIB-SEM _ )
Resolution- 10 nm in 3D 3D imaging of sample
Electron beam . SeCtiOI‘lS,
Meat, fruit, . A
Fracturing while imaging-
vegetables, — If not frozen sample has to
Ion-beam X controlled sectioning, . -
. emulsions, As for SEM R be embedded in resin-
Cutting . ENP localization in sample,
sequentially Protein based . artefacts, loss of components
1-2-3-4... EDS applicable,
foodstuffs

lon beam cuts sections
imaged by SEM.

FID applicable in cryo- SEMs
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Table 2.1- Continued

Method and Tvoe of food Type of ENP and examples
Approximate ype ot from the literature, Advantages Disadvantages
. matrix
Resolution references
TEM Inorganic eg. metal based Altered structure of sample

Resolution- 0.07 nm

Electron beam passing
through the sample.

Non- turbid liquids,
without suspended
solids and low
concentration of
dissolved substances
eg. clarified juices,
meat, fruit,
vegetables, protein
based foodstuffs

ENM and quantum dots
(Nisman et al., 2004), metal
oxides TiO,, ZnO (Lorenz et

al., 2010)

Organic eg. polylactide in
stained matrix (Musyanovych
et al., 2008), fullerene Cg
and carbon nanotubes (Porter
et al., 2007), differently
shaped than sample
components

Detail imaging of ENP and
sample morphology,
Simple sample preparation
for liquids,

EELS, EDS and tomography
for 3D image applicable,
Possible staining of ENP
coating

ENP artefacts due to water
removal,

Solid samples have to be
chemically treated- artefacts,
loss of components,
Very thin section of the
sample needed- may be not
representative,
Particles may be damaged or
misplaced during sectioning

STEM
Resolution- 0.07 nm

TEM electron beam
scanned over sample.

Meat, fruit,
vegetables, protein
based foodstuffs

High atomic number ENP eg.
Ag (Niels de Jonge, 2007)

HAADF detector applicable

As in case of TEM

48




Table 2.1- Continued

Method and Type of ENP and
. Type of food .
Approximate . examples from the Advantages Disadvantages
. matrix .
Resolution literature, references
Minimal sample preparation, Resolution may be at times
Dynamic changes in sample may be too low to detect ENP,
ESEM quu!ds, Applicable for same _ observed o FIB mode not applicable
. emulsions, e No coating needed for imaging, therefore only for surface
Resolution 10-100 nm i as SEM if size is . . .
complex solid Sample may be observed in native state analysis,

(Tiede et al., 2008)

food samples

sufficient

(Doucet et al., 2005),
Controlled evaporation of water (Doucet
et al., 2005), EDS applicable

Some particles may be
covered by layer of free water
(Doucet et al., 2005)

WetSEM

<+—Electron beam

Electron
transparent
window
@ Liquid
Sample
chamber
Liquid sample contained

in chamber with electron
transparent window

Liquids,
emulsions

Applicable for same
as SEM if size is
sufficient eg. (Lorenz
et al., 2010; Tiede et
al., 2009c)

No sample preparation required,
No artefacts related with sample
preparation
Water and fat phase can be distinguished
(Molero et al., 2009; Quantomix, 2011)
EDS applicable (Bogner et al., 2005),
Dynamic changes may be observed

Resolution may be at times
too low to detect ENP,
FIB mode not applicable
therefore only for surface
analysis,

ENP can move inside of the
cell and be to far away from
membrane to image them
(Lorenz et al., 2010; Tiede et
al., 2009c¢)
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Method and Tvoe of food Type of ENP and
Approximate yl?natrix examples from the Advantages Disadvantages
Resolution literature, references
No sample preparation required,
Liquid TEM Liquids No artefacts related with sample
Resolution 0.3 nm in without Metal b_aseq ENP and preparation, :
: organic differently : Low range of products which
(Liu et al., 2008) and 3 suspended shaped than natural Dynamic changes may be observed techniaue mav be anplied for
nm in (Peckys et al., solids, non- samp le Components (Zheng et al., 2009), EDS applicable, d y PP
2009) turbid P P Cellular structures may be observed (Liu
et al., 2008; Peckys et al., 2009)
Li_quids Metal based ENP and . Evaporation may alter the
without o Sample observed partially hydrated,
organic differently . structure,
ETEM suspended EDS applicable, .
solids. non- shaped than natural Low range of products_whlch
turt,)id sample components technique may be applied for
Surface structure well preserved,
Organic: nano bio Freeze- fracture and FIB applicable,
carriers (Gomes et al., No artefacts connected with chemical
Liquids 2010), polymer treatment,
Crvo- SEM eml?lsion’s nanocapsules (Li et Sample less prone to charging when Risk of ice damage to sample
Resolu%on- 1-10 nm complex sol,id al., 2009), frozen, structure especially bigger

food samples

polymer nano
particles (Win and
Feng, 2005) and as
for SEM

Applicable for whole range of food
products (Barcenas and Rosell, 2006;
Larrea et al., 2007; James and Smith,

2009),
EDS applicable

samples
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Method and Tvoe of food Type of ENP and
Approximate ype ot examples from the Advantages Disadvantages
. matrix .
Resolution literature, references
Staining and observation of ENP coating
applicable (Lépez-Viota et al., 2009),
EDS applicable,
Liquids, Sample less pron?r;t)ozgr(]eam damage when Risk of ice damage to sample
Cry_o- TEM emulsmns,_ As TEM No artefacts connected with chemical structure especially bigger
Resolution- 0.33 nm complex solid treatment samples
food samples Applicable for whole range of food
products,
May achieve enough contrast without
staining
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Chapter 3 Sample preparation for liquid foods

Chapter 3

Evaluation of sample preparation techniques for electron
microscopy- analysis of silica engineered nanoparticles in a

model tomato soup matrix

3.1 Introduction

As discussed in Chapter 2, the application of EM for the characterisation of particle
size in foods, is challenging. Sample preparation of foods for EM imaging is
generally unavoidable as foods typically have a high moisture content and a dry
specimen is required for imaging by most EM techniques. Removal of water from
the sample is however prone to introducing artefacts and may therefore alter the
outcome of EM analysis. For example, some sample preparation protocols (e.g.
drying) are known to induce particle agglomeration (Doucet et al., 2005), whereas
others, such as deposition of particles by electrostatic attraction to the microscopy
grid or by adsorption, are suspected to discriminate larger size-fractions of the ENP
sample (Balnois and Wilkinson, 2002; Luo et al., 2013- Annex 4).

Therefore, in the Chapter, studies to identify optimum approaches for sample
preparation of food materials for EM analysis are presented. In focus of this study
were methods which could be used for routine analysis and hence some of more
complex approaches, such as e.g. resin embedding (Kalab and Larocque, 1996) were
not included. The aims of the studies were to: 1) evaluate the applicability of
standard EM sample preparation methodologies used for imaging of other biological
specimens (Chapter 2) for ENPs in food samples; and 2) test the impact of this
sample preparation on EM measurement of ENP size.

This was achieved by comparing the size and abundance of silica ENPs recovered
from samples prepared using a range of different procedures for EM analysis with
measurements provided by selected reference methods. Two reference methods able
to measure ENPs directly in liquid dispersions were selected for the study, namely
NTA (Carr and Malloy, 2013) and GEMMA (Bacher et al., 2001). These techniques
were chosen based on their ability to provide PNSD, rather than particle size
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distribution weighted by mass, which is relevant to the results generated by EM

analysis.

3.2 Experimental design:

3.2.1 Test particles

SAS (AERODISP® W 7520 N), made up as aqueous dispersion in NaOH at a
concentration of 4% wi/w, were purchased from Evonik (Hanau, Germany). An
estimation of the mean particle size of 120 nm analyzed by SLS (Horiba LA 910)
was provided by the manufacturer. The dispersion was further characterised, bottled
and distributed by the JRC Institute of Materials and Measurement (IRMM) (Geel,
Belgium), who were also a partner of the NanoLyse project. The pH of the
dispersion was determined to be 8.2 and therefore a negative charge of the particles
could be expected (Gun’ko et al., 2001). The SAS dispersion showed a positively
skewed size distribution with broad particle size range, dependant on the analytical

method and measurement expression (see Chapter 5).

Two aqueous suspensions of Klebosol spherical silica ENPs, both at a concentration
of 30% w/w and of nominal sizes of 12 nm (manufacturer id.: 30V12; K12) and 80
nm (manufacturer id. 30V50; K80) respectively, were kindly provided by AZ
Electronic Materials (Trosly-Breuil, France). The manufacturer used the Sears’
titration method to estimate particle specific surface area of which the mean number
weighted diameter was derived. Further analysis by GEMMA and SEM showed a
bimodal size distribution of the K80 dispersion (first peak: approximately 28 to 62
nm, second peak: approximately 70 to106 nm, see Chapter 5) and a particle size
distribution with a single, resembling Gaussian peak (approximately 12 to 50 nm-
see Chapter 5) of the K12 dispersion. The two dispersions were mixed (Kmix) to
generate a sample showing 3 distinct size fractions during analysis. Kmix contained
3.5 % w/w of K80 and 0.04 % w/w of K12 in borate buffer at pH 8 (BB8.0). The
buffer’s composition was: 0.05M H3BO3, 0.05M KCI, 0.004M NaOH. SEM images
of K12, K80 and Kmix are given in Figure 3.1.
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Figure 3.1- SEM images of K12 (a), K80 (b) and K mix (c), scale bars are
500 nm (a) and 1000nm (b and c).

3.2.2 Food matrix

Tomato soup was produced by JRC’s IRMM (Brussels, Belgium). It was prepared
under laboratory conditions in order to avoid high background levels of silica, which
might be present in a commercial product. The soup was composed of tomato pulp,
beef stock, vegetables (onions, carrots) and seasoning (pepper, salt). The pH of the

soup was 4.3-4.6 and the dry weight content 8 % w/w.

The food additive E551 can be added to powdered commercial food products at
concentrations of up to 2 %. To allow for testing at realistic concentrations, the soup
was therefore spiked with the SAS dispersion at a ratio of 1:1. The same spiking
ratio was used for the Kmix sample. No sonication was used during the process;
particles were simply added to the matrix by shaking to the point of visual
homogeneity. No significant change of pH was recorded after spiking the soup with

the particle dispersions.
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3.2.3 Electron Microscopy Analysis

3.2.3.1 Imaging

SEM images were acquired using a FEI Sirion S field emission gun SEM (FEI-
Hillsboro, Oregon, USA) at the York JEOL Nanocentre (University of York, York,
UK). The instrument was equipped with a through the lens detector and was operated
at 5 kV and spot size 3.

Standard formvar-carbon coated TEM grids (Agar Scientific- Stansted, UK) were
used for sample preparation and attached to aluminium SEM stubs with carbon tape.
Prepared samples were then coated with 10 nm Pt/Pd using a sputter coater (JEOL
JFC-2300HR High Resolution Fine Coater) with a JEOL FC-TM20 Thickness
Controller (JEOL - Tokyo, Japan). The coating was expected to increase particle
size, therefore ENP size measurements were corrected for this estimated size

increase (see Appendix 1).

All samples were analysed in triplicate aiming at the lowest magnification possible
in order to visualise larger areas, thus improving the representativeness of the sample
and tracking a higher number of particles. The images were taken from randomly
selected, not neighbouring, areas towards the centre of the grid so as to avoid areas
that were handled with tweezers. Twenty images were taken per replicate at a

micrograph size of 29.14 um? for SAS and 13.06 pm? for Kmix.

Blank soup samples were analysed at the same imaging conditions as the SAS to

obtain reference images.

3.2.3.2 Image analysis

All images for sizing purposes were analyzed using an eCognition Architect
framework (version 8.7, Trimble- Sunnyvale, California, USA) Object Based Image
Analysis software (OBIA). An OBIA solution was specifically developed for semi-
automated image analysis of nanoparticles in complex matrices by the Centre for
Geolnformatics, University of Salzburg in Austria. Specific solutions used in this
study allowed measurement of ENP agglomerates by merging particles with a
common border despite the often weak contrasts at particle interfaces as well as

single particles. Thus the performed measurements aimed to enable measurement of
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agglomeration artefacts in the EM samples which could be related to sample

preparation.

As a cut-off point for the smallest measurable particle size, 10 pixels/ particle area
was chosen for Kmix samples (based on the in-house evaluation using imaging of
mono-dispersed gold ENPs at decreasing magnification, data not shown), which
corresponds to a 12.5 nm equivalent circle diameter (ECD). For SAS, the limit was
raised to 15 pixels/ particle area (30 nm ECD) which corresponds to the NTA’s size
limit of detection (Size LOD). The pixel size for images of Kmix samples was 5.7
nm and for SAS samples 8.6 nm.

3.2.4 Selected sample preparation protocols for electron
microscopy analysis

A variety of sample preparation protocols were selected based on their theoretical
suitability for imaging of silica particles in tomato soup and also on the frequency of
use in the available literature. These were: (1) drying; (2) sedimentation of the ENPs
onto an EM grid by ultracentrifugation and (3) attraction of the ENPs from liquid to
a charged EM grid. Standard formvar-carbon coated TEM grids (Agar Scientific-
Stansted, UK) were used for all sample preparation methods and subsequent imaging
by SEM. All samples were prepared in triplicate.

Initial concentrations of all stock silica ENP dispersions were high and therefore
substantial dilution of samples was necessary prior to imaging. For drying and
ultracentrifugation, the dilution factor was chosen so that the number of particles per
grid area would approximately be equal, assuming even particle distribution on the
grid. As diluents we used either demineralised water (DMW) or BB 8.0. The
nominal particle concentrations for the respective sample preparation procedures are

given in Table 3.1.
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Table 3.1- Nominal particle mass concentration in final dilutions of

samples.
Sample Final particle concentration (% w/w)
preparation ]
method SAS Kmix*
. -4
Drying 6x10 -
Ultracentrifugation 1.9%10" 2 410"
Electrostatic -2 -2
attraction 1x10 1.8x10
3.2.4.1 Drying

For drying, samples were stepwise diluted with DMW. The use of BB 8.0 as diluent
was not possible in this case due to the formation of salt crystals. A volume of 5 puL
of the sample was placed on the surface of a TEM grid with a pipette and placed

over a hotplate at 60 °C until the grid appeared dry.

3.2.4.2 Ultracentrifugation

Two triplicate series of samples were prepared for ultracentrifugation. The first
series was diluted with DMW and the other one using BB8.0. A Beckman XL-100
ultracentrifuge (Beckman, California, USA) with a swing bucket rotor SW40Ti was
used. Platforms made of Agar 100 resin (Agar Scientific- Standsted, UK) were
placed at the bottom of the polyallomer tubes (Beckman Coulter- Oxford, UK) to
provide a flat support for the grids during sedimentation. 5 mL of the diluted sample
were added to the tube and then more of the respective diluent was added to the tube
until the required level of 0.1-0.3 cm below the rim of the tube was reached, as
specified by the manufacturer. As a last step, TEM grids were placed on the liquid
surface and allowed to sink to the bottom of the tube at the beginning of
ultracentrifugation process. The ultracentrifuge was operated at RCF = 100,000 g
and 20 °C for 60 min for SAS ENPs and 92 min for Kmix samples. According to
calculations based on Stoke’s Law these parameters were sufficient to sediment
silica ENPs as small as 8.7 nm and 7.0 nm, respectively, with a density of 2.65

g/mL.
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3.2.4.3 Coating of transmission electron microscopy grids for electrostatic
attraction of engineered nanoparticles

The samples were prepared by inducing a positive charge on the surface of the EM

grid in order to attract negatively charged silica ENPs from liquid samples. For this
purpose grids were coated with either: (1) a 0.1 % solution of poly-I-lysine (P8920,
Sigma Aldrich, UK) or (2) a 0.1 % freshly prepared solution of gelatin from porcine
skin type A (G6144-100G, Sigma Aldrich-, UK) in DMW. Both agents carry a
positive charge at the pH ranges of the samples used in this study (Carr et al., 1989;
Raja Mohd Hafidz et al., 2011). The TEM grids were coated using two different

techniques independent of the coating agent:

1. TEM grids were placed floating on a drop of poly-I-lysine (T1 Lys) or gelatin
(T1 Gel) for 10 s. Excess moisture was removed from the grid surface using
filter paper. This procedure was repeated once more with the grid being
placed on top of the sample for 30 s, or

2. TEM grids were placed floating on a drop of poly-I-lysine (T2 Lys) or gelatin
(T2 Gel) for 5 min and then rinsed three times using a drop of DMW. Then
the coated grids were placed on the top of the sample drop for another 2 min
and subsequently rinsed using two drops of DMW. Excess moisture was
removed using filter paper.

All samples used for these procedures were diluted in BB 8.0.

3.2.5 Assessment of sample preparation induced agglomeration
of synthetic amorphous silica

The degree of particle agglomeration induced by different sample preparation
techniques used for EM imaging of SAS was assessed by comparing EM image
analysis and NTA results. Median particle sizes were compared. Particle number
recovery on EM grids was also used to assess agglomeration for samples prepared by
drying and ultracentrifugation. Obtained here nominal recovery was calculated based
on PNC measured by NTA and thus does not reflect total recovery related to initial
mass or count of particles in the dispersion. Reasons for this are possible loss of the
ENPs during sample dilution and by sorption to sample container walls (as suggested
by Tiede et al. 2009b) as well as limited range of NTA measurements (30-1000 nm
HDD).
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NTA was chosen for the evaluation of the degree of agglomeration as this technique
allows for the fast measurement of unperturbed samples of ENPs in complex liquid
matrices, if a simple approach for background correction is applied (e.g. Gallego-
Urrea et al., 2011; Luo et al., 2013- Annex 4). NTA provides values for the particles’
HDD, rather than the ECD derived from EM imaging. Generally HDD is expected to
be larger than the ECD (Linsinger et al., 2012).

3.2.5.1 Nanoparticle tracking analysis

NTA analysis was performed using an LM20 (software version 2.2, NanoSight Ltd,
Amesbury, UK). Prior to analysis the samples were diluted to reach a concentration
of SAS at 2x10” % w/w using either BB 8.0 or DMW. Three replicates of each
sample were analysed and three measurements per replicate were obtained. Recorded

videos were 60s long.

3.2.5.2 Data analysis
Sigma Plot (version 12) was used for statistical evaluation and curve fitting of the
data. The PNCs of SAS in soup and stock dispersions diluted with DMW and BB8.0,

respectively, were compared using t-tests.

In order to conclusively evaluate the influence of sample preparation as well as the
matrix effect on size measurements, the median of the particle ECD obtained from
SEM micrographs (< 60 readings per sample) and the median HDD of each NTA
video (9 readings per sample) were calculated. The raw data for particle size
measurements were not compared because the high number of measured particles
(up to a few thousand) made the statistical tests very powerful and as a consequence
statistically significant differences between particle sizes were not only observed
between different sample treatments but also in-between replicates of the same

treatment/sample.

The majority of the SAS data used for statistical evaluation did not conform to a
normal distribution and therefore non-parametric tests were applied, namely the
Kruskal-Wallis test with Dunn’s post hoc test. The NTA data of samples diluted with
DMW or BB 8.0 were compared to EM data of samples, for which the same diluent
was used. Finally, to evaluate the change of particle size before and after SAS was
added to the soup, the Mann-Whitney U rank sum test was used (for all EM and

NTA data).
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For all statistical tests a significance level (p) of 0.05 was assumed.

3.2.6 Assessment of the size distribution of spherical silica
engineered nanoparticles

Experiments were carried out using preparation procedures minimising particle
agglomeration. These were selected based on the results of the study on SAS. The
experiment was carried out using samples of Kmix in BB 8.0 as well as spiked into
soup. Here, GEMMA was chosen as a comparative analytical technique over NTA
as: (1) NTA analysis provides poor peak resolution for different size fractions
present within a sample (Filipe et al., 2010; Anderson et al., 2013; Wagner et al.,
2013; Chapter 7), (2) silica ENPs smaller than ~30 nm (manufacturer’s claim)
cannot be detected by NTA and (3) quantification of example silver ENPs by
detector coupled to GEMMA was previously proven to be accurate (Kesten et al.,
1991), which implies that the method was a good reference for the measurement of
PNSD. In this study it was found that smallest particle in the HDD distribution of
SAS measured on average * s.d.: 27 = 8 nm therefore 30 nm seemed a good
approximation. Nevertheless it should be noted that the accuracy of particle size
related LOD in NTA especially for such ENPs as silica (characterised by low
refractive index, resulting in low light scattering intensity) suffers from contribution
of the background noise due to strein of the instrumental settings, such as camera
gain and shutter during video acquisition. Unfortunately, Kmix samples dispersed in
tomato soup could not be analysed by GEMMA, as the non-volatile substances of
the sample interfere with the non-selective GEMMA analysis resulting in false
positives. The method is limited to pure particle suspensions containing only
volatiles and analysed particles. Even the Kmix stock dispersion required major
purification prior to GEMMA analysis in order to remove large contaminating solids
that could clog instrument’s capillaries and ions from BB8.0 which were interfering
with the measurement. For coarse purification the samples were centrifuged at 5000
rpm for 5 min at 20°C (Universal 30 RF, Hettich Zentrifugen, Newport Pagnell,
UK). Subsequent spin filtration was performed using Nanosep Centrifugal Filters
(Pall Port Washington, New York, US) with a molecular weight cut-off of 30 kDa
and a modified polyethersulfone membrane: 60 pL of the Kmix was applied to the
membrane filter and 340 pL of Ammonium Acetate (0.02 M, pH 8) (AA 8.0) was
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added. The sample was then centrifuged for 5 min at 14000 g using a 1-14 Sigma
table top centrifuge (Osterode am Harz, Germany) until only about 60 pL of
supernatant was left on top of the membrane. The eluate was discarded, 400 pL of
AA 8.0 were added to the membrane and the centrifugation step was repeated once
more. The supernatant was pipetted into a vial and AA 8.0 was added diluting the

sample in total 500 fold. The sample was prepared for analysis in duplicate.

3.2.6.1 Gas-phase electrophoretic molecular analyser setup

A GEMMA instrument as described by (Weiss et al. 2012) was used in this
experiment. Applied settings were: air sheath flow for the nano electrospray process:
0.5 L/min.; sheath flow in the nano differential mobility analyzer: 3 L/min (this
allows for a particle separation in the diameter range of 4 to 164 nm); voltage during
the electrospray process: 2.5 kV (current of 500-585nA). The Kmix ENPs were
approximately spherical (see Figure 3.1) and therefore it could be expected that the
ECD derived from SEM would give very similar measurement to GEMMA derived
EMD.

3.2.6.2 Data analysis

For comparative purposes SEM raw Kmix ECD measurements were grouped in
histograms matching the GEMMA data output. The histograms were divided into
four particle size groups: 12.5-30.1 nm (Gl), 30.4-61.8 nm (GlI), 62.4-106 nm
(GIII), 107-163 nm (GIV). Groups GI-GIII corresponded to particle populations
from the initial stock dispersions (K12 and K80), whereas GIV was comprised of
particle agglomerates. Peak areas of the four particle size groups were integrated and

% fractions of particle numbers in each size group were calculated.

The abundance of particles in size groups GI-GIV was prepared for statistical
comparison of EM sample preparation methods and GEMMA, as well as of soup and
stock samples using additive log-ratio (alr) transformation for compositional data as
described by (Aitchinson, 1982 and 2013). The data transformation is necessary to
avoid the issue of the sum-to-one constraint in the compositional data analysis
(Aitchinson, 2013). The transformed data were obtained by dividing the relative
particle number in GI, GIlI and GIII by the relative particle number in GIV and

acquiring natural logarithms for the respective quotients.
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The statistical comparisons were done using Multivariate Analysis of Variance
(MANOVA). If significant differences were detected then ANOVASs and Tukey post-
hoc tests were run for the alr GI-GlII between data of the different EM sample
preparation techniques and GEMMA. T-tests were used for comparison of alr Gl-

G111 of ENPs between stock and soup.

Additionally the effect of particle abundance of different size fractions on the median
ECD from full size distribution of Kmix in stock and soup was investigated, the
median ECD measurements were compared using ANOVA and Holm-Sidak post hoc

test.
All tests were run at p < 0.05 using the IBM SPSS Statistics 21 software.

Due to the nature of alr transformation it is not possible with a certainty to determine
which variable given in nominator or denominator of natural logarithm is responsible
for a detected statistical difference. This can be only discussed based on the

comparison with the original data and this is how the results were interpreted here.

3.3 Results and discussion

3.3.1 The effect of sample preparation on the agglomeration

behaviour and particle count of synthetic amorphous silica

3.3.1.1 Quantification of synthetic amorphous silica bv nanoparticle

tracking analysis prior to sample preparation

Particle recovery is a measure to assess the degree of sample alteration during
sample preparation and the subsequent impact on analysis results. Thus, PNCs in the
samples containing SAS were analysed by NTA prior to sample preparation for EM
imaging. These PNCs were then used as a basis for the calculation of particle
nominal recoveries of samples prepared for and analysed by EM (see section
3.3.1.2). Total, mass particle recovery of the SAS (based on the mass concentration
in the initial stock dispersion) could however not be estimated due to complexity of
particle shape (the issue is further discussed in Appendix 1). PNC measurements for
SAS in the stock dispersion and the soup matrix (diluted with DMW and BB8.0,
respectively) by NTA are shown in Figure 3.2.
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A decrease in PNC after spiking SAS into a sample can in general imply (1) particle-
particle agglomeration, (2) particle interactions with the matrix (agglomeration,
dissolution, sorption), or (3) particle loss during sample handling (sorption to
containers, pipettes, filters and other lab ware) as discussed in e.g. Tiede et al.
(2009b).

Samples of both, SAS stock dispersions and SAS in soup, show higher PNCs after
dilution with BB8.0 than with DMW. The PNC of particles in the stock and soup
increased significantly in samples diluted with buffer (PNC = 4.05 x 10° and 1.71 x
10® particles/mL respectively) in comparison to those diluted with water (PNC =
3.22 x 10° and 0.86 x 10° particles/ mL respectively) (t-test, p<0.05). PNCs of SAS
in soup were generally much lower to PNCs of SAS in the stock dispersion (t-test,
p<0.05). For the SAS in soup prepared with BB8.0 the decrease in mean PNC was
58%, whereas for samples of SAS in soup diluted with water the mean particle loss
reached 73%.
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Figure 3.2-Average PNC (columns) and standard deviation (error bars)

for SAS containing samples measured by NTA

The decrease of PNC in soup is assumed to be associated with silica ENP
interactions with suspended solids as well as with particle agglomeration due to e.g.
charge effects, trapping, change of pH and high ionic strength This behaviour of
silica colloids has been known for decades and is used in beverage fining (Fede et al.
2012).
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It has to be noted that a particle loss as high as > 50 % may also have an impact on
size measurement and size distribution as it cannot be ruled out that a specific size
fraction of particles is selectively affected. However, the overall higher PNCs when
using BB8.0 as diluent rather than DMW are well pronounced and thus BB8.0,
which apparently stabilised the SAS, was preferentially used in the subsequent

experimental work and is in order to minimise particle losses.

3.3.1.2 Agglomeration behaviour of synthetic amorphous silica in soup

Figure 3.3 shows representative SEM images of soup samples with (Figure 3.3d-j)
and without SAS ENPs (Figure 3.3a-c). Some EM images obtained from pure soup
samples show patterns, which could not be observed in soup samples containing
SAS. There also were no structures of matrix components visible that could possibly
be mistaken for SAS or Kmix ENPs. In fact most EM images obtained from the pure
soup samples did not show anything at all. Subsequent EM image analysis of SAS

and Kmix samples were thus assumed to be unbiased in this respect.

The results of particle size measurements and counted particle numbers for all
samples obtained by SEM image analysis and NTA are presented in Figures 3.4 &
3.5. A decrease in particle numbers and a simultaneous increase in the particles’
diameter was indicative of particle agglomeration. Particle numbers of samples
prepared by means of electrostatic attraction could not be compared to PNC obtained
by NTA as the sample volume when using this specific sample preparation technique

is unknown.

Figure 3.4 shows that among tested sample preparation methods the largest median
particle sizes for both SAS ENPs in soup and stock were obtained for samples that
were prepared by drying (102 and 121 nm respectively) and ultracentrifugation in
DMW (114 and 240 nm respectively). Statistical comparison indicated that these
measurements were not significantly different to ones obtained by NTA (Dunn’s
post-hoc, p>0.05), where median HDD of SAS in stock was 108 nm and in soup 117
nm. However, the number of the particles that could be found on the EM
micrographs for samples prepared according to these two procedures was very low
(Figure 3.5).
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Figure 3.3- (a- ¢) SEM images of tomato soup without SAS particles.
Samples were prepared using following protocols: (a)
Ultracentrifugation (in BB8.0), (b) T1 Gel, and (c) T2 Gel. (d - j) SEM
images of tomato soup spiked with SAS. Samples were prepared using
the following protocols: (d) Drying, (e) Ultracentrifugation in DMW, (f)
Ultracentrifugation in BB 8.0, (g) T1 Gel, (h) T2 Gel, (i) T1 Lys, (j) T2
Lys. The length of the scale bar is 1000 nm.
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Figure 3.4 -Box plot showing distribution of median SAS measurements
per reading (SEM image/ NTA video). The dashed lines present the
prolonged medians obtained from NTA videos (lower- diluted with DMW,
higher- diluted with BB8.0).

Particle number recoveries of SAS from stock and soup were 5 and 18% respectively
for drying and 1 and 50% respectively for ultracentrifugation in DMW. The result
points out that the agglomeration of SAS due to these sample preparation procedures
might have taken place. Strong agglomeration of natural colloids as an effect of
sample drying was previously reported by e.g. Doucet et al., (2005). For
ultracentrifugation similar findings were so far not reported. Drying is to date one of
the most commonly applied sample preparation techniques as it is a simple
procedure allowing pre-concentration of the sample on the grid. In most studies,
where the focus lies on regularly shaped and relatively monodispersed particles
(unlike studied here SAS or Kmix), image analysis tools can be used for automated

particle separation and measurement (e.g. Tiede et al., 2009a).

Ultracentrifugation was used in the literature, for the enumeration of viruses and

particles allowing to obtain a linear relationship between initial PNCs and the
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number of sedimented particles (Zheng et al., 1996; Lienemann et al., 1998). As in
section 3.3.1.1 it was shown that SAS losses were found to be lower during the
dilution process when using BB8.0 instead of DMW, the sample preparation by
Ultracentrifugation was repeated using BB8.0.
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Figure 3.5- Average particle counts of SAS spiked samples prepared by
selected sample preparation techniques for EM, error bars represent s.d.
between replicates. The expected particle counts based on PNC measured
by NTA are presented as lines. Lower lines are expected particle count
after diluting the sample with DMW and the higher lines after dilution
with BB 8.0.

For both samples the SAS in stock dispersion and soup prepared by
ultracentrifugation in BB 8.0 ECDs were smaller (86 nm for particles in stock
dispersion and 88 nm for particles in soup) compared to HDDs (106 nm for stock
dispersions, 123 nm for soup samples), although the difference was not statistically
significant (Dunn’s post hoc, p > 0.05). The nominal recovery when using BB8.0
was much higher compared to the PNC for DMW dilutions (see Figures 3.3f and

3.5): The mean nominal recovery of SAS in stock and soup was determined to be
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120 % and 221% respectively. Nominal recovery values of > 100 % were somewhat
unexpected, however it needs to be born in mind that PNC measurements from NTA,
on which the nominal recovery calculations were based, as well as the particle count
obtained from SEM image analysis showed relatively high s.d. (Figures 3.2 and 3.5).
Furthermore, issues related to accuracy of determination of smallest measurable
silica ENP and lowered detection efficiency toward small particle sizes in NTA (see
Chapter 5) as well as incomparability of SEM and NTA given measurements (ECD
and HDD respectively) contributed to error in the estimation of nominal recovery.

All procedures based on electrostatic attraction of particles allowed to obtained
smaller median ECD measurements for SAS in soup and stock when compared to
NTA derived HDD (Figure 3.4). The only treatment for which a statistical
significance was not determined was the T2 Lys with a median ECD of 89 nm for
SAS in stock dispersion compared to a 106 nm median HDD (Dunn’s post hoc,
p>0.05).

It was also found that sample preparation methods using gelatin showed significantly
smaller ECD measurements for SAS in stock dispersion (T1 Gel: 69 nm, T2Gel: 68
nm) compared to poly-I-lysine treatments (T1 Lys: 78 nm, T2 Lys: 90 nm) (Dunn’s
post hoc, p < 0.05). All methods provided similar ECD values for SAS in soup (T1
Gel: 77 nm, T2 Gel: 72 nm, T1 Lys: 69 nm, T2 Lys: 71 nm) (Dunn’s post hoc,
p>0.05).

EM images obtained from samples prepared using T2 protocols revealed a higher
number of SAS than those samples prepared using T1 protocols (Figures 3.3 g-h, and
3.5). In treatment T1, gelatin attracted more particles to the grid than poly-I-lysine,
but in treatment T2 the opposite effect was observed. Similar protocols are usually
used for preparing biological specimen for EM analysis (Hayat, 1989a; Mast and
Demeestere, 2009) and more recently also for immobilizing ENPs on TEM grids
(e.g. Micheel et al., 2008; Doren et al., 2011). However, factors such as the chosen
coating agents, duration of the treatment and the amount of water used to wash the
grids vary between these studies. Here it was shown that small changes in a protocol
can have a major impact on the measurement results and potential reproducibility in

between the studies.
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3.3.1.3 Matrix effects on particle size and particle count

Nearly all EM results, regardless of the sample preparation method (except for
Ultracentrifugation of particles in DMW), indicated that SAS were less abundant in
the soup than in stock dispersions (Figure 3.5). These results confirm the outcome of
the previous NTA analysis. As well as the observed reduction in particle number,
NTA also indicated a significant increase in particle size due to the matrix presence
(Mann-Whitney U, p < 0.05) (Figure 3.4). However, the tendency of an ECD
increase of SAS in soup when compared to the stock dispersion was not always the
case for all of tested sample preparation procedures. For example for samples
prepared by T1 Lys and T2 Lys, a significant decrease of the ECD after spiking
particles into soup was observed (Mann-Whitney U, p < 0.05). It is assumed that the
potential alteration of particle surface chemistry (e.g. surface charge) in the soup

matrix could result in change affinity of SAS to poly-I-lysine.

3.3.1.4 Techniques minimising agglomeration during sample preparation
In conclusion, the results obtained for SAS show that the following protocols have
the potential to minimise agglomeration of SAS during sample preparation and

provide a representative number of the particle population of the sample:
(1) Ultracentrifugation in BB 8.0,

(2) T1 Lys,

(3) T1 Gel,

(4) T2 Lys, and

(5) T2Gel.

However, differences in the SAS median ECD values for the different preparation
technique were found (Kruskal-Wallis test, p < 0.05). Significantly higher ECDs
were obtained for SAS in stock and soup samples when prepared by
ultracentrifugation in BB8.0 rather than by electrostatic attraction (Dunn’s post-hoc,
p < 0.05). Significant differences between ECD measurements from different
electrostatic attraction protocols were also observed as discussed previously. Thus in
the following section these sample preparation methods were subjected to further

evaluation using spherical Kmix particles featuring 3 distinct modal particle sizes.
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The purpose of this exercise was to determine if the selected five sample preparation

methods could cope with different ENPs proportions in selected size fractions.

3.3.2 Impact of electron microscopy sample preparation on the

particle size distribution of spherical silica particles

3.3.2.1 Abundance of Kmix particles in different fractions of size
dsitribution

Figure 3.6 shows data of the respective particle size distributions obtained by
GEMMA and SEM image analysis, as well as the results from the peak area
integration for the chosen size fractions (groups GI-GIV) for differently prepared
samples.

The triple-modal pattern of the Kmix PNSD was preserved in both stock dispersion
and soup samples regardless of the sample preparation technique and analytical
method applied (SEM, GEMMA). Tailing was also observed for all samples and is
associated with particle agglomeration.

Relatively poor peak separation of the selected particle size groups (GI-GlII) was
seen for samples prepared by Ultracentrifugation in BB8.0 and subsequently
analysed by SEM, which suggests some degree of particle agglomeration. ECD
distributions for the electrostatic attraction protocols (T1 Gel, T2 Gel, T1 Lys and T2
Lys) suggest that these protocols induce less or no particle agglomeration as the
three size fractions were more distinct for both matrices, the stock dispersion and
soup, than in case of ultracentrifugation in BB8.0.

Statistical comparisons of relative particle abundance in GI-GIV between sample
preparation procedures and the reference method as well as between samples of

spherical silica ENPs in soup and stock are given in Table 3.2.
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Figure 3.6- Size distribution of Kmix particles dispersed in stock and
tomato soup obtained from GEMMA (reference methods) and SEM
image analysis. The data shows % of the number of particles present
within the respective size group (GI-GIV) (particle size range: 12.5-160
nm)
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Table 3.2- The results of statistical analysis on alr transformed relative
particle counts in selected particle size ranges (GI-GIV) of size

distribution of Kmix in stock and soup

Mean (s.d.) of alr transformed relative particle counts in particle size groups
GI-GllI
(significantly different results between: 1) sample preparations/ reference are
marked by different letters, 2) soup and stock are marked with *)
stock dispersion Soup
In (GI/ In (GII/ In (GHI/ In (GI/ In (GII/ In (GlII/
GIV) GIV) GIV) GIV) GIV) GIV)
1.36"° 1.75% 1.50"°
GEMMA (0.41) (0.35) (0.27)
Ultracentrifuga- 0.73% 0.78° 0.57% 0.47% 0.55% 053 (0.09)
tion BB8.0 (0.09) (0.07) (0.12) (0.09) (0.09) ' '
1.58"8" 1.65" 1.44°°¢ 0.917¢ 0.98"%"
T1 Gel (0.07) (0.06) (0.17) (0.16) 036 | 086(043)
2.57° 1.89" B 1.86° B
T2 Gel (0.26) (0.15) 1.53% (0.16) (0.32) 1.39° (0.3) | 0.99 (0.33)
1.33%8 0.88° 0.65"¢ 1.20¢° 0.8478
Tllys (0.25) (0.11) (0.48) (0.1) 012 |062(034)
1.655¢ 1.317® 1.237°8 1.428° 0.63*
T2Lys (0.62) (0.41) (0.41) (0.11) .18 | 924023

There were significant differences detected between particle abundance in GI-GIV
measured by SEM and GEMMA (MANOVA, p<0.05). The Tukey post hoc
comparison revealed that out of five SEM sample preparation protocols only two: T1
Gel and T2 Lys did not yield significantly different results from GEMMA.
Differences in relative particle abundance between GEMMA and the other
treatments were found for the T2 Gel (In(GI/GIV)), the T1 Lys and
ultracentrifugation in BB8.0 (In(GII/GIV) both) (Tukey’s post-hoc, p<0.05). The
pre-transformed data (Figure 3.6) show a twofold higher abundance of particles in
size group (GI) of the sample prepared according to T2 Gel (52%) when compared to
GEMMA (26%). Additionally, fewer particles were found for the T2 Gel treatment
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in size group GIV (4 % in comparison to 7 % for GEMMA). This suggests that the
T2 Gel method was selective towards smaller particles and possibly did not induce
particle agglomeration. In the case of the T1 Lys and ultracentrifugation in BB8.0
lower percentages in particle abundance were observed for size group Gll (25% and
34%, respectively) when compared to GEMMA (38%), while higher abundances in
size group GIV were noticed (ultracentrifugation in BB 8.0 - 14 %, T1 Lys 9%, other
sample preparation methods 4 — 6 %). Here the results imply that these methods
were either more prone to cause agglomeration and/or attract preferntially larger

particles to the grid.

The comparison of particle abundance in different size fractions between stock and
soup samples showed significant difference only for the T1 Gel prepared sample
(MANOVA, p<0.05). This result needs to be interpreted with caution. The relative
abundance of particles in GIV increased after spiking Kmix in soup for all sample
preparation methods, therefore it is very likely that differences would be noted if

more replicates would be measured for statistical comparison.

3.3.2.2 Median Equivalent Circle Diameter of Kmix
The selectivity of specific methods towards certain particle size fractions is bound to
affect median size measurements. The results of median size comparison for full size

distribution of the Kmix particles ares summarised in Table 3.3.

Significant differences in the median ECD of Kmix particles in soup and in stock
were detected in between the SEM sample preparation techniques as well as EMD
derived from GEMMA (ANOVA, p < 0.05). The T2 Gel method indicated smaller
median ECD (29 nm) compared to median EMD (47 nm) for Kmix in stock
dispersion (Holm-Sidak post hoc, p < 0.05). This was a result of high numbers of
particles in the smallest size fraction after T2 Gel preparation for SEM. The median
ECD of Kmix particles in stock dispersion prepared by T1 Gel (46 nm) and T2 Lys
(43 nm) were comparable to median EMD (47 nm) (Holm-Sidak post hoc, p > 0.05)
and as previously indicated there was no significant difference in particle numbers
between the size fractions. Median ECD for sample prepared by ultracentrifugation
in BB 8.0 (51 nm) and T1 Lys (ECD 36 nm) in stock dispersion also did not differ
significantly from the median EMD (47 nm) (Holm-Sidak post hoc, p > 0.05), even

though previously it was suggested that these sample preparation methods induced
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particle agglomeration. The reason for this outcome was balancing effect of particle

relative abundance in other size groups.

Table 3.3- Median sizes of Kmix ENPs in stock and soup samples
(prepared by different techniques) as obtained by GEMMA and SEM
analysis (significantly different results between: 1) sample preparations/
reference are marked by different letters, 2) soup and stock are marked
with *)

Mean (s.d.) of median size measurements in Kmix samples
(nm)
Stock dispersion Soup
GEMMA 47" (1) -
Ultrac%nérsi;.‘ggation 51A* 3) 60~ (1)
T1 Gel 46"° (2) 46° (1)
T2 Gel 29° (2) 36" (6)
T1Lys 36°C (7) 39° (3)
T2 Lys 437" (5) 30“" (1)

There were also differences found for ECD median measurements of Kmix samples
in stock and soup when using the same SEM sample preparation method (t-tests, p <
0.05). The ultracentrifugation in BB8.0 resulted in larger Kmix ECDs in soup than in
stock (60 and 51 nm respectively), whereas T2 Lys preparation yielded contrary
effect- particles in soup had a smaller median size than in stock (30 and 43 nm
respectively). Although the results of previous statistical comparison on the particle
abundance in different size fractions did not indicate significant differences between
stock and soup samples prepared by means of these two methods, it is clear that
selective deposition of particles from small size fraction (T2 Lys) and agglomeration
(ultracentrifugation in BB8.0) affected the Kmix particles after spiking in soup. This

result agrees with previous observation for SAS.
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3.3.3 Optimal electron microscopy sample preparation
techniques for measurement of silica particle size distribution

Overall it was found that sample treatments using electrostatic attraction was most
favourable technique in terms of limiting sample preparation artefacts while drying
seemed to alter samples the most. Preparation by ultracentrifugation in DMW also
caused high losses of particles and possibly agglomeration. These results were
considerably improved when DMW was substituted with BB8.0 as a diluent. Based
on these findings ultracentrifugation in BB8.0 helps to avoid great particle losses,
although it appears to have some effect on agglomeration as shown by the results for

Kmix.

Within the set of protocols for electrostatic attraction of particles to the surface of a
TEM grid, methods with longer exposure of the sample to the poly-I-lysine or gelatin
(T2 treatments) were preferred as higher particle numbers for SEM analysis could be
achieved. With regards to the impact of sample preparation on the particle size
distribution only one of the methods, T1 Gel, showed a similar particle abundance in
the different size groups of Kmix compared to the reference GEMMA measurement.
Therefore it seemed that the T1 Gel sample preparation protocol could be
recommended for the size characterisation of silica ENPs in pristine dispersions and
complex matrices. The results also suggested that the T2 Gel method could be used
for the accurate estimation of PNSD for silica ENPs larger than 30 nm. This is
because for SAS ENPs with measured particle cut-off at 30 nm both T1 and T2 Gel
methods yielded similar median size, but for Kmix ENPs with a part of the PNSD in
size range of 12.5-30.1 nm (GI) a clear overestimation of particles number in this
size region could be observed. Thus for the measurement of particles larger than
approximately 30 nm, T2 Gel protocol was preferential due to a higher particle

number recovered from the sample compared to the T1 Gel.

3.4 Conclusions

Here, the impact of different sample preparation techniques on the characterisation
of silica based ENPs in a real soup matrix by EM was assessed. In general, it was
found that sample dilution is an important factor to consider and a higher silica ENP
nominal recovery can be achieved when a stabilizing diluent (BB8.0) was used
rather than DMW. Commonly applied sample preparation techniques with their
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advantages and disadvantages were discussed and the most suitable ones for EM
analysis of silica ENPs in complex food matrices minimising preparation artefacts,
such as particle agglomeration, specific to certain size fractions and low particle
recoveries, were identified. This was achieved by comparison of size measurement
results obtained by selected treatment protocols with each other as well as
complementary analytical techniques (NTA and GEMMA).

It needs to be noted that absence of a uniform measurement expression for SAS
particles hampered the comparison of PNSD generated by SEM and NTA. Therefore
the interpretation of results in this and previously published studies on measurement
methods comparisons (e.g. Domingos et al., 2009; Grombe et al., 2014- Annex 5;
Loeschner et al., 2013a) posed an analytical challenge. However, since the applied
reference methods did not require removal of the particle suspending environment
(liquid), it is believed that the obtained ENP size measurements are a good basis for
identification of artefact-prone EM sample preparation methods. The availability of
reference materials of ENPs featuring broad size distribution and certified not only

for particle size, but also for the PNC could overcome this problem.

The study suggested that the best sample preparation techniques for silica ENPs in
liquid food matrix were electrostatic attraction protocols. These protocols allowed to
limit the agglomeration of silica ENPs in the course of sample preparation.
Additionally T1 and T2 Gel electrostatic attraction protocols allowed to obtain silica
ENPs measurements in closest relation to the reference methods. Of these two
methods T2 Gel may be more suitable for further evaluation due to higher particle

numbers recovered from samples.

The suitability of the identified sample preparation techniques for the accurate
assessment of particle size not only in freshly spiked materials but also in ageing
and/or processed food products has yet to be assessed (Chapter 4). Further research
efforts are therefore needed to develop and validate EM methods for the analysis of
real life samples and to ensure transferability to different types of ENPs. Studies on
validation of EM methods and their application to real life samples are therefore

presented in the following chapter.
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Chapter 4

Development and validation of analytical procedures
for measurement of engineered nanoparticles in food
by electron microscopy

4.1 Introduction

The risk assessment studies for ENPs in foods are in need of analytical methods that
would allow the reliable characterisation of ENPs in complex samples (Buffet et al.,
2011). It is well understood that ENP characteristics can change after spiking into
complex matrices (e.g. Pan et al., 2012; Fede et al., 2012; Luo et al., 2013- Annex 4;
Park et al., 2013) and thus methods which could measure ENPs directly in foods are
needed (EFSA Scientific Committee, 2011).

Currently EM is recommended for the measurement of ENPs in food in support of
risk assessment studies (EFSA Scientific Committee, 2011). This is because, as
discussed in Chapter 1, EM allows the characterisation of more features of ENPs
compared to other techniques. In the previous chapter, EM sample preparation
procedures allowing minimal manipulation and near in-situ imaging of ENPs in food
matrices were presented and this provides a big step forward in understanding how

to prepare samples.

However, sample preparation is only one part of the story and very limited guidance
is available on how to produce robust analytical data for ENPs using EM methods
(Calzolai et al., 2012). For example, the current understanding in regards to EM
LOD for ENP concentration and the errors associated with different steps of food
sample analysis is poor. This chapter therefore describes experimental studies that
were performed to gain a detailed understanding of the performance of EM for
measurements of ENPs in liquid and solid food matrices. Reference materials of
ENPs in respective matrices were obtained for the study. To test robustness of the
obtained data from analysis of reference material featuring liquid food sample, also a
commercially available food product with declared content of SAS ENPs was
analysed here. The studies presented in the Chapter address four main questions - 1)
how many nanomaterials need measuring to obtain reliable data on particle size

distribution? 2) what is the level of background noise from natural nano-structures
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present in foods and how could this impact the detection of ENPs? 3) how precisely
can particles be measured by EM? and 4) which step(s) in the analysis contribute
most to the measurement uncertainty? By having a better understanding of the
method performance, it should be possible to develop improved guidance on how to

apply EM methodologies to food analysis.

4.2 Experimental design
4.2.1 Materials

The materials included in the study as well as characterisation information provided
by the manufacturer or determined in-house are listed in Table 4.1. Two groups of
reference food materials spiked with ENPs were used. These were chicken paste
(Meat 1, Meat 2 and Meat Blank), and tomato soup (Soup 1, Soup 2 and Soup
Blank). The development of these materials is described in (Grombe et al., 2014-
Annex 5; Grombe et al., In preparation). Meat reference materials contained Ag
ENPs (described in Lari and Dudkiewicz, 2014- Annex 3) and soup reference

materials contained SAS ENPs at the spiked concentrations listed in Table 4.1.

Along with the reference materials, JRC IRMM also provided pure suspensions of
the respective ENPs that had been used in the preparation of the reference materials.
These were also studied to provide information on the original characteristics of
ENPs prior to spiking into foods. Additionally, a commercial soup powder (Soup
COM) with a declared content of E551 was obtained from a local supermarket. As a
control for the Soup COM, SAS powder (SAS COM)- NM203 from the JRC-IHCP
Nanomaterial Repository for Toxicology Testing was used.

Prior to the study, Soup COM and SAS COM were suspended in aqueous media
using a magnetic stirrer. Soup COM was mixed at a ratio of 11:100 with boiling tap
water. The SAS COM was mixed at a ratio 2:98 with BB 8.0 (same buffer as used in
Chapter 3).

78



Chapter 4

Validation of EM measurements of ENPs in foods

Table 4.1- List and size characteristics of the materials used in the
studies described in this Chapter
Tvoe of Concentration of Declared Media Interquartil
Sample P! core particle % average a | erange (%
particles C n (nm) A
wiw particle size of median)
Meat Blank Blank - - - -
Meat 1
0.01 - 27 45
(NanoLyse13)
Meat 2 0.05 26 39
Ag coated ' )
NanoLysel4
(NanoLyseld) |\ ith Py
Ag ENPs 1
g 0.02 42+10 nm by 30 38
(NanoLyse03) TEM
Ag ENPs 2
g 0.1 42410 nm by 32 34
(NanoLyse04) TEM
Soup Blank Blank - - - -
Soup 1
0.5 - 42 57
(NanoLyse09)
Soup 2 i
P SIO; 2 - 41 50
(NanoLyse10) fumed
stabilized
SAS1 with 120 nm by
1 57 70
(NanoLyse01) NaOH SLS
SAS2
4 120 nm by 60 82
(NanoLyse02) SLS
SAS COM SiO; ~2 - 53 107
(E551)
Soup COM 0.28° - 57 71

®values obtained by characterisation with TEM (Ag ENPs containing samples) and SEM (SAS

containing samples) based on intermediate precision study data (for full size distribution and EM

images see Appendix 2, Figure A2.1), °Polyvinylpyrrolidone, ‘refers to powder, measured using ICP-

MS Thermo Axiom instrument at Food and Environment Research Agency, UK.. NanoLyse labeling

provided to allow comparison of results with (Grombe et al., 2014; Grombe et al., In preparation)
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4.2.2 Electron microscopy and energy dispersive Xx-ray

spectroscopy

Two different EM methods were selected for imaging depending on the sample’s
matrix type (solid/liquid) and chemistry of the ENPs. The SAS have generally weak
contrast in EM, however for imaging in SEM, samples can be coated with a
nanometric layer of metal to improve contrast and minimize charging. Thus the use
of coating potentially results in reduction of size measurement uncertainty related to
imaging and image analysis of the uncoated materials. Ag ENPs could be best
visualized using TEM as these ENPs were embedded in a layer of the meat sample.
Therefore for imaging of SAS and Ag ENPs containing samples, SEM and TEM
were selected respectively. The previously evaluated methods described in Chapter 3
and (Lari and Dudkiewicz, 2014- Annex 3) for sample preparation were used for the
EM sample preparation. A number of additional steps prior to the preparation were
applied. Liquid food samples and respective ENP dispersions were stirred for at least
5 min on a magnetic stirrer and were subsequently diluted in BB 8.0. Soup 1 and 2
were diluted 100 fold and all SAS dispersions 200 fold. The Soup COM was not
diluted, but instead adjusted to pH 8.0 using 0.4 M NaOH. The samples were then
mixed on the magnetic stirrer for 6 hours (equilibration). Equilibrated samples were

prepared for imaging using T2 Gel protocol described in Chapter 3.

The prepared grids were attached to the conventional aluminum SEM stubs using a
carbon tape and conductively coated as described in Chapter 3. The thickness of the

coating was subtracted from the measurements as described in Appendix 1.

Frozen meat samples were defrosted in a water bath at approximately 35°C for 5
min. The samples were then diluted 400 fold in BB 8.0. Ag ENPs suspensions were
diluted 800 fold in order to match the concentration levels in respective meat
samples. Then same protocol as described in (Lari and Dudkiewicz, 2014- Annex 3)

was used for preparation of both sample types.

The SEM images were taken using an FEI Sirion S field emission gun SEM
equipped with a through the lens detector and EDS from Thermo Fisher (NS7 system
S/N 0409235 with NSS112E NORAN operating software). For imaging, an

operating voltage of 5 kV and spot size 3 were used. The EDX spectra of point
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analyses were recorded at spot size 4 and 5 kV for 30 s from the selected areas

corresponding to objects of interest, primarily to measure the 1.8 kV Si peak.

The TEM images were acquired with a JEOL JEM 2011 TEM operating at 200 kV.
The microscope was equipped with a digital camera (Gatan 794) and EDS system
(Thermo Fisher NS7 system S/N 0409237 operated by NSS112E NORAN).

4.2.3 Data acquisition and image analysis

All provided particle size measurements refer to the ECD. The data acquisition

parameters used in this study are summarised in Table 4.2.

Table 4.2- Data acquisition parameters

Area of a Pixel Smallest particle
. . i - Volume analysed
Technique | single image size er replicate (ml)
(LM X pm) (nm) Area (no. | ECD P P
of pixels) | (nm)
SEM 6.3x 4.73 8.7 15 30 Cannot be
specified
TEM 1.6x16 1.6 80 16 2.8x10°°¢

Ten images per sample replicate were taken from randomly selected places
(predetermined coordinates) of the grid. SEM and TEM image areas were adjusted to
allow capture and measurement of maximal number of particles for the respective
sample types (imaging at relatively low magnifications). The micrograph area was
relatively large in proportion to the measured ENPs. The smallest measurable ENP
size was experimentally estimated for SEM as described in Chapter 3, for TEM the
smallest measurable particle size was chosen based on visual assessment allowing

limiting background interference during image analysis.

The acquired images were analysed using OBIA software (described in Chapter 3).

4.2.4 Quantification of uncertainty in particle size measurements
related to measured particle number and broadness of the size
distribution

An approach previously described by Jarvis and Hedges (2011) was used to derive

dependence of ECD measurement uncertainty in relation to a given number of
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randomly selected particles from a population of known size distribution. Five of the
samples listed in Table 4.1 (Meat 1, Ag ENPs 1, Soup 1, SAS 1 and SAS COM)
were selected to cover different interquartile ranges of particle sizes (given as
relative to median- IQR%). For each of these samples, 200 images generated in the
intermediate precision study (see section 4.2.6) were used. For each sample, 1388
particles were randomly selected from 200 images. These 1388 particles from each
sample referred to as the ‘population’ were subjected to simulations without
replacement in order to derive a relationship between measured particle number and
measurement uncertainty of median particle ECD. This was done by randomly
selecting either 25, 50, 75, 100, 150, 200, 250 and 500 particles from the particle
population of each sample, and the process was repeated 500 times for each sample
and particle sampling number. Median particle sizes and relative standard deviations
(RSD%) between them were then estimated from the 500 sets for each sample and
particle number. In order to investigate the magnitude of RSD% increase with
increase of IQR%, the obtained RSD% values were plotted against the IQR% values
for each particle sampling number (see section 4.3.1).

4.2.5 Limit of detection

The approach used for LOD estimation was based on detected levels of matrix
interference (LODmatrix)-

Samples of Meat and Soup Blank were prepared in duplicate and imaged using the
methodologies described above. The resulting micrographs were visually assessed to
determine the presence or absence of particles or structures which looked similar to
Ag ENPs and SAS used in the study. If potentially interfering particles or structures
were observed then a further 18 replicates of the sample were prepared and imaged.
These images and the original duplicate images were analysed using the OBIA
software tool to determine the interfering particle concentration for each replicate.
The LODpatrix Was then estimated from the mean interfering particle concentration
using Eqg. 4.1 and 4.2. The assumption was that the particle distribution followed a
Poisson distribution similar to a study on quantification of bacterial cells in food

reference material (in ’t Veld et al., 1996).

LODatrix=N+1 for N>s with P <5% Eq.4.1
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e S xsN Eqg. 4.2

b= x!

Where:

X- number of false positive particles

P- probability of the sample containing x of the false positive particles
N- consecutive number of particles

s- mean number of particles found per replicate for a blank sample

4.2.6 Intermediate precision and expanded uncertainty of

particle size measurements

The materials listed in Table 4.1 were used to determine the inter-laboratory
reproducibility of size measurement- intermediate precision. The study setup was
based on the routine protocol for analytical method validation as described in (Bogue
et al., 2002). For this, samples were prepared and imaged in duplicate on 10 different

days spread through a period of four weeks.

Different vials of Meat 1 and 2 were prepared and analysed every day. However, for
Soup 1 and 2 it was decided to use only 1 jar over the 10 testing days due to the
variability of the pH in between the received jars (5.2-6.5), which could potentially
affect particle size distribution. The opened jars were not refrigerated for the
duration of the test. The Soup COM was freshly prepared on each day. Respective

particle stock dispersions were sampled from one bottle during the whole test.

Data acquired from this test were used to calculate RSD% of the median particle
ECD measurements for repeatability (RSD,), day to day variation (RSDyq), and
intermediate precision (RSDjp):

100 x VMSW Eq. 4.3
RSD, = —— """
S
_ MSB Eq. 4.4
(MSB — MSW) + MSW __MsE q
RSD4, = 100 x n -
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3 Eq. 4.5
RSD;, = |RSD? + RSDZ,

Where:

MSW- ECD mean squares of replicates measured on the same day
MSB- ECD mean squares of replicates of all 10 days

s- mean ECD of the median measurements between replicates

The MSW and MSB were calculated by one way ANOVA using Microsoft Office
Excel 2007.

Eq. 4.4 was adapted from Federer (1968) as suggested in (Linsinger et al., 2001) to

allow calculation of RSDgyq for results, where MSW>MSB.

The RSD;, and RSD;, obtained for two levels of concentrations of ENPs in food
matrices and relevant stock dispersions were compared using the F-test at
significance level (p) of 0.05. The F-test was also used to compare pairs of
concentrations related to relative uncertainties for stock dispersions and ENPs spiked

in the food matrix.

The expanded uncertainty (Uey) is obtained by combining all the sources of
measurement uncertainty and multiplying by the coverage factor (k=2 for approx.
95% confidence interval) (ISO/IEC Guide 98-3:2008). In this study the Ug, was
derived combining RSD;, and trueness (RU;) according to Eq. 4.6

Eq. 4
Uexp = k X _|RSDZ + RUZ a. 4.6

The RU; values were 1.4% and 1.9% for TEM and SEM respectively and were
calculated using the procedure described in the (Linsinger, 2010). The trueness
assessed in this study reflects solely the ‘goodness’ of instrument calibration,
determined by ENP reference material (NIST 30 nm gold nanoparticles,
manufacturer’s id: 8012) characterised by very narrow size distribution. It is
expected that for the ENPs characterised by a broad size distribution and/ or spiked
in food the RU; would be higher than estimated here.
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4.2.7 Influence of data acquisition stages on intermediate

precision

As the data acquisition from EM is more complex than many other analytical
methods, estimation of the relative uncertainty for each of the stages in the process
was of interest. The experiment was performed using four selected reference
materials: SAS 1, Soup 1, Ag ENPs 2 and Meat 2. For this, four separate
experiments were performed to assess RSD attributed to sampling (RSDs), sample
preparation (RSDsp), imaging (RSD;) and image analysis (RSD;a). The following

experiments were performed:

1) Sampling - 10 different portions of a sample were prepared on the same day and

imaged within one day;

2) Sample preparation - 10 replicates of the same subsample were prepared on the
same day, then imaged within a day;

3) Imaging - a single replicate was imaged on 10 different days; and

4) Image analysis — the same set of 10 images was analysed 10 times (returning

image analysis settings to default every time).

Experiments 1-3 resulted in RSD values (RSD;, RSD,, RSD3 respectively). Obtained
this way RSD values were a combined uncertainty of several factors and not only
sought uncertainty values for specific data acquisition stages. The RSD; and RSD3
except of respective RSDs and RSD; values did not exclude RSDj, and RSDyn
(standard relative uncertainty related to measured number of ENPs see section 4.3.1).
Additionally RSD; was also inclusive of RSDs,. Therefore to calculate interesting
RSD values the root-sum-square manner subtraction of inclusive uncertainties from
RSD;, RSD, and RSD3 as proposed in (Boque et al., 2002) was used Eq. 4.7-4.9.

RSD, = \/ RSD? — (RSD2, + RSD}+RSD2,,) Eq. 4.7
RSD,, = \/RSDZZ — (RSD? + RSDZ,) Eq. 4.8
RSD; = \/RSD§ — (RSD?, + RSD2,) Eq. 4.9
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Total RSD (RSDyota)) Was obtained by adding all RSDs attributed to all the sources of

measurement error according to Eq. 4.10:

Eq. 4.10
RSDypra1 = \/RSDSZ + RSD2, + RSD? + RSD%, + RSD2, q

The RSDy, for RSDyora Calculation was derived from the median count of particles
per replicate and the IQR% from the precision results of the studied samples. The
RSDyotal ideally should be equal to RSDj, estimated in the intermediate precision

study.

4.3 Results and discussion

4.3.1 Quantification of uncertainty in particle size measurements
related to measured particle number and broadness of the size

distribution

Linear relationships were obtained between IQR% and RSD% of median ECD
measurements depending on the measured number of particles (N) (Fig. 4.1a). Fits
between R?= 0.973 to 0.997 were achieved with an expected intercept of 0.0 and
were described using Eqg. 4.11. The slope coefficient a in Eq. 4.11 clearly depended
on the number of particles, therefore dependence of a to N was shown in Fig. 4.1b.
This dependence followed a power curve and was well described (R?=0.998) by Eq.
4.12.

a Tg b. 02
B * 25
16 / 016 —*
14 o = 50 \
\
<12 . . .75 02
a 10 y p i = L3
< g VA % 100 0.08 A
* x R
6 v AR ) * 150 s SO
4 oo S5 = 0.04 —
5 g S * 200
o 0
0 W + 250
0 50 100 150 0 100 200 300 400 500 600
IQR% - 500 N

Figure 4.1- (a) Dependence of median size measurement RSD% of the
sample size N to IQR% and (b) Relationship between slope coefficient a
of Eq. 4.11 and N
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RSD% = a x IQR% Eq. 4.11
a =1.0071 x N 0553 Eq. 4.12

The expected measurement uncertainty for samples with known 1QR% and a defined

sample size can be calculated using following derived Eq. 4.13.
RSD% = 1.0071 x N~9553 x IQR% Eq. 4.13

The ISO guideline draft (Draft ISO/WD 14411-2, In preparation) describing the
relationship between the uncertainty of particle size measurement and the required
number of measured particles aims to include the theoretically derived equation for
Gaussian PNSDs adapted from unpublished work of Professor Hideto Yoshida,
Hiroshima University, Japan. A comparison of this theoretical approach to the
experimental approach developed in this study (Eg. 4.13) was done. It was found that
both approaches do not give significantly different level of the RSD% for a given
sample size and IQR%. Nevertheless, as the empirical Eq. 4.13 does not assume any
particular particle size distribution (for theoretical approach a Gaussian distribution

is accepted), it is considered more practical for the materials studied here.

Using Eq. 4.13 for calculation of N for samples with different IQR%, and RSD% at
the level of 5 and 1%, results shown in Table 4.3 were obtained.
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Table 4.3- Calculated (Eq 4.13) smallest number of measured ENPs
needed to obtain a desired RSD% level depending on given for ENP
population with specific IQR%

Numbered of particles needed for targeted RSD%
IQR%
RSD%=5 RSD%=1

34 38 994

39 49 1630
54 91 5260
75 170 17166
111 359 70424

This shows that the minimum number of particles to achieve RSD% at the level of
5% is smaller than 500 particles previously suggested (Linsinger et al., 2013), even
for a sample with the broadest IQR% (111). To achieve a lower uncertainty of 1%,
particle numbers need to be much higher due. However, the acceptability of the
RSD% threshold will ultimately depend on other contributing factors during data
acquisition. This is further discussed in subsequent sections where Eq. 4.13 was used

to calculate RSDpy.

4.3.2 Nominal recovery and limit of detection

Data regarding the count of particles per sample replicate (from the intermediate
precision test, 20 replicates), nominal recovery, and LOD are summarised in Table
4.4. As in most cases particle number distributions between replicates of ENPs
spiked in food did not conform to the Gaussian distribution, the median value gave a
better representation of particle number in the sample. Therefore the median number

of particles was used to calculate ENP nominal recovery and LOD.
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Table 4.4- The number of measured particles in 20 sample replicates,

nominal recovery and the LOD

Number Nominal
| recovery | LODmatrix LODgys®
Sample id (% (%
Median | Mean | RSD% | Min? particle | mass) (% mass)
number)
SAS 1 1361 1431 41 633 - - -
SAS 2 5640 5603 24 706 - - -
Soup 1 264 515 96 65 19 0.010 0.008
Soup 2 909 1531 114 170 16 0.013 0.010
SAS COM 1190 1266 33 724 - - -
Soup COM 305 461 81 98 19 - 0.003
Ag ENPs 1 47 46 53 14 - - -
Ag ENPs 2 163 177 28 102 - - -
Meat1 |32(34)°|30(33)°| 52 |,°.| 68 None 15 503
(10) detected '
Meat 2 83 88 57 | 24 | 51 None 15 gop
detected

“ Smallest number of particles found in one replicate of 20, ® Number of particles found at random
selection of the micrographs, in parentheses number of measured particles in precision test (some
areas selected randomly did not contain any ENPs. In such a case, nearby area with at least 1 particle
present was imaged instead for estimation of precision) © Limit of detection based on number of ENPs
found at analysed concentrations.

The nominal recovery was expressed as a median particle count in the food reference
material relative to median particle count in respective stock dispersion. Recoveries
for SAS in Soup 1 and 2 and Soup COM did not exceed 20% of the stock particle
number. For Meat 1 and 2, Ag ENPs recoveries were much higher at 51 and 68% of
the stock particle number respectively. The sample preparation protocol used for
Soup 1 and 2 was previously tested on tomato soup freshly spiked with silica
(Chapter 3) whereas the Soup 1 and 2 were tested after over a year from

manufacturing. In freshly spiked samples, the particle nominal recovery was as high
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as 50% of particle number. If particle mass rather than particle nominal recovery was
considered (see Annex 1), these values would be different because in both Soup 1
and 2 the particles were ~20 nm smaller than in the respective stock dispersions
(median ECDs in Table 4.1). There are several possible reasons for the low nominal
recovery, such as transformation of the particle surface over time leading to reduced
adsorption to the grid, a higher loss of larger particles, and/or a partial dissolution of
the SAS and Ag ENPs.

The RSD% values were relatively high (28-114%) when compared to the previously
published work using EM for quantification of viruses in aquatic systems (10.2%)
(Bettarel et al., 2000), biological suspensions (~5-30%) (Zheng et al., 1996) and
when set with other analytical approaches for particle quantification e.g. NTA 3.1-
6.9% (Du et al., 2010). This led to a difficulty with use of standard protocol for
estimation of LOD for smallest detectable analyte concentration (Vogelgesang and
Hédrich, 1998). To give an idea on lowest detectable particle mass concentration,
LODenp values were calculated dividing particle mass concentration in the initial
food sample (Table 4.1) by Number/Min value from Table 4.4. For Meat 1 and 2
LODgnp Was at the level of 0.003 and 0.002% mass respectively. For Soup 1 and 2
0.008 and 0.01% mass respectively.

The estimation of LOD related to presence of interfering particles in blank matrix
LODatrix Was also carried out. The EDS analyses did not confirm the presence of Ag
in Meat Blank or Si in Soup Blank (see Appendix 2 Figure. A2.2). In Meat Blank, no
objects were found that could be mistaken for Ag ENPs. Some nanometric sized
globular structures were present but they had a very low contrast compared to Ag
ENPs (Figure 4.2 a, c). These natural nano-structures within the matrix were also not
suitable for measurement using OBIA. Therefore, no matrix related errors such as

false positives could be expected when analysing Ag ENPs in meat samples.
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Figure 4.2- EM images of (a) Meat Blank, (b) Soup Blank, (c) Ag ENPs 2
and (d) SAS 2

Soup Blank contained some irregularly shaped ENPs which were similar in
appearance to SAS (e.g. Figure 4.2b) and could potentially be mistaken for SAS.
These ENPs and the ones close to the cut-off ECD value were accounted for as
interference, because in this study and others (Tiede et al., 2009c; Lorenz et al.,
2010) identification of the EDS spectra for nanometric particles was typically carried
out as a confirmation on single particle basis rather than on full measured sample. In
different study examples, such confirmation was not carried out at all and estimates
were based on expert knowledge of the particle appearance (Weir et al., 2012; Luo et
al., 2013- Annex 4). The average number of interfering ENPs per replicate in Soup
Blank was 5, which after calculation (according to Eq. 4.1 and 4.2) gave LODpatrix Of
10 particles and an equivalent of concentrations of 0.01-0.013% mass for Soup 1 and
2. Because LODpatrix for SAS in soup had higher values than respective LODgyp it
became clear that background noise is likely to be a key limiting factor for detection
of these ENPs in foods.
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The estimated 0.013 % mass LODpaix is sufficient for analysis of E551 in
commercial food products as the typical E551 concentrations in food powders range
from 0.06 to 0.54 % mass (Dekkers et al., 2010). However, this statement is only
valid at assumption that commercial food samples are less or equally abundant in

natural nanostructures as studied here Soup Blank.

It needs to be emphasized that the LODyatrix and LODgnp Values estimated here are
not robust and applicable only to study setups with same samples, and micrograph

sizes at a random selection of imaged areas.

4.3.3 Intermediate precision and expanded uncertainty of
particle size measurements
The results of the uncertainties of particle ECD measurements were summarised and

compared to RSDy, values calculated for median sample size (Table 4.4) and sample
specific IQR% (Table 4.1) in Figure 4.3.
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Figure 4.3- The median ECD particle number, repeatability, day to day,
intermediate precision and expanded uncertainty for ENPs measured in

respective samples

The values of Ugy, for food samples containing ENPs ranged from 21% (Meat 2) to

43% (Meat 1), whereas for the stock dispersions the range was 10% (SAS 2) to 41%
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(Ag ENPs 1). The obtained Uey, for the stock dispersions with the exception of Ag
ENPs 1 corresponded well with the expanded uncertainty of 16% that was previously
proposed for CLS measurement method of pure ENP suspensions (Braun et al.,
2011). This result points out that EM has the potential for producing equally reliable

results as other analytical methods.

The RSDy, for all measured samples was significantly lower (1-7%) than RSD,
obtained in the experiment (5-21%) (F test, p<0.05). This is in agreement with the
published data on characterisation of the reference materials for ENP measurement.
For example in the study (Braun et al., 2012), ENP with IQR% ~ 20 and 500
particles measured per replicate was characterized by EM in 11 different facilities.
The RSDj, measured between the laboratories ranged from 1.2 to 8.5 whereas
calculated for this material from Eq. 4.13, RSDp,=0.6. The result suggests that
factors other than particle size distribution broadness and sample size affected the

measurement uncertai nty.

For samples containing SAS, the presence of soup matrix significantly increased the
uncertainty of the measurements (RSDj, ranging 13-21%) when compared to the
stock dispersions (RSDi, ~5%) (F test, p<0.05). Contrary to this result, the RSD;j
were similar for Ag ENPs in stock and meat dispersions at respective concentrations,
i.e. 21-22% for lower concentration and 8-10% for higher one (F test, p>0.05).
Therefore the presence of the matrix hampered reproducibility of measurement of
ENPs only in soup samples. The uncertainty increase for the measurement of SAS in
soup, when compared to stock dispersions, seemed to depend on the nature of the
sample. SAS in the Soup COM were measured with 13% RSD;,, whereas for Soup 1
and 2 RSD;, exceeded 20%. The increased RSD;, for Soup 1 and 2 when compared to
Soup COM were attributed to high RSDyq rather than to RSD,. For Soup 1 and 2,
only one jar of the sample for the 10 testing days spread over period of four weeks
was used. However, the trend of changing particle size toward smaller or larger
values with sampling time was not confirmed within the experiment (see Appendix
2, Figure A2.3). Thus either a) subsamples taken at the same time point had a higher
chance of being closely related by size, or b) imaging the samples on different days
introduced a major error to the measurement. To address these aspects, the effect of

the different stages involved in the data acquisition process was also explored.
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4.3.4 Influence of data acquisition stages on the intermediate
precision
The results of further experiments on the uncertainty level introduced by individual

stages in the analytical process are summarized in Tables 4.5 and 4.6.

Table 4.5- The contribution of the stages in the data acquisition process

to the RSDy.a) 0f SAS containing samples

Sampling Samplg Imaging Imagg Particle Total
preparation analysis number
Soup 1 11% 7% 2% 2% 2% 14%
SAS 1 1% 1% 6% 1% 2% 7%

Table 4.6- The contribution of the stages in the data acquisition process

to the RSDyia 0f AQENPs containing samples

. Sample . Image Particle
Sampling . Imaging . Total
preparation analysis | number
Meat 2 8% 3% 3% 3% 3% 10%
AgENPs 2 | negligible 9% negligible 2% 3% 9%

The highest RSD for Meat 2 and Soup 1 were attributed to the sampling (8 and 11%
respectively). At the same time the sampling had a very small RSD value (up to 1%)

for respective ENPs in the stock dispersions.

Such results were partly expected. The EMs can analyse only a very small volume of
the sample at a time (order of few pl), and it is not possible to make food products so
homogenous that it is representative at the small sample scale. Therefore it can be
expected that each portion of the sample will contain a varying population of the

particles and as shown here not only by number, but also by size.

The high RSDs, (9%) Ag ENPs 2, when compared to Meat 2 (3%), suggested that the
presence of the meat matrix may have prevented random particle clustering in the
sedimentation process, but this might have taken place during preparation of Ag
ENPs 2.
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The imaging, sample preparation, and image analysis were each expected to
influence the RSDya) Of the Meat 2. This is because the particles were suspended in
meat matrix at different depths and it was not possible to fully focus on all of the
particles within the field of view. Additionally, the sample layer obtained in the
preparation procedure was thick (approximately 100 nm) and not uniform (up to 33
RSD% of the sample thickness between different images) (based on Lari and
Dudkiewicz 2014- Annex 3). This inevitably affected the definition of particle
boundaries and consequently the results of image analysis. It also means that the

instrumental performance had limited influence on the RSD; for Meat 2.

Imaging of the SAS 1, yielded higher (6%) RSD; than of Soup 1 (2%). It is possible
that for this sample the instrumental or operator performance on a day-to-day basis
and certain particle features (shape, size) may have had a significant impact on the
measurements. As with the increase of the size (on median particles in SAS 1 were
characterized by longer ECD than in Soup 1- see Table 4.1), the particle perimeter
becomes larger, the possible instrumental or operator variations in alignment, noise
from the microscope surroundings (stage drifting), may cause a shift in the particle
boundaries and affect size measurement more than in case of small, nearly spherical

particles.

The RSDya for all the samples (Table 4.5 and 4.6), with the exception of Soup 1,
corresponded very well to the previously obtained RSD;, (Fig. 4.3, a difference of
1%) with the exception of Soup 1. The estimated RSDy for Soup 1 (14%) had
closer value to previously estimated RSD;, of Soup COM (13%) rather than of Soup
1 (20%). It is hypothesized that the degradation of liquid soup matrix over the
precision test duration (four weeks) caused dynamic changes in the particle size.
Particle random agglomeration and release from complexes with soup solids due to
the bacterial/ oxidative activity, pH and ionic strength changes could result in a very
high day to day size measurement variation. The result also emphasizes robustness

of derived RSD;, value for the measurement of SAS ENPs in different food products.

It is worth reminding that E551 food additive is mainly used in food powders and
therefore RSD;, derived for Soup COM relates to the case of this additive better than
Soup 1 and 2. Nevertheless, for other types of ENPs, the obtained information in

study of Soup 1 and 2 might be useful in relation to liquid foods, where the matrix
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changes will have to be considered as one of the factors that might influence particle

size and measurement precision.

4.4 Conclusions

In this study, an attempt to validate the two main EM methods - SEM and TEM, for
the measurement of ENPs in solid and liquid food matrices was made. Doing so, the
issues of measurement uncertainty, limit of detection, nominal recovery and minimal

sample size required for adequate EM measurements were addressed.

It was found that the EM methods were able to measure ENPs in food with an
expanded uncertainty of typically approximately 21-27% accounting for different
samples (solid and liquid food matrix, ENPs with narrow and broad size distribution,
different imaging conditions and sample preparation methods). This study will
therefore be useful in predicting uncertainties associated with the measurement of
ENPs in complex matrices by EM, where the ENPs are relatively stable. For samples
containing particles that are undergoing constant transformation e.g. aggregation
and/or dissolution, much greater expanded uncertainties may be expected. For
example, an expanded uncertainty of 43% was derived in this study for liquid soup

samples containing SAS that were analysed at different time points.

The study also showed that a number of factors can influence uncertainties in the
particle size measurements by EM methods. The results indicated that the number of
measured particles and broadness of the particle size distribution were only
secondary contributors to the ENPs size measurement uncertainty in foods. The
major factor was found to be the sampling step. Most food samples are inherently
inhomogeneous, and could not be homogenized to the nanoscale. As a result,
different sub-samples of the same sample may vary a lot in terms of particle number
and shown here also particle size. Thus it may not be possible to achieve a
reproducible particle quantification and adequate estimation of the concentration
LOD and recovery in food samples. To overcome the sampling issues and to lower
the LOD by increase of particle recovery, a viable option may be to digest the food
matrix or extract the particles, instead of the homogenization steps tested in this
study. However, it is also possible that such pre-treatment may change particle

characteristics and may lead to inaccurate results.
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Another possibility for improvement of particle size measurement precision is to
increase the sample replication during routine analysis. As it is shown here, the
particle quantities necessary to obtain reliable data on median size measurement
would depend on broadness of the size distribution and the desired measurement
confidence level, which can be calculated from a simple dependence outlined in this
chapter- Eq. 4.13. Therefore cutting the number of measured particles to an essential
minimum, and increasing the number of replication instead, would allow acquisition
of more precise information on the particle size and a better characterisation of the

sample.

In summary, the EM were found to be suitable for screening on ENPs in food and
delivering information on the ENP size and shape. There are however uncertainties
over the results of the characterisation of size distributions of aggregated and
polydispersed ENPs. Therefore in the next chapter a novel approach for normalizing
sizing data from different methods is presented and then applied to compare the

results from EM analysis with results from other nano-analysis methodologies.
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Chapter 5

Evaluation of electron microscopy against other nano-
analysis methods for the measurement of aggregated silica

engineered nanoparticles

5.1 Introduction

The characterisation of PNSD of aggregated silica ENPs, such as SAS poses
analytical difficulty. One challenge is detection of these ENPs. Silica ENPs have a
low refractive index making them difficult to detect using light scattering and
absorption methods. Additionally silicon is an ubiquitous element and background
noise from element detection methods may hamper the analysis. The general lack of
data on the Size LOD does not allow one to properly understand measurement
outputs or estimate a method’s measurement accuracy. Another analytical difficulty
arises from the shape of SAS. Instruments measuring ENPs are generally calibrated
with spherical particles, but as pointed out in Chapter 1 use different principles and
expression units for the measurements. This leads to incomparability of the
measurements between different types of instruments for non-spherical materials
(e.g. Bowen, 2002; Domingos et al., 2009).

One way of achieving the measurement comparability is to transform the results
from different analytical methods from instrument equivalent spherical diameters
(IED) into a standardised mass equivalent diameter (MED). The MED is the
diameter of a compact sphere having the same mass as the analysed aggregated
particle. The dependence of MED on the IED has been previously described for
techniques measuring aerosol particles (Kasper, 1982; DeCarlo et al., 2004).
However, so far, the approach has not been used for ENPs in aqueous suspensions.
One way considered previously in the literature for generating MED-IED
relationships for ENPs was the the dynamic shape factor. The dynamic shape factor
in particle measurements depends on the nature of the flow within the measuring
instrument (free molecular, transition or continuum) as well as specific particle
shape. Some values for the dynamic shape factors have been derived for differently

regularly shaped particles and flow regimes (DeCarlo et al., 2004), but for particle
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aggregates these values were restricted by the conformation of the particles within
the aggregate e.g. chains (Kasper, 1982). If the conformation of the particles is
random (as in case of SAS) obtaining value of dynamic shape factor becomes
laborious and difficult as for example described by Zelenyuk et al. (2006).
Nevertheless, the literature provides some evidence that the IED can be related to the
aggregate fractal structure (e.g. Gmachowski, 2000; Maricq and Xu, 2004;
Boldridge, 2010) and thus to the number of primary particles within aggregates.
Once the number of primary particles within the aggregate is known, the aggregate
mass and subsequently MED can be calculated. Use of fractal geometry could
therefore provide a way of ommiting a need of experimental estimation for dynamic

shape factor of ENP aggregates.

The aim of this study was to use MEDs to compare results for SAS PNSD generated
by EM and other techniques. Several techniques that produce particle size data in
different ways (see Chapter 1, Table 1.2) and which have been used widely in the

literature were selected. These techniques included:

1. methods that measure particle ECD — i.e. SEM and Wet-SEM,;

2. methods that measure measure HDD — i.e. NTA and assymetric flow field
flow fractionation with ICP-MS detection (AF4-ICP-MS); and

3. methods that measure SDD —i.e. CLS and measuring EMD- GEMMA.

The principles of particle measurements by these techinques have previously
desribed in (e.g. Chapter 2; Tiede et al., 2008; Dudkiewicz et al., 2012- Annex 2;
Linsinger et al., 2012; Anderson et al., 2013; Tiede et al., 2009c; Carr and Malloy,
2013; Loeschner et al., 2013b; Braun et al., 2011; Bacher et al., 2001). Thus here
only brief general information helping to understand derived relationship between
IED’s and MED’s will be given.

In order to achieve the aim this study attempted to address between-method
discrepancies in the size measurements for these ENPs using their fractal
characteristics. Prior to investigation of SAS, spherical silica ENPs were also
analysed to characterise method specific size LODs and limits of quantification in

terms of particle size (size LOQ). The chapter also discusses the potential of the
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methods for accurate measurement of PNSD of silica ENPs and for addressing the
EC recommendation for the definition of nanomaterial (The European Commission,
2011).

5.2 Silica engineered nanoparticles

Three different silica ENP dispersions were used in the study- two of them K12 and
K80 contained approximately spherical ENPs (see Chapter 3) and SAS was
composed of particulate aggregates (see Chapter 1). The same silica ENP dispersions
as used in Chapter 3 were analysed in the experiments described in this chapter. The
K12 sample contained very fine particles (on average 12 nm diameter by
Manufacturer’s claim) and was used for estimation of methods size LOD. The K80
sample contained both smaller and larger ENPs and a bimodal PNSD. This sample
was used for determination of differences between the methods for quantification of
particles in two size fractions corresponding to the modes. This was done to aid the
conclusion on method sensitivity for quantification of small and large particles in the
distribution. The SAS is a fractal aggregate (Boldridge, 2010), which means that its
geometry can be described by the fractal scaling law (Eq. 5.1).

N =k, (ﬁff Eq. 5.1
dpp

Where:

N-number of primary particles within the aggregate

dpp- primary particle diameter

Ds- Fractal dimension

ko- Fractal prefactor of lacunarity

The characterisation of the aggregated fractal structure of the SAS is described in
Appendix 3 and the experimentally derived parameters are: dy,,=9 nm, D=2.11 and
ko=1.17.

All silica ENPs dispersions used in this study are not sold for use as food additives
but for food application (e.g. clarifying beverages). The SAS example was used
solely for analytical method development rather than indicating whether the SAS

would be regarded a nanomaterial according to EC recommendation.
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5.3 Principles of measurements and data transformation

For spherical particles, MED is equal to the particle size measurement directly
derived from the instrument. For fractal aggregates MED calculations were derived
using various relationships adapted from the available literature as described below.

5.3.1 Scanning electron microscopy in high vacuum and liquid
setup

There is a variety of measurements that can be acquired from analysis of the images,
but one of the most common ones is ECD. ECD is obtained using Eq. 5.2

2 f45
ECD = |— EqQ. 5.2

The relationship of ECD with MED for fractal aggregates was derived using
dependencies commonly used for calculation of primary particle number within

these structures from EM images.

The particle number can be calculated from two dimensional projection on the
imaged particle area according to Eq. 5.3 (Boldridge, 2010):

1.09

48

N =1.15 Eq. 5.3
nd3,

Substituting S in Eqg. 5.3 with the solution from Eqg. 5.2 relationship between ECD
and N was obtained. Thus calculated N was then substituted into relationship of
MED and N (Eg. 5.4) and Eqg. 5.5 was obtained.

MED = d,, YN Eq. 5.4

MED = 3\/1.15ECD2-18 dpy? Eq.5.5
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5.3.2 Gas-phase electrophoretic mobility molecular analyser

The instrument measures electrical mobility of the particles in the gas phase at

ambient pressure. Based on this, the spherical equivalent diameters were obtained

using Eq. 5.6

Where:

n-number of electric charges on the particle
ee- elementary charge

C.- Cunnigham slip correction factor

na- viscosity of air

Z- electric mobility

Eq. 5.6

The MED of the fractal aggregates can be related to EMD using the mass balance
Eqg. 5.7 and calculation of effective density (ppe) from Eq. 5.8 (Maricq and Xu, 2004)

nEMD?3 nMED?3
Ppe 6 = Psio2 6

Where:

psioz-density of silica

EMD)Df 3

Ppe = Psio2 < d
pp

Eq.5.7

Eq. 5.8

Substituting ppe in Eq. 5.7 with Eq. 5.8, Eq. 5.9 describing relationship of MED and

EMD was obtained

3| (EMD\"*
MED = d,, |[——
dpp

Eq. 5.9
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5.3.3 Centrifugal liquid sedimentation

The instrument estimates particle SSD based on sedimentation time (ts) of particles
from sample administration to reaching the detector. SSD of the particles is
estimated by the instrument’s software according to Eq. 5.10 (CPS Instruments, Inc.,
2005)

18xn, Eq.

SSD =
Vtsa(psioz — pf) 5.10

ns-viscosity of sucrose gradient
x- distance from the injection point to the detector
a-centrifugal acceleration

ps- density of the sucrose gradient

Particle mass concentration is estimated based on light absorption corrected for Mie
scattering solution (Wriedt, 2012). Thus the obtained particle mass concentration
over the size distribution is then transformed into PNSD by calculation (CPS
Instruments, Inc., 2005). The non-spherical shape of any particles slows down their
sedimentation velocity when compared to spheres of the same mass. To correct for
velocity change, adjustment of the density value of the particles in Eg. 5.10 have
been suggested (e.g. Kamiti et al., 2012). The corrected particle density (pps) can be
estimated by means of two CLS measurements in two media of different density. For
estimation of pys of the SAS studied here, the so called ‘zero velocity approach’ was
used (Woehlecke et al., 2013). This approach is based on Archimedes law. The
particle velocity is measured in a medium of lower and higher density than the
particle of interest. Then the density of the liquid in which particle would not
sediment (have a velocity equal to 0) is calculated. This density is equal to pys The
Eqg. 5.11 summarising relationship of MED and SSD was obtained from equality of

ts, s, X and a for the particles with pys and psioo.
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MED = ssp *|£s102 _Pr Eq.5.11
pps - pf

5.3.4 Nanoparticle tracking analysis

The measurement of an ensemble of absolute mean displacements of the individual
particles due to the Brownian motion obtained from NTA allows for subsequent
calculation of the diffusion coefficient (D). The D is then used to obtain HDD from
the Stokes-Einstein dependence (Eqg. 5.12)

kgT Eq. 5.12
3nn,D

HDD =

Where:
ks- Boltzman constant
T- temperature

nw- Viscosity of the medium that ENPs are suspended in (here water)

This approach is only suitable for spherical particles (principle of the Stokes-Einstein
equation), although there are publications discussing hydrodynamic behaviour of
fractal aggregates. For example Melas et al. (2012) derived relationship between
hydrodynamic and gyration radius (Rg) of the fractal aggregates with variable N, Ds
and ko. Using the data generated in the cited study for this sample of SAS with
average N=84+9 and k,=1.17, the dependence of Ry and HDD can be approximated
with Eq. 5.13.

HDD = 2.2R, Eq. 5.13

Combining general Eq. 5.1 and Eq. 5.13, Eq. 5.14 allowed the MED to be calculated.

D
3 HDD \ /
MED = d,, \/k0< ) Eq. 5.14

1.1d,,
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5.3.5 Asymmetric flow field flow fractionation with inductively
coupled plasma spectrometry detection

In AF4 the cross flow drives the particles towards the so-called accumulation wall
covered with a membrane. The smaller particles diffuse further back into the channel
and form diffusional clouds (Messaud et al., 2009). The thickness of the clouds
depends on the D of the particles and the cross flow. The larger the D, the larger the
resulting cloud thickness. Due to the carrier flow profile, the higher the cloud, the
larger the mean travel velocity of the respective particles, so small particles elute
before larger ones. The particle-retention expressed as retention time (t;) is related to
the D of the particles through Eq. 5.15 (Wahlund and Giddings, 1987).
2

w V.
tr=51n<1+vc) Eq.5.15
out

Where:
w- channel thickness
V.- cross-flow volumetric flowrate

Vout- Volumetric outlet flowrate

Substituting D in Eqg. 5.15 with Eqg. 5.12 the HDD can be calculated for AF4

measurements according to Eq. 5.16.

2t kT
mnw?In (1 + VVC )

out

HDD =

Eq. 5.16

In this study, AF4 theory was not chosen for the determination of the PNSD of the
investigated nano-structured materials. Instead, an independent size measurement by
a calibration with spherical particle size standards of known size was applied. This
was regarded as a better approach, because the t; was also shown to be affected by
other factors, such as additional focusing stage after sample injection (Loeschner et
al., 2013a) or particle-membrane interactions, which cannot be avoided even under
close to ideal conditions. Optimisation of the AF4 channel for size calibration by

standards allows a correction for these additional factors to be made.
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Using multi angle light scattering (MALS) coupled to AF4 it was possible to verify
the relationship between HDD and Rgy. Ratios between HDD/Ry ranged from 2.0 to
2.34 through entire PNSD of SAS. This proved that the 2.2 value from (Melas et al.,
2012) used previously to derive Eq. 5.14 was a very good approximation.

5.4 Instruments and measurement conditions

5.4.1 Scanning electron microscopy in high vacuum and liquid
setup

SEM and Wet-SEM images were acquired using a FEI Sirion S field emission gun
SEM equipped with a through-the-lens detector. The instrument was operated at spot
size 3 and voltage of 5kV for high vacuum and at 20 kV for Wet-SEM imaging. For
high vacuum imaging the samples were prepared according to T2 Gel protocol and
Pt/Pd coated as specified in Chapter 3. The adjustment for coating thickness was

made as well (Appendix 1).

For liquid state imaging, Quantomix™ capsules (QX-102) were used. Prior to
application of the sample, each capsule was treated with 0.1% solution of poly-I-
lysine (P8920, Sigma Aldrich, UK) according to the protocol available on the

manufacturer’s website (Quantomix, 2011).

Particle visibility could be improved by exposure of the capsule membrane to the
electron beam for approximately 1min at low 5000x magnification. It was noted that
with time of the beam exposure, particles were gradually attracted closer to the
capsule membrane, increasingly populating the irradiated area (Figure 5.1a and b).
The particles were apparently moving at the increased magnification required for the
measurement consequently creating zig-zag patterns on the images (Figure 5.1c).

Therefore only objects which looked approximately spherical were measured.

Example Wet-SEM images used for the measurement of silica ENPs in respective

samples are presented in Figure 5.2.
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Figure 5.1- Wet-SEM images of silica ENPs (a) taken at the start point,
(b) same area as (a) after 1min exposure to the beam and (c) movement

of attracted particles at increased magnification

Figure 5.2- Wet-SEM images of silica ENPs (a) K12, (b) K80, (c) SAS

(scale bar on every image is 1000 nm)

The particles of K12 and K80 had visibly lower contrast to SAS. Additionally it was
observed that it was not possible to discriminate between the shape of spherical
particles and SAS. All the images for sizing purposes were analysed using OBIA and
particle size measurements were grouped into a histograms of 2 nm bin width. All
samples were diluted with BB8.0 prior to preparation and imaging.

The SEM and Wet-SEM imaging setup (sample dilution factor, micrograph size,
pixel size, smallest measurable particle and number of replicates) is summarised in
Table 5.1.
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Table 5.1- Data acquisition properties for SEM and Wet-SEM

Sample K12 K80 SAS
Wet- Wet- Wet-
Method SEM SEM SEM SEM SEM SEM
No of replicates 3 2 3 2 3 2
Dilution ratio 1:149.999 1:9 1:1999 1:9 1:399 1:1
Single micrograph | 4 oq 2914 | 13.06 | 13.06 398 | 29.14
area (Um°)
Pixel edge (nm) 3.4 8.6 5.7 5.7 3.4 8.6
Smallest
measurable
particle- ECD 4.2 37.7 12.5 205 7.0 37.7
(nm)*
Number of
particles measured 465 (129) 1165 544 1291

per replicate-
mean (s.d.)

(342) | (398) | (628)

*The values given refer only to cut-off point during image analysis, for SEM particles with ECD <8
nm were excluded from the statistical analysis due to the thickness of conductive coating (see
Appendix 1)

All the analysed images of the same sample in SEM were taken at constant
magnification allowing measurability of main visualised particle population. It was
noted that for SAS only ENPs up to approximately 300 nm were measured, although
a low content of larger particles (up to 1 micron) was also detected at lower
magnification in a previous study (Chapter 4, Appendix 2- Figure A2.1). For Wet-
SEM imaging the magnification was limited by the mobility of the particles in the
liquid. It was found that at increased magnifications, particles would drift away from
the membrane within a short time. This time varied between the samples, making

capture of the image difficult at higher magnifications than given in Table 5.1.

5.4.2 Gas electrophoretic mobility molecular analyser

A GEMMA system previously described in (Weiss et al., 2012) was applied for this
study. The data were obtained analysed and interpreted by Angela Lehner from
Technical university of Vienna. The samples were analysed after diluting in 0.4M
ammonium acetate buffer pH 8.0 (K12 and K80) and pH 7.4 (SAS). The dilution
ratios were: K12- 1:36.999, K80- 1:9.999 and SAS 1:199. SAS prior to dilution was

additionally filtered using 0.2um Minisart syringe filter (Sartorius- Vienna, Austria)
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to avoid clogging instrument’s capillaries due to a presence of very large aggregates.
Each sample was prepared and analysed in triplicate running 10 (K80 and K12) or 7
(SAS) scans per replicate. Median calculation between scans was used for final data
presentation. Macrolon flows of 0.5 L/min filtered air (table-top compressor, Durr-
Technik, Biegigheim-Bissingen, Germany) and 0.1 L/min CO; (99.995%, Air
Liquide, Schwechat, Austria) were used for nano-ESI and a sheath flow of 3 L/min
in the DMA. Voltage in the nano-ESI was set at 2.5kV resulting in a current of 500-
585 nA. The measurements covered the size range 4.43-163.3 nm. The PNSD was

calculated as described in (Hallar et al., 2011).

5.4.3 Centrifugal liquid sedimentation

A CPS DC24000 UHR centrifuge (Analytik- Cambridge, UK) operating at a
maximum rotational speed of 24000 rpm was used in this study. All silica ENPs
were analysed in triplicate. Assessment of dilution requirement was carried out based
on the visual turbidity of the sample. Only K80 was opaque and required 10 fold
dilution with BB8.0. Samples were centrifuged in 8-24 % sucrose gradient, as
specified in the instrument manual (CPS Instruments, Inc., 2005). As a calibration
standard polyvinyl chloride particles (PVP) of 476 nm diameter were used, as
provided by instrument’s manufacturer. The psio, required for the CLS procedure run
was set at 2.2 glcm® for all Silica ENPs. The pps=2.01 glem® for SAS was acquired
from (Woehlecke et al., 2013).

The run included readings for data points from approximately 700 down to either 8
nm (K12) or the point in which negative values for absorption were obtained (K80,
SAS). The 8 nm cut-off point was dictated by the length of sample analysis- to get
down to this small size approximately 2.5 h was necessary for analysis of a single
sample. The temperature of sucrose gradient increases with the time of the
centrifugal run, therefore manufacturer recommends that single sample run does not

exceed 40 min, after which re-calibration is carried out.

The data output were histograms with irregular bin width starting at 0.1 nm from the

smallest particle diameter to 13 nm for largest.
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5.4.4 Nanoparticle tracking analysis

An NTA instrument LM14 from NanoSight (NanoSight Ltd, Amesbury, UK) was
used in the study. All samples were diluted with BB8.0 prior to analysis 6.000
(K12), 1.000.000 (K80) and 100.000 (SAS) fold. Samples were prepared in triplicate
and 3 recordings per replicate were performed. Recorded videos were 1 min long and
were taken at maximal camera shuttle and gain settings. Acquired videos were
processed with the Nanosight 2.3 software according to the manufacturer’s
specifications. The raw data output for each single track recorded was used to
generate PNSDs presented in the study. The bin width for the created histograms was

2 nm.

5.4.5 Asymmetric flow field flow fractionation with inductively
coupled plasma mass spectrometry detection

The AF4 system consisted of a Wyatt Eclipse™ 3+ flow control module (Wyatt
Technology Europe GmbH, Dernbach, Germany) with a flat AF4 separation channel
(Superon GmbH, Dernbach, Germany, length 275 mm, wide spacer). The channel
was equipped with a 350 pm spacer and a 10 kgemol™ nominal cut-off regenerate
cellulose membrane (Millipore®, USA) as the accumulation wall. Flows were
controlled using an Agilent Technologies 1200 Series quaternary pump equipped
with a micro-vacuum degasser. All injections were performed using an autosampler
(Agilent Technologies 1200 Series, large volume kit). The hyphenated detection
sequence consisted of a MALS (MALS Dawn Heleos I, Wyatt Technology, Santa
Barbara, US) and an inductively coupled plasma mass spectrometer (ICP-MS,

Agilent Technologies 7700x).

Size calibration of the AF4 channel was done with NIST traceable latex beads at 50,
100 and 150 nm (Thermo Fisher Scientific, Dreieich, Germany), due to the lack of
certified silica reference materials of different sizes. The eluent for size calibration
was composed of 0.025% FL70 as a biodegradable detergent (Fisher Scientific, US)
and 3 mM NacCl (analytical grade, Sigma Aldrich) which was slightly different to
one used for separation of silica ENPs (mixture of 0.025% FL70 and 0.25 mM
NaCl). This was necessary because the particle behaviour in the channel is strongly
related to the surface properties of the particles and so eluent concentration needs to
be adjusted to a given material. The elution and analysis conditions were
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experimentally derived by Dr Stephan Wagner and Dr Samuel Legros from

University of Vienna.

All samples were injected at concentrations of 100 ppm SiO,. For quality control,
samples were analysed as triplicates. Total Si recovery ratios for SAS, K12 and K80
were 0.99 + 0.06; 1.14 + 0.03 and 1.04 £ 0.01, respectively. A previous study on
gold ENPs recovery rates for AF4 found much lower recovery in the range 0.04-0.69
(Gray et al., 2012). Here, the procedure was optimized for analysis of silica ENPs in
AF4-ICP-MS and thus we expected the best achievable accuracy in terms of PNSD

as well.

Simultaneous MALS detection was used for the examination of the size separation

and as an indicator of the particle size.

The generated size distributions of silica ENPs were mass-size based and were
transformed into PNSD by calculations assuming particle sphericity and psio2=2.2
g/ml. For MED based distributions this calculation was done following
transformation of HDD into MED as in Eq. 5.13.

All AF4-ICP-MS data were obtained analysed and interpreted by Dr Stephan
Wagner from University of Vienna.

5.5 Results and discussion

The results obtained in the study relate to 1) measurement of nearly spherical silica
ENPs and 2) aggregated SAS particles. The measured particle sizes were compared
between the methods, in terms of modal, median or mean values. The nominal values
given by the manufacturer were also considered in the comparisons. Additionally for
K12, size values at 5" and 95" percentile, and for SAS also at 25" and 75"
percentile, were reported together with RSD% between replicates to allow between-
method comparison and assess particle size measurement repeatability at different
points of the PNSD. Where raw data (measurements for each single particle) were
not available (as in the case of GEMMA, AF4-ICP-MS and CLS) the measurement
values were derived from the histograms given by the methods and therefore are
meant to be approximate whilst assuming an even distribution of all the size data
points in each bin of the histogram. To minimise probability of type | statistical
errors, all measurement methods were compared for the values of given modal sizes

in K80, percentiles in K12, and SAS PNSDs using MANOVA. If a significant
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statistical difference was detected ANOVAs followed by relevant post-hoc test
(specified in the result section) were run in order to determine the methods which

gave significantly different measurements. All the tests assumed a p of 0.05.

5.5.1 Measurement of spherical silica engineered nanoparticles

The particle size distributions derived from different techniques are presented in
Figure 5.1. The PNSD of K80 sample was divided into 3 arbitrary chosen size
groups: primary particles: 1 (18-62 nm), 11 (63-106 nm) and agglomerates 111 (107-
160 nm). These groups served for comparison of relative particle abundance within
the PNSD between the methods using the statistical evaluation described previously
in Chapter 3. The comparison of modal size measurements from all the techniques
against SEM was used here to define accuracy of the techniques, as EM has been
applied in most research papers for characterisation of ENPs (Calzolai et al., 2012)
and is recommended as a reference method for particle size measurement (EFSA
Scientific Committee, 2011; Linsinger et al., 2012).

5.5.1.1 Ability of measurement methods for characterisation of sample

featuring polymodal size distribution

Two out of the six methods (NTA and Wet-SEM) did not provide a level of
resolution necessary to distinguish the two particle populations in K80 PNSD
(Figure 5.3). For NTA, similar results were previously reported (Mahl et al., 2011)
(Anderson et al., 2013). However, there was no comparable study on liquid imaging
techniques carried out so far. Two hypotheses can be used to explain why Wet-SEM

did not provide sufficient resolution between the two particle size populations:

1. Beam broadening during membrane passage and in agqueous environment
might have an effect on the particle size in the same way as positioning of
specimen out of focus

2. Subsequent image analysis of such blurred and low contrast images might be
inaccurate. Therefore it is possible that the error introduced by the image

analysis is simply too large to deliver reliable image statistics.
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Figure 5.3- Number-size distribution of K80 and K12 samples measured
by different techniques, K80-measurments given as total particle size
distribution from 3 replicates (SEM, NTA, Wet-SEM), mean (GEMMA)
or selected single replicate (CLS, AF4-1CP-MS), K12- measurements
from 3 replicates shown (and 2 replicates for Wet-SEM)- different colors
show different replicates
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The remaining four methods SEM, GEMMA, CLS and AF4-ICP-MS were able to
resolve the bimodal PNSD, but exhibited size related differences in particle

abundance (see section 5.5.1.2).

5.5.1.2 Measurement method dependant differences in particle
abundance through size distribution

Table 5.2 provides a summary of modal and mean measured particle diameters in
determined points of the PNSD and relative particle abundance in predetermined size
groups I-111.

Table 5.2- Mean and modal diameters of particles in the size distribution

of K80 and relative abundance of particles in predetermined size groups

(1-111)

Relative particle abundance
Method Size (s.d.) (%)

Mean Mode | Mode 11 | 1 11

SEM 76.1 (3.4)"° | 47.3(1.8) | 84.7 (1.3) 48 36 16

GEMMA | 69.3(0.8)° | 46.1(1.3) | 86.5(1.8) 41 58 1

cLs | 77.2(06/® (332')7* 836(0.7) | 20 79 1
AF4-ICP- 75.7 51.3 81.1

MS 0.9Y°8¢ | (LO)* (1.3)* 23 4 3

NTA 82.2 (1.7)" N/A N/A 22 62 16

Wet-SEM | 74.6 (5.6)°C N/A N/A 26 64 10

ACSame letter in column with mean size value of K80 sample marks that no significant difference
was detected between measurement methods (Tukey’s test, p>0.05), *Significant difference detected

in comparison to SEM measurement (Dunnett’s test, p<0.05).

Significant differences were detected between methods relative abundance within the
predetermined size groups I-111 (MANOVA, p<0.05). The small particles in group |
of the PNSD were found most abundant in SEM (48%) and least abundant in CLS
and AF4-ICP-MS (20% and 24% respectively). Aggregates (group I1l) were also
most abundant in PNSD derived by SEM (16%) when compared to GEMMA, CLS
(1% both) and AF4-ICP-MS (3%). These differences had an obvious effect on the
particle mean size. CLS, SEM and AF4-ICP-MS mean diameter measurements
(77.1, 76.2 and 75.7 nm respectively) were not significantly different from each

other (Tukey’s test, p>0.05) and comparable to declared by manufacturer diameter
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(80 nm). The GEMMA derived mean diameter was significantly smaller at 69.3 nm
(with the exception of AF4-ICP-MS).

However, it is unclear which of the methods measured the sample more accurately.
In case of SEM, evidence produced in Chapter 3 suggests that method may suffer
from some level of overestimation of small sized particle number as a consequence
of sample preparation. This artifact is thought to be a consequence of the sample
preparation which may selectively remove larger ENPs from the EM grid. Issue is
further investigated in Chapter 6. The CLS method was previously reported to
closely follow particle number proportions in PNSD to the expected values
(Anderson et al., 2013) and in this study also provided similar particle abundance
proportions in group | and Il as AF4-ICP-MS (based on statistical evaluation as in
Chapter 3). As pointed out previously in Chapter 3, data available in the published
literature suggest that GEMMA could provide accurate quantification of particles
through PNSD. GEMMA'’s particle detection unit features exponential growth to
maximum of particle registration efficiency from smaller to larger sizes. It has been
shown that for the used model the near to maximal registration efficiency
(approximately 0.95) was obtained after reaching EMD of 4 nm for silver ENPs
(Kesten et al., 1991). Furthermore data are also available on the determination of
monomodal PNSD of spherical gold ENPs by several analytical methods including
GEMMA and TEM (Small and Watters, 2012; Kaiser and Watters, 2007a; Kaiser
and Watters, 2007b). These reports show, that the PNSDs of gold ENPs generated by
GEMMA and TEM had similar shape and size range, thus there is no evidence that

GEMMA is more specific for measuring particles of smaller or larger sizes.

5.5.1.3 Method’s particle size measurement accuracy

Shown in Table 5.2 particle modal diameters in K80 determined by GEMMA (Mode
I: 46.1, Mode II: 86.5) were not significantly different to SEM measurements (Mode
I: 47.3, Mode II: 84.7 nm, Dunnett’s test, p>0.05), providing more confidence that
the size measurements were accurate. CLS results also compared well to SEM
measured particle size in Mode II (83.6 nm, Dunnett’s test, p>0.05), but significantly
smaller in Mode 1 (43.7 nm, Dunnett’s test, p<0.05). However, AF4-ICP-MS
showed particles larger in Mode | (51.3 nm) and smaller in Mode 11 (81.1 nm,
Dunnett’s test, p<0.05) than SEM. Although size differences between SEM and

AF4-ICP-MS or CLS were small (less than 10% of the SEM measured diameter),
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given that for AF4-ICP-MS and CLS original data outputs are particle mass-size
distributions transferred by calculation into PNSD, some error in calculated particle

number could be expected.

5.5.1.4 Ability of analytical methods to detect and measure small sized
silica nanoparticles
Measurements of the particle size at chosen points of size distribution for K12

sample are summarized in Table 5.3.

Table 5.3- Mode and percentile diameter in the PNSD of K12

50%

Method Min® | Mode (s.d.) | 5% (s.d.) (s.d.) 95% (s.d.)
SEM 80 | 151(L9) | 106(04) | 193(0.7) | 37.6 34)
GEMMA 80 | 232(L9) | 121(13) | 223(03) | 40.0(0.6)
CLS 92(12) | 162(7.3) | 10.9(22) | 20.7 (6.4) | 502 (9.4)
AF4-ICP-MS | 6.5(0.3) | 26.8(0.7) | 17.5 (0) (887'?* 442 (0)
228 773
NTA o8 | 708 |a200r | 5 | 152063
383 60.3 1002 1740
WetSEM | gg) | 930D | s | (38 (14.8)*

®Diameter of smallest detected particle, except SEM and GEMMA where the values represent cut-off
point accepted for the analysis, *Significant difference detected in comparison to SEM measurement
(Dunnett’s test, p<0.05).

It was found that none of the methods studied, provided size measurement for K12
sample close to the nominal 12 nm given by the manufacturer (Table 5.3). It became
apparent that Wet-SEM and NTA did not allow measuring the main population of
ENPs in K12 sample (see Figure 5.3), and instead detected only larger particles
(median: 77.3 and 100.2 nm respectively), the presence of which was not reflected in
PNSD by other methods The CLS method showed a very high measurement
uncertainty noticeable in PNSD generated from each replicate (Figure 5.3), and high
s.d. values for subsequent percentiles (Table 5.4). Interestingly, a previous study
with the same model of instrument and setup was able to obtain very reproducible
results for silica ENPs with 20 nm modal diameter (expanded uncertainty <5%)
(Braun et al., 2012). The K12 ENPs studied here were characterised by a slightly
shorter modal diameter (15.1 nm by SEM). Therefore it can be concluded that silica
ENPs smaller than 20 nm cannot be accurately measured by CLS.
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Comparing the PSND of K12 from SEM and GEMMA indicated that the artefacts
introduced by agglomeration in SEM analysis of group 111 in K80 were not apparent
in K12.

The use of the K12 sample was aimed at testing the size LOD. However, accurate
estimation of size LOD for most of the methods was not possible. For SEM, a cut-off
point (8 nm) was based on a thickness of conductive coating (4 nm), as for particles
with radius smaller than the thickness of the coating, only a part of the particle could
be visualized. The smallest observed particles were smaller than 8 nm and hence
hindered the exact size LOD characterization. In GEMMA an additional peak
starting at approximately 8 nm and continuing toward lower size values was
observed in PNSD. This peak was attributed to the background noise (presence of
dissolved substances in the sample e.g. dissolved Si, or NaOH) and was also noticed
during examination of the K80 sample (starting at 10-14 nm therefore not shown in
the Figure 7.3). Thus the size LOD in GEMMA will also be dependent on the level

of contamination in the test sample.

It was not possible to accurately estimate the size LOD for Wet-SEM either. The
observed minimal particle size was 38.3 nm, which was above the set cut-off point
for the K12 sample analysis (see Table 5.1). However, for the K80 sample, imaging
at higher magnification was possible (see Table 5.1) and particles down to 27.1 nm
diameter could be detected. This indicated that the size LOD in Wet-SEM was
affected by particles drifting away from the membrane at higher magnifications (see

Instruments section above) and probably sample matrix features such as IS.

The CLS detected particles at or close to a given size cut-off point (8 nm) for the two
replicates but for third replicate the size distribution terminated at 10.5 nm (see
Figure 5.3). Therefore the size LOD could not be unambiguously determined. It
should be mentioned that in this study we used a very concentrated K12 dispersion
(30% mass of SiO,). At 10 fold dilution, no response could be detected from this
sample (data not shown) and therefore it could be concluded that in fact the majority
of the particles in PNSD of K12 was under the size LOD for CLS.

For the AF4-ICP-MS and NTA, the smallest measured particle size could be clearly
identified (6.5 and 22.8 nm respectively). Thus Silica ENPs size LOD for NTA was
identified. However, for AF4-ICP-MS this value could be even lower than the
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smallest detected particle size, as it was not possible to confirm with other

techniques that particles smaller than 6.5 nm were not present in the sample.

Interestingly, it was also found that PNSD of K12 from NTA and Wet-SEM before
reaching the size of the smallest detected particles, displayed a gradual decay of
particle abundance rather than rapid cut-off particle population as for example
previously reported in study on SP-ICP-MS (Laborda et al., 2013). This result
suggests that some analytical methods for ENPs may not only be bound by the size
LOD but also size LOQ- size below which particle count is no longer accurate. The
size LOQ was likely a reason for detection of significant differences in particle
abundance in groups I-111 of K80 PNSDs derived by different analytical methods and

is further discussed in the section below.

5.5.2 Size characterisation of synthetic amorphous silica

featuring a broad size distribution

5.5.2.1 Improvement of measurement comparability between techniques
after data transformation into mass equivalent diameter

As expected, PNSDs of SAS reported as IED differed strongly depending on the
analytical technique used (Figure 5.4a, Table 5.4). The broadest and the narrowest
IED weighted PNSD were obtained by NTA and CLS, respectively with differences
of 182.2 nm for NTA and 53.1 nm for CLS between the 95" and 5" percentile.
Particle median sizes were in the range of 40.4 nm for SEM to 115.4 nm for NTA
and PNSDs and fractions were also found to vary widely with NTA and Wet-SEM
displaying an approximately normal PNSDs and CLS, GEMMA and AF4-ICP-MS
showing positively skewed PNSDs. The variation in PNSDs shape may suggest
method’s selectivity to certain particle size fraction, but also may be a result of

different measurement expression.

Transformation of the IED into MED (Figure 5.4b, Table 5.5) resulted in narrower
PNSD for all the methods with exception of CLS (difference between 95" and 5™
percentile for IED 53.1 nm, for MED 57.3 nm). The difference between 95" and 5™
percentile in MED distributions was ranging from 42.7 to 58.6 nm among the

measurement methods and was smallest for AF4-1ICP-MS and largest for NTA.
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Wet-SEM, NTA and CLS showed similar MED weighted PNSDs (Figure 5.4b)
resulting in a similarity between median MED (55.9; 53.3 and 50.8 nm respectively)
(although Tukey’s test, p<0.05 for CLS and Wet-SEM). Furthermore, the IQR of
NTA and CLS analysis gave similar results of 23.3 nm and 21.9 nm, respectively,
whereas the IQR of the Wet-SEM analysis was more narrow (16.2 nm), probably

due to the cut-off point as well as the size LOQ.

—NTA
—GEMMA
—Wet-SEM
—SEM

—CLS
—AF4-ICP-MS

Particle abundance normalised to max in PNSD

8 28 48 68 88 108 128 148 168 188 208 228 248

Diameter (nm) a.- IED, b. MED

Figure 5.4- Particle number size distribution of SAS obtained by

different analytical methods

Even better correspondence of MED transformed PNSDs was achieved for GEMMA
and AF4-ICP-MS (Table 5.6; Figure 5.4a and b). The PNSDs of SAS from these two
methods were in a good agreement already for IED measurements (Table 5.5),
however it can be noticed that the transformation improved the correspondence of
results especially in the central part of the curve (Figure 5.4 a and b). This can be

noticed looking also at the difference of median diameter between GEMMA and
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AF4-ICP-MS measurements in Table 5.5, which decreased after MED

transformation from 14 to 3% (as relatively to GEMMA given median).

Thus it can be concluded that the MED transformation generally improved PNSD
comparability between the methods.

Table 5.4- Mode and percentile diameter in the particle number size
distribution of SAS given as method IED

Method 5% 25% Mode 50% 75% 95%

SEM (ECD) | 10.9 (0.7)* | 22.0(2.2)* | 13.9(2.8) 40.4 (2.7)" | 68.3(3.3)" | 123.9 (6.3)"

GEMMA 131.2

(EMD) 15.5 (1)* | 44.4(1.5° | 71.6(2.6) 65.8 (0.6)® | 90.5(0.5)® 0.7

CLS(SSD) | 29.7(1.3)® | 383(0.7)° | 42.4(2.9) | 47.1(0.6)"° | 58.7(0.5)" | 82.8(0.6)"

APAICP 116028 | 3060 | 449(67) | 564 (0.0° | 788(0)® | 123.0 (0.7

MS (HDD)
NTA c 5 o | 1534 c
(HDD) | 434 (26)° | 818(37)° | 156.8(368) | 1154 (54) 56)° 225.6 (8)
Wet-SEM b 5 £ 126.6 1822
(ECD) | 623(41)° | 849(22)° | 949(30) | 1043(75) (14.4)° (57,95

Table 5.5- Mode and percentile diameter in the particle number size
distribution of SAS given as MED

Method 5% 25% Mode 50% 75% 95%

SEM 10.9 (0.3)* | 18.1(0.8)" | 12.9(1.8) | 28.2(1)* | 41.1(1.3)* | 63.5(2.1)"
GEMMA | 13.2(0.6)* | 27.7(0.7)° | 39.4(0.4) | 36.5(0.2)° | 45.6 (0.2)*° | 59.4 (0.4)"
CLS 32.2(1.3)% | 41.4(0.8)° | 43.6(0.8) | 50.8(0.7)° | 63.3(0.6)° | 89.5(0.7)®

AF4-ICP-MS | 21.2 (0.1)° | 29.9(0)® | 325(1.1) | 37.6(0)® 46.8 (0)° | 63.9(0.2"

NTA 26.8(1.2)° | 41.9 (1.3)° | 65.9 (11.1) | 53.3(1.8)° | 65.2 (1.7)° | 85.5 (2.1)°

Wet-SEM | 38.5 (1.9)% | 48.2(0.9)° | 52.2(1.2) | 55.9(2.9)° | 64.4 (5.3)° | 83.5(19.4)°

AFSame letter in column with percentile size value in Table7. 4 and 7.5 means that no significant

difference between measurement results was detected (Tukey’s test, p>0.05).

5.5.2.2 Causes of remaining discrepancies in between mass equivalent

diameter distributions given by different methods

Despite the improvement, a complete comparability of the MED weighted PNSDs
for SAS by different methods was not achieved. For example, the median MED for
SEM was not comparable to any other median MED and although SEM covered
similar 5" to 95" percentile size ranges to GEMMA (10.9 to 63.5 nm for SEM and
13.2 to 59.4 nm for GEMMA), the 25" percentile and median sizes were smaller for
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SEM (18.1 and 28.2 nm, respectively) compared to GEMMA (27.7 and 36.5 nm,
respectively). This provides further evidence for more selectivity of SEM sample

preparation (see Chapter 3 and section 5.5.1.2) towards smaller particles.

The incomparability of the SAS MED PNSD derived from Wet-SEM, NTA and CLS
to those derived from GEMMA and AF4-ICP-MS was most likely a consequence of
the particle size LOD and LOQ. Based on the modal MED (Table 5.5) the size LOQs
proposed for CLS, NTA and Wet-SEM are 43.6 nm, 65.9 nm, and 52.2 nm
respectively. These values correspond with the data for the K80 apparently
underestimating the particle population in the size fraction 18 to 62 nm (see Table
5.3, group | in section 5.5.1.2). It could be observed that for NTA estimated modal
diameters of the K12 and SAS (MED) differed less than one s.d. from each other.
Hence it can be assumed that the size LOQ identified here could be generally
proposed for silica-based ENPs. A comparable relationship between the modal sizes
of K12 and SAS measured by Wet-SEM and CLS was not obtained. In case of Wet-
SEM, this is probably due to the behaviour of the ENPs during imaging, whereas for
CLS the K12 sample’s PNSD was not reproducible, and thus potentially below size
LOQ.

It was expected that AF4-ICP-MS will also have size LOQ for SAS because, for
K80, a significant underestimation of particle number in group | was detected when
compared to GEMMA (Tukey p<0.05, analysis based on procedure in Chapter 3,
data not shown). The concentration LOD of ICP-MS detection was estimated at 10
pg/l and it was found that a part of the data points in K80 and SAS PNSDs were
below this concentration (K80 particles smaller than 39 nm and SAS particles
smaller than: IED 22nm, MED 17 nm). Deriving LOD for analyte concentration was
out of the scope of this work, however it had to be mentioned for accurate

interpretation of the results.

The good comparability of GEMMA and AF4-ICP-MS derived PNSDs for SAS,
indicates that these two methods were not subjected to the size LOQ limitation and

so the characterisation of SAS is likely most complete among the tested techniques.

5.6 Conclusions

This study determined PNSDs for silica ENPs by different analytical techniques. The

findings enabled development of a concept of data transformation to derive
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comparable particle size distributions across different methods. The PNSD of SAS
could not be fully characterised in this study due to measurement outputs being
restrained by the size LOD, and for some methods a gradual decline in the detection
sensitivity prior to reaching the size LOD. Particle sizes below which the method
sensitivity was decreasing (size LOQ) were determined for CLS, Wet-SEM, and
NTA. Remaining methods were limited in relation to small sized particle detection
by the background noise (GEMMA), sample preparation (SEM), or concentration
LOD (AF4-ICP-MS). The sample preparation steps used for SEM seemed to
overestimate particle number in the small size region, and in one studied sample,
also induced apparent agglomeration. Wet-SEM, although required minimal sample
preparation, was impaired by the high size LOQ and inability to distinguish between
two particle populations in a bimodal size distribution. This result points out that
more work needs to be undertaken on the evaluation and development of sample
preparation methods for the high vacuum electron microscopy, such as corrections

for overestimation of small sized particle number within PNSD (Chapter 6).

The described set of relationships, allowing conversion of IED for the case of SAS
fractal aggregate into MED, allowed interpretation and comparison of PNSDs
produced by different methods. The MED is one of possible ways of interpreting the
data outputs from measurement techniques and it is worth emphasising that CLS
provides means for this measurement without the necessity of knowing the particle
fractal structure, that is as long as particle size range does not fall below the specified

size LOQ and no chemical speciation is required in the study.

The MED unit could be recommended for normalization of measurement expression
in between studies on ENPs and could be also considered for implementation in
emerging nanomaterial definitions and regulations. By means of MED
transformations presented in this study, the measurements from different techniques
can be related and thus distributions transformed from one into another equivalent

diameter.
Two additional benefits from expression of data as MED arise

1. regardless of particle shape, a total recovery calculation based on mass of

individual ENPs can be performed
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2. validation of results in between methods for samples such as e.g. fractal
aggregates, where no reference materials was so far available became

possible

Extend of these benefits application was presented using data generated in Chapters
3 and 4 in Annex 1. Described benefit 2 could lead to the development of required
reference materials which would aid farther ENP measurement method development

and validation.

In summary MED could be used as a basis to provide a uniform way of expressing
particle size measurements to support future research on nano-sized or nano-

structured materials.
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Chapter 6

Refinement of electron microscopy sample preparation and
measurement analysis for the engineered nanoparticles

with broad size distribution

6.1 Introduction

In previous Chapter 5 it was pointed out that EM sample preparation introduces a
significant error in ENP size measurement. Figure 6.1 recalls a comparison of SEM,
and GEMMA measured PNSD of SAS ENPs from Chapter 5 to illustrate

overestimation of small particle number in PNSD derived by SEM.

(=Y

0.8

0.6

0.4

0.2

Particle count normalized to maximum

=]

38 48 58 68 78 88 98
Mass equivalent diameter (nm)

Figure 6.1- Measurement of SAS PNSD by GEMMA and SEM given as MED.

Vertical lines are marking median of respective PNSDs.

The quantification of the median measurement error resulted from overestimation of
small particles in SAS PNSD was presented in Annex 1. There it was shown that

expanded measurement uncertainty for SAS in pristine dispersion was boosted from
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10-12 to 37-40% due to flawed trueness. Thus it became clear that errors of this
magnitude requires correction if EM shall be used for characterisation of ENPs

featuring broad PNSD range.

The overestimation of number of small particles in PNSD as a consequence of the
sample preparation used in Chapters 4 and 5 may be explained by smaller particles
being more firmly attached to the microscopy substrate than the larger ones. Such
supposition is justified by smaller particles having larger % surface area in contact
with the microscopy substrate. As a consequence a selective removal of larger ENPs
from the sample during washing of the microscopy substrate and blotting may have
place as suspected in previous works (Balnois and Wilkinson 2002; Luo et al. 2013).
The so far unanswered questions are: 1. Is this artifact solely a consequence of

particle size? 2. Can it be corrected for?

To answer these two questions here a calibration approach for the sample preparation
method used through the study (Chapters 4 and 5) was presented and discussed. As a
calibration material citrate coated Au ENPs and spherical silica ENPs (Kmix)
characterised by a polymodal distribution were selected. These two chemically
different ENPs were chosen to verify whether except of size also composition of
ENPs had an impact on shape of calibration curve. Derived calibration was then
applied to correct MED expressed PNSD of SAS generated previously in Chapter 5.

6.2 Materials and methods

6.2.1 Calibration approach

The calibration approach was based on the measurement of the ENP PNSD by EM
and a reference method. As a calibrant, spherical ENP samples featuring polymodal
distribution were prepared in order to cover a need for a broad PNSD and allowing
between method comparison of particle abundance in smallest to largest size
fractions of PNSD. Quotients of particle abundance in assigned particle size fractions
of EM to reference method derived PNSDs were used to generate a calibration curve.
From this curve a size dependent correction factor (f) for particle counts in PNSD
was obtained. This correction factor was then used to correct SAS PNSD expressed
as MED.
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Two reference methods were used for obtaining calibration curve: CLS and
GEMMA. CLS was selected as a reference for Au ENPs PNSD and GEMMA for
Kmix PNSD. Evidence in the literature suggested that both methods quantify ENPs
accurately (Kesten et al.,, 1991; Anderson et al., 2013). Additionally, in-house
performed assessment of CLS for quantification of Au ENPs verified that the

method provided accurate results.

Kmix sample was characterised previously in Chapter 3 by means of SEM and
GEMMA and these data were re-used in this study. Au ENPs were characterised as
described below.

6.2.2 Engineered nanoparticles

Au ENPs were selected to confirm whether the calibration curve was transferable for
chemically different ENPs. Citrate coated Au ENPs of 5 different sizes were
purchased from BB International (Cardiff, UK). In previous studies it was found that
the particle number overestimation was highly apparent for particles with diameters
under 30-40 nm (Chapter 3 and 5). Therefore dispersions of monomodal Au ENPs
(Mono Au ENPs) of nominal diameters: 10, 15, 20, 30 and 50 nm were selected.
These 5 dispersions were mixed at concentrations given in Table 6.1 using DMW to
obtain a well-defined polymodal sample (Poly Au ENPs).

The Kmix sample was previously described in (Chapter 3): the sample was divided
in 4 size fractions (ranges given in Chapter 3) with modal sizes of 15.1; 47.3; 84.7
and 120.3 nm, respectively. These size fractions (with numbers given | to 1V) were
previously characterised by % abundance of particle numbers per size fraction by
GEMMA (26, 38, 29 and 7%, respectively) and by SEM (51, 26, 19 and 4%
respectively). SEM analysis was preceded by the T2 Gel sample preparation (see
Chapter 3).

The SAS was previously characterised in Chapter 5, section 5.5.2: The PNSD of this
sample was broad, with the main population of particles ranging from ~8 to 120 nm
and some particles (agglomerates/aggregates) reaching a few hundred nm in MED.
MED based PNSDs of SAS obtained by GEMMA and SEM were compared and it
was found that due to the applied sample preparation method the fraction of particles
in the range of 8 nm to 24 nm was overestimated by SEM resulting in a shift in the
median diameter from 36.5 nm (GEMMA) to 28.2 nm.
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Table 6.1- Size and concentration data of Au ENPs obtained by CLS and

EM and provided by the manufacturer

Particle nominal size (hm) 10 15 20 30 50

Particle mean diameter
(nm)?
Gold concentration in
initial dispersion (ug/ml)°

9.5 14.9 209 | 30.7 | 48.6

57.6 47.7 56.6 | 1090 | 853

Gold concentration in Au
ENPs sample analysed by | 1.152 4.77 11.32 | 545 | 170.6
EM (ng/ml)

PNC in Au ENPs sample
analysed by EM (particles 1.32 1.42 1.23 2.07 | 148
x 101/ ml)°

Expected particle

abundance in Au ENPs 18 19 16 27 20
sample (%)

CLS given proportions

based on measurements of | 17.6 21.2 19.7 23.3 | 18.2

initial stock dispersions

*measurement derived by TEM, data provided by the manufacturer, “values determined by calculation

based on Au mass concentrations provided by the manufacturer and mean diameter obtained by TEM

6.2.3 Electron microscopy

A JEOL-JEM 2011 TEM operating at 200 kV (Nanocentre, University of York, UK)
was used for the image acquisition of Mono Au ENPs and Poly Au ENPs.
Additionally Mono Au ENPs were imaged by SEM (FEI Sirion S FEG SEM-
Nanocentre, University of York). The SEM was operated at 5kV, spot size 3 and
through lens detection.

Subsequent image analysis for the particle size measurement was carried out using
OBIA. All particle size measurements for spherical ENPs (all studied ENPs, with
exception of SAS) were expressed as ECD. The SAS’s size was expressed as MED.
The ECD is equivalent to the MED, if particles are spherical. Thus here a hypothesis
was made that a calibration using spherical ENPs would be valid for non-spherical
ENPs if their size is expressed as MED.
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6.2.4 Gas-phase electrophoretic mobility molecular analyser
measurements

Kmix and SAS sample measurements previously generated in Chapters 3 and 5 by
GEMMA were adapted in this study. The data were used for comparison and
discussion of robustness of the calibration obtained by Poly Au ENPs as reference

material.

6.2.5 Centrifugal liquid sedimentation
The CLS instrument (CPS DC24000, Analytic, Cambridge, UK) was operated at a

maximum speed of 24000 rpm. The analytical procedure settings were adjusted
following the instrument manufacturer’s guideline: 1. gold ENPs density: 19.3
glem®, 2. gold ENPs refractive index: 0.47. The measured particle size range was set
on 5-150 nm.

The spinning disc was filled with a gradient of sucrose solution (8-24%) and topped
with dodecan to prevent the water from evaporation (according to the manufacturer’s

guideline). All Mono Au ENPs as well as Poly Au ENPs were measured by CLS.

Size calibration of the instrument was carried out before each sample run. As a
calibrant citrate coated Au ENPs were used: 8012 Gold Nanoparticles Nominal 30
nm Diameter from NIST (Gaithersburg, US) instead of the polyvinyl chloride beads
(PVC) proposed by the manufacturer. According to carried out in-house assessment
the PVC beads were found to compromise particle size measurement trueness, which
had an impact on the readings of particle number concentrations (data not shown).
The calibration settings were: 1. Half peak width: 6nm and 2. Peak diameter: 27 nm
(estimated based on the NIST report of investigation) (Kaiser and Watters, 2007a).

6.3 Results and discussion

6.3.1 Characterisation of calibrant- gold nanoparticles using
electron microscopy and centrifugal liquid sedimentation

The PNSD of Mono Au ENPs analysed by CLS, TEM and SEM as well as CLS and
TEM measurements of Poly Au ENPs are presented in Figure 6.2. It can be noticed
that a certain level of diameter overlap was present in between particle populations
from Mono Au ENPs in all the analyses. However in TEM and CLS derived PNSDs
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this level was low (Figure 6.2a and b respectively), whereas for SEM it was very
significant (Figure 6.2c), especially between gold ENPs with nominal diameters 10,
15 and 20 nm.

The broadening of PNSD observed by SEM analysis compared to TEM analysis was
previously noticed by (Luo et al., 2013- Annex 4). However, other sources e.g.
reports of investigation of monomodal gold ENPs using both types of EMs do not
confirm this information (Small and Watters, 2012; Kaiser and Watters, 2007a;
Kaiser and Watters, 2007b). Ultimately, the instrument’s operating parameters such
as voltage, current and detection type can potentially influence the PNSD. In this
study it was found that the broadening of PNSD determined by SEM was particle
size dependent. The IQR within the PNSD of Mono Au ENPs of 50 nm nominal
diameter was 1.53 times higher in SEM than in TEM. It was found that the
discrepancy of IQR between two microsocopes was increasing with decrease of
particle size and was highest in case of nominal diameter 15nm Mono Au ENPs
(2.80 times higher in SEM than in TEM). The PNSD of Mono Au ENPs with a
nominal diameter of 10 nm was limited by the cut-off point within the SEM
analysis- 8 nm (Chapter 5, section 5.5.1.4). Thus for this sample IQR was only 1.86
times longer in SEM than in TEM.

The comparison of PNSD broadness between various analytical methods was
previously carried out in other studies. For example Anderson et al. (2013)
suggested that the method which reveals narrower PNSD is likely to be correct, as
particle swelling can take place under different analytical conditions (in quoted study
CLS provided narrower PNSDs of polystyrene particles than TEM analysis).
Following this reasoning here TEM analysis could be considered more trustworthy

in terms of PNSD measurement in comparison to SEM.
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Chapter 6
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Figure 6.2- PNSD of Mono Au ENPs (dotted lines) and Poly Au ENPs
Mono Au ENPs measured by TEM.

(continuous lines) measured by a) CLS, b) TEM,



Chapter 6  Calibration of EM for the measurement of ENPs with broad PNSD

In order to allow distinction between particle populations originating from different
Mono Au ENPs, Poly Au ENPs was analysed by TEM rather than SEM. However,
for the measurement of silica ENPs SEM was used, due to a very poor contrast of
these ENPs in TEM (see e.g. Figure Al.2a in Appendix 1). Thus in further result
discussion the PNSD broadening in SEM was also brought up to explain possible
differences of PNSD between SEM and a reference method (GEMMA).

The Poly Au ENPs PNSD from TEM and CLS displayed in Figure 6.2a and b as
expected (Chapter 3 and Chapter 5) clearly differed in terms of particle abundance.
For the quantitative comparison the PNSDs for Poly Au ENPs obtained from both
techniques was divided into five groups (GI-GV). As there was an overlap between
particle populations, the size ranges of the size fraction groups GI-GV were not in
complete agreement with the initial Mono Au ENPs. The cut-off points of the size
fractions were chosen based on the minimal particle counts between the peaks. These
points were different for CLS and TEM derived PNSDs (see Table 6.2), because it
was found that the CLS tends to underestimate particle sizes compared to TEM,
especially if measured particles are smaller than the calibrant particles (here 30 nm).
This can be explained by the relative increase in the amount of stabilizing agent on
the particle surface with decrease in size, which results in a lower density of the
particles. The decrease in density decelerates the particle sedimentation velocity in
CLS, which in turn results in smaller measured particle diameters, as demonstrated
by (Zook et al., 2011).

Table 6.2- Size range of groups GI-GV for Poly Au ENPs and relative
particle abundance

Method Gl Gl Gl GlvV GV

6.0- 10.3- 15.8- 22.1- 36.6-

CLS Diameter range 10.2 15.7 22.0 36.5 60.0

(nm) 8.0- 13.0- 18.0- 26.0- 36.5-

TEM 125 | 175 25.5 360 | 60.0

CLS Particle abundance 16.0 23.4 20.3 23.0 17.3

TEM (%) 22.6 26.5 20.8 18.1 12.0

The % particle abundance of Poly Au ENPs for each chosen size factions (GI-GV) as
characterized by CLS and TEM are summarised in Table 6.2. The % particle

abundance for all groups GI-GV determined by CLS was in good agreement with the
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previous CLS estimation of particle abundance in Mono Au ENPs- Table 6.1 (1-2%
of difference). Therefore it can be concluded that the overlap of the PNSD of the
Mono Au ENPs and the chosen size fraction cut-offs did not influence the
quantification of Poly Au ENPs significantly and also that agglomeration of the Poly

Au ENPs was minor.

TEM results show higher % abundance of particles in size fractions GI and Gl
compared to CLS (16.0 and 23.4 for CLS and 22.6 and 26.5% for TEM,
respectively). The % abundance of particles in groups GIV and GV was lower in
TEM (18.1 and 12.0%, respectively) compared to CLS (23.0% and 17.3 %,

respectively).

6.3.2 Generating calibration curve

In order to calibrate the sample preparation method for the measurement of ENPs
with broad size distributions (Poly Au ENPs and Kmix) the quotients of % particle
abundance obtained by EM analysis and the reference method (f) for each size group
were plotted against mean (Poly Au ENPs) and modal (Kmix) ECDs (Figure 6.3a
and b). Modal rather than mean diameters were chosen for Kmix sample because it
was not possible to measure initial monomodal stock dispersions for this sample
(one of them- K80 was already bimodal). For all Mono Au ENPs the PNSD was
following approximately a Gaussian distribution therefore mean size measurements

derived were approximately equal to modal size measurements.
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Figure 6.3- PNSD calibration curves for ENPs featuring a broad size
distribution (dependence of the f to ECD using a.) Poly Au ENPs and b.)

Kmix particles
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The relationship between ECD and f for both Poly Au ENPs and Kmix was not
linear. If particle size was the only factor affecting % particle abundance, then the %
of total particle surface in contact with the TEM grid gelatin coating could be a
factor affecting a chance of the particle being removed during the sample
preparation. The dependence of % surface of the particle in contact with the TEM
grid from diameter at assumption of particle sphericity can be derived from spherical
cap and sphere surface equations and is given by Eq.6.1:

2h

%s- fraction of particle surface area in contact with the gelatin coating on the TEM
grid (%)

h- thickness of the gelatin coating (equals height of the spherical cap) (nm)

This dependence is shaped as a power curve. However, for both types of ENPs Poly
Au ENPs and Kmix the f increased more rapidly with the decrease of particle
diameter than expected from power law (Figure 6.2a). Therefore, better correlation
and thus description of the calibration curve was obtained using exponential decay-
Eq. 6.2 (for Poly Au ENPs) and 6.3 (for Kmix) than a power law. For both Poly Au
ENPs and Kmix, R? of 0.99 was obtained for exponential decay fit, compared to R?
of 0.98 and 0.91 for power fit respectively.

f =0.639 + 1.4954 x ¢~0.0704d Eq. 6.2

f = 0.5924 + 4.5908 x ¢~0-0791d Eq. 6.3

It could be noticed that the obtained calibration curves (Eq. 6.2 and 6.3) derived for
Poly Au ENPs and Kmix samples were different. The overestimation of small

particle size fraction was larger in the case of Kmix (at d=15.1 nm, f=1.98) than Poly
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Au ENPs (at d=14.9 nm, f=1.13). This implies that the particle chemistry affected the
calibration. Differences in the physicochemical characteristics at the particle surface
(see Figure 6.4) could provide a clue to the underlying reasons. The silica molecules
at the surface of Kmix are likely to carry a higher overall negative charge due to the
oxygen atoms bound to silicon on the surface (electronegativity difference of Si-O
bond = 1.6 eV in Pauling scale), compared to citrate modified surface of Poly Au
ENPs (electronegativity difference of C-O bond = 0.9 eV in Pauling scale). In view

of these differences in surface characteristics, silica ENPs are likely to be more

strongly attracted to the positively charged amino group of gelatin than citrate coated
gold ENPs.

\ Si0, / -

O 0
~si—

7N\
Na" O O Na*

Gelatine coating on
TEM grid

Figure 6.4- Interaction of gold and silica ENPs stabilized with citrate

and sodium hydroxide respectively, with gelatin coating on the TEM grid

6.3.3 Calibration of particle size distribution of synthetic
amorphous silica

In conclusion the calibration curve generated from Kmix sample was considered
more appropriate for correction of PNSD of SAS because of the similarities in
particle surface chemistry. To generate calibration corrected PNSD of SAS the

particle counts for respective diameter measurements were divided by f values
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generated from Eg. 6.3. The Figure 6.5 presents SEM and reference method
(GEMMA) derived PNSDs of SAS expressed as MED.
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------- SEM
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Figure 6.5- The PNSD of SAS measured by GEMMA and SEM a)
initially, b) after correcting SEM result for calibration Eq. 6.3

It can be noticed that the correction resulted in a shift of median SAS size from
28.2£1.0 nm to 36.3+0.6 nm. The median size derived from SEM after correction
was similar to that estimated by GEMMA reference method: 36.5£0.02 nm (t-test,
p>0.05). However, it was also noticed that the IQR of PNSD in SEM distribution
was 1.31 times broader (23.5 nm) in comparison to GEMMA (17.9 nm). It is
anticipated that except of the previously mentioned instrument’s operating settings

and particle size, the chemical composition of the ENPs, can also affect PNSD
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broadness. The reason might be the electron beam penetration depth in the material,
which depends on the chemical composition of the sample and electron beam voltage
(Molhave, 2004). As all the samples were imaged at same instrumental settings, the
deeper penetration depth of the electron beam within silica, compared to gold ENPs,
potentially allowed to reduce the PNSD broadening effect. Interestingly, previously
it was found that for a monomodal sample of spherical silica ENPs with relatively
narrow IQR=9.9 nm in SEM was similar to that generated by GEMMA: IQR=10.1
nm (K12 sample in Chapter 5). Therefore it is anticipated that the difference in
particle shape could also influence the broadness of PNSD. The SAS materials were
composed of the primary particles measuring on average 9 nm (Chapter 5). The
boundaries of such small objects could have been affected by the instruments
resolution (approximately 2 nm), which might have affected accuracy of the

measurement resulting in broadening of PNSD.

However, despite the difference in particle shape between the calibration material
(spherical Kmix) and a sample (aggregated SAS), it was possible to obtain PNSD of
SAS that was not biased by the sample preparation method.

6.4 Conclusions

In this chapter an approach for the correction of particle size underestimation due to
overestimation of small particle counts by the sample preparation, was introduced.
The method used multimodal particle systems. It was shown that spherical particles
can be successfully applied to calibrate the PNSD of aggregated ENPs, when the
PNSD is expressed as MED. It was also found that particles with different surface
chemistry can have an effect on calibration. This is a disadvantage, especially of
concern, if ENPs in complex matrices are assessed. In such cases particles can
undergo surface chemistry transformation in unpredictable ways. In a previous study
(Chapter 4) the pH of the sample was adjusted to stabilize SAS using a buffer (BB
8.0) to avoid this problem. Other sample preparation approaches, where ENPs are

separated from the matrix could also be considered.

Here the correction for introduced size measurement artefacts by sample preparation
for citrate coated gold and silica ENPs was presented. Research needs to include

calibration approaches for different type of particles, potentially leading to a highly
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useful generalization of calibration equations for a broader group of particles with

different surface chemistries.
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Chapter 7

General discussion and conclusion

7.1 Introduction

The increasing application of nanotechnology in the food industry raises demand for

the risk assessment of the new products before they can be introduced to the market.

A frequently studied property of the ENPs after spiking into complex matrices is size.
This is because size can determine the uptake of the ENPs into the cells and their
toxicity (Jiang et al., 2008a; Fede et al., 2012). Thus the accurate estimation of the
ENPs size distribution in foods is important.

EM is recommended and used as a reference method for the measurement of ENPs
in general (Hagendorfer et al., 2012; Tiede et al., 2009a; Linsinger et al., 2012;
Calzolai et al., 2012; Anderson et al., 2013) and also in food and feed (Dekkers et
al., 2010; Weir et al., 2012; EFSA Scientific Committee, 2011). Although the
application of the method is widespread still not much is known on how accurate the
results of ENP measurements are, especially in the case of materials characterised by
a broad size distribution and non-spherical ENPs. Another challenge is the
unavailability of standardized protocols for preparation of food samples containing
ENPs. Therefore the research presented in this thesis aimed to develop and validate
EM-based approaches (sample preparation, imaging and image analysis) for
determination of ENP size distribution in foods. This chapter will firstly give a brief
summary of the research achievements and then explore the implications of these
achievements for current guidance on risk assessment of ENPs in foods. Suggestions

on further work on method development will also be given.

7.2 Key findings of the research study

In this work the EM methods were evaluated and developed for the measurement of
ENPs in food matrices. In Chapter 3, potentially suitable sample preparation
protocols which were previously used for food and biological sample preparation
(Chapter 2) were evaluated. It was found that the ENPs in liquid food matrix were
prone to changes due to the sample preparation. These alterations included

agglomeration or discrimination of large ENPs number in the PNSD. Agglomeration
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of colloids and ENPs was previously reported in numerous studies (Balnois and
Wilkinson, 2002; Doucet et al., 2005; Tiede et al., 2008), but discrimination of
particle size fraction was so far rather a supposition than a fact supported by clear
scientific evidence (Balnois and Wilkinson, 2002; Luo et al., 2013). In Chapter 3
such evidence was obtained using an ENP sample featuring polymodal size
distribution and by comparing EM results against a reference method (GEMMA)
which was previously shown to accurately quantify ENPs (Kesten et al., 1991).
Unfortunately a sample preparation method which would not induce any of the two
artefacts (either agglomeration or overestimation of small particle number) was not
found. Thus a method which, whilst not optimum, was thought to be the most
suitable, based on recovery of ENPs from food samples and minimized
agglomeration was selected for further validation. The validation described in
Chapter 4 was a first attempt of obtaining data on reliability of EM measurements of
ENPs in foods. It was also the first study evaluating the contribution of subsequent
stages in the data acquisition process to the measurement precision for such samples.
Chapter 4 also emphasized that measurement trueness for SAS ENPs in tomato soup
could not be estimated. This was due to the unavailability of either reference
materials or methods against which the EM measurements could be compared. The
problem was a consequence of inherent SAS properties. SAS was characterised by
aggregated structure and because of this, each of the analytical methods, which
employ different measurement principles were generating different measurement
outputs (see Chapters 1 and 5). Comparison of size measurements of such randomly
aggregated ENPs between methods was so far not possible (Kasper, 1982; DeCarlo
et al., 2004). Nevertheless the literature provided evidence that particle behaviour on
which measurements were based could be linked to its fractal geometry (e.g.
Boldridge, 2010; Melas et al., 2012; Maricq and Xu, 2004). Using this concept in
Chapter 5 a series of calculations for MED- the diameter of a compact sphere having
the same mass as an ENP aggregate was developed. MED values for SAS were then
derived from the measurements of ECD, HDD, SSD and EMD given by SEM, NTA
and AF4-1CP-MS as well as CLS and GEMMA respectively. This is the first known
study linking measurements of randomly aggregated ENPs in between the methods.
It was found that AF4-ICP-MS and GEMMA measurements of SAS after MED
transformation were in excellent agreement. Nevertheless SEM overestimated

particle number in the small size region, which was also confirmed by observations
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for spherical silica in Chapter 3. Thus in Chapter 6 correction for small particle
number overestimation in was developed. Using spherical silica ENPs it was
possible to successfully correct the measurement of aggregated SAS ENPs expressed
as MED.

Overall the study identified problems connected to the measurements of ENPs also
in foods and provided some valid solutions. Nevertheless results also show that more
research is needed for routine application of the method and identified some inherent
problems with addressing current guideline for the risk assessment of ENPs in foods
(EFSA Scientific Committee, 2011). These challenges are described in the sections

below.

7.3 Implications and recommendations for further method
development

A general challenge in the measurement of ENPs is the availability of reference
materials. Certified reference materials for ENPs size are available on the market for
few decades, however so far no materials with certified particle number as well as
size have been developed. These are obviously required for the determination of
accuracy of the PNSD measured by the method. In view of the non-availability of
these materials many authors use confirmatory techniques for result validation in the
studies (e.g. Chapter 3; Tiede et al., 2009a; Dekkers et al., 2010; Peters et al., 2012;
Loeschner et al., 2013a; Park et al., 2013). The problem with this approach is
incomparability of the measurement outputs for non-spherical particles (Kasper,
1982; Naito et al., 1998; Bowen, 2002; DeCarlo et al., 2004; Domingos et al., 2009;
Chapter 5). Authors have discussed application of the dynamic shape factor or
effective density to correct for particle shape and express particle size MED (Kasper,
1982; Kousaka et al., 1996; DeCarlo et al., 2004; Kamiti et al., 2012; Woehlecke et
al., 2013). However, each of the methods following different flow regime require
estimation of a separate dynamic shape factor or effective density and is problematic
for some of the ENP shapes like e.g. aggregates. An alternative solution for deriving
MED of particle aggregates was described in Chapter 5 using as an example SAS.
SAS was difficult in detection for some of the studied methods. High size LOD and
size LOQ’s for light scattering and absorption methods did not allow full comparison

of SAS PNSD between all methods. Therefore a study featuring different ENPs with
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higher refractive index, e.g. titanium dioxide could be considered to validate given
methodology for these methods. Additionally further validation of MED
transformation approaches could be supported with a method which measures MED
in a direct way, such as SP-ICP-MS.

The further development of MED transformations for other analytical techniques and
other types of ENPs is of importance when reporting results from the studies where
ENP size is crucial. Such uniform expressions are lacking so far in the literature.
This so far hampered interpretation of the data and developments of reference
materials as well as full validation of measurement methods for ENPs of broad size

distribution and non-spherical shape.

Shown in this research EM validation (Chapter 4) emphasized problem with defining
ENP size measurement trueness due to lack of reference materials or methods for
ENPs characterised by a broad PNSD and non-spherical shape. In Chapter 5
comparison of EM with other techniques for such sample was carried out and it was
found that EM introduced a significant shift of the distribution toward smaller ENP
sizes. Thus the trueness of EM measurements for ENPs with broad size distribution
was compromised. In Annex 1 it was shown that the ENP measurement trueness
error was very significant. It is therefore suggested that calibration (e.g. presented in
Chapter 6) is applied to correct PNSD from EM.

Although the calibration was proven to be successful, it was also shown that surface
chemistry of ENPs is likely to affects calibration. The chemical transformation of the
particle surface in a food matrix may lead to difficulties with the application of the

calibration approach and more research is needed to address these difficulties.

Extremely small sample intake in EM when compared to other analytical techniques
was another concern emphasized in this study. Only a volume of few pl can be
analysed at once. Linsinger et al., pointed out the necessity of measuring very high
numbers of particles and proposed that 500 measurements were needed for obtaining
reliable information on particle size (Linsinger et al., 2013). Some practical solutions
to this problem are described in Chapter 4 and I1SO draft guidance (Draft ISO/WD
14411-2, In preparation) showing that this number can be high (over 500) or low
(less than 50) depending on the broadness of PNSD in particle population and
desired level of confidence. Nevertheless, small sample intake in EM still poses a
problem in the representative sampling of particle populations when dealing with
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ENPs in food samples (Chapter 4). Thus for further method validation removal of
the matrix prior to preparation is advised in order to improve the measurement
certainty. Summarising, the measurement of ENPs even in pristine dispersions is still
challenging although advances were made in recent years in this field. Thus the
further considerations for measurement of ENPs in complex matrices needs to be
based on this state-of-the-art knowledge and requires further detailed considerations

described below.

7.4 Implications for current guideline on risk assessment of
engineered nanoparticles in foods

EM offers a distinct advantage over other analytical approaches when it comes to
analysis of ENPs in foods and other complex matrices. This is because visualisation
of the sample (with certain exception of e.g. organic ENPSs) allows identification of
association of the ENPs with the matrix components (e.g. Tiede et al., 2009c¢). In
other analytical techniques this association may lead to difficulties in result
interpretation. Authors working on analytical method development for Ag ENPs in
complex matrices reported incomparability of PNSD derived from EM micrographs
versus AF4-ICP-MS, SP-ICP-MS (Loeschner et al., 2013a) and HDC-ICP-MS
(Tiede et al., 2010). In both cited studies, Ag ENPs used were approximately
spherical. Thus results suggested that association of these ENPs with matrix (meat
(Loeschner et al., 2013a) and activated sludge (Tiede et al., 2010) had a significant
effect on particle elution time in AF4 and HDC as well as ionization of single ENPs
in SP-ICP-MS. Nevertheless successful application of methods which do not allow
distinguishing between ENPs and matrix nano-structures for the measurement of
ENPs in foods like e.g. NTA (Chapter 5; Gallego-Urrea et al., 2011; Luo et al.,
2013- Annex 4) indicate that association of the ENPs with the matrix components is
not always the case. However, challenges related to characterisation of ENPs in
complex matrices lead to development of guidances in which use of more than one
analytical method is recommended. EFSA recommends that the results of ENPs
measurements in food are always verified with EM (EFSA Scientific Committee,
2011).

Nevertheless, confirming results using EM can be challenging. This is because the

sample pre-treatments for EM and other techniques vary. The preparation might
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involve only sample dilution however, even dilution changes sample matrix, altering
content of suspended solids, dissolved substances, pH and IS. All of these factors
can affect particle agglomeration state (Jiang et al., 2008a; Peters et al., 2012; Park
et al., 2013). While dilution with DMW is commonly practiced, some authors
appreciated the use of other agents, having on mind stability of the ENPs or mimicry
of the sample matrix. For example (Lienemann et al., 1998) used a synthetic
electrolyte of 1.5 mM Ca(HCOs3), for diluting ENPs of Fe,O3 These ENPs were then
used for EM method calibration where the content of colloids was measured in
natural waters. In Chapter 3 it was shown that the use of borate buffer at pH 8.0,
stabilised ENPs of SAS and resulted in higher particle numbers recovered from stock
dispersions and a soup sample following dilution process when compared to the
same samples diluted with DMW. This was because the buffer had a stabilising
effect on SAS ENPs. Thus use of stabilising ENPs diluents could be recommended if
dilution is necessary in sample preparation. However, the issue of matrix changes
and possible change of ENPs agglomeration state after dilution in comparison to

original in the undiluted food matrix still remains unresolved.

The sample preparation of the foods or complex matrices containing ENPs may
require use of more invasive steps than sample dilution, namely ENPs extraction or
matrix digestion (e.g. Grombe et al., 2014- Annex 5; Grombe et al., In preparation;
Loeschner et al., 2013a). These actions aim to remove ENPs from the original matrix
and by doing this may contribute to the changes of the particle size. Different
variants of sample preparation for EM involving sample dehydration were shown to
introduce various artifacts to the PNSD of ENPs (Chapter 3). These drawbacks were
primarily related to the EM preparation of ENPs in liquid food samples and liquid
suspensions. In solid samples where ENPs were strongly bound to the matrix e.g.
tissues from uptake studies (e.g. Loeschner et al., 2011) the ENPs could be preserved
in the unchanged form thanks to well developed standard sample preparation
techniques such as resin embedding or freezing described in detail in (Hayat, 1989b;
Cavalier et al., 2009; Chapter 2) which allow the preservation of the matrix structure.
An alternative to these sophisticated sample preparation methods for TEM was
described in Lari and Dudkiewicz (2014- Annex 3). It involved dilution of the solid
meat sample containing Ag ENPs by a high factor and homogenization, then

sedimentation of the obtained sample onto a TEM grid. Although this technique was
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matrix destructive (due to sonication used in homogenization step), comparison with
simple swab of the sample surface with TEM grid and imaging electron transparent
sample portion, showed no difference in particle agglomeration state for studied in
Chapter 6 reference material of Ag ENPs in meat - see Figure 7.1 a and b.

Figure 7.1- TEM images of Ag ENPs in meat prepared by a. swabbing
grid over sample surface and b. ultracentrifugation

The technique was used in Chapter 4 for validation and it was found that only
negligible agglomeration of Ag ENPs in meat was present. This contrasted with
result of SP-ICP-MS analysis in (Grombe et al., 2014- Annex 5), where Ag ENPs
measured in same material occurred to have approximately twice longer diameter
than measured by TEM in Chapter 4. Providing a nearly spherical shape of these
ENPs the comparability of TEM and SP-ICP-MS measurements was expected. This
measurement discrepancy can be again attributed to the difference in the sample
preparation and measurement technique. While in TEM the presence of the meat
matrix layer does not affect the measurement much (Chapter 4), in SP-ICP-MS the
small particles of the matrix with few non-agglomerated Ag ENPs ‘sitting’ on it will
be detected and interpreted as one Ag ENP. The actual agglomeration/ aggregation
of Ag ENPs could also take place in process of sample preparation for SP-ICP-MS.
This based on enzymatic digestion protocol (Loeschner, et al., 2013a), due to
liquidation of the matrix could result in a complete freeing Ag ENPs and subsequent

agglomeration of initially single particles.

Figure 7.2 summarises which of the transformations that ENPs can undergo in the

food products are likely to affect the PNSD measurement using various analytical
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techniques. Out of these aggregation and dissolution can be measured. However
agglomeration and association with food matrix components affect the measurement
in a way which does not allow to predict behaviour of ENPs in measuring

instrument.

Figure 7.2- Possible transformations of ENPs in the food matrix, marked
with thick allow comparable measurement of particle size across the
characterisation methods while marked with cross do not

Additional drawback of measuring ENPs directly in foods is high measurement
uncertainty when compared to the stock dispersions (Chapter 4). It has been shown
that over 40% of median size value uncertainty could be expected for SAS spiked in
tomato soup (Chapter 4) and measured by SEM. Such high values of the expanded
uncertainty of measurement were attributed to random changes of these ENPs on
different sampling days and could have been a result of changes in the soup matrix.
Thus one of the major difficulties with the real food samples are the dynamic
changes occurring in them with time and perhaps even locally in separate

subsamples.

Taking into consideration the number of scenarios of ENPs fate during sample
preparation and in the food product as well as incomparability of the results from
different analytical techniques, it became clear that addressing measurement of
particles in the food matrix as recommended (EFSA Scientific Committee, 2011)
may not be possible. The only exception to this is a special case of solid food

samples which can trap firmly analysed ENPs and subsequently be prepared for
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TEM. On the other hand the toxicological studies show that the conditions in which
ENPs are at different points of experiment change multiple times and affect ENP
size. For example Peters et al. showed that silica ENPs can agglomerate and
deagglomerate in human digestive track depending upon pH present at different
stages of digestion system (Peters et al., 2012). Thus, it could be argued that as long
as the sample matrix pre-treatments are not invasive for the ENPs of interest (do not
cause aggregation or dissolution) a toxicologically relevant information on the
particle size can be extracted.

In view of the future guidelines for research on ENP fate in food and human
digestive tract these results highlight a necessity of further development of
acceptable study designs for the risk assessment. Such guideline should take into
consideration possible changes to the ENPs in course of sample preparation, set
acceptable practices as well as consider food stimulants with much simpler
composition to allow uniformity of particle behaviour in whole sample volume.
Meanwhile the research on analytical methods for the measurement of ENPs in foods
is on-going (NanoDefine project will continue work of NanoLyse) and hopefully
will allow to address knowledge gaps necessary for setting guideline.

7.5 Summary on recommendation for analysing of ENPs in
foods using EM

This recommendation is based on today’s state-of-the-art knowledge to which above
presented research contributed. Figure 7.2 presents a decision tree, potentially useful
for EM users interested in analysing of ENPs in foods. Figure 7.3 depicts a course of
action in terms of sample preparation and data interpretation depending on nature of
the matrix as well as type of ENPs’ PNSD. This course of action assumes sphericity
of ENPs. If ENPs are non-spherical or aggregated additionally mesurements should
be expressed as MED. The protocol for liquid food samples and ENPs featuring
broad size distribution is at the moment laborious and time consuming. Thus further
developments are needed to improve it and either develop sample preparation, which
will allow to exclude the necessity of calibration or develop more calibration curves

that could be generalized.
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Figure 7.3- Course of action for analysis of spherical ENPs in foods

7.6 Conclusion

Overall this study presented first attempt of EM method development and validation

for the measurement of ENPs in foods. The findings allowed addressing challenges

related to sample preparation and incomparability of ENP measurements between

analytical methods. Nevertheless also some drawbacks of the method were

highlighted, such as a need of calibration and high measurement uncertainties for

ENPs in foods. These might be improved on by further research efforts.
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Appendix 1

Particle size increase due to conductive coating

Methodology

The measurements were conducted using two types of particles- SAS (see Chapter 3)
and citrate coated spherical Au ENPs with nominal diameter 30 nm available from
NIST (manufacturer’s id: 8012). As, compared to the SAS, the Au ENPs were
spherical and fairly monodispersed. Samples were prepared according to T2 Gel
protocol described in Chapter 3, SAS (3 replicates) sample was diluted 100 fold with
BB8.0 and Au ENPs (5 replicates) undiluted. Both ENPs were measured before and
after coating using SEM imaging and OBIA analysis as specified in the main text.
The SAS were imaged at two magnifications lower than one used in the study. The

micrograph settings were summarised in Table Al.1.

Table Al.1- SEM imaging settings for measurement of particle ECD

increase due to coating

. Analyzed
Number of Micrograph area per Pixel Smal_lest
Sample : area (um x : ; particle
micrographs replicate size
pm) (um?) ECD (nm)

SAS 4 6.3x4.73 119 8.6 38
SAS 16 3.15x2.37 119 4.3 19
Au ENPs 10 1.56 x 1.18 18 2.2 8

To visualise the thickness of the coating additionally samples of coated Au ENPs
and SAS were imaged by TEM.

Result

The Au ENPs increased in median size by 7.8 £ 0.8 nm (mean increase between
replicates * standard error). The result was confirmed by imaging of the coating in
TEM (see Figure Al.1). Measurement of the coating thickness of SAS imaged in
TEM was difficult due to a very poor contrast of the SAS (see Figure Al.2a) which
resulted in poor distinction of the particle boundary (see Figure Al.2b), but a vague

Pt/Pd shell seems to be present in a similar fashion as in the Au ENP coating.
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Figure Al.1- TEM images of coated Au ENPs (a) Original image (scale

bar 10 nm), (b) Zoomed on the particle, (c) Result of image analysis

Figure A1.3 presents the size distribution of all measured particles for coated and
uncoated ENPs.

The full size distribution of Au ENPs was clearly shifted toward higher values,
whereas the sizes of SAS did not include the small size tail of the distribution and
hence it is difficult to make an obvious conclusion about any shift in distribution. An
increase of total measured particle number in coated SAS samples when compared to
uncoated ones close to the cut-off ECD value was observed (Figure A1.3b). The
median measurements of coated and uncoated SAS were not significantly different
(Mann-Whitney rank-sum test, p=0.136- lower magnification and 0.214- higher
magnification). Neither of the magnifications taken in this study was able to cover
fully the size distribution of SAS and this was the reason for similarity in particle
ECD measurements between coated and uncoated samples.
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Figure Al.2- TEM images of a uncoated and b coated SAS and below
EDS spectra of imaged particle (upper spectrum) and measured away
from the particle background (lower spectrum). Thin blue line marks
position for Si spectrum.
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Figure Al.3- Size distribution of the ENMs before and after conductive
coating (a) Au ENPs, (b) SAS

Based on the indication of a Pt/Pd shell in the TEM image (Figure Al.2b) for SAS, it
IS reasonable to expect that the size of the individual particles of SAS also increases
by at least 8 nm as found for Au ENPs, and this is supported by the fact that shifting
the size distribution of the uncoated to match the coated sample with around 10 nm
will make the two curves roughly match. The 8 nm is not exact as the particles of
SAS had non spherical shape and thus longer perimeter than Au ENPs. This means
that we would expect longer ECD increase for SAS especially for larger particles
because the compactness of particles decreased with the size. Indeed the increase in
size could be noticed for large particles- the 75™ percentile of SAS (corresponding to
coated ECD 131 + 2 nm in coated particle size distribution) imaged at lower
magnification was increased by 8.8 + 1 nm. For higher magnification the size
increase was not reproducible- two of the replicates had shifted 90" percentile (ECD
156 £ 9 nm) toward larger values, but in one replicate smaller particles were
measured after coating. It is anticipated that in case of higher magnification images
the charging of uncoated sample though not apparent could affect the result. The
uncoated particles of SAS were generally more difficult to discriminate from the
background in comparison to coated ones due to the poor contrast (see Figure Al.4).

Coating allowed defining boundaries of SAS particles better.
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Figure Al.4- SEM images of SAS without coating (left) and coated
(right) at high (a), (b) and low (c), (d) magnification

Therefore the 8 nm subtraction from the particle size was applied for all the SAS for
which measured ECD increase due to the coating was smaller or equal to 8nm.
Based on size distribution of coated SAS imaged at lower magnification the ECD at
which measured size increase was 8 nm equaled to 116 nm. Therefore for larger
particles than 116 nm the linear curve was fitted to measured particle ECD increase
at five size points corresponding to range of percentiles (between 73" to 95™) within
size distribution of coated SAS from lower magnification (see Figure Al.5). The
particle size increase for coated particles with ECD>116 nm was then calculated
from the equation of the fitted curve and subtracted accordingly.
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Figure Al.5- The relationship between SAS ECD increase due to the

presence of conductive coating and measured ECD of coated particles
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Figure A2.1- Particle size distribution ( x axis- ECD, y axis- % of
particle count) and below respective EM images of the studied samples (
SEM scale bar- 1 uym, TEM scale bar- 0.2 um), last bin in the size

distribution of samples containing SAS corresponds to quantity of
particles larger than 200 nm
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Figure A2.3- The box plot (median, IQR, max and min values) of the

particle size distribution in respective replicates of a Soup 1, b Soup 2
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Appendix 3 Fractal characteristics of SAS

Appendix 3

Definition of fractal dimension and fractal prefactor of
lacunarity for studied synthetic amorphous silica

The studied SAS sample has an aggregated structure that can be characterised as a
fractal aggregate as described in (Boldridge, 2010). The main parameters are the Dy
and ko, that relates the number of primary particles in an aggregate with the primary

particle diameter and Ry through Eq. 7.1 described in Chapter 5.

Methodology

The mean primary particle diameter (d,p) value was estimated from nonaggregated
residual single particles using identification of these particles by OBIA. Mean value
of dp,= 9 nm was used for calculating SAS fractal characteristics as described in
(Boldridge, 2010).

In total 3791 SAS aggregates were measured. If the ECD of measured SAS particle
was < dyp, it was assumed that N=1. In larger SAS aggregates the number of primary
particles was calculated according to Eq. 5.3 provided in Chapter 5. The D; and kg
were derived by plotting linear dependence of In (N) from In (dmax/dpp) (Figure
A3.1). The dmax was Ferret’s diameter directly measured from the SEM images and
reduced by 8 nm to correct for the conductive coating thickness.

Result

The plot of In (N) from In (dmax/dpp) is presented in Figure A3.1.
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Figure A3.1- Linear curve fit to dependence of In (N) from In (dmax/dpp)

The Dy was equal to the slope of the linear curve (2.11) and ko was calculated from
Eg. A3.1 (Boldridge, 2010) and gave value of 1.17.

ko = 0.69 PreP Eq. A3.1
Where:
e- mathematical constant

b- the linear curve coefficient determining the intercept

The generated curve was based on the measurement of all aggregates in 3 sample
replicates. The maximum difference in between replicates in estimate of Ds was 0.06
and ko 0.08.
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Abbreviation/
symbol

A
AA 8.0
AF4
ANOVA
BB 8.0
BET
BSE
Cc
CE

Cryo-

ECD
EDS
€e

EELS

Glossary

Appendix 4

Glossary

Full length name

Centrifugal acceleration
Amonnium acetate buffer pH 8.0
Assymetric flow field flow fractionation
Analysis of variance
Borate buffer pH 8.0
Brunauer-Emmett-Teller
Back scattered electrons
Cunnigham slip correction factor
Capillary electrophoresis
Cryogenic
Diameter
Fractal dimension
Dynamic light scattering
Ferret’s diameter
Demineralized water
Primary particle diameter
Differential scanning calorimetry
Mathematical constant
European Commission
Equivalent circle diameter
Energy-dispersive X-ray spectroscopy
Elementary charge

Electron energy loss spectroscopy
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EFSA
EFTEM
ELS
EM
EMD
ENP
ESEM
ESI
ETEM

FFF
FIB
GEMMA
HAADF
HDC
HDD

LOD
LODenp

LO Dmatrix

Glossary

European Food Safety Authority
Energy filtered transmission electron microscopy
Electrophoretic light scattering
Electron microscopy
Electric mobility diameter
Engineered nanoparticle
Environmental scanning electron microscopy
Electrospray ionisation
Environmental transmission electron microscopy
Particle number overestimation factor
Field flow fractionation
Focused ion beam
Gas-phase electrophoretic mobility molecular analyser
High angle annular dark field
Hydrodynamic chromatography
Hydrodynamic diameter
High resolution transmission electron microscopy
Sample thickness
Inductively coupled plasma
Instrument equivalent diameter
Interquartile range
Relative to median interquartile range
lonic strength
Coverage factor
Fractal prefactor of lacunarity
Limit of detection (concentration)

Lowest detectable nanoparticle mass concentration

Mass concentration limit of detection for nanoparticles in food
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MALLS
MALS
MANOVA
MED
MS
MSB
MSW

NMR
OBIA

PNC
PNSD
PVC

RSD%
RSDgqg

RSD;
RSDj
RSDj,
RSD;
RSD;
RSDyp

Glossary

matrix related to matrix interference
Multiangle laser light scattering
Multiangle light scattering
Multivariate analysis of variance
Mass equivalent diameter
Mass spectrometry
Mean squares of measurements obtained on different days
Mean squares of measurements obtained on same day
Number
number of electric charges on the particle
Nuclear magnetic resonance
Object based image analysis
Statistical significance level

Probability of the sample containing given number of the false

positive particles
Particle number concentration
Particle number- size distribution
Polyvinyl-chloride
Radius of gyration
Relative standard deviation

Standard measurement uncertainty of measurements performed

on different days
Standard measurement uncertainty of imaging
Standard measurement uncertainty of image analysis
Standard measurement uncertainty of intermediate precision
Standard measurement uncertainty of repeatability
Standard measurement uncertainty of sampling

Standard measurement uncertainty of sample preparation
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RSDiotal
S
S
s.d.
SANS
SAS
SAXS
SEC
Sed-FFF
SEM
size LOD
size LOQ
SLS
SP-ICP-MS
SMPS
SSA
SSD
STEM
TEM
ts
Uexp
UV-VIS

WDS
Wet-

XRD

Glossary

Total standard measurement uncertainty
Mean number of particles found per replicate for a blank sample
Mean
Standard deviation
Small angle neutron scattering
Synthetic amorphous silica
Small angle x-ray scattering
Size exclusion chromatography
Sedimentation field-flow fractionation
Scanning electron microscopy
Limit of detection (particle size)
Limit of quantification (particle size)
Static light scattering
Single particle inductively coupled plasma mass spectrometry
Scanning mobility particle sizer
Specific surface area
Stoke’s sedimentation diameter
Scanning transmission electron microscopy
Transmission electron microscopy
Sedimentation time
Expanded uncertainty
Ultraviolet- visible spectrophotometry
Channel thickness
Wavelength-dispersive X-ray spectroscopy
Prefix prior to imaging method meaning liquid imaging
Distance from the injection point to the detector in CLS
X-ray diffraction

Atomic number
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Z
S
la
M

s

pr

Prpe
psio2

Ve
Vout

Glossary

Electric mobility
Zeta potential
Viscosity of air
Viscosity of water
Viscosity of the sucrose gradient
Wavelength

Mathematical constant

Density of the sucrose gradient
Effective density
Density of silica

Cross-flow volumetric flowrate

Volumetric outlet flowrate
Boltzmann constant
Diffusion coefficient

Temperature

Viscosity of dispersing medium
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Discussion on interpretation of the measurement results of
synthetic amorphous silica in view of mass equivalent
diameter transformation and small particle abundance

correction.

Introduction

The transformations of measurements outputs from different techniques into MED
for the fractal aggregate of SAS allowed uniform expression and result comparison
(Chapter 5). Thanks to this, it was also possible to calibrate the sample preparation
method for SEM in order to correct for its specificity toward small particle size
fraction (Chapter 6). However, in previous Chapters 3 and 4 the SAS measurements
from EM were given as ECD. This did not allow to relate EM measurement against
the reference method HDD from NTA in Chapter 3 or calculation of the particle
mass recovery (Chapters 3 and 4). Another highlighted issue in the previous work
(Chapter 4) was inability of the estimation of measurement trueness for SAS due to
lack of certified reference material and/or measurement technique against which the

result could be compared. The problem was a consequence of the particle shape.

The aim of this chapter was to use MED transformation and corrective calibration
for selected EM sample preparation in order to address the issues raised in Chapters
3 and 4. Therefore the data from these two chapters are interpreted again in regards

to comparison against reference method, recovery and trueness assessment.

Methodology and data

The NTA and SEM measurements of SAS in stock dispersion and soup generated in
previous Chapters 3 and 4 were used in this study. The respective HDD and ECD
measurements were transformed into MED as described in Chapter 5 to allow
discussion on their comparability. Based on thus transformed data mass recoveries in
relation to initial sample concentration were calculated. The calculation of total
recovery was not possible for blotting techniques because of unspecified sample
volume. The recovery for SAS particles in soup using blotting techniques was
discussed instead as relative to the mass of the particles acquired from the stock
dispersion. Additionally all the results where T2 Gel sample preparation protocol
was used (part of Chapter 3 and whole chapter 4) were corrected for specificity of

the method toward smaller particles using Eq 6.3 developed in Chapter 6. The
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correction was carried out using MED transformed particle measurements grouped in
the histograms of bin width 1 nm. This correction allowed the discussion on the
trueness of the particle size measurement and comparison of SEM MED
measurements of SAS against reference method- NTA. For trueness assessment it
was assumed that the corrected median size measurement using Eq. 6.3 was the true
median size of SAS PNSD measured in the study. This assumption was taken
because as shown in Chapter 6, using correction it was possible to obtain median
MED measurement for SAS, which was not significantly different to GEMMA used
as reference method. The trueness was calculated for ECD and MED based PNSDs
of SAS according to (Linsinger, 2010) using instead of the certified reference
measurement the value measurement corrected for the initial overestimation of the

particle number in small size fraction Eq. 6.3.

Results and discussion

Comparison of mass equivalent diameters of synthetic
amorphous silica derived by electron microscopy and
nanoparticle tracking analysis from Chapter 3

The comparison of SEM and NTA measurements given as IEDs in Chapter 3 aimed
to verify which of the sample preparation procedures for SEM caused agglomeration
of SAS ENPs. The assumption was that NTA will give a larger or even median
measurement to SEM if no agglomeration occurred. The transformation of SAS
measurements into MED ideally would allow one to obtain not significantly different
results from both techniques. However, in previous chapters it was determined that
NTA was subjected to Size LOQ (Chapter 5) and some of the sample preparation
methods for SEM were specific toward particles of small size (Chapter 3 and 5).
Thus generally it could be still expected that the median MED of PNSD of SAS from
NTA could be larger to this of SEM. Only T2 Gel sample preparation method was
calibrated and corrected for overestimation of small particle number in the PNSD.
Thus in Figure 1 full MED weighted PNSD of SAS in soup and stock as measured
by NTA and SEM preceded by T2 Gel preparation are compared.
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Figure 1- PNSD of SAS in a) stock and b) soup as revealed by NTA and
SEM using T2 Gel sample preparation

Both methods show similarities in PNSDs in terms of size range. However, it can be
noticed that PNSD from NTA has nearly Gaussian distribution whereas from SEM is
positively skewed. This was a result of Size LOQ in NTA given PNSD, which was
(mean £ s. d.) 47£3 nm and 50+5 nm for SAS in stock and soup respectively. These
Size LOQ’s between soup and stock were not significantly different from each other
(Holm-Sidak p>0.05), but lower than previously indicated stock dispersion of SAS
in Chapter 5 (66+11 nm, Holm Sidak p<0.05)). This was likely attributed to the
model of the NTA, which was different in Chapters 3 and 5.

Despite the presence of Size LOQ in NTA given PNSD the statistical comparison of
MED transformed results for SAS measured by NTA and SEM after preparation by
different methods was carried out. This was done to verify conclusion in Chapter 3
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on the sample preparation methods for SEM which did not induce particle

agglomeration.

Figure 2 presents the box and whiskers plot of SAS MED distribution between
readings from single SEM (images) and NTA (videos). The figure is a counterpart of
Figure 3.4 presented in Chapter 3, which was based on ECD measurements. Same
statistical analyses were run on the MED transformed data as previously described

for ECD measurements in Chapter 3.
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Figure 2- Box and whiskers plot of median MED measurements per
reading (Image-SEM and Video-NTA). The figure is a counterpart of the
Figure 3.4 where all the measurements were expressed as ECD.

The MED transformation generally did not change results of statistical comparison
of the SAS measurements generated by SEM and NTA. The only exception was
SAS in stock prepared using T1 Lys protocol. This measurement was now not
significantly different to NTA (Tukey, p>0.05). This slight difference was attributed
to generally decreased difference in between PNSD of SEM and NTA measurements
expressed as MED in comparison to IED’s as previously discussed in Chapter 5.

Here it was found that for all the sample preparation methods the difference between

167



Annex 1

median MED of NTA and SEM decreased at least 1.7 times relatively to NTA given
MED when compared to IED.

Nevertheless it was confirmed that sample preparation methods for SEM, which did
not induce SAS ENPs agglomeration were previously correctly assessed in Chapter
3.

Total mass recovery of silica in nanoparticle tracking analysis
and scanning electron microscopy in Chapter 3

Previously (Chapter 3) the PNC measured by NTA was used to calculate particle
number recovery of SAS in SEM analyses preceded by 3 sample preparation
techniques: Ultracentrifugation in DMW, BB8.0 and drying. However, total recovery
in relation to the particle concentration in the initial, undiluted sample could not be
calculated. The transformation of the measurements into MED, allowed to calculate
total recovery (in relation to initial manufacturer claimed mass of ENPs in
dispersion) for SAS in stock and soup samples analysed by NTA and SEM. The

results are shown in Figure 3.
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Figure 3- Particle mass recovery in relation to used sample preparation

in SEM and as revealed by NTA (error bars are s.d.)
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It can be noticed that for all SEM and NTA analyses on average less than 30% of
particles was recovered when compared to initially claimed mass concentration in
the samples. The low recoveries could be partly attributed to Size LOQ in NTA and
cut-off point in SEM analyses (MED 22 nm). However, based on corrected
distribution of particles in MED range of 8 to 22 nm (Chapter 6) constituted only

about 1% of total measured particle mass.

Again it needs to be emphasized that NTA and SEM are also affected by the largest
measurable particle size (up to 1000 nm) and are based on single particle
measurement. Thus omitting a fraction of very large but not abundant particles,
which have a high contribution to the total particle mass could have place bringing

the recovery down by a very significant value.

Statistical analysis did not prove any significant differences in recoveries of SAS
particles within stock dispersions (ANOVA p>0.05) measured by NTA and SEM
preceded by different sample preparation methods due to very high variability in
measured particle number (see Chapter 3, Figure 3.5) and thus mass recoveries
variability. The recovery of SAS in soup was significantly higher for the sample
prepared by ultracentrifugation in BB 8.0 (Holm-Sidak p<0.05) in comparison to
other sample preparations and NTA analyses. This was expected as previously
reported (Chapter 3) particle number recovery for this sample and sample
preparation was high (120% for SAS in stock and 221% for SAS in soup). The mass
recoveries of SAS particles in both types of samples (soup and stock) were not
different between NTA measurements in BB 8.0 and DMW. This was contrary to
what could be expected based on measurement of PNC by NTA in Chapter 3, where
it was concluded that the DMW inflicted higher losses of SAS particles in the
dilution process than BB 8.0.

Recoveries of synthetic amorphous silica from fresh and aging
soup using electrostatic attraction preparation for electron
microscope

The total SAS mass recoveries from EM for a range of techniques using electrostatic
attraction for sample preparation could not be calculated. Therefore the discussion is

limited to the mass recovery of the SAS particles from soup samples in relation to

the SAS stock dispersions prepared by same means. Within this research two types
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of samples were used for analysis: soup freshly spiked with SAS (Chapter 3) and
aging together with particles (Chapter 4). The mass recoveries of particles from soup
samples freshly spiked with particles were ranging on median from approximately
60 to 110% (Figure 4), which was higher than could be expected from particle

counts in soup relatively to stock dispersions (see Figure 3.5, Chapter 3).

160 -
140 -
120 -
100 -

80 -
60 -
40 -
20 -
: n S

T1 Lys T2 Lys T1 Gel T2 Gel T2 Gel T2 Gel
Soup 1 Soup 2

Figure 4- Median mass recoveries and IQR (error bars) of SAS particles
from soup relatively to stock dispersions, columns corresponding to T1
Lys, T2 Lys, T1 Gel and T2 Gel are derived from data in study on soup
freshly spiked with particles (Chapter 3), while T2 Gel Soup 1 and Soup
2 from the study where matrix was aging with the particles prior to

analysis (Chapter 4)

The results also confirm that the recoveries of SAS particles from aging soup were
generally lower than for freshly spiked one (Chapter 4). However, significant
difference was only confirmed for Soup 2 sample (Dunn’s test p<0.05). The mass
recoveries of SAS from aged soup were expected to be lower than the number
recoveries discussed in Chapter 4 (calculated based on number of particles obtained
from stock dispersions analyses), because the particles were on median smaller in
Soup 1 and 2 samples when compared to the respective stock dispersions. However,
this was only the case for Soup 2. Mass recovery of SAS particles from Soup 1 was
actually higher than reported in Chapter 4 particle number recovery (38% and 19%
respectively). This was likely a result of particle aggregation in soup and rapid

increase of mass particle recovery by inclusion of few large aggregates in total mass
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calculation (max MED of SAS in stock: 210 nm and in soup: 311 nm). The mass
recovery of particles in Soup 2 was lower than in Soup 1 (although not significantly:
Dunn’s p>0.05) because the measured median size of SAS 2 particles was larger
than SAS 1 as a result of grid saturation with particles and potential overlap during

image analysis (See Figure A2.1 Appendix 2).

The assessment of scanning electron microscopy measurement
trueness for synthetic amorphous silica

Previously in Chapter 4 estimates of ECD measurement uncertainty for SAS in soup
and stock dispersion was obtained. The total expanded uncertainty (Uep) did not
inlude the estimate of the measurement trueness for polydispersed particles of SAS.
Only ‘goodness’ of instrumental calibration was assessed using nearly
monodispersed, spherical gold ENPs. Developed in Chapter 6 calibration allowed to
estimate the measurement trueness for SAS. Results are summarised in Figure 5.
Additionally intermediate precision (RSDjp) and U, previously reported in Chapter
4 for SAS in stock and soup dispersions at concentrations 1 and 2 were included in
the graph. The results for SAS COM and Soup COM (also Chapter 4) were not
included in this discussion because they would require separate definition of fractal

characteristics in order to be subjected to MED transformation.

The RSDj, of the median ECD was higher after correcting for small particle
abundance for all the samples with exception of SAS 1. The uncertainty increase was
expected as the correction could only be applied to the results after MED
transformation and thus some error related to multiple data transformation needed to
be included. The RSD;, increase was however minor (1-5%) and thus not significant
(F test p>0.05).

The estimated trueness of ECD measurements was similar for all four samples (F test
p>0.05) ranging from 17% to 22%. These values were much higher than previously
reported ‘goodness of calibration’ trueness (1.9%) and in comparison to RSDj, were
significantly higher for SAS 1 and 2 (F test p<0.05) and not different for Soup 1 and
2. This meant that the trueness was bound to significantly increase the Uey, budget.
The increase of Ue, was most pronounced for SAS measurements in stock
dispersions, where it was higher than two fold in comparison to the initially

estimated in Chapter 4 (Figure 5).
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from Chapter 4

The Ugy, calculated for the MED median measurements was generally lower than
one related to ECD (37% to 60%) and ranged from 20 to 44% although this
difference was proven to be significant only for SAS 1 and 2 (F test, p<0.05). This
improvement on measurement certainty is attributed to the general narrowing of
PNSD after MED transformation (Chapter 5).

Conclusions

Thanks to the data transformation form ECD into MED transformation it was
possible to confirm that the previous classification of sample preparation methods to
inducing and non-inducing agglomeration (Chapter 4) for SAS in stock and soup
dispersions was correct. It was also possible to obtain total mass recovery of SAS in
stock and soup for SEM and NTA analyses. Additionally applied correction for the

sample preparation method specificity to small particle size fraction allowed to
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correct previously reported measurement uncertainty (Chapter 4) for trueness value.
The trueness occurred to be a significant factor affecting Uey,. This result points out
that the EM should not be used for the measurement of ENPs characterised by a
broad size distribution not only in foods but also in pristine dispersions unless
calibrated as demonstrated in Chapter 6. This was so far neglected in the studies on
ENPs measurements. The MED transformation was found to bring down the
measurement uncertainty. This is another useful argument in using MED as means of
uniform measurement expression for fractal aggregates from different measurement

techniques.

In summary future work should focus either on sample preparation development or/
and calibration for polydispersed ENPs as this thesis only provided solution for
specific case of silica ENPs. However, means of obtaining information on the

measurement accuracy from EM was given, providing a tool for future research.
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3

Detecting and characterizing nanoparticles in food,

beverages and nutraceuticals.

A. Dudkiewicz, University of York, UK and Food and Envrionment
Research Agency, UK, P. Luo, university of York UK, K. Tiede,
Food and Environment Research Agency, UK and A. Boxall,
University of York, UK

Abstract: While nanotechnology offers a number of benefits to the food sector, the
use of nanoparticles (NPs) in food may also cause risks. In order to understand the
risks of NPs, it is essential to have access to good quality analytical methods that are
able to detect and characterise NPs in a wide range of media. This chapter provides
an overview of the characteristics of NPs that will need to be measured in food
materials and describes methods that are available to derive these characteristics. The
advantages and drawbacks of each method are described and the challenges for the
development of new methods for NP analysis in food materials are highlighted.

Keywords: characterization, nanoparticles, food, analytical methods, sample
preparation

3.1 Introduction

Nanotechnology is increasingly being applied in the food and pharmaceutical
industry and provides a wide range of benefits. However, due to the fact that we
know very little about the behaviour of nanoparticles (NPs) in food items and their
interactions with the human body, there are concerns that the use of nanotechnology
may pose a risk to food quality and consumer health.

One of the factors that is limiting the development of our knowledge of the
behaviour of NPs in food and potential toxicity to humans is the availability of
validated techniques for NP analysis within food matrices. Analytical method
development for detection and characterization of nanoparticles has been recognized
by international organizations, including the European Food Safety Authority
(EFSA, 2009) and the US Food and Drug Administration (U.S. FDA, 2010), as one
of the major issues that needs addressing concerning the risks of NPs. A number of
research projects are therefore currently tackling this issue (CORDIS, 2010). The
biggest challenge concerning the detection and characterization of NPs is that, unlike
‘traditional’ chemicals, we are not only interested in the concentration of the NP but
also other characteristics such as particle size distribution, particle shape and the
characteristics of the surface coating (Norwegian Pollution Control Authority, 2008).
No single analytical method can currently provide information on all of these details
at once.
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The majority of food products comprise complex structures and usually some form
of sample preparation is required before an NP can be detected and characterized.
Many of the potential pre-treatments that food samples might undergo, prior to
analysis, are known to have an impact on the NP structure. For example, drying may
cause aggregation of NPs and hence, if this approach is used for analysis of particle
size distribution in a food product, misleading results will be obtained (Domingos et
al., 2009; Doucet et al., 2005). NPs also occur naturally so a further challenge is how
to distinguish between NPs that are man-made and NPs that are naturally present in
food stuffs.

This chapter therefore provides an overview of the available methods that are
potentially suitable for the characterization of NPs in food and nutraceuticals and
discusses the advantages and limitations of the different methods for food analysis.
More detailed reviews can be found in Tiede et al. (2008) and Dudkiewicz et al.
(2011).

3.2 Detecting and characterizing- but what?

Results of many toxicological studies indicate that for risk assessment, a range of
characteristics of an NP may need to be considered, including aggregation state,
surface charge, shape, structure, dissolution rate, chemical composition and mass and
particle number concentration.

Aggregation causes increases in size and a decrease in the particle number
concentration (PNC) of an NP, which may result in changes in reactivity and
functionality of these particles. Aggregation of NPs can be prevented by electrostatic
stabilisation or steric stabilisation. Electrostatic stabilisation is created by repulsive
electrostatic double layer forces between charged NPs. The charge of the NP in the
environment in which the NP is dispersed depends on factors such as pH and ionic
strength (IS) of the environment and can be determined from the zeta potential ({) of
the particle. Steric stabilisation involves the use of long chain molecules as ‘capping’
agents on the particle surface. The capping agents provide steric hinderance for the
agglomeration of particles independently of pH or ionic strength of the dispersion
environment. Examples of capping agents include surfactants, polymers and
proteins. Of special interest are interactions of the NP surface with proteins, since
they may influence the fate of NPs in an organism (Lynch & Dawson, 2008). How
these interactions proceed depends on several NP features such as the surface charge
(Bouwmeester et al., 2009) and structural properties such as shape and crystalinity.

Shape is a very important factor which might influence uptake and distribution of an
NP within humans and other mammals and its toxicity (Norwegian Pollution Control
Authority, 2008). Shape dependent toxicity might explain the toxicological effects of
carbon nanotubes which, though much smaller in diameter, are shaped similarly to
asbestos fibres and act in a similar manner to asbestos, causing necrosis of the lung
in mice (Lam, 2003).

Crystalinity has an impact on the stability of an NP and its reactivity (Jiang et al.,
2008; Barnard et al., 2010). For example amorphous forms of titanium dioxide NPs
have been found to have the strongest oxidative abilities when compared to
crystalline forms (Jiang et al., 2008). This property has to be considered in food
industry applications since reactive oxygen species (ROS), when accumulated in the
body, are harmful, sometimes resulting in carcinogenicity and causing many other
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disorders (Diplock et al., 1998). Furthermore ROS may reduce the shelf life of a
food product and affect its structure (Chen et al., 1999).

Dissolution rate is as important as aggregation state. lons will behave very
differently than NPs and in some instances may be more toxic e.g. the gradual
dissolution of silver NPs explains the increases in toxicity of stored dispersions to
human mesenchymal stem cells (Kittler et al., 2010). The functionality of an NP,
which also depends on their chemical composition, will have a strong effect on the
behaviour of an NP. The food industry uses this to their advantage when designing
NPs for use in novel products (see chapter 1 and (Chaudhry & Groves, 2010)).

Mass concentration can be measured for NPs as for ’traditional’ substances.
However a more useful measure of exposure may be the particle number
concentration (PNC). PNC is closely connected to some of the other NP features
described above such as size, aggregation and dissolution, density.

3.3 Challenges in detecting and characterizing
nanoparticles in food products

There are three major challenges that need to be addressed in order to analyse NPs in
food items. Firstly, the characterization of the NP itself is challenging and, although
a range of validated methods exist, none of them can provide information on all of
the characteristics of an NP required to assess risks to human health. Some of the
characteristics can also be extremely difficult to determine, requiring sophisticated
instrumentation. Table 1 provides an overview of which techniques are able to
characterize specific features of an NP. Method development for NP characterization
IS an on-going issue and a subject of extensive current research. Secondly, food
products are made up of complex matrices. Therefore care has to be taken when
preparing a food sample for analysis so that the sampling is representative. In some
cases NP can be expected to be localized in restricted areas of the sample. For
example, in the case of migration studies from food contact materials, analysts can
expect that NPs are situated on the surface of the food packed in it. For some NPs
(e.g. carbon-based NPs), it may be difficult to distinguish the NP from the
background. Thirdly, food matrices will also contain natural NPs (e.g. casein
micelles, whey proteins, fat globules and particulate material that may have
deposited onto e.g. a crop from the atmosphere) making interpretation even more
problematic (Peters et al. in press). For example, nano delivery systems (NDS) are
usually composed of lipids, proteins or polysaccharides (Luykx et al., 2008), which
are all naturally present in food products making detection very difficult.

To overcome some of these issues it may be necessary to exclude or limit the
presence of food components from the analysis by using extraction methodologies.
The use of extraction methods adds additional complications as the method used can
cause a change in the NP characteristics meaning valuable data might be lost or, in
some cases, incorrect results are obtained. It will also be necessary to develop
approaches that can distinguish between man-made particles and particles that occur
naturally.
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3.4 Methods for detection and characterization of
nanoparticles in food products

3.4.1 Chromatography based techniques

Chromatography and related techniques are routinely used in food analysis for
separation and characterization of food components and contaminants. These
methods have been also applied to the needs of nanotechnology in order to separate
NPs out from each other as well as from interfering materials based on size
differences (Tiede et al., 2009a; Brewer & Striegel, 2010).

The chromatography-based techniques typically used for size separation of nano-
sized objects are size exclusion chromatography (SEC), hydrodynamic
chromatography (HDC) and field flow fractionation (FFF). Determination of
parameters like concentration or chemical composition of eluting substances is
achieved by on-line coupling of these methods to other analytical techniques such as
UV detection or light scattering techniques (see section 4.3). Selective qualitative
analysis of particles is possible when chromatography is combined with methods
employing mass spectrometers (see section 4.4) such as inductively coupled plasma-
mass spectrometry (ICP-MS) (e.g. Chan et al., 2010; Tiede et al., 2009a; Tiede et
al., 2010; Dekkers et al., 2010). ICP-MS coupled to HDC has been used for NP
analysis in complex food samples such as food concentrates as well as in complex
environmental matrices (Tiede et al., 2009a; Dekkers et al., 2010). It is also possible
to install a fraction collector on the chromatographic system. Separate fractions can
then be then analyzed by any technique, which cannot be coupled online to
chromatography.

In SEC, the stationary phase consists of porous beads. The space in the pores is
easily accessible for smaller particles, which are therefore retained for longer end
elute from the column more slowly than larger particles. This process enables
separation of NPs by their size or molecular mass. SEC allows separation of particles
where molar masses are at least 10% different from each other (Meyer, 2000). The
size separation range in SEC depends on the pore size distribution.

HDC separates particles depending on their hydrodynamic radius. Unlike SEC,
separation is based on flow velocity in flow channels created by non-porous beads.
The size separation range for HDC depends on the length of the column and for
commercially available instruments is 5-1200 nm (Tiede et al., 2008).

FFF instruments separate particles ranging in size from 1 nm to a few micrometers
(Dubascoux et al., 2010). Partitioning takes place in a thin channel with an applied
field, which affects the flow of particles moving through it. There are many types of
field that can be used including flow, thermal, electrical and sedimentation. Each
field type will influence fractionation of particles depending on the characteristics of
the particle. For example differences in diffusion coefficients of particles are used as
a basis for separation in flow FFF, while sedimentation FFF separates particles by
volume and buoyant mass (Von Der Kammer et al. in press). In FFF, unlike HDC
and SEC, separation results in elution of smallest particles first (Tiede et al., 2008;
Dubascoux et al., 2010).

Electrophoretic methods can also be used. Capillary electrophoresis (CE) employs
quartz capillaries filled with a buffer (Cieslik et al., 2008). The flow of the buffer is
induced by applying a high voltage. Particles then move with different speeds,
depending on their charge and size. This method can also be coupled to numerous
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detectors and can be used for the detection and characterization of natural food
nanostructures such as nucleic acids, proteins and polysaccharides. CE in food
analysis is regarded as an alternative and complementary method to chromatography
(Cieslik et al., 2008).

3.4.2 Microscopy based techniques

Microscopy as an analytical technique has found many applications in food science.
It is regarded as the most relevant of available methods for food structure analysis
(Kalab et al., 1995) and for last few decades has been extensively used in studies on
natural food nano- and microstructures e.g. starches (Fishman et al., 1995), casein
micelles (Auty et al., 2005), whey proteins and fat globules (Relkin et al., 2006).
Imaging methods are currently applied broadly in NP analysis as they can give
information on many features of the NP characteristics which the coupled
chromatography techniques described above cannot. Imaging provides data on NP
morphology, distribution in the sample, agglomeration, chemical composition,
presence and thickness of associated substances. Furthermore it can be used to help
to understand the fate of NP in food products and determine the influence of their
presence on sample structure (Castaneda et al., 2008). Imaging is also important for
validation of other analytical methods which aim to characterize NPs (Tiede et al.,
2009a) and natural food nanostructures (e.g. Fishman et al., 1995).

Light microscopy is not usually suitable for NP visualization because its resolving
power is limited to 200 nm. The exception is near- field scanning optical microscope
(NSOM) where resolutions as low as 12 nm can be obtained (Betzig et al., 1991). In
NSOM, the nanometric tip of an optical probe is positioned close to the sample
surface, interacting with it. The method is also suited for detection of fluorescent
nano objects (e.g. Zhong et al., 2008).

The fluorescence characteristics of some NPs may allow their detection by confocal
laser scanning microscope (CLSM; e.g. Lewinski et al., 2010). This type of
microscope is capable of optical sectioning of the sample by scanning across it with
a focused beam of light. The resolving power of CLSM is usually limited to 200 nm,
however, a recent application for 3D, real time tracking of fluorescent particles was
able to obtain a lateral resolution of 15 nm and an axial resolution of 50 nm
(Katayama et al., 2009).

X-ray microscopes (XRM) can resolve up to 30 nm and, when combined with x-ray
microtomography, 3D images can be obtained. In X-ray microtomography, images
are obtained from sections of a sample using penetrating X-rays. XRM can be
coupled to analytical techniques based on x-ray fluorescence for determination of a
samples chemical composition. X-ray fluorescence microscopy has been used for
example in studies on secretion and accumulation of intracellular Zn in mammary
glands of mice where it enabled imaging and quantification of Zn transferred through
the gland (McCormick et al., 2010)

Another way of non-invasive imaging of a sample containing NPs is atomic force
microscopy (AFM). This technique employs a nanometric mechanical probe which
is scanned over the sample surface, recording its shape. AFM offers resolution down
to 0.1 nm (Tiede et al., 2008). If a functionalized probe is used, data can also be
generated on the chemical characteristics of an NP. This method is known as
chemical force microscopy (CFM). CFM measurement is based on chemical
interactions of the tip with the sample, enabling characterization of chemical
heterogeneity of the imaged surface on a nanometric level (Ito et al., 2010).
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The most commonly applied microscopy approaches for NP imaging are
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy
(SEM). In TEM, the electron beam is accelerated with high voltage (80-400 kV) and
passes through the nanometric layer of the sample. The resolution of these
instruments can go down to 0.07 nm (Dudkiewicz et al., 2011). SEM offers a lower
resolution of 1-3 nm but also a different image pattern in comparison to TEM.
Images are formed by the detection of electrons scattered by the sample surface.
Additionally, SEM can be coupled with focused ion beam (FIB-SEM), which
enables sample sectioning and 3D imaging. Similar to SEM, scanning transmission
electron microscope (STEM) scans the sample with a focused beam of electrons.
However in STEM signal is obtained as in TEM from the electrons transmitted
through the ultrathin specimen, and as in TEM, resolution of STEM reaches atomic
level.

Electron microscopes (EMs) in conventional modes operate under vacuum.
Therefore food samples cannot usually be imaged without previous preparation
(discussed in section 4.5). However, by modifying the way in which the sample is
introduced to the conventional EM, imaging of food can be achieved. A range of
approaches are available for doing this including cryo- and liquid EM. For cryo
techniques (cryo- TEM, cryo- SEM, cryo- FIB-SEM), the sample is imaged when
frozen. Liquid EM employs capsules (e.g. WetSEM™) and chips which separate the
hydrated sample from the vacuum chamber of conventional instruments. The sample
Is then imaged through electron transparent windows. Cryo-, environmental and
liquid EM have been shown to be useful for analysis of ENPs in cosmetics, food and
environmental media (Noronha et al., 2008; Tiede et al., 2009b; Lorenz et al., 2010),
they do however have a lower resolving power in comparison to conventional TEM
and SEM.

An alternative approach to analyzing hydrated food samples is to use environmental
SEMs and TEMs (ESEM, ETEM) which also allow a sample to be imaged in its
original state. In these techniques, imaging takes place under a lower pressure than in
conventional instruments. One limitation of these methods is that they do not operate
under atmospheric pressure and so, only partially hydrated specimens can be viewed.

Chemical characterization of the sample is possible by means of coupled
spectrometers. The electron beam employed in EM excites the atoms with a
specimen resulting in the emission of x-rays. The chemical composition of the
sample can therefore be characterized based on the detection of x-ray radiation
energy using energy dispersive spectroscopy (EDS) or wavelength dispersive
spectroscopy (WDS). The energy loss of the electrons transmitted through the
sample can also provide information on sample characteristics, this is the basis of
electron energy loss spectrometry (EELS). Unlike EDS and WDS, EELS cannot be
coupled to most types of EMs and is only compatible with TEM.

3.4.3 Spectroscopy-based techniques

Given the quick and easy sample preparation, a wealth of spectroscopic methods is
widely applied for food residue analysis and quality control (Karoui &
Debaerdemaeker, 2007). Some of these techniques can also provide information on
the characteristics of NPs in food samples, including concentration, size, and
structure (Valous et al., 2010). This section provides an overview of all the different
spectroscopy-based methods that could be used to characterize nanoparticles in food
matrices.
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Scattering spectroscopy is the most common method applied to date for particle
analysis (Dodds et al., 2004). It measures the amount of light that a substance
scatters at certain wavelengths, incident angles, and polarization angles, where the
interference patterns can be detected to measure the molecular weight and/or particle
size. Dynamic light scattering (DLS, 3 - 1000 nm) is the main scattering techniques
used for NP size measurements in liquids (Brar & Verma, in press) and provides data
on PNC. The hydrodynamic diameter, indicating the apparent size of the dynamic
hydrated/solvated particle (Kaszuba et al., 2007; Mishchenko, 2009), is also
estimated. A similar approach is nanoparticle tracking analysis (NTA). In NTA,
Brownian motion of individual particles is analyzed by video where the individual
particle positional changes are tracked step by step via light-scattering centres in two
dimensions (Kendall et al., 2009). Some DLS and NTA instruments can also be
used for zeta potential measurements by applying an electric field across the
dispersion and measuring particle mobility. Both methods have the advantage that
they require minimum sample consumption (<0.5 ml), are cost-effective, and quick,
providing information on the NP size distribution in a sample within a few minutes
(Kendall et al., 2009; Estevez et al., 2009). The main disadvantage of DLS is the
limitation in size analysis of polydispersed samples. The disadvantage of NTA is that
it can only characterize particles down to 30 nm. Both techniques are unspecific so
would not distinguish between man-made and natural particles of the same size. The
methods do not provide any information on the chemical characteristics of particles.

The molecular weight (= 5%) and gyration radius of food or target NPs in food can
be obtained by “classical light scattering” including static light scattering (SLS) and
multiangle laser light scattering (MALLS) (Istarova et al., 2005). These methods are
designed to detect the scattered light at different discrete angles to measure both
molar mass and average size of particles in liquids (Brar & Verma, in press).

Raman spectroscopy (RS) has been sub-characterized as both a light scattering and
laser based technique. This technique is based on the Raman effect, which is a type
of scattering formed after laser light impinges upon a molecule, which results in the
energy of the laser photons being shifted up or down. This information can be
collected for molecular identification, oxidation state, structure, and sizing analysis
(Wong et al., 2009). Similarly, laser-induced fluorenscence (LIF) employs a laser
beam to excite the studied species. The excited species will de-excite and emit light
which can be measured to provide information on the molecules structure, species
detection, and flow visualization (Lombardo-Agui et al., 2010). Laser-induced
breakdown detection (LIBD) is a new sensitive method for quantification of the size
and number concentration of nanoparticles (< 50 nm) in aqueous systems at very low
concentrations (Bundschuh et al., 2001). The measurement is achieved through
investigation of the breakdown probabilities of the test medium i.e. the breakdown of
dielectric properties caused by laser irradiation. X-ray scattering techniques are a
family of analytical techniques which can reveal information about chemical
composition, crystallographic structure, and grain size of samples based on
observation of the scattering intensity of an X-ray beam after it hits a sample. X-ray
Diffraction (XRD) is commonly used to identify single substances or a mix of
unknown substances, by comparing diffraction data against a database maintained by
the international centre for diffraction data (Zabar et al., 2008). With the advantages
of minimal sample preparation, time efficiency (< 20 min per unknown mineral),
wide availability and straight forward data interpretation, it has been widely used to
characterize the crystallographic structure, grain size, and preferred orientation in
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polycrystalline or powdered solid samples (Erdem et al., 2009; Zabar et al., 2008).
However, the method is not very sensitive and has low resolution (100 - ~500 nm).

Small angle neutron and x-ray scattering (SANS and SAXS) can be used to record
the scattering of neutrons/x-rays at very low angles (typically 0.1 — 10°) which
contains information about both the shape and size of particles (>1 nm),
nanostrucutures and pore sizes (Zabar et al., 2008; Weisman et al., 2004). SANS can
provide data on particle sizes in the range of 1 to a few hundreds nm (Lopez-Rubio
& Gilbert, 2009) and SAXS 1-100 nm (Luykx et al., 2008). The materials can be
tested under realistic conditions, e.g. solid or liquid. The method is accurate, non-
destructive and usually requires only a minimum amount of sample preparation
(Lopez-Rubio & Gilbert, 2009; Bunjes & Unruh, 2007). SANS will be of particular
interest in food science since it can easily differentiate various biological particles
from the background (Li et al., 2008: Jarvie et al., 2009).

Other widely used X-ray spectroscopy techniques include X-ray photoelectron
(XPS), X-ray fluorescence (XRF), and X-ray absorption spectroscopy (XAS). XPS is
very useful for surface and coating characterization of solid samples (e.g. NPs) due
to the short range of photoelectrons exciting from solid samples (Tiede et al., 2008).
XRF can be used to identify and quantify the element present in target samples e.g.
solid, powdered or liquid samples.

Nuclear magnetic resonance (NMR) can provide information on the detailed
molecular structure and size of particles based on the observation of specific
guantum mechanical magnetic properties of an atomic nucleus in the presence of an
applied external magnetic field (Carter et al., 2005). Theoretically, NMR
spectroscopy can be rapid, resolve almost any combination of compounds and most
importantly it can detect a quantitative signal from nearly every food component
with < 1 mg of sample. Ever since it was published as an ISO method for solid
content measurement in 1993, NMR has been widely applied in a wide range of food
safety applications broadly aimed at averting significant chemical, biological or
microbiological threats to the food chain (Mariette, 2009). NMR has been used to
explore the effects of NPs through integrated metabolomic analysis in heptotoxicity
and nephrotoxicity studies (Lei et al., 2008) and has been used to explore protein-NP
interactions (Calzolai et al., 2010), and intermolecular space characterization (Belotti
et al., 2010). NMR is however time consuming, expensive, has low resolution and is
insensitive ((Calzolai et al., 2010; le Feunteun & Mariette, 2007).

The last resonance technique to mention is surface plasmon resonance (SPR), which
is based on the excitation of surface plasmon by light, from which the nano-sized
metallic structures from food matrix can be measured (Chaurasia et al., 2010).

Other methods that have been widely applied and routinely used for the chemical
identification and quantification include atomic absorption spectrometry (AAS),
optical emission spectroscopy (OES); inductively coupled plasma-OES (Escudero et
al., 2010); and ultraviolet-visible spectrophotometry (UV-VIS)

3.4.4 Mass spectrometry

Mass spectrometry (MS) is used in food analysis for quality and authenticity control
of food products (Careri et al., 2002). The technique allows chemical and molecular
mass characterization of sample components and detection at concentrations as low
as one part per trillion. In the method, a sample is ionized by means of some form of
ionization technique, the resulting ions are separated by their mass-to-charge ratio in
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a mass analyzer and qualitatively and quantitatively analyzed by the detector system.
Frequently used ion sources in food analysis include electrospray ionization (ESI),
matrix assisted laser desorption ionization (MALDI) and inductively coupled plasma
(ICP).

ESI creates a spray of charged molecules from the dispersion. The technique allows
ionization of large, non-volatile and ionisable particles like for example food
macromolecules (Amad et al., 2000; Luykx et al., 2008). MALDI analyzes surface
of the solid sample by applying laser irradiation in a focused point. The laser induces
evaporation and charging of the sample components. MALDI and ESI are considered
‘soft’ ionization techniques- meaning that they do not fragment fragile molecules
like organic food components. In contrast, ICP ionises atoms through application of
a high temperature argon plasma. ICP is suitable for samples in the liquid state only
and is broadly applied for trace metal analysis (Tiede et al., 2008).

ESI, ICP and MALDI require a high vacuum for analysis. However, there are
sources of ionisation available which can deal with the sample in ambient conditions
and are suitable for all types of specimen - solid, liquid and gaseous. These
techniques include desorption electrospray ionization (DESI) and direct analysis in
real time (DART)). DESI and DART require no or minimal sample preparation.
These methods were developed only recently and are promising solutions for in situ
analysis of complex samples like food (Chen et al., 2010).

There are several kinds of MS analyzers available e.g. time of flight (TOF),
quadrupole, ion trap, Fourier transform, sector. They differ in resolution, mass
accuracy and range of measured mass-to-charge ratios (Tiede et al., 2008). MS
performs analysis of the elemental composition and mass concentration of sample
components. As an example of instrument performance, the ICP-MS can acquire the
mass spectrum of the plasma for almost the entire periodic table in just minutes with
detection limits below 0.1 ug/L.

Single particle mass spectrometry (SPMS) enables sizing of single particles. For
example, in work on sodium chloride polydisperse NPs, SPMS provided data on
both particle size and size distribution of NPs in a range of 30-150 nm (Lee et al.,
2005). SP-ICP-MS can be used in studies on metal based NP (e.g. Degueldre et al.,
2006)) to obtain size of particles as well as concentration measurements Low
concentrations of samples are introduced to the ICP-MS, run in single particle mode,
to achieve single particle spikes/events. MS systems can also be coupled with each
other and used in tandem mode. This is done to achieve higher sensitivity of the
method. In tandem setup, each MS isolates ions by their mass-to-charge ratio which
allows more detailed analysis by the next MS in a sequence. This approach enables
identification of individual subunits of the analyte. This method was used for the
determination of surfactant NP fingerprints (Buse et al., 2010).

MS can be combined with a range of size separation techniques (see section 4.1). A
potentially useful combination for the characterization of organic NP could be the
coupling of MS (usually employing MALDI or ESI depending on type of the
sample) with ion-mobility spectrometry (IMS) (Luykx et al., 2008; Peters et al., in
press). IMS separates ionised molecules based on their differential mobility in a
carrier gas with an electric field applied. When joined with the MS technique, the
method can separate the analyte based on size, shape and mass, providing chemical
characterization at the same time.
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3.4.5 Centrifugation, filtration and dialysis techniques

Filtration, centrifugation and dialysis in studies on NP containing food products can
be utilized as separation techniques for sample preparation. Filtration and
centrifugation might be also used themselves as analytical methods for the size
fractionation of NPs.

Filtration is most commonly used as a preparative method for liquid foods, enabling
investigation by other analytical techniques. Depending on the pore size filters may
allow separation of NPs and other similar sized food components from larger solids.
Nanofiltration with pore sizes below 1 nm can further separate the NP from
dissolved substances such as salts (Hassellov et al., 2008) which are commonly
present in food products. Filtration can process large volumes of the sample in a
short time. Application of a tangential flow further improves the effectiveness of
filtration by slowing down the effect of filter clogging. Tangential flow filtration
(also called cross flow filtration), combined with centrifugation, can even pre-
concentrate nanosized structures from 2 | of the sample down to 10-20 ul (Alonso et
al., 1999). Filtration enables size fractionation of NPs (Akthakul et al., 2005), but
because separation is only size-based, non-engineered food nanocomponents of
similar sizes will always be retained in the purified phase with the NP of interest. In
centrifugation, separation depends also on particle density. This offers improvement
in NP separation from the food matrix especially for inorganic NPs which are made
of heavier elements than the food components. Centrifugation as a sample
preparation technique is applied in a range of analytical methods, separating coarse
solids from supernatant containing NPs. For example, in microscopy, this approach
can be employed as a preparation step for WetSEM™ resulting in improved
adhesion of specimen containing NP to the capsule membrane (Koh et al., 2008).
Conventional centrifugation operates at forces which are not sufficient for
sedimentation of NPs. Therefore for further separation of NPs from similar size or
weight components in the matrix, ultracentrifugation is necessary. This technique
achieves forces of up to 1 000 000 g (Tiede et al., 2008) and is able to fractionate
NPs of different size, and even shape, chemical and physical properties in density
gradient medium (Bai et al., 2010). Ultracentrifugation is also used as a sample
preparation method for NP characterization techniques. For example TEM grids can
be placed at the bottom of an ultracentrifuge tube and centrifuged with the NP
dispersion to both enhance the distribution of analyte and to concentrate the sample
on the grid (Dudkiewicz et al., 2011). Ultracentrifuges can also be equipped with
optical detectors like refractive index or UV absorption. This method is called
analytical ultracentrifugation (ANUC) and can characterize features of NP such as
size, volume and density (Bootz et al., 2004).

Dialysis separates sample components based on diffusion of the dissolved substances
through a membrane. This technique is commonly used for purification of an NP
dispersion form stabilising agents (e.g. Uboldi et al., 2009). Dialysis has been
applied for the assessment of NP dissolution rates (Franklin et al., 2007). Like
nanofiltration, this technique could be used for final purification of NPs from
dissolved components of the food sample.

3.4.6 Other detection techniques

Brunanuer Emmett Teller (BET) can be used to measure the specific surface area of
powdered nanoparticles (1 - >1000 nm) by adsorption of nitrogen gas onto the
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particle surface and micropores. There are some other variants which are based on
the adsorption of organic molecules (e.g. ethylene glycol monoethyl ether, EGME).

The Scanning Mobility Particle Sizer (SMPS) used information on the mobility of a
charged particle in an electric field to measure the particle size distribution, charge,
and central rod voltage of an aerosol, which is a suspension of fine solid particles or
liquid droplets in a gas. The particles are classified according to their ability to
traverse an electrical field and are then counted by a Condensation Particle Counter
(CPC), which itself is an instrument to measure the number of ultrafine particles (3
to >5000 nm) by enlarging the particles through a condensing process. The number
concentration within a certain size range can hence be determined within a few
minutes. This instrument is able to measure particles with a size range of 3-1000 nm
and a concentration range of 20-10,000,000 particles per ml™. The major advantage
of SMPS is the ease of portability and significantly lower power consumption whilst
the disadvantage is the sample has to be in the aerosol form.

Thermogravimetry (TG) is based on continuous recording of sample weight changes
as a function of a combination of temperature with time, and additionally of pressure
and gas composition. It is commonly employed to determine characteristics of
materials, degradation temperatures, absorbed moisture content of materials, the
level of inorganic and organic components in materials, decomposition points of
explosives, and solvent residues.

Differential thermal analysis (DTA) and Differential scanning calorimetry (DSC)
measure the temperature difference and the heat flow difference between a sample
and a reference material (subjected to the same temperature variation in a controlled
atmosphere). They can be used to measure phase changes, melting, purity,
evaporation, sublimation, crystallization, pyrolysis, heat capacity, polymerization,
aggregation, compatibility, etc. The methods can be used to track the degradation
process of nanoparticles by identifying the formed by-product, and simultaneously to
inspect the food quality change along with addition of nanoparticles.

Synchrotron is a powerful and expensive technique available for the nanoparticle
detection, characterization, and quantification. Synchrotron radiation is generated by
the acceleration of ultrarelativistic charged particles through the magnetic fields. The
radiation produced may range over the entire electromagnetic spectrum (De Samber
et al., 2008). It hence can be combined with technigques such as X-ray spectroscopy,
X-ray Diffraction and Imaging, Infrared spectroscopy and X-ray Lithography for the
measurement of size distribution, number concentration, structure determination,
orientation and crystallinity and even protein crystallography (Jackson et al., 2009).
With the high-energy electron beam, synchrotron can be used for structure
characterization imaging, of either food or nanoparticles, from sub-nanometer level
to micro and millimetre level.

3.5 Detection and characterization of engineered
nanoparticles in foods, beverages and nutraceuticals

3.5.1 Sample preparation and digestion

Most of the analytical techniques described above require samples to be pre-treated
prior to analysis. One should be aware that any additional step of sample preparation
could introduce artefacts or alter the form of an NP in a sample. Therefore sample
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preparation should be always kept to a minimum. The preparation method should be
selected based on the type of NP, matrix and analytical technique used.

Separation techniques may simplify the detection of NPs. Restriction or exclusion of
the food matrix from the NP suspension removes issues of sample homogeneity and
may also concentrate the analyte, if the volume of the sample is significantly reduced
without NP losses. Pre-concentration might be essential as a preparation step in cases
where levels of NPs are likely to be low e.g. in food migration studies on NPs from
food contact materials into the product. Also for some methods with high limits of
detection (e.g. microscopy), pre- concentration is essential to allow detection and
analysis of NPs.

Separation of NPs from liquid samples can be achieved by ultracentrifugation,
filtration, and chromatography-based techniques (Tiede et al., 2008). However these
methods might not be able to exclude food components of the same size or similar
dynamics from the NP of interest. Therefore other methods like extraction or
digestion might need to be used to separate or aid separation by these techniques.

If NPs can be found in one of the fractions of the sample, extraction would be a good
way of sample preparation. In the literature, examples of extraction of fullerene Cg
from biological and environmental samples with toluene (Isaacson et al., 2007) and
by solid- phase extraction can be found (Chen et al., 2008). The use of cloud point
extraction has also been used as a pre-concentration method for silver NPs from
environmental waters, which preserves the size and shape of the NPs (Liu et al.,
2009). However, extraction of organic NP can be more problematic, since the
solvents used can disrupt their structure. The use of phase-transfer agents, which
surround the particle and allow its relocation from an aqueous to an organic solvent
environment may be suitable for extraction of organic NPs (Peters et al., in press).
Another option for sample preparation for organic NPs is mechanical separation
from liquid food samples by filtration or ultracentrifugation (see section 4.5).

Separation of NP from solid samples may be difficult without changing their
properties. For this purpose digestion methods can be used. Enzymatic hydrolysis is
a very gentle method and can be applied for characterization of interactions of
different fractions of an element with a food matrix (Bermejo et al., 2004). However,
enzymatic hydrolysis is a time consuming process. Acceleration can be achieved by
sonication. This proved to shorten proteolysis in yeasts (Capelo et al., 2004) and has
been applied for recent studies on Selenium and its species in food supplements
(Vale et al.,, 2010). On the other hand use of sonication may change the
agglomeration state of NP. Therefore the method, though gentle and able to separate
components of interest from the matrix, might not fully reveal all NP characteristics.
This method most likely would destroy organic NPs, especially carbohydrates, lipids
or proteins.

Disintegration of sample structure and the dissolution of NPs by means of acid
digestion might be also useful and is already practiced for NP mass concentration
measurements. For example, for inorganic NP that are not commonly found in food
products, like gold or silver, the sample can be fully digested and then analyzed for
mass concentration of the element of interest by common available techniques.
However, concentration measurements of nanoparticles based on total elemental
quantification can lead to overestimates of NP concentrations as the measurement
includes not only the NP form but also any non-NP form that is present in a sample.
For example, silica NPs can be found in many food concentrates, but nanosilica
constitutes only a part of the total silica content (Dekkers et al., 2010). Furthermore
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silica does not dissolve in low pH (except of when hydrofluoric acid is used) but
requires an alkaline environment for extraction. Therefore, in the case of this
particular NP, acid digestion might be useful for removal of the sample matrix to
separate the nanosilica from the rest of the biological sample (Tadjiki et al., 2008).
However, it is anticipated that this method may also cause changes in NP
characteristics.

3.5.2 Chemical analysis of nanoparticles in food products

The chemistry of an NP is a crucial characteristic influencing its properties.
Depending on chemical composition, NPs can be used for food industry applications
as antimicrobial agents (e.g. silver NPs), UV protection (e.g. TiO, NPs), nano
delivery systems (NDS) for increased bioavailability of nutrients and their targeted
delivery.

There are a number of methods that can help to characterize elemental composition
of NPs which have already been discussed in section 4. However the problem is
much more complex. Many NP systems are comprised of more than one element.
These elements can be localised in different parts of the particle. For example the
surface shell of the particle can consist of a different chemical from its core, or the
whole NP can be divided into various chemical layers. Moreover NPs can be capped
with stabilising agent or surrounded by residues of food matrix components after
preparation of the sample. In terms of NP reactivity and potential toxicity these
characteristics are also important and may require determination.

The most widely applied technique for NP chemical composition characterization is
MS. By means of MS, evaluation of an NPs chemical formula is possible (Qian et
al., 2010). MS in combination with IMS is able to distinguish between chemically
homogenous and complex NPs (Jackson et al., 2005). Tandem MS can additionally
provide fragmentation patterns characteristic for an analyzed NP indicating its
fingerprint (Buse et al., 2010). This might be of use especially for organic NPs.
Organic NPs embedded in a food matrix can be difficult to analyze because of
similarity in elemental composition with the food components. Therefore, they might
need to be separated from the sample prior to analysis. Detection and
characterization of inorganic and metal based NPs is less problematic and there is
also a wider range of methods available. All techniques that atomise the sample for
analysis like AAS, OES, ICP-MS, ICP-OES may be useful for characterization of
inorganic and metal based NPs, especially if elements of interest are not commonly
present in the food product. The drawback is that the NP structure is disrupted and
characterization of other features- like existence of chemical layers is not possible.
However, analytical techniques coupled to electron microscopes may enable
visualization of element layers within the particle by elemental mapping as presented
for multishell Au/Ag NPs imaged by STEM/EDS (Rodriguez-Gonzalez et al., 2005).
Imaging techniques in combination with spectroscopic techniques such as EDS make
it possible to localize chemically different NPs within a complex matrix and
characterize their chemical composition as presented for industrial nano-
contaminants in bread and biscuits (Gatti et al., 2009). If an NP consists of high
molecular weight elements, the contrast with the organic food matrix presented on
the micrograph is also higher and this allows better imaging/detection. Detection of
NPs in food by EM is often referred to as ‘looking for a needle in the haystack’
(Dudkiewicz et al. 2011). As discussed in section 4.2 these methods allow analysis
of very scarce volume of the sample only and the limit of detection is quite high in
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comparison to other analytical methods. Therefore, multi method analysis for
chemical characterization of NP is a good solution. For example, asymmetrical flow
FFF coupled to high resolution ICP-MS was applied for trace metal determination in
NP extracted from riverbed sediment and TEM with EDS detection enabled analysis
of single particles and interactions with heavy metals (Plathe et al., 2010).

Since NPs are expected to interact with components of food matrices (EFSA, 2009)
and easily adsorb proteins on their surfaces changing their composition (Lynch &
Dawson, 2008), characterization of the surface chemistry of NPs is of particular
interest. The surrounding layer of substances on the NP interface can be visualized
with EM, however, characterisation of the chemical structure of the layer can be a
problem. Analytical techniques coupled to EM can indicate elemental composition
of this layer but are not able to identify its molecular structure. For this purpose
NMR can be applied. This method has been used to identify acidic phosphorus-
containing ligands on the surface of CdSe NPs (Kopping & Patten, 2008) and
interactions of protein- human Ubiquitin with Au NPs (Calzolai et al., 2010). NMR
IS an interesting technique for studies on food because it is non- destructive.
Similarly, XRD does not require significant sample pre-treatment. This technique
can identify crystalline molecules or mixtures of molecules based on their diffraction
patterns (Luykx et al., 2008). Therefore, XRD can be useful for characterization of
chemically complex NPs and identification of molecules surrounding these NPs on
condition that structures of interest are crystalline.

3.5.3 Size analysis of nanoparticles in food

Size distribution can be measured with chromatography, FFF, CE, light scattering,
SPMS, ANUC and also microscopy methods. For chromatography based techniques
calibration is a must, since particle size is calculated from retention time. There are
many challenges connected with calibration. Calibration standards should comprise
stable and inert particles of known size and concentration. The stabilising agent
should not increase the diameter of the particles, and their shape should be the same,
preferably spherical. A current problem faced by those using these chromatography
methods is the availability of such standards.

In numerous studies methods enabling sizing of NPs are compared to each other and
often provide different results. Various techniques may require different sample
preparation which affects NP size and also expression of size itself varies between
the methods. For example, methods like SEC, HDC, FFF, DLS, NTA measure the
hydrodynamic diameter of NPs, whereas the radius of gyration is calculated from
MALLS measurements (e.g.Fishman et al.,, 1996)). Size separation and light
scattering techniques are also not able to distinguish between particles and
substances located on its surface. In this case, size measurements include any
possible substances from the food matrix that could surround the NP. EM might be
able to visualize the actual core of an NP and distinguish it from surrounding
elements of the food matrix. There is a range of negative stains available for contrast
enhancement and visualization of organic food components. Also sample preparation
for EM and AFM involving removal of water or freezing might affect size of
especially organic strongly hydrated nano-structures such as starch particles, which,
measured by SEC and MALS, have a higher radius of gyration in comparison to data
from TEM analysis (Fishman et al., 1996). A similar effect was observed in studies
on polyurethane NPs where data from DLS and AFM were compared (Zanetti-

188



Annex 2

Ramos et al., 2009) and for poly (butyl cyanoacrylate) NP where SEM indicated a
significantly shorter mean diameter than DLS and ANUC (Bootz et al., 2004).

EM and AFM allow sizing of NPs within solid samples whereas other methods
usually require separation of NP from the matrix, which also can affect NP size.
Techniques like chromatography-based techniques use mobile phases to separate the
sample, which might interact with NPs and affect their characteristics (Tiede et al.,
2008). Light scattering methods and ANUC can identify NPs in their original media,
if liquid does not contain any other solids and colloidal particles which would cause
false positives. Food matrices do not meet these requirements. Therefore ANUC,
which separates particles also based on their density, mass and shape may enable
controlled purification of NPs from food components and subsequent analysis of the
particles of interest. Also SANS can discriminate the background from the particle
and enable measurement of NPs even in turbid media as demonstrated for SiO, NPs
with Fe;O4 core dispersed in real wastewater samples (Jarvie et al., 2009). However,
compared to ANUC, this technique cannot not separate an analyte during
measurement. SANS, SAXS and also TEM can enable determination of core and
shell thickness in relevant NP systems (Riley et al., 2003; Kandar et al., 2009;
Martin et al., 2008).

3.5.4 Imaging of nanoparticles in food products

A major drawback of imaging methods for characterization of NP in food products is
the sampling, sample preparation and data interpretation, especially for electron
microscopy techniques (Dudkiewicz et al., 2011). Sampling for imaging is
challenging because the volume of the sample introduced for the analysis is quite
small in comparison to many other analytical methods. Furthermore, conventional
EM techniques require extensive sample preparation. These sample preparation
methods for SEM, TEM, FIB-SEM and STEM can employ various ways of water
removal from the specimen. Drying causes alterations in food samples and may also
influence NP features (Domingos et al., 2009). Although chemical fixation followed
by dehydration in ethanol/acetone and critical point drying or resin embedding better
preserves the sample structure, it can also cause loss of food components (Kalab &
Larocque, 1996) and may remove NPs, especially if they are not associated with
other sample components.

Some food products simply cannot be chemically fixed such as foods with high
contents of saturated fat and carbohydrates. These products can be prepared for
imaging by freezing and then imaged by cryo- EM. Freezing preserves well
processed foods like cheese (Noronha et al., 2008), bread (Barcenas & Rosell, 2006)
or chocolate (James & Smith, 2009). However, samples with intact cellular
structures can suffer damage from growing ice crystals. This damage can be
minimised by using optimal freezing conditions which ensure preservation of sample
structure of the specimen in 5-10 um depth due to formation of amorphous ice,
allowing detailed observation of unaltered specimen in cryo-SEM and cryo-TEM.

A food sample in its unperturbed state can be viewed by environmental and liquid
EM techniques. ESEM has found many applications for imaging of food products
(James, 2009) and has been used for detection of metal based micro and nanosized
contaminations in bakery products (Gatti et al., 2009). Liquid and environmental EM
offers lower resolution than conventional and cryo- techniques, even down to 100
nm, but provides important complementary information.
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Light and x-ray microscopy as well as AFM do not need extensive sample
preparation and therefore enable imaging of food samples close to their original
status. Light microscopy even though its resolution is too low to image NPs can be
useful as complementary imaging technique e.g. to check the homogeneity of the
sample or select the area which may contain NP for high resolution imaging. Some
NPs can be localized by light microscopy if their size is enhanced by deposition of
silver ions — this method is called auto-metallography (Dudkiewicz et al. 2011).

X-ray microscopy enables observation of the specimen in the fully hydrated state and
unlike SEM does not need sectioning for 3D imaging of the sample. X-ray
microtomography finds numerous applications in food science, for example in
measurements and distribution of pores in chocolate (Haedelt et al., 2007), or bakery
products (Adedeji & Ngadi, 2009; Babin et al., 2006). In food analysis this method
is advantageous over EM because it is non-invasive, involves less preparation than
EM and can be used in situ (Babin et al., 2006).

AFM is regarded as ‘a powerful tool for nanofood production and research’ (Yang et
al., 2007). It is widely used for characterization of natural food nanostructures and in
nanomaterial science. AFM can characterize dry and fully liquid samples. Imaging
of liquids, however, can pose a problem, because, if not fixed, particles will move
and get attached to the tip causing imaging artefacts. Nevertheless the method
provides high resolution imaging while avoiding many of the sample preparation
challenges faced by EM.

A general issue for all the imaging techniques is the extraction of data from the
obtained micrographs. Since microscopy is supposed to provide representative
information about the size and size distribution of the NPs in the sample it is
important to characterize as many particles as possible. The number of NPs required
to be characterized to give sufficient information varies and in some cases, thousands
of NPs may need to be analyzed. Therefore, manual interpretation of micrographs is
almost impossible and automated image analysis tools have to be applied for this
purpose. The Definiens Developer™ software is an example of such a tool used for
analysis of TEM micrographs for imaging of NPs and biological samples (Tiede et
al., 2009a; Tiede et al., 2010).

3.5.5 Dissolution and aggregation measurement

Particle dissolution and interactions such as agglomeration are important variables
that will need to be assessed in order to understand the behaviour and risks of NPs in
food. Agglomeration is defined as clustering of particles which is reversible to well
dispersed state, while in aggregates clustering is non reversible (Prestidge &
Ametov, 2000). The change of NP aggregation state can be measured by determining
the changes in shape and size over time.

EM techniques can be used to directly visualize NPs. Therefore EM can also indicate
state of NP aggregation and agglomeration. As shown in Fig. 3.1, NP shape and size
can be determined from EM images,. The distance between single particles,
determined from micrographs by image analysis, can indicate agglomeration of
nanoparticles in certain areas of the sample. Aggregation can be due to sample
alterations introduced by the sample preparation methods used such as drying, during
which suspensions of NPs tend to agglomerate and even aggregate due to the loss of
dispersive phase and increases in attraction forces.
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Fig. 3.1 TEM images present a. aggregation of silver nanoparticles and b.
dispersed single silver nanoparticles
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Techniques that are able to measure both size and particle number concentrations,
e.g. NTA, CPS, and SMPS, can also be used to evaluate the state of
aggregation/agglomeration of NPs. (Kendall et al.,, 2009). Aggregation or
agglomeration of NPs is indicated by a decrease in PNC and an increase in the mean
diameter, while a break up of agglomerates will result in PNC increase and the mean
NP diameter decrease. If the PNC is stable, but the NP mean diameter decreases then
this can indicate dissolution of NPs.

In general, the measurement of dissolution and aggregation of NPs in food is
complex, mainly due to the requirement for sample preparation, which often
introduces sample alterations and therefore artefacts, and the difficulties in
separating sample components, e.g. NPs from their ionic counterparts.

3.5.6 Determination of other important features of nanoparticles in
food

Shape

The shape of a NP is usually determined by an imaging method. However, it is also
possible to get a rough idea on NP shape by size fractionation techniques coupled to
light scattering detectors (e.g. asymmetrical FlowFFF-MALLS applied for the
characterization of riverbed sediment NP by Plathe et al. (2010)). Furthermore it is
possible to fractionate NPs based on shape using density gradient separation by
ultracentrifugation. This approach has been successfully been applied in the
separation of gold nanospheres in a dispersion with gold nanowires (Bai et al.,
2010).

Surface charge

Surface charge of an NP has an effect on its stability and reactivity. It will also have
an influence on NP stability in the food environment. Based on particle mobility, the
overall charge of a colloidal system and therefore its stability can be determined (;
(see section 3.4.3; Tiede et al., 2008).
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Surface area

Surface area of a NP will depend on its structural features, e.g. shape, porosity,
crystallinity. Surface area can be determined by chemisorption based on methods
like BET (See chapter 4.6). The higher the surface area to volume ratio, the higher
the reactivity of an NP. The reactivity of an NP will have an impact on its fate in
food products. A value of this property can be obtained by calculation as presented
for gold NPs (Janz et al.,, 2010). In this study the authors determined the
concentration of thiol (often used as stabilizing agent) interacting with the surface of
gold NPs to calculate the specific surface area and compared the data with
measurements obtained by TEM imaging. A good correlation for these two methods
was found. Surface-to-volume ratio can also be characterized by SAXS (Luykx et
al., 2008).

Structure

Structure of NP is a very broad term and some structural features like shape or
chemical layers (see section 5.2) of NPs have already been discussed in previous
sections. Most of the structural information can be obtained by imaging techniques.
The popularity of these methods emerges from the fact that structure analysis has to
be performed on a single particle basis. A method often applied for the identification
of crystal structures is XRD. For example, XRD in combination with SAXS was
applied to investigate nanostructures in resistant starch type Il during thermal
treatments and cycling (Zabar et al., 2008).

3.6 Future Trends

Nanotechnology is still in the early stages of development in food industry
applications. At the moment, the lack of knowledge concerning the risks of NPs in
food and food related products: 1) potentially limits new product development; 2)
means that consumers are concerned about the safety of NPs to their health; and 3)
inhibits authorities in developing appropriate legislation. In order to develop
knowledge on the risks of NPs, the development of methods for detecting and
characterizing NPs in food is essential.

As pointed out in this chapter there is no one available technique able to detect and
characterize all the important features of NPs used in food, nutraceuticals and food
additives at once. The use of a combination of methods for characterisation of NPs in
food matrices is usually necessary. Future work will have to focus on the
development and validation of methods for in situ analysis of NPs in food and
adequate sample preparation for the available techniques. Pre- treatment of
especially solid food samples is in most cases unavoidable, but care has to be taken
to choose appropriate methods and develop applicable protocols that result in
minimal disturbance of the NPs within a sample. For the development of
standardised analytical procedures and protocols, there is a need for size calibration
standards and reference materials, which are not available at the moment.
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3.8 Appendix: glossary

AAS Atomic absorption spectroscopy

AFM Atomic force microscopy

ANUC Analytical ultracentrifugation

BET Brunauer-Emmet-Teller chemisorption method
CE Capillary electrophoresis

CFM Chemical force microscopy

CLSM Caonfocal laser scanning microscopy

CPC Condensation particle counter

DART Direct analysis in a real time

DESI Desorption electrospray ionization

DLS Dynamic light scattering

DSC Differential scanning calorimetry

DTA Differential thermal analysis

EDS Energy-dispersive X-ray spectroscopy

EELS Electron energy loss spectroscopy

EM Electron microscopy

EPR Electron paramagnetic resonance

ESEM Environmental scanning electron microscopy
ESI Electrospray ionization

ETEM Environmental transmission electron microscopy
FIB Focused ion beam

FFF Field flow fractionation

HDC Hydrodynamic chromatography

ICP Inductively coupled plasma

IMS lon mobility spectrometry

LIBD Laser-induced breakdown detection

LIF Laser-induced fluorescence

MALDI Matrix assisted desorption ionization
MALLS Multiangle laser light scattering

MS Mass spectrometry
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NDS
NMR
NP
NSOM
OES
PNC
RLS
RS
SANS
SAXS
SEC
SEM
SLS
SMPS
SPMS
SPR
STEM
TEM
TG
TOF
UV-VIS
WDS
XAS
XPS
XRD
XRF
XRM

Nanodelivery systems

Nuclear magnetic resonance
Nanoparticle

Near-field scanning optical microscopy
Optical emission spectroscopy
Particle number concentration
Resonance light scattering

Raman spectroscopy

Small angle neutron scattering
Small angle X-ray scattering

Size exclusion chromatorgraphy
Scanning electron microscopy
Static light scattering

Scanning mobility particle sizer
Single particle mass spectrometry
Surface plasmon resonance

Scanning transmission electron microscopy

Transmission electron microscopy
Thermogravimetry

Time of flight

Ultraviolet-visible spectrophotometry

Wavelength-dispersive X-ray spectroscopy

X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
X-ray diffraction

X-ray fluorescence spectroscopy
X-ray microscopy
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Abstract. Nanoparticles are used in industry for personal care products and the preparation of
food. In the latter application, their functions include the prevention of microbes’ growth,
increase of the foods nutritional value and sensory quality. EU regulations require a risk
assessment of the nanoparticles used in foods and food contact materials before the products
can reach the market. However, availability of validated analytical methodologies for detection
and characterisation of the nanoparticles in food hampers appropriate risk assessment. As part
of a research on the evaluation of the methods for screening and quantification of Ag
nanoparticles in meat we have tested a new TEM sample preparation alternative to resin
embedding and cryo-sectioning. Energy filtered TEM analysis was applied to evaluate
thickness and the uniformity of thin meat layers acquired at increasing input of the sample
demonstrating that the protocols used ensured good stability under the electron beam, reliable
sample concentration and reproducibility.

1. Introduction

The new emerging trend in the food industry exploits nanotechnology for versatile developments. One
example is silver nanoparticles (NPs) used for food application. For their antimicrobial properties,
silver nanoparticles (AgNPs) are used in food supplements and various food contact surfaces (e.g.
packaging, cutting boards, cutlery)[1]. AgNPs are reported to be cytotoxic not only to bacterial but
also human cells [2]. One of the reasons for this increased toxicity of AgNPs is associated with their
size [2]. However, NPs size undergoes dynamic changes after spiking in complex matrices e.g.
agglomeration/ aggregation, dissolution, deagglomeration [3-5]. Therefore The European Food Safety
Authority emphasizes that for appropriate risk assessment of NPs in foods and feed, a particle size
measurement in the hosting food products is necessary [6]. Of special interest among the methods
allowing NP size measurement is electron microscopy (EM) coupled spectrometry methods. However,
standard sample preparation protocol for solid food samples e.g. meat involves such methods as resin
embedding or freezing and sectioning of frozen material [7]. Both methods are laborious, require
sophisticated equipment and technical skills. Additionally the volume of the sample that can be
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analysed in EM at once is very limited, making the method only useful for samples containing very
high numbers of paiticles. In this study we test an alternative sample preparation protocol based on
sedimentation of homogenized and highly diluted samples onto TEM grids. This approach allows a
reduction in sample preparation time down to 1-2 hours and does not require skills necessary for thin
sectioning of frozen or embedded material. The samples are dried prior to analysis and therefore it is
possible to increase the analysed sample volume when compared to traditional approaches. In this
work we report stability of the sample in the electron beam and summarize data regarding the sample
layer thickness and its uniformity at increasing sample concentration. These parameters have a crucial
meaning for the size measurement and quantification of NPs in food samples by EM. The study
demonstrates application of powerful tools, energy filtered transmission electron microscopy
(EFTEM) and electron energy loss spectrometry (EELS) for the measurement of the meat sample
thickness.

2. Material and methods
Meat emulsion was obtained using the equipment and the methodology as described in [8]. However,
at the final stage, the cryo-milled meat was not frozen and no AgNPs were added. The material was
preserved using Proclin 150™ at a concentration of 1.1 g/ kg and aseptically packed in 50 ml amber
vials. The density of the meat emulsion was 1.006 g/ ml. Aqueous dispersion of AgNPs stabilized with
polyvinylpyrrolidone at concentration of 0.1% m/m and nominal size of 42+10 nm was originally
obtained from Nanogap (Milladoiro, Spain). AgNPs were mixed with the meat emulsion ina 1:1 ratio
using a potter type homogenizer until visual homogeneity of the resulting viscous liquid was obtained.
TEM samples were prepared by dilution, homogenization and subsequent sedimentation of the
AgNPs/meat viscous liquid on formvar-carbon coated, 400 mesh Cu TEM grids (Agar Scientific,
Stansted, UK). A borate buffer at pH 8.0 (0.05M H3;BO;, 0.05M KCI, 0.004M NaOH) was used for the
dilution step for three dilution factors, 200 fold m/m (Sample 4), 500 fold m/m (Sample B) and 2000
fold m/m (Sample C) respectively. The diluted emulsions were dispersed in the buffer using potter
type homogenizer and subsequently homogenized with ultrasonic probe (Misonix, USA) in vials for 1
min at 100 W. During homogenization, vials were kept cool by immersion in water with ice. Lastly,
0.5 g of sample at each dilution level were transferred to polyallomer centrifuge tubes and topped up
with the buffer to the level of 2-3 mm from the tube rim. The tubes were equipped with solid Agar 100
resin fillers (Agar Scientific, Stansted, UK) at the bottom to ensure flat support for the TEM grids.
Samples were sedimented on the TEM grids in Beckman XL-100 ultracentrifuge (Beckman,
California, USA), equipped with SW40Ti rotor and operating at RCF=100.000 g at 20°C for 1h.
Characterization by EFTEM was undertaken using a JEM-2200 FS (JEOL Ltd., Tokyo, Japan) field
emission TEM operating at 200 kV, equipped with an in-column Omega-type eneigy filter, and CEOS
image and probe 3" order aberration correctors. Sample thickness was measured using the Digital
Micrograph (DM) (Gatan, Pleasanton, USA) EFTEM thickness map routine.

3. Results and discussion

Figure 1 shows typical sample thickness analysis for the three samples. Bright field images in Fig. 1a),
1b) and 1c) show nanoparticles embedded in the dried emulsions. #A maps in Fig. le), 1f) and 1g)
(where t is the sample thickness and A is the electron mean free path for inelastic scattering) were
obtained through acquisition and application of the log-ratio method [9] of an unfiltered bright field
(BF) image followed by an elastic image with 10eV energy slit centred onto the zero loss peak
(512x512 pxl, 3s acquisition). AgNPs were found positioned at different heights within the sample
regardless of the dilution applied, demonstrating that the sample preparation method provided layers
of significant thickness. The sample diift during the map acquisition was evaluated and removed using
AgNPs as a reference for image correlation. Figure 1d)-f) show #A maps respectively for sample 4, B
and C. Cross correlation results from each map acquisition show an average drift of 2.4pxl (Sample
A), 1.6 pxl (Sample B) and 4 pxl (sample C) corresponding to 3.2nm (0.5% of the field of view),
2.2nm (0.3%) and 5.4nm (0.8%). This shows that during the images acquisition, and regardless of the
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level of sample dilution, the samples were stable under the electron beam, i.e. no significant sample
drift or shrinkage could be observed.

a. b. (o
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Figure 1. EFTEM analysis of Ag NPs in 200 (a) and (d) (Sample A), 500 (b) and (e)
(Sample B), and 2000 fold (c) and (f) (Sample C) with BF TEM images a.)-c.) and thickness
maps d)-f);dashed boxes indicates typical areas of ©/A mean values measurement .

The sample thickness was calculated from #/A measurements on paiticle free areas and the results are
reported in Table 1. A was estimated using the following equations:

106 F 22

Em 0.36 &z f)rs
_— ;. Bu=UBZ %) : =
E MPL Em arr (2 [10] Zepr =z )

In(2 g %)

m
where F is-a relativistic factor (0.618 for 200kV electrons), E, the incident beam energy, E,, the mean
energy loss (calculated using eq.(2)). The effective atomic number Zis calculated according to

fractions (f) of the (¢) elements in the sample of atomic number Z as described in equation (3).

[ indicates the collection aperture, in our case no
Table 1. EFTEM measurements of #A4 and aperture was used and a value of 15mrad was
mean values of calculated thickness chosen to feed into eq.(1) according to [10]. The
sample (+support) composition was estimated by

(©I)

Dilution factor vAEs.d. 1 (um) + sd EELS spectroscopy (see Figure2a). A spectrum was
(A) 1in 199 1.75+0.31 260 +46 acquired within a region comprising the main
(B) 1in499 0.79 £0.26 118 +39 elements present in the meat (C, O, N) sample.

Quantification was done using calculated cross
sections in DM quantification routine producing the
Standard deviations (s.d.) are given from following elemental composition: C 88at%, N 7at%
measurements in 5 different areas per sample. and O 5at%. A value was estimated to be 149nm.
The mean sample thickness (see Table 1) vaiies
with the sample dilution and increases with decreasing dilution factor. The measurements over 5 areas
across the TEM grid point out good homogeneity of the sample thickness over the grid, potentially
allowing quantification of homogenously distributed NPs in meat emulsion. However, the calculated
sample thickness included the thickness of the formvar-carbon film initially present on the TEM grid.
To estimate the film’s thickness we used a linear fit of the measured sample+suppoit thickness versus
the quantity of sample applied in milligrams (see Figure 2b). The support thickness can be evaluated at

(C)1in1999  0.50+0.10 74 +£15
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the intercept on the x-axis (no sample applied) of the fitting function, which corresponds to a value of
~ 40 nm. This value is in good agreement with the value provided by the manufacturer: 30-40 nm of
formvar and ~10 nm of carbon. Therefore the thickness for sample A, B and C is respectively about
220, 80, and 30nm. We have calculated that same samples in the hydrated state (based on meat
emulsion density) would create 3449 times thicker layer on the TEM grid. This figure also defines the
level of the sample pre-concentration compared to the cryo- and resin embedding preparations where
the volume changes in comparison to hydrated sample are minimal.

b_)_ 014 m=0.0006t-0.0242 (4)
%012 -
01

0.08 -

0.06

0.04

0.02
0l

0 50 100 150 200 250 300

Spectrum

Background
Signal

X-section

R*=0.988%

Counts (107
sample applied (m;

Sample thickness (nm)

o
En. Loss (eV)

Figure 2. a) Quantified EELS spectrum showing C, O and N K-edges. Red, green and blue lines
represent background, net signal, and calculated cross section for quantification. b) Linear fit of
sample applied versus sample thickness with linear fit equation (4) inset .

4. Conclusions

In this paper we have evaluated a new sample preparation approach for potential quantification and
measurement of NPs in food. EFTEM and EEL S were successfully applied to measure the thickness of
meat sample containing AgNPs. Using the described sample preparation protocol, we were able to
obtain meat emulsion layers where the weight input of meat emulsion was linearly related to the TEM
sample thickness and allowed to predict the support thickness for null input. This protocol provides a
quicker and easier sample preparation method with respect to traditionally used solutions, such as
resin embedding and cryo-sectioning, and allows increasing the amount of sample volume analysed.
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Summary

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

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

images can detect ENPs in liquids down to 30 nm and to a
level of 1 mg L™ (9x10® particles mL~!, 50 nm Au ENPs).
The results indicate ASEM is a highly complementary method
to existing approaches for analyzing ENPs in complex media
and thatits use will allow those studying to study ENP behavior
in situ, something that is currently extremely challenging to
do.

Introduction

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

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

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

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

© 2013 The Authors
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Methods and material

Study ENPs

Mercaptoundecanoic acid coated (MUDA) Au ENPs, with a
nominal diameter of 30 nm, were obtained from Dr Jon
Veinot at the University of Alberta (Edmonton, Canada).
Citrate coated Au ENPs, with a nominal diameter of 50 nm,
were purchased from BBInternational (Cardiff, UK; batch no.
10836). Titanium dioxide (Ti0,) nanopowder was purchased
from Sigma Aldrich (UK, lot no. 637254, nominal diameter
<25 nm). Spherical silica ENPs in dispersion were provided by
AZElectronic Material France SAS (Klebosol 30R 50, nominal
diameter 80 nm, concentration 29-31% w/w).

Study matrices

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

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

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

ASEM Imaging

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

applied.
Nominal
diameter 30 nm 50 nm 50 nm 50 nm <25nm 80nm
Core Au Au Au Au TiO2 Si0>
Coating material 11-MUDA™! Citrate acid Citrate acid Citrate acid n.a. n.a.
Supplier Edmonton, Canada BBI, UK BBI, UK BBI, UK Sigma Aldrich, UK Sigma Aldrich, UK
Matrix Stock Stock Daphnia medium Natural sediment BSA Tomato soup
Mass [con] 40mgL ! 50mgL! 50mgL! 50mgL! n.a. n.a.
Applied ASEM, TEM,NTA, ~ ASEM, TEM, NTA,  ASE, TEM, NTA ASEM, TEM,NTA  ASEM, TEM,NTA  ASEM, TEM, NTA
techniques FEG-SEM FEG-SEM
Pre-treatment n.a. n.a. Venes:Vinedium = 1:3 Menps:Mgegi = 4:1 10x103 mgL ' of 2x10° mgL ! of
leave for 0.5 hr leave overnight TiO> in BSA Si0> in tomato
soup

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

Step 2. add 500 pL sample to ASEM dish 23

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

Step 4. add 500 pL dextran 500 (20gL~1)
FEG-SEM Dry in an oven at 50 n.a. n.a. na n.a

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

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

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

Note: 111-MUDA, 11-mercaptoundecanoic acid.

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

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

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

water, Fisher scientific, UK).

5 The ultracentrifugation of the ENPs in the supernatant of sediment onto TEM grids was performed on a Beckman XL-100 ultracentrifuge (Beckman,
California) with a SW40Ti swing bucket rotor and polymer tubes, at 20°C for 1 h, with ref = 100x 10 g and @ = 128 x 10 rpm.

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

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

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

Scanning Electron Microscopy (SEM)

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

© 2013 The Authors
Journal of Microscopy © 2013 Royal Microscopical Society, 250, 32-41
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Fig. 1. Images of nominal 50 nm BBI Au obtained from ASEM (a), FEG-SEM (b) and TEM (c). An:

than ASEM and FEG
each mage.

Transmission Electron Microscopy (TEM)

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

To increase the number of ENPs being visualized in the
supernatant of natural sediment, ultracentrifugation, was
applied to increase particle number concentration and hence
improve imaging of particles. The ultracentrifugation was
performed on a Beckman XL-100 ultracentrifuge (Beckman,
California) with a SW40Ti swing bucket rotor and polymer
tubes, at 20°C for 1 h, with ref = 100 x 10° g and w = 128
x 10* rpm. ENPs accumulated on the TEM grid located at the
bottom of the centrifuge tube, with a flat bottom support of
Agar 100 resin (Agar Scientific, UK).

Nanoparticle Tracking Analysis (NTA)

NTA was performed to monitor the ENP size distribution
in liquid using a Nanosight-LM10 (NTA, Nanosight, UK).
In order to meet the NTA ideal number concentration
requirement (1~25x10% particles per mL solution), samples
were prepared differently. Stock solutions of the MUDA and
citrate coated ENPs, TiO, ENPs in BSA and Si0, particles in
tomato soup were further diluted in water prior to the analysis.
A more extensive pre-treatment was carried out on the Au
ENPs in natural sediment; the natural sediment was firstly
treated by vacuum filtration (11 pm filter pore size). After
mixing with ENPs, the ENP-sediment sample was centrifuged
(ref = 2000g, 2500 rpm x 5 min, Hermle Z 513K). The
supernatant was sampled and further diluted (100 times) with
water (HPLC fluorescence grade water, Fisher scientific, UK)
for NTA analysis.

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

© 2013 The Authors
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(c)

100 nm ——---

is showed that TEM, which has a greater resolution

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

Image Analysis

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

Result and discussion

Capability of ENP size measurement using ASEM

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

ngle particles are presented in the top left corner of

213



Annex 4

36 P.LUO ET AL.

Fig. 2. Imaging of the smallest ENPs by ASEM in this study. The smallest round Au ENPs (a) detected by ASEM is 30 nm Au stock solution. The size of

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

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

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

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

Optimising detection of ENPs

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

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

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

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

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

nent of Si0> in tomato soup using ASEM (Fig. 3g) is slightly more difficult than TEM (Fig. 3h)

L]

film at the focus of the beam. Suga et al. (2011) explained that, attract the positive charged ENPs (e.g. Silica) while repel the
the total sum of the secondary and BSE emitted from the SiN, negatively charged ENPs, e.g. 11-MUDA coated Au ENPs. If

film is less than the total incident electrons which creates a this repulsion force plus the dispersive force is weaker than
potential difference in the water. This potential difference can the attraction force between the ENPs and ASEM dish, the

© 2013 The Authors
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ENPs would be stable in the liquid and images of the ENPs
can be obtained. The imaging of these 30 nm Au ENPs was
highly improved by further treatment with glutaraldehyde.
The covalent binding force between the glutaraldehyde (ENPs
coating) can overcome the repulsion force and bring ENPs
close to the SiN, film (Fig. 2a). Another example is when
Au ENPs are immobilized by an external matrix, e.g. by
fixing in biological cells, then much smaller particles can be
detected (<30 nm, C.L. Dennison, private communication). It
isrelatively straightforward toimage 20 nm particlesalthough
the signal to noise of particles is lower and the precision of the
size determination is correspondingly worse.

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

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

In addition, the size of signal generation area also depends
on the size and shape of the sample. The minimum observable
size of sphere particles (e.g. 30 nm Au ENPs) is smaller than
the irregular shape of aggregates (e.g. 80 nm Ti0, ). Therefore,

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

Minimum particle number concentration

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

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

Au ENPs in Daphnia culture medium

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

TiO, ENPs in BSA solution

Results were obtained for the TiO, ENPs in BSA solution
using similar methods. One of the ClairScope OM images of
the TiO, ENPs (nominal <25 nm) in BSA is shown in Figure
3d (430x), with an insert showing the electron image. All the
TiO, ENPs were observed as round firm aggregates with the
size of 3822 + 700 nm. The large aggregates are about 6 um
across while the small aggregates are down to ~80 nm. Only
small aggregates were found by TEM imaging (127 4 74 nm,
Fig. 3e) and NTA (123 £ 75 nm, Fig. 3f). Various scenarios
might contribute to these differences. First, NTA is incapable of
detecting particles > 1000 nm (Gillespie et al., 2011). Second,
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dilution (in deionized water) required by NTA might separate
the agglomerates to constituent particles. NTA measurement
of TiO, sample was performed in DI water due to the existence
of large number of particles in the BSA solution. This indicates
anotherdrawback of NTA;itis unable todifferentiate the target
ENPs from other particles contained in the matrices. Third, the
sample preparation required by TEM imaging (e.g. transferring
with a pipette or blotting with filter paper) might lose the large
agglomerates/aggregates. Larger particles are more likely to
be lostif any part of the particles can be washed away from the
grid surface during dry blotting. This is because, comparing
with the smaller particles, the large ENPs have the lower
surface-to-volume ratio and subsequent weak electrostatic
attraction of particles toward the TEM grid. Lastly, the electron
beam in ASEM might trigger the agglomeration/aggregation
of ENPs in solution (Suga et al., 2011), although at the used
concentrations this is thought to be a low probability.

The main findings from the TiO, analysis are: (i) the nominal
<25 nm Ti0, nanopowders have been agglomerated into 80
nm ~ 6000 nm particles after being dispersed into BSA. (ii)
TEM and NTA overrated the small aggregates (up to 500
nm) whilst ASEM can provide a broad overview of the whole
population ranging from nano to micro scale although it
slightly overrated the large aggregates due to the effect of
gravity. (iii) ASEM can provide a clear image of ENPs in a
cloudy matrix which is incompatible with the NTA.

Si0, ENPs in tomato soup

The spherical Si0, ENPs were observed in tomato soup by
ASEM imaging (Fig. 3g, 579 £ 370 nm). The bright cloud
from the images (seen as arrow in Fig. 3g) may correspond
to the loosely packed agglomerates in TEM images (Fig. 3h,
84 + 15nm). The large agglomerates observed by ASEM were
a few pum in size, whereas the large agglomerates measured
by TEM images were only about 600 nm in size. NTA showed
the mean value of 126 = 109 nm with the exception that a
few agglomerates measured between 550 and 1000 nm in
size. The explanation of the size differences between ASEM,
TEM and NTA is similar to that given in ‘Ti0, ENPs in BSA
Solution’ section. Nevertheless, the measurement of SiO, ENPs
(Fig. 3g) using ASEM is slightly difficult than TEM (Fig. 3h) and
NTA (Fig. 3i) due to the low density.

Au ENPs in an extract of natural sediment

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

Advantages and limitations of ASEM

ASEM offers imaging of dry, semi-dry and liquid samples
in their original state and provides a broad overview of
the whole population of particles ranging from the nano
to micro scale. Furthermore, the alternative OM in the
ClairScope will be convenient to check large aggregates in
any depth which were washed out during sample preparation
for TEM and SEM and which were underestimated by NTA.
Minimum sample preparation is required and can be achieved
using simple approaches such as the application of poly-i-
Lysine solution to attract ENPs to the ASEM dish, use of
dextran 500 or glucose to neutralize the free radicals, use
of glutaraldehyde to cross link the coating of ENPs. Although,
it is worth noting that even this minimal preparation can
potentially alter the dispersion state of the ENPs. With
necessary sample preparation, the minimum measurable
concentration of the ENPs in liquid is 1 mg L™! (9x10%
particles mL~") for 50 nm nominal Au ENPs.

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

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

Conclusions

This study has demonstrated the application of ASEM to the
analysis of environmental and food samples. While measured
mean sizes for the samples tested were higher than those
obtained by TEM, FEG-SEM and NTA, the fact that ASEM is
able to measure particles in the liquid phase with minimum
preparation provides a number of advantages over the other
methods and means that data can begin to be generated
on the behaviour of an ENP in situ. With necessary sample
preparations, ASEM images can provide the information of
ENPs down to at least 30 nm, 1 mg L™! (9x10% particles
mL~!, 50 nm Au ENPs). The ASEM was successfully applied
to a range of different core/shell ENPs, e.g. metal (Au), metal
oxide (TiO,) and semiconductor oxide (SiO,) with different
coating materials in complex wet matrices, such as Daphnia
culture medium, BSA and tomato soup.

Overall, we believe that ASEM is a valuable addition to
the existing ‘tool kit’ that is available for understanding the
occurrence and behaviour of ENPs in complex media. While
the results are by no means perfect, the fact that ENPs can be
visualised with ease in ‘wet’ complex samples offers a number
ofadvantages over some of the existing techniques. When used
in combination with other methods, ASEM should provide
useful additional knowledge on the characteristics of ENPs in
environmental matrices and food.
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Abstract A set of four reference materials for the detection
and quantification of silica nanoparticles (NPs) in food was
produced as a proof of principle exercise. Neat silica suspen-
sions were ampouled, tested for homogeneity and stability,
and characterized for total silica content as well as particle
diameter by dynamic light scattering (DLS), electron micros-
copy (EM), gas-phase electrophoretic molecular mobility
analysis (GEMMA), and field-flow fractionation coupled with
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an inductively coupled mass spectrometer (FFF-ICPMS).
Tomato soup was prepared from ingredients free of
engineered nanoparticles and was spiked at two concentration
levels with the silica NP suspension. Homogeneity of these
materials was found sufficient to act as reference materials and
the materials are sufficiently stable to allow long-term storage
and distribution at ambient temperature, providing proof of
principle of the feasibility of producing liquid food reference
materials for the detection of nanoparticles. The spiked soups
were characterized for particle diameter by EM and FFF-
ICPMS (one material only), as well as for the total silica
content. Although questions regarding the trueness of the
results from EM and FFF-ICPMS procedures remain, the data
obtained indicate that even assigning values should eventually
be feasible. The materials can therefore be regarded as the first
step towards certified reference materials for silica nanoparti-
cles in a food matrix.

Keywords Engineered nanoparticles - Colloidal silica -
Reference material production

Introduction

Nanotechnology holds great promise for conservation of re-
sources and better products, but—Ilike any new technology—
has potential risks connected to it. The European Commission
has stepped forward to propose a definition of “nanomaterial”
to be used in legislative context [1] and legislation requiring
food producers to inform consumers if ingredients are present
in the nano-form [2] has been passed. According to [1], a
nanomaterial is defined as a material where 50 % of the
number of particles have external diameters between 1 and
100 nm. The definition explicitly mentions that this criterion
applies not to the overall size of agglomerates or aggregates,
but to the constituent particles of potential agglomerates and
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aggregates. Implementation of this legislation requires reliable
methods to detect and quantify nanomaterials in foodstuff.
The project NanoLyse, funded under the European Union’s
7th Framework Programme (grant agreement 245162), aims
to provide proof of principle that such methods are feasible, as
there are currently no validated methods for this purpose
available.

Reference materials play a crucial role in the development
and validation of analytical methods. Two sorts of reference
materials exist:

* Pure calibration standards, where the analyte is present
either in its pure form or is dispersed in a solvent.

*  Matrix reference materials, where the analyte in question
is contained in the type of material to be measured (food,
soil, human serum etc.).

Calibration standards are used to establish traceability and
are also often used for preliminary method development, as
they are the simplest conceivable samples. In a second step,
matrix reference materials are required for establishing preci-
sion during method validation, and if a certified value is
available, also for demonstrating method trueness and
method proficiency. Therefore, the project also foresaw
development of reference materials along with method
development for specific nanoparticle-food combina-
tions, as currently no certified nanoparticle reference
materials with particles having a broad size distribution
in complex matrices exist [3].

Development of certified reference materials for emerging
measurands is a classic case of a chicken and egg problem:
reliable analytical methods are required to assess not only
homogeneity and stability of the candidate certified reference
materials, but also to characterize them in a way that a reliable
value can be assigned in a metrologically valid way. At the
same time, exactly such certified reference materials are re-
quired for the development and validation of reliable methods.
It is therefore acknowledged that production of certified ref-
erence materials and method development have to be
approached in a stepwise fashion, starting with certified refer-
ence materials that are not perfect but allow development of
the first methods, which are in turn used to develop and
characterize certified reference materials of a better quality.
The very first step in such an iterative process is the produc-
tion of non-certified reference materials, i.e., materials for
which homogeneity and stability have been assessed, but for
which no value has been assigned. Reaching this stage is
usually easier than production of certified RMs, as homoge-
neity and stability assessment can be done on a relative basis
and does not require absolute method trueness. This manu-
script describes the first step of such an iterative process for
the development of reference materials for silica nanoparticles
in food, namely the production of non-certified RMs and

4 springer

indicates that even the production of certified RMs should
be eventually feasible.

Concept

Silicon dioxide (“silica”) is together with carbon black the
nanomaterial currently used in the highest quantities [4]. As
silica is also an approved food additive in Europe (E551),
silica was chosen as one of the nanomaterials to be investigat-
ed. One of the uses of silica is as anticaking agent, ie., to
ensure that dried powders remain free-flowing. For this rea-
son, vegetable soup was chosen as matrix for the determina-
tion of the silica NPs.

The project foresaw development of one screening method
(electron microscopy) and one confirmation method (field-
flow fractionation coupled to an inductively coupled plasma
mass-spectrometer (FFF-ICPMS)) for silica particles in soup.
As it was deemed unlikely that an unambiguous value assign-
ment could be achieved using the results from these methods
alone, a characterization approach was necessary that allowed
assessment of the particle diameters in the matrix indepen-
dently from the analytical measurements on the matrix.
Determination of particle sizes in pure suspensions is analyt-
ically much less challenging than in matrices. It was therefore
decided to produce matrix materials by spiking a blank matrix
with characterized pure suspensions. In this way the particle
size distribution in the matrix should resemble the one in the
suspension, allowing checking for biases in the particle size
distribution and for recovery.

For this approach to be successful, silica particles must not
dissolve in the food matrix. In addition, particles in the pure
suspensions should (ideally) be not agglomerated or aggregat-
ed. If aggregation is not avoidable, the aggregates should not
disaggregate in the food matrix, so that pure suspensions and
food matrix still contain the same particles. Therefore, the
following choices were made:

« A suspension rather than a dry powder was used as source
material for the nanoparticles. In this way problems of
incomplete deagglomeration and disaggregation can be
minimized or avoided.

«  Fumed silica was preferred over precipitated silica. While
this material is certainly aggregated, aggregation at high
temperatures should prevent disaggregation in suspension
or in the food matrix. The high temperature of synthesis
should also prevent dissolution in the matrix.

» Liquid soup was preferred over powdered soup, again to
prevent formation of agglomerates that are difficult to
resuspend.

* The liquid soup had to be prepared from base in-
gredients to avoid incidental presence of silica from
bouillon stock etc.
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Processing
Aqueous silica suspensions

Aqueous silica dispersion Aerodisp® W7520 N was pur-
chased from Evonik (Hanau, Germany). Two custom-made
batches of 30 kg each were obtained, subsequently named
NanoLyse01 and NanoLyse02, having silica mass fractions of
10 and 40 g/kg, respectively. The suspensions were adjusted
from pH 9 to pH 8 to fit better the pH of the foodstuff to be
spiked. The suspensions were ampouled as received into pre-
cleaned and dried amber glass ampoules on an automatic
ampouling machine (ROTA Verpackungstechnik, Wehr,
Germany). Each ampoule contained 25 mL suspension in a
sealed ampoule flushed with Ar to minimize degradation. The
ampoules were labeled displaying a unique sample number in
the order of the filling sequence.

Silica spiked tomato soup

Tomato soup was produced from fresh ingredients in order to
obtain a food matrix with low silica nanoparticle background.
Therefore, a 30-L tomato soup was produced by a local
catering service according to IRMM’s specifications (adopted
from [5]):

Thirty-kilogram beef bones were added to 70 L water,
brought to boil and emerging foam was skimmed off. Two-
kilogram onions were cut in half, roasted with a little fat until
brown and added to the boiling water/bone mixture. After
another 1.5 h, 1.4 kg of carrots and some salt was added.
The soup was left to boil for another hour, then onions, bones,
and carrots were filtered off and the volume was adjusted to
30 L. This bouillon was further processed with 50 kg fresh
tomatoes (non-processed) and 5 L cream. In order to minimize
heterogeneity within the soup matrix, fat was skimmed from
cold bouillon, seeds were removed from the tomatoes, and no
additional spices were added. A corresponding flow chart is
depicted in Fig. 1.

Tests were performed to find the right conditions to obtain a
homogenous spiked material. Adjusting the pH was considered
the most important parameter affecting inhomogeneity. Rapid
precipitation upon spiking of small test batches with silica
suspension was observed in all cases irrespective of pH adjust-
ment or formulating strategy. As there are several reasons for
such behavior like matrix clearing due to agglomeration or
segregation of fatty from non-fatty parts, at least pH induced
agglomeration was prevented by adjusting 30 L soup to pH 8
by means of addition of 140 mL of a 12.5-M NaOH solution.

The pH-adjusted soup matrix was filtered (1.4 mm,
Analysensieb, Haver&Boecker, Oelde, Germany) before blend-
ing with the aqueous silica dispersions also used for the prepa-
ration of the materials NanoLyse01 and NanoLyse02. Aerodisp®
‘W7520 N dispersions of 10 and 40 g/kg were added over 30 min

to the soup matrix under constant stirring at 50 revolutions per
min (rpm), using a laboratory stirrer designed for simple stirring
tasks of up to 10 L with a speed range from 40 to 1,200 rpm. The
resulting materials were filled into 25 mL clear glass jars on an
automated filling machine (All-Fill model SHA, Allfill, Sandy,
United Kingdom) and sealed with a twist-off lid on an automated
filling and sealing machine (model TO-05-06, Lensen Vul en
Sluittechniek, Sevenum, the Netherlands). The spiked soup was
continuously stirred during the filling process to avoid segrega-
tion and the mass of the filled jars was monitored to ensure
constant amounts per jar. Closing of jars was performed under
a constant steam flow and a slight vacuum kept the lid tightly
closed. The flowchart in Fig. 1 shows the processing steps of the
material labeled NanoLyse09. An equivalent scheme was follow-
ed for the production of NanoLyse10. In addition to the spiked
material, non-spiked tomato soup was filled for blank determi-
nations and spiking experiments.

The samples needed to be sterilized to prevent matrix
degradation induced by bacterial contamination. Steam water
spray sterilization was not suitable as silica nanoparticles were
observed to change slightly in size upon heat treatment (see
the “Assessment of stability” section). Thus, the samples were
Y-irradiated on a GS6000 pallet irradiator at SynergyHealth
Ede (Etten-Leur, the Netherlands) with an average dose of
10.8 kGy within 24 h after processing. The success of the
irradiation was checked by means of plating Escherichia coli
CIP 106878 spiked samples for viable bacteria. There was no
bacterial activity detectable after the irradiation. As a conse-
quence, users have two ways of checking for the validity of
the material: (a) the dark color of the glass indicating a
successful sterilization by means of y-irradiation and (b) the
typical sound of vacuum sealed jars during opening.

Measurement and statistical methods
Determination of dissolved silica

Ultrafiltration was the method chosen as it is straightforward
and readily available compared to approaches such as cloud
point extraction [6]. Potential biases from this method come
from adsorption of dissolved silica to the filter as well as
migration of silica nanoparticles through the filter.
Nevertheless, the method should give a sufficiently accurate
estimate of dissolved silica.

The determination of dissolved silica in the dispersions was
done in two steps:

1. Separation of solute from colloids using ultrafiltration
For the separation of dissolved silica, three samples of each

material were randomly chosen from stock and aliquoted
(5 mL, two of each sample) into ultrafiltration spin columns
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Fig. 1 _Flowchart of the 30L 50 kg 5L 8510 g silica suspension 85009 base
processing of tomato soup (/eft) bouillon tomatoes || cream 10 g/kg soup

and silica doped tomato soup
NanoLyse09 (right)

remove
seeds

sieving

adjust
pHto8

mixing

Filling jars
y-sterilisation

NanoLyse-09
5.00 g/kg

(VS0611, 5,000 g/mol MWCO PES, Sartorius, Gottingen,
Germany). The tubes were centrifuged at 5,000 ipm (20 °C)
for 15 min.

2. Analysis of the filtrate of NanoLyse01 and NanoLyse02
by ICP-OES (described below).

Dynamic light scattering (DLS)

DLS measurements for homogeneity and stability of the aque-
ous suspensions were performed on a Malvern Zetasizer Nano
ZS (Malvern Instruments, Malvern, UK). The scattering angle
was 173°, the measuring position was 4.65 mm inside the
cuvette, and the measuring temperature was set to 25 °C.
The liquid viscosity was set to 0.89 mPa-s (25 °C) and
the liquid refractive index 1.33 (25 °C). The silica nano-
particle refractive index and absorption was set to 1.46
and 0.00, respectively. For homogeneity and stability, three
replicate measurements using the cumulants method were
performed.

For characterization, additional measurements on a
Malvern 41700C (Malvern Instruments, Malvern, United
Kingdom), an LS Spectrometer (LS Instruments, Fribourg,
Switzerland) both with samples in NMR or Pyrex tubes, and
a Horiba LB-550 (Horiba, Longjumeau Cedex, France) were
performed.

Zeta potential by electrophoretic light scattering (ELS)

ELS measurements were performed on a Malvem Zetasizer
Nano ZS. The scattering angle was 13°, the measuring posi-
tion was 2.00 mm inside the cuvette, and the measuring
temperature was set to 25 °C. The liquid viscosity used was
0.89 mPa-s (25 °C) and the liquid refractive index 1.33
(25 °C). The dispersant dielectric constant was 78.5 (25 °C).
The zeta potential values were obtained from 3 consecutive

4 springer

measurements. Measurement uncertainties are given as stan-
dard deviations.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

The mass fraction determination of the silica dispersions was
performed at Solvias (Kaiseraugst, Switzerland). Thirty to
40 mg of two duplicate samples was digested using the
Wurzschmitt procedure (fusion melting with Na,O, with sub-
sequent dissolution of the digest in water [7]). The silicon
mass fraction of the resulting solution was quantified on a
Thermo Iris Intrepid IT ICP-OES.

Scanning electron microscopy (SEM)

The silica dispersions and soup samples were investigated by
means of SEM (FEI Sirion S FEG, Hillsboro, OR, USA). The
microscope was equipped with a lens detector used for the
image acquisition in this study and energy dispersive X-ray
spectroscopy system (Thermo Fisher NS7 system with
NSS112E NORAN operating software). All the samples were
diluted (200-fold-particle suspensions, 100-fold-soup refer-
ence materials) with a 0.05-M borate buffer at pH 8
(BB8.0). Diluted samples were equilibrated at this pH for
6 h by mixing with a magnetic stirrer. Particles from the
samples were then transferred onto the formvar-carbon-
coated TEM grids (Agar Scientific, Stansted, UK) by means
of electrostatic attraction. The protocol comprised of four
stages:

1. Grid placed for 5 min floating on the drop of freshly
prepared gelatin (Gelatin from porcine skin Type A,
Sigma-Aldrich, St. Louis, MO, USA) 0.1 % solution in
demineralized water (DMW);

2. Excess of gelatin removed by blotting with the filter paper
and surface of the grids washed with a drop of DMW
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three times followed by blotting off the moisture with the

filter paper;

Grid placed floating on the drop of the sample for 2 min;

4. Sample blotted off and grid rinsed in two drops of DMW
followed by blotting off the moisture with the filter paper;

)

The prepared grids were attached to standard SEM alumi-
num stubs using carbon tape and coated with a nominal 10 nm
layer of Pt/Pd using 2300HR High Resolution Fine Coater
with a JEOL FC-TM20 Thickness Controller. The coating
was used in order to improve the imaging conditions—they
reduce charging and increase particle contrast but also in-
creased the size of the particles given in this study as equiv-
alent circle diameter (ECD). Calibration on spherical
mercaptoundecanoic acid coated gold ENPs (University of
Alberta, Edmonton, Canada) by imaging particles before and
after coating indicated that this increase was close to 8 nm.
Therefore, this value was subtracted in all of the particle
measurements.

The imaging was carried out using the same micrograph
size for all of the samples (6.3 pmx4.73 pum). For sizing of the
particles, object based image analysis software (eCognition
Architect, version 8.7.2, Trimble, Munich, Germany) with a
specially designed application facilitating the measurement of
NPs in complex matrices (Centre for Geolnformatics, Paris
Lodron University of Salzburg, Salzburg, Austria) was used.
The accepted limit for the particle size measurement from the
image was 15 pixels which was equivalent of 30 nm particle
ECD after subtraction of the coating thickness.

Solid content determination (dry mass, ashing)

The silica mass fractions of NanoLyse0l and NanoLyse02
were determined gravimetrically. Duplicates of 10 samples
of each material were dried at 85 °C for 4 h in a drying oven
(Heraeus model WV 6100, Hanau, Germany). The samples
were weighed after cooling to room temperature in a
dessicator. Absence of residual moisture was confirmed by
additional drying of the samples for 1 h at 105 °C and
additional 30 min at 170 °C. The dry mass also includes
reagents for adjusting the pH value (NaOH). However, the
purpose of homogeneity testing is to demonstrate equivalence
of each ampoule, so that a slight analytical bias is acceptable.

The silica mass fractions of NanoLyse09 and NanoLysel10
were determined gravimetrically after sample ashing [8] on 10
different jars with three independent subsamples per sample.
Samples were placed in a pre-heated Carbolite fumace (RWF
1100, Sheffield, United Kingdom) and kept at 550 °C for 2 h.
The resulting samples were stored at room temperature to cool
down and weighed afterwards. An identical procedure was
applied to blank tomato soup (three determinations) to deter-
mine its solid content. Ashing accounts for all mineralic
substances in the soup, but it is still suitable for demonstrating

the homogeneity of the jars. Ash content was corrected for the
ash content of the blank soup to be able to compare the target
silica mass fraction with the measured mount of non-
combustible solids.

FFF-ICPMS

The system consisted of an Eclipse Dualtec AF* flow control
module with a flat AF* separation channel (Superon,
Dernbach, Germany, length 275 mm, wide spacer). A
350-um spacer was used and a 10-kg/mol nominal cut-off
regenerate cellulose membrane (Millipore, Billerica, MA,
USA) was used as the accumulation wall. Detector flow was
set to 1 mL/min and cross flow was set to 0.6 mL/min. Flows
were controlled using an Agilent Technologies 1200 Series
quaternary pump equipped with a micro-vacuum degasser.
The detection chain consisted of a diode-array ultraviolet/
visible detector (UV-DAD, Agilent Technologies 1200
Series, primary detection wavelength A=254 nm), a multi-
angler laser light scattering detector MALS (Dawn Heleos 11,
Wyatt Technology, Santa Barbara, CA, USA) and an induc-
tively coupled plasma mass spectrometer ICP-MS (Agilent
Technologies 7700x). All injections were performed using an
autosampler (Agilent Technologies 1200 Series, large volume
kit); injection volumes were 50 uL. As carrier liquid a mixture
of 0.025 % FL70 (alkaline detergent; Fisher Scientific,
Waltham, MA, USA) and 0.25 mM NaCl was used. The
method was calibrated with latex beads as size standards
(Thermo Fisher Scientific, Dreieich, Germany), themselves
calibrated against NIST certified reference materials . The
reported size distributions from the FFF-ICPMS method are
Si-concentration particle mass-based size distributions as-
suming a constant stoichiometry of the SiO, particles.

Silica nanoparticles were isolated from tomato soup apply-
ing a multiple step sample preparation, consisting of heating
the soup for 30 min at 50 °C, homogenization in a glass beaker
(Ultra Turrax, IKA-T10; 30 s at 20,000 to 25,000 rpm), re-
moval of the organic material by acid digestion and stabiliza-
tion of the remaining particle suspension by pH adjustment
and probe sonication [9]. Subsequently separation by
FlowFFF was used for the determination of size distributions.

Gas-phase electrophoretic molecular mobility analysis
(GEMMA)

Measurements on the neat silica NP suspensions were per-
formed by GEMMA [10] using a nano electrospray/charge
reduction (Po-210) unit type 3480 (TSI, Shoreview, MN,
USA) coupled to a nano DMA unit type 3080 (TSI,
Shoreview, MN, USA) and an ultralow condensation particle
counter type 3025A (TSI, Shoreview, MN, USA). The
clectrospray unit was run in the positive ion mode with a
mixture of 0.5 L/min compressed air supplied by a table top

9 springer

224



Annex 5

3900

R. Grombe et al.

compressor (Diirr-Technik, Bietigheim-Bissingen, Germany)
and 0.1 L/min CO, (99.995 %, Air Liquide, Schwechat,
Austria) and an applied spraying voltage of 2.5 kV resulting
in an electrical current of 360470 nA. A cone-tipped-fused
silica capillary with 40 um inner diameter was used and the
pressure difference along the capillary was 4 psid. The nano
DMA was run with a sheath flow of 3 L/min and the conden-
sation particle counter used butanol in the high flow mode.
Samples were diluted prior to analysis in 20 mM
CH3;COONHj,.

Three measurement series consisting of 4-10 measure-
ments each were performed for NanoLyse0Ol (24 measure-
ments in total) and 5 measurement series consisting of 5-10
measurements each (36 measurements in total) were per-
formed for NanoLyse02.

Density of silica particles

The density of silica particles was determined by isopycnic
centrifugation performed by Dr. Lerche (Berlin, Germany)

[11].
Study designs and statistcial methods
Assessment of homogeneity

Nanomaterial related measurands are method-defined, so each
method, while analyzing the same particles, measures differ-
ent material properties (sedimentation velocity, transmission
of electrons etc.). This means that a material could be homo-
geneous for one method but not for another method. Ideally,
homogeneity would therefore be assessed using a number of
methods to obtain method independent information on the
homogeneity. However, such practice was not feasible within
the frame of the project. Hence, it was decided that homoge-
neity data on mass fraction and particle size should be obtain-
ed from one appropriate method each.

Homogeneity was tested on 10 samples using drying/
ashing and DLS and on 9 samples using FFF-ICPMS.
Results of the homogeneity tests were evaluated using one-
way analysis of variance (ANOVA) as described in [12].
Standard deviations within ampoule (s, repeatability) and
between ampoule variation (sy,) were calculated. In addition,
the maximum heterogeneity that could be hidden by method
repeatability (u*y,), the “limit of detection of the homogeneity
study,” was calculated as described in [13].

Assessment of stability
Stability testing was performed to assess stability during
transport (short-term stability) and stability during storage

(long-term stability). As the transport time is very limited
(1-2 days in Europe, 3-4 days world-wide), stability studies
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for assessing transport stability only need to be of a short
duration. On the other hand, transport conditions such as
temperature may vary. Therefore, a typical short-term stability
study lasts 4 weeks, but includes the conditions that cover the
“worst-case” scenario (low and high temperatures). The goal
of the study is to identify transport conditions where a poten-
tial change during transport is absent or negligible.

Analytical variation should be reduced to a minimum when
assessing stability. Therefore, stability studies were carried out
using an isochronous design [14]. In that approach, samples
randomly selected from the stock are stored for a certain time
at different temperature conditions. After each time point, the
samples are moved to conditions where further degradation
can be assumed to be negligible (“reference conditions™),
effectively “freezing” the degradation status of the materials.
The definition of such conditions is difficult for the character-
ization of nanoparticles, as little information on their stability
is available so far, but all possible degradation processes will
lead to different rates of change at different conditions.
Absence of any change of the measurand (here particle diam-
eter) is therefore a clear indication of stability. At the end of
the isochronous storage, the samples are analyzed simulta-
neously under repeatability conditions eliminating day-to-day
variations. Analysis of the material (after various exposure
times and temperatures) under repeatability conditions greatly
improves the sensitivity of the stability tests.

Regarding the methods employed, ideally each stability
parameter would be assessed using a number of methods.
However, that would cause an unrealistic work load.
Stability was therefore assessed using only one method per
parameter and material.

The results were evaluated by trend analysis as described in
[15]: Linear regressions were performed and the slopes of the
regressions were tested for significance. If the slope was found
insignificant, uncertainties of long-term stability (uj) were
calculated from the standard uncertainty of the slope for a
shelf life of 2 years.

Value assignment

As the materials are not certified reference materials, value
assignment is in principle not required. However, using the
value obtained in the assessment of homogeneity and stability
and the data provided for characterization allows an indication
about the feasibility of the production of CRMs in the future.
As is common practice for certified reference materials
(CRMs) [16], uncertainty contributions of homogeneity
(upp), long-term stability (uy) and characterization (uchar) Were
combined and multiplied with a coverage factor of k=2 to
obtain an idea of which uncertainties would be achievable for
an assigned value of a CRM. The following data were used:
All uncertainties of homogeneity (uy,) were based on the
larger value of sy, or u*y, for each of the suspensions. The
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homogeneity data for NanoLysel0 from FFF-ICPMS was
also used as homogeneity contribution to the median diameter
by EM for both soup materials.

The uncertainty of long-term stability for particle size was
in all cases based on the uy estimated for NanoLyse01 and
NanoLyse02 for a storage period of 2 years. This could be an
underestimation for the soup material, but, given the high
homogeneity contribution, should not influence the result
too much. Based on the high chemical stability of silica,
uncertainties for the time variation of silica mass fractions
are assumed to be negligible. Uncertainties of characterization
were in all cases estimated as the standard error of the mean of
results.

Results and discussion
Assessment of homogeneity
Aqueous suspensions NanoLyse0l and NanoLyse(2

Homogeneity of the silica mass fraction was determined
gravimetrically by oven drying. Homogeneity in terms of
particle size was determined by DLS on a Malvern Zetasizer
Nano ZS (Malvern Instruments, Malvemn, United Kingdom).
The results were calculated using the cumulants method [17].
One replicate measurement per ampoule of NanoLyse01 and
NanoLyse02 was performed, as the measurements were re-
peatable enough to set narrow limits for repeatability. For
NanoLyse02, data were also available from the validation of
the FFF-ICPMS method. On three different days, seven mea-
surements were performed on three units each.

The results of the homogeneity assessment (Syp, Spb, and
u*pp) are shown in Table 1. Relative variations (Syb[%],
Spb[%0], Upb[%]) of NanoLyseO1 were smaller than 1 %. For
NanoLyse02, the relative between bottle variation sy, % and
the relative hidden uncertainty u*y;, for the dry mass and the
diameter as determined were below or around 1 %, respec-
tively. Between-unit standard deviation as obtained by FFF-
ICPMS was with 4.6 % significantly higher [18]. The results
show that the between-unit variations are sufficiently small to
make NanoLyse0l and NanoLyse02 suitable as reference
materials.

Spiked soups NanoLyse09 and NanoLysel(

Homogeneity of silica mass fractions was determined by
ashing at 550 °C. Homogeneity of particle size distribution
of NanoLyse 10 was assessed by FFF-ICPMS on 9 jars, with 7
replicate determinations performed on each jar. The results for
Swhs Sbb, and u*yy, are shown in Table 1.

Blank-corrected ash mass fractions of 5.4:+0.2 and 19.2+
0.2 g/kg (uncertainties are single standard deviations) were

measured for NanoLyse09 and NanoLyse10, respectively. The
within and the between bottle variations of NanoLyse09 are
below 2 %. For NanoLysel0, a within bottle variation of
3.5 % was obtained. This, as well as the lower between bottle
variation matches the homogeneity characteristics of
NanoLyse01/02. Such match indicates an insignificant hetero-
geneity contribution of the soup as far as mass fractions
are concerned. The total silica mass fraction of
NanoLyse09 and NanoLysel0 was also determined in
duplicate using ICP-OES. The obtained values were 6.2
and 19.3 g/kg, respectively, which agree with the values
obtained by ashing within the respective uncertainties of
the measurement results.

The median particle diameter as measured by FFF-ICPMS
scatters significantly more: a between-unit variation of 16 %
was observed [18]. Nevertheless, the variation is still signifi-
cantly smaller than method reproducibility and the material is
therefore fit for purpose as reference material.

Assessment of stability
Aqueous suspensions NanoLyse0l and NanoLyse(2

For the aqueous silica nanoparticle systems (NanoLyse01,
NanoLyse02), the short-term stability was assessed using an
isochronous scheme with testing times of 0, 1, 2, and 4 weeks
at4 °Cand 60 °C. The materials were measured by DLS using
the cumulants method with relative standard deviations for the
silica dispersions were below 1 %, thus allowing a good
assessment of the stability of the materials.

A statistical analysis of the data revealed that the slopes of
the regression lines for NanoLyseO1 (both temperatures) and
of NanoLyse02 (4 °C) were not different from zero on a 95 %
confidence level. Although the slope of the regression line for
NanoLyse02 (60 °C) differed from zero on a 95 %, but not on
a 99 % confidence level, the extent of the potential change
during transport even at 60 °C (observed change: 0.02 % per
week) is technically negligible. The long-term stability data
demonstrate that the materials remain stable when stored at
ambient temperatures. Uncertainties of stability for storage of
2 years at 18 °C were calculated as 0.43 % (NanoLyse01) and
0.99 % (NanoLyse02) as described in [15].

DLS measurements on autoclaved samples (20 min at
121 °C on an AR092, JBTC, Sint Niklaas, Belgium) of
NanoLyse01 and NanoLyse02 showed a reduction of the
particle diameter to 85 and 95 nm, respectively. Thus, a
thermal sterilization of materials containing silica nanoparti-
cles is inappropriate.

Additionally, the silica dispersions were frozen at =70 °C
for 10 min causing irreversible sedimentation (data not
shown). The samples therefore should not be exposed to such
condition. The results of all stability studies are summarized in
Table 2.
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Table 1 Homogeneity data on a)

silica mass fraction of NanoLyse01 NanoLyse02 NanoLyse09 NanoLysel0
NanoLyse01 and NanoLyse02 by
dry mass, silica mass fraction of @ Mass fraction Nominal [g/kg] 10 40 5 20
NanoLyse09 and NanoLyse10 by Average [g/kg] 104 405 54 19.2
ashing; b) silica nanoparticle size Sus [%] 097 22 19 35
of NanoLyse0l and NanoLyse02 )
by DLS, silica nanoparticle size of Se (%] 0.85 0.63 1.8 1.0
NanoLyse09 and NanoLyse10 by ¥y [%] 0.46 1.04 0.6 1
FFF-MALLS; n.c.—not calculat- YDiameter Average [nm] 135 135 Not measured 103
ed as only one replicate analysis

Swb [%] nc. n.c. 15
per sample was performed

Sub [%0] 0.27 0.59 16

u*yy, [%] ne. n.c. 23

Spiked soups NanoLyse09 and NanoLysel()

Only a tentative assessment of the stability of the soups can be
given, as no real reference conditions for long-term stability
are available, precluding therefore the use of an isochronous
design. Nevertheless, several independent indications are
available supporting the assumption of sufficient stability of
the nanoparticles in soup:

+ Addition of the silica to the soup led to a rapid precipita-
tion of soup components. Particle size distributions ob-
tained by FFF-ICPMS (see section below) after storage of
the soup for several months still show similar particle size
distributions for aqueous suspensions and soup, indicating
reversible agglomeration and no severe ageing effects.

*  Measurements by electron microscopy also show no re-
versible agglomeration after several months, also indicat-
ing absence of severe ageing.

The fact that addition of the silica led to precipitation is
certainly a major drawback, but, as explained in the
Section “concept”, using suspensions is currently the only
realistic way to allow assessment of trueness of methods.
The results from the characterization (see below) show that
the precipitate is re-suspendible by heating and
ultrasonication. It is therefore possible to re-create the soup
in its initial state. Unfortunetaly, the measurement methods are
currently not accurate enough to assess whether this is also

true after extended storage periods. While there is little doubt
about the chemical stability of silica, the stability of the
particle size distribution still requires further studies with more
precise methods. Nevertheless, despite of the absence of any
measurements shortly after processing, there is indication that
the materials are unchanged after several months of storage at
4°C.

Characterization

Two parameters (mass fraction, particle size) were
characterised in dedicated studies. The mass fraction was
determined by ICP-OES for NanoLyse0l and NanoLyse02
as well as NanoLyse09 and NanoLysel0.

Aqueous silica suspensions NanoLyse0l and NanoLyse02

Total and dissolved silica mass fractions For the aqueous
silica nanoparticle systems (NanoLyse01, NanoLyse02), the
total silica mass fraction as determined by ICP-OES was 11.9
+1.4 and 41.2+1.4 g/kg (uncertainties are single standard
deviations) for NanoLyseOland NanoLyse02, respectively.
This is in accordance with the results of the gravimetrical
determination. Therefore, the standard error of the dry mass
determinations were adopted as uncertainty of characteriza-
tion (Ughar)-

Ultrafiltration gave clear and colorless filtrates. Their SiO,
concentrations as determined by ICP-OES were 90.3+2.0 and

Table 2 Summary of the results

of the stability studies of Storage condition

NanoLyse01

NanoLyse02

NanoLyse01 and NanoLyse02

<0 °C Irreversible sedimentation Irreversible sedimentation

4 °C (4 weeks) Stable Stable

60 °C (4 weeks) Stable Particle diameter decreases by
0.02 % per week

18 °C (46 weceks) Stable Stable

Uje2 years 15 0.4 %

U2 years 15 1.0 %
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90.6+0.8 mg/L (uncertainties are single standard deviations)
for NanoLyse0l and Nanoyse02, respectively. These values
are negligible compared to the total silica mass fractions.
Therefore, practically all silica is present in particulate form.

Particle size by DLS Different methods (cumulants, frequen-
cy, cross-correlation) at three different laboratories were used
to conduct DLS measurements. On each of 3 days, one
ampoule of NanoLyse01 and NanoLyse02 were measured in
duplicate. A certified reference material (ERM-FD100;
IRMM, Geel, Belgium) was measured on the first day to
establish traceability and to demonstrate proper functioning
and calibration of the equipment used. Representative particle
diameter distribution graphs for silica dispersions as obtained
by DLS are shown in Fig. 2 and the characterization results are
shown in Table 3.

For NanoLyse0l and NanoLyse02, the results from
Malvern Zetasizer using cumulants analysis differ significant-
ly from results obtained with the other DLS instruments (see
Table 3). Particle-particle interactions may partly explain this
difference: measurements were performed undiluted, but also
diluted to 2.5 g/kg. There was no difference for NanoLyse01,
but a particle diameter of about 142 nm on the undiluted
suspension of NanoLyse02 was obtained. However, the main
reason for the difference is most likely the mode of evaluation,
which yields different results from the cumulants method,
frequency analysis and cross-correlation analysis as they show
different sensitivities for deviation from monodispersity.
While this may be surprising, as the analytical instruments
are based on the same measurement principle and all report the
hydrodynamic diameter, this observation has been already
reported previously [19]. However, as the results differed not
too widely (difference max-min is about 15 %), a general
overall average over all methods was calculated. Also fre-
quency analysis as performed by the Horiba LB-550 gave
results that agreed with the other measurements and the results
were therefore pooled with those from correlation analysis.
Using the standard error of the mean of means as estimate of
Ugpan Telative uncertainty values of 2.2 % (NanoLyse01) and

Fig. 2 Representative DLS

2.3 % (NanoLyse02) were obtained for the intensity weighted
harmonic mean hydrodynamic diameter.

Particle size by FFF-ICPMS The size information for
NanoLyse02 is again derived from the measurements obtained
in the method validation study [18]. On three different days,
three different samples were analysed in 7 replicates each,
yielding 9 datasets of 7 individual results. An average mass-
based median diameter of 58.1 nm was obtained for the
average over all samples and days. The variation between
datasets was significantly larger than the one within each
dataset, so it was decided to base an uncertainty estimation
on the variation of the means of datasets. The standard devi-
ation of the mean results of the 9 datasets was 2.7 nm. Using
the standard error of the mean values, a Ugy of 1.5 % is
obtained.

Particle size by electron microscopy The SEM images show
irregular particles in various agglomeration/aggregation
states, which may be due to the sample preparation (Fig. 3).
The higher concentration of NanoLyse02 is reflected in a
higher particle density on the grid.

The median diameter of NanoLyse01 and NanoLyse02 was
obtained by performing duplicate SEM measurements on each
of the two materials on 10 different days (20 results per
material). Average median particle diameters of 57.2+3.4
and 59.942.7 nm were obtained for NanoLyse0l and
NanoLyse02 (uncertainties are single standard deviations).
Using the standard error of the mean as estimate of Uchar,
uncertainty contributions of 1.3 % and 1.0 % were obtained
for NanoLyse0l and NanoLyse02. These low uncertainties
stem from the fact that because the grand mean value is based
on a high number of individual measurement averages (20), so
the contribution of repeatability and between-run variation to
the measurement uncertainty becomes very small. This esti-
mate most likely underestimates the true uncertainty, as only
one laboratory performed the characterization measurements,
which by definition excludes any possibility to quantify a
between-laboratory effect.

Size Distribution by Intensity

intensity-weighted size 15
distribution graphs for
NanoLyse01 and NanoLyse02 5

Intensity %]

o

100 1000
Diameter [nm]

NanoLyse01

——— NanoLyse02
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Table 3 Results of the DLS
characterisation study of the neat

dispersions (NanoLyse01,
NanoLyse02)

The certified value for ERM-
FD100 is 19.0£0.7 nm
(cumulants analysis). Size is di-

DLS method Instrument NanoLyse01 NanoLyse02
Correlation analysis, cumulants method ~ Malvem Zetasizer 133.2+1.3 133.3+£1.4
Nano ZS 134.2+1.7 135.5+1.2
Malvem 41700C 152.1+5.8 142.3+29
Cross-correlation LS Spectrometer 3D; NMR tubes  149.3£1.9 154.1£1.8
LS Spectrometer 3D; Pyrex tubes ~ 145.5+£3.6 150.4£2.5
Frequency analysis Horiba LB-550 146.1+6.6 142.9+6.7
Average 143.4+7.9 143.1+8.1

ameter average; uncertainties are
single standard deviations

Particle size by GEMMA Particle diameters determined by
GEMMA are based on sizing of several ten thousand
particles at minimum. Mean number-based particle diam-
eter as determined by GEMMA were 61.4+1.7 nm for
NanoLyse01, 58.84+1.8 nm for NanoLyse02 (uncertainties
are single standard deviations). The two results are not
statistically significantly different on a 95 % confidence
level. The diameters as determined at atmospheric pres-
sure (no vacuum at all) by GEMMA agree very well with
the results obtained by SEM. Using the standard error of
the mean as estimate of u,, uncertainty contributions of
1.6 % and 1.4 % were obtained for NanoLyse0l and
NanoLyse02. Representative GEMMA spectra of NLO1
and NLO2 can be seen in Fig. 4.

Zeta potential and particle density The zeta potential of the
silica colloidal dispersions were analyzed by means of ELS.
NanoLyse01 and NanoLyse02 had a zeta potential of —44.7+

Fig. 3 SEM images of
NanoLyse01 (top left),
NanoLyse02 (top right),
NanoLyse09 (bottom left), and
NanoLyse10 (bottom right). Size
bars are 1 pm

4 springer

0.7 and —46.2+0.7 mV, respectively (uncertainty are single
standard deviations).

Measurements of the density of 18 subsamples gave an
average density of 2.0100.042 g/cm’ (uncertainty is a single
standard deviation).

Soup materials NanoLyse09 and NanoLysel(

Particle size by electron microscopy Images by SEM clearly
show increased agglomeration of silica NPs (Fig. 3), but a
large number of NPs is still present as individual particles.
Measurements by SEM indicate a shift of the number-based
particle diameter distribution towards smaller particles with,
compared to the pure suspensions, more particles in the range
of 30-50 nm and fewer particles above 60 nm (Dudkiewicz et
al., manuscript submitted). This results in lower median par-
ticle diameters for the silica in soup than in the neat suspension
as shown in Fig. 5.
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Fig. 4 GEMMA spectra of NanoLyse01 and NanoLyse02

The data from the method validation study were used for a
tentative characterization of particle diameter by SEM. The
average number-based median diameters of 20 replicate de-
terminations were 43.7 (NanoLyse09) and 43.5 nm
(NanoLyse 10) with standard deviations of 8.7 and 8.0 nm,
respectively. These values are roughly in agreement with the
number-weighted distributions as obtained by DLS for the
spiking suspensions, especially taking into consideration the
rather low reliability of the conversion between intensity to

H MNanolyse01 1

particle count
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number based distributions for polydisperse, non-spherical
particles. Using the standard error of the mean as estimate of
Ugpae Uncertainty contributions of 4.5 % and 4.1 % were
obtained for NanoLyse09 and NanoLysel0. Again, very low
uncertainties were obtained due to the high number of average
results on which the grand mean is based (20 individual
median sizes).

Particle size by FFF-ICPMS The data from the homogeneity
testing were also used for characterization of NanoLyselO
[18]. The average median particle diameter of the 63 measure-
ments was 207.6 nm with a standard deviation of 42 nm.
Again, using the standard error of the mean as estimate of
Uchar, an uncertainty contribution of 2.6 % was obtained.

The sizes obtained for NanoLysel0 differ significantly
from those obtained on the neat suspension. This difference
is an effect of the sample preparation by acid digestion. It is
hypothesized that the time-lab between digestion and mea-
surement is important with longer time-lags resulting in small-
er differences, but also lower recoveries.

As is the case for EM, also here the high number of
measurements result in a very small standard error of
the mean, which is an underestimation of the true un-
certainty. As there is currently no possibility to assess a
potential between-laboratory effect, this is the best esti-
mate available.
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Fig. 5 Particle diameter distribution as measured by EM for neat suspensions (NanoLyse01, NanoLyse02) and silica in tomato soup (NanoLyse09,

NanoLyse10) from. Size-cut off of the measurements is 30 nm
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Tentative value assignment

The uncertainty budgets and assigned values are shown in
Table 4. For the neat suspensions NanoLyseOl and
NanoLyse02, the median diameters obtained by SEM,
GEMMA, and FFF-ICPMS agree with each other. This agree-
ment is surprising, as these methods are based on completely
different method principles. FFF-ICPMS and GEMMA are in-
fluenced by the movement of the particles in a liquid or gas
phase, whereas EM evaluates a static image. GEMMA and EM
produce number based median diameters, whereas FFF-ICPMS
produced mass-based median diameters. Finally, GEMMA is run
at atmospheric pressure whereas EM under vacuum.

The results from these three methods differed from the
average diameter obtained by DLS. This is expected, as the
intensity-weighted mean value as obtained by DLS is much
more influenced by a few large particles than the median
diameters obtained by the other methods. Using the instru-
ment software to convert the intensity-weighted diameters into
number-weighted diameters gives averages of about 65 nm,
i.e., in much closer agreement with the results obtained from
the other methods (data not shown).

The work described here shows that the production of RMs,
eventually even CRMs is feasible if the remaining issues re-
garding mainly stability and characterization are solved:

With respect to stability, the uncertainty of stability for the
soup materials, currently used from the neat suspension, is
only a first estimation. Measurements with more precise
methods are required to assess whether the particles remain
re-suspendable for extended time periods.

The second major question concems the trueness of results.
Data for GEMMA, FFF-ICPMS, and SEM were obtained by
one laboratory only. The detection of unrecognized laboratory

bias is the reason why many reference materials are charac-
terized by a collaborative study involving multiple laborato-
ries performing independent measurements [16]. The situation
is less severe for the neat suspensions, where the agreement of
the data from SEM and GEMMA indicates absence of major
bias, but no such check is available for the soup materials. Itis
therefore not clear whether the change in the median particle
diameter found by FFF and SEM is due to a method bias or
due to real changes. Repeated measurements in several labo-
ratories would be required to clarify this issue.

The values listed in Tables 3 and 4 therefore are tentative
only and they must not be considered certified or even indic-
ative values. This tentative nature of the these values has
important consequences for the use of the materials: As no
values are assigned, the materials cannot be used as ultimate
proof of method accuracy. It should, however, be pointed out
that the aim of this part of the project was a proof of principle
of RM production and not the actual production of certified
reference materials. The materials produced demonstrate the
possibility of producing reference materials and indicate that
even the production of certified RMs should be feasible. In
addition, in the absence of any other RMs for nanoparticles in
complex matrices, they do allow laboratories to compare their
values with those obtained by other methods and laboratories.
The materials therefore form the first step in the iterative
process of improving analytical methods and reference
materials.

Conclusion

This work highlighted some of the problems in developing
reference materials for NPs in complex matrices. A major

Table 4 Uncertainty budget and

assigned values for NanoLyse01, g, (%] g [%] Uchar [%] Assigned value®
NanoLyse02, NanoLyse09, and
NanoLyse10 NanoLyse01 Mass fraction 0.89 0 0.29 10.4+0.2 gkg
Mean diameter by DLS* 0.3 0.4 22 135+7 nm
a s e ;
Intensity-weighted harmonic Median diameter by SEM® 03 04 13 5742 nm
mean diameter as determined by . - »
DLS Median diameter by GEMMA' 0.3 04 1.6 61+£2 nm
b Number-weighted median diam- NanoLyse02 Mass fraction 1.0 0 0.5 40.5+1.0 gkg
eter as determined by SEM Mean diameter by DLS* 0.6 1.0 23 1357 nm
¢ Number weighted mean electro- Median diameter by SEM® 0.6 1.0 1.0 60+2 nm
phoretic mobility diameter as de- Median diameter by GEMMA® 0.6 1.0 14 5942 nm
temied by, GEMMA ‘ Median diameter by FFF-ICPMS 4.6 10 1s 586 nm
Mass-weighted hydrodynamic 01 vce09  Mass fraction 18 0 047 54402 g/kg
diameter as determined by FFF- = .
ICPMS Median diameter by SEM 16 0.4 4.5 44+15 nm
¢ Uncertainties are expanded un- NanoLysel0 Mass fraction 1.1 0 0.66 19.2+0.5 gkg
certainties with a coverage factor Median diameter by SEM® 16 1.0 4.1 44+15 nm
k=2 corresponding to a level of Median diameter by FFF-ICPMS? 16 1.0 2.6 20868 nm

confidence of about 95 %

4 springer
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issue for food materials is homogeneity, as silica acts as
clarifying agent, leading to considerable precipitation of food
components. Processing of the materials was made more
difficult by the lack of methods for suitable process control.
Existence of analytical methods are expected to lead to im-
proved materials in the future.

Information on stability is limited, based on the only re-
cently developed analytical methods. In addition, the applica-
tion of isochronous measurements is not straightforward, as
little information is currently available on what would be
suitable reference conditions for nanoparticles in food. Also
here, further knowledge will lead to more robust assessments
of stability.

Finally, more extensive data on the reliability of methods
for the characterization of nanoparticles in food matrices are
necessary. Interlaboratory comparisons should help establish-
ing reproducibility limits for the individual methods, allowing
more reliable characterization.

Despite of these challenges, the work has demonstrated that
development and characterization of reference materials for
the detection and quantification of silica nanoparticles in
liquid food is possible and that it should be feasible to assign
values with acceptable uncertainties. The materials developed
in this project might be the first step in the iterative improve-
ment of methods and RMs for the analysis of nanoparticles in
complex matrices.
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