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Abstract

Abstract

The increasinginterest inuse of nanotechnologyy 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 Paogme 7. The project was focused on

the development and validation of methods for analysing engineereganades in

food matrices. Theesearclpresented in this thesmas a part of NanoLyse and was
concerned witlelectron nicroscopy methods.

The aimof this researctwas optimization ofsample preparatioprocedures and
validation of electron meroscopy as an analytical technique for engineered
nanoparticle measurement in foods. Thus the comparison of different sample
preparation techniques was cagri@ut for engineered naparticles in food matrices

Best procedures were chosdaotting for liquid and sdéimentation of the sample
onto electron necroscopy grid for solid food samples. These sample preparation

techniques werthen included in validatioof electron nicroscopy

In view of unavailabity of the reference materials electroicrscopy resultsvere
compared against other analytical methods selected based on the literaigine
These techniques were: nanoparticle tracking analysisplge® electrophoretic
mobility molecular analyser, centrifugal liquid sedimentation asyimemeric flow
field flow fractionation To render the comparison possible also for studied
aggregated, nespherical particles of synthetic amorphous silica, the cdrofatata
transformation into mass equivalent diameter was developed. Thanks to this it was
possible to note that electroniaroscopy tended to overestimasenall particle
numberin size distributiondue to thesample preparationSubsguently sample
prepaation for electron neroscopy was calibrated for the measurement of
engineered nanoparticles of silica. Lastly remairghgllenges and knowledge gaps
in regards to the measurement of engineegetbpatrticles in foodvere highlighted
anddiscusse@gainstNanoLyse project achievements.
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Chapter 1 Introduction

Chapter 1

Introduction

Nanotechnology is a technology employingterials with at least endimension
smaller than 100 nr{Tiedeet al, 2008) These materials feature different properties
to their chemicalbulk or ionic counterpartsna thus arenow or beginning to be
exploited in newproducts in many branches of industd. constantly updated
inventory d consumer products containinganomaterials is available from

www.nanotechproject.org

One of the industries applyingnotechnolgy is the food and beveragsector The
numerous applications ofngneered mnomaterialsor engineered nanoparticles
(ENPs)in this sectoaresummarised in severedview publications(Chaudhryet al,
2008 Chaudhry and Castle, 201Rlasco and Pico, 2a1 Cusheret al, 2012)and
include use forimprovement of shelf life, sensory quality or nutritional value of
foodstuffs. Examples otypes ofENPs in use in the food sectorclude nancsilver
which is used as aantimicrobal in food packagingMahdi etal., 2012) nancsilica
which ack as a taste intensifien dietetic beverage(MRC, 2009) nano-cellulose
which is usedfor moisture retentior(Strom et al, 2013) and nancencapsulates

whichrender lipophilic vitamins suspendable in watdahamet al., 2012)

Alongside these new developmentsecent research findingsave reported the
existence of ENPm approved food additivegncluding titanium dioxideE171 and
synthetic amorphous silica (SAEp51, which have been useddustrially for
several écadesNanoparticles can also be introduced to the fosdsatamination
resuling from the production process. For example Gaital. (2009)detected metal
nano and micro contaminants o tsurface of bread and biscuinally food itself
is compo®d of natural nanomaterialMany of the compounds that make qod
can besmallerthan 100 nm in size e.g. casein micelles in nijl et al, 2014)
The pesence of natural and contaminating nanoparticles in femo@xpected to
hamper detection andharacterisation cinyaddedENPs

The characterisation of ENPs in foods is important not only from thesindl new
product developmenpoint of view but especially for the assessmehtrisks to
consumersENPs are a new range of food additives anduh requirespecific

regulation.Studiesinto thetoxicity of ENPsconducted in recent yeafrsve raised
16



Chapter 1 Introduction

many concernsegarding potential effects on human hegNorwegian Pollution
Control Authority, 2008Fedeet al, 2012 Asghariet al, 2012) Theresults of these
studiesindicate that forrisk assessmengurposesa range of characteristics of an

ENP may need to be considered, including aggregation state, surface charge, shape,
structure, dissolution rate,hemical composition and masgarticle mumber
concentratiofPNC) and specific surface area (S§Nprwegian Pollution Control
Authority, 2008 Hagendorfeet al, 2012 Buffet et al, 2011) The rationale for this

Is discussed in the following paragraphs.

Aggregation causesnincrease irparticle size and a deemse in the PNC and SSA

of ENPs. Generally aggregation is considered beneficial feotoxicological point

of view as ithas beershown that smaller ENPs are takgm moreeasly by cells

(Hillyer and Albrecht, 2001Liu et al, 2010)and thus aggregations believed to

make ENPs less toxifFedeet al, 2012) However, aggregatiofikely resuls in

changes in reactivity anfdinctionality of theENPs, which may pose a problem in

regards to the desired applicatiohan ENP in food Aggreation 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 ENBpersed

depends on factors such #ee pH andionic strength (I1S) of the environmeahd can

be determined fromthe Zep@ t ent i al () of the particle
the use of l ong chain mol ecul exe.Bhe8 O0cap
caping agents provide steric himhce for the agglomeration of particles
indeendently of pH or I1Sof 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 thedate uptakeof

ENPs in anorganism(Lynch and Dawson, 2008How these interactions proceed
depends on several ENP features suckhassurface chargéBouwmeesteet al,

2009)andthe structuralproperties such as shape and criisi&y.

Shape is a very important factor which might influence uptake and distribution of an
ENP within humans and other mammiahdhenceits toxicity (Norwegian Pollution
Control Authority, 2008) Shape dependent ioity 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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of the lung in mice(Lam, 2003) It needs to be méioned that shape is not the only
explanation for the toxicity of carbon nanotubes and that a combination of properties
associated wittparticular material used in the studyay lead to different result
(Donaldsoret al,, 2006)

Crystalinity has an impdacon the stability of an ENP and its reactivifyanget al,
200&; Barnardet al, 2010) For example amorphous forms tifanium dioxide
ENPs havebeen found to have the strongefidative abilities when comped to
crystalline forms(Jianget al, 208b). This property has to be considered in food
industry applications sge reactive oxygen specjeshen accumulated in the body,
are harmful, sometimes resulting in carcinogenicity and causing many other
disorders(Diplock et al, 1998) Furthermorereactive oxygen speciemay reduce

the shelf life of a food product and affect its struc{@kenet al, 1999)

Dissolution rate is as important as aggregation state. lons will behave very
differently than ENPs and in some instances may be more(fdisca et al, 2012)

For examplehe gradual dissolution of silver ENPs explains the increases in toxicity
of stored dispersions to human mesenchymal stem (¢@titer et al, 2010) The
functionality of an ENP, which also depends on their chemical composiill

have a strong effect on the behaviour of an ENP. The food industry uses this to their
advantage when designing ENPs for use imeh@roducts(Chaudhry and Groves,
2010)

Mass concentration can be measured for ENPs agiferadi t i onal 6 sul
However a more useful msure of exposure may be the POIGGSA PNCand SSA

are closely connected to some of the other ENP features described above such as
size, aggregation and dissolutianddensity.

A wide range of methods is available for detectsond characterisation of ENPs.
Numerous detailed reviews of these methods aeglable in the literature (e.qg.
Tiedeet al, 2008 Luykx et al, 2008 Linsingeret al, 2012 andudkiewiczet al,
2012 Annex 2. Methods include chromatography based tegpes, imaging
techniques, spectroscopy based techniques and mass spectrblaegryheless, m
singlemethodis abletome asur e al | o fdedcrbed akfordRIsedl.1f eat ur
provides an overview of different method capabilities foradharacteriation ofthe
listed ENP propertieg heelectron microscopy (EM)ased methods are described in
more detailed in Chapter 2
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Table 1.2- Useof analytical methods for characterisation of some ENP éatures ma r k e d

w (Dudkiewiicz et al., 2012)

Size& Size A i Dissoluti Chemist sh Struct Surface | Particle number Mass Surface
distribution ggregation Issolution emistry ape ructure charge concentration conaentration area
Chromatography + +
FFIi-2
1 SLS,
FFF " * " SedFFF
DLS"
CP? + + + +
Mlcrosc_opyand cqupled + + + + + + +
analytical techniques
Light Scattering + + + + ELS™ +
SAXS® + + + + +
SANS + + + +
XRD® + + +
NMR® + + + +
UV-Vis’ + + +
ms® SPMS + + +
Ultracentrifugation/CL$ + + + + + + +
Filtration + +
Dialysis +
BET™ +
Particle Counters + + +
DSC* +
Raman Spectrosqy + + +

Field flow fractionation,’Capilary electrophoresiSSmall angle xay scattering’Small agle neutron scatteringX-ray diffraction, °Nuclear magnetic resonanci/ltraviolet visible
spectrometry®Mass spectrometryCentrifugal liquid sedimentation®BrunauerEmmettTeller, *'Differential scanning calorimetry?Field flow fractionation capled to static light scattering,

13sedimentation field flow fractionation coupled to dynamic light scattetfigectrophoretic light scattering
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Further challenges with characterisation of ENPs in food products include sample
preparation and presence mdtural 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 sdeng-or 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. carbbased ENPSs), it may be difficult to distinguisie ENP
from the background. For example, nano delivery systems are usually composed of
lipids, proteins or polysaccharides (Luylet al, 2008), which are all naturally

present in food products making detection very difficult.

It needs to be mentionedathcharacterisation 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 distriltion) 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/aggation after being added fmod. Others might

be aggregated as a result of the picdbn 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 betweenstindies 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 fitben
toxicological as well as regulatory point of view. Recently, the European
Commission (EC) issued a recommendationtlee definition of anomaterialThe
European Commission, 201I)his recommendation states that a substance will be
considered as a namaterial if 50% of the particle number within a sample is within
size range of -I0OOnm. Such a definition adds another challenge as very few
methods are able to measure particle size distribution based on number (PNSD)
rather than madd.insingeret al, 2012 Calzolaiet al, 2012)
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Table 1.2- Definitions of particle measurements provided by the different

techniques

Techniques providing

Definition
measurement

Measurement

Diameter otthe circle
Microscopy with same projected are
as the patrticle

Equivalent Circle Diametel
(ECD)

Diameter of the sphere
CE, SMP$, GEMMA? | which has same electrig
mobility as the particle

Electric Mobility Diameter
(EMD)

Diameter of a sphere wit
CLS same sedim@ation
velocity as the particle

Stokebds Sed
Diameter (SSD)

Diameter of a sphere wit
same diffusional
behaviour as the particlg

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

Mass Equivalent Diamete| Diameter of a compact

(MED) SRICP-MS? sphere of same mass as
particle

Root mean square of th¢

Radius of GyrationR,) SLS, MALLS’ distances of the points 0

the objectéo
itdéds cente

IScanning mobility particle sizer’Gasphase electrophoretic mobility molecular analyser,
*Hydrodynamic chromatogray, “Size exclusion chromatographanoparticle tracking analysis,

®Single particle inductively coupled plasma with mass spectrometry detedfiotiangle laser light

scattering

The European Food Saf et yGuidande oo the trisk ( EF S
assessment of the application of nanoscience and nanotechnologies in the food and
feedchadm r ecommends the use of at |l east tw
(EFSA Scientific Committee, 2011)According to this guidance one of these
methods should be EMEM enables visualisation and chetexisation of such ENP

features as PNSD, shape, crystallinity and, when coupled to spectrometric
techniques, also elemental compositibhe great resolving power of EM is a result

of the application of an electron beawith a wavelength well below the nanometer

range. Optical microsgoy , oper at i ngin the rangeaot 40800 nngt hs @&
and numeri cal apertur e on NA) /2NAthyved Ad b e 6 s
resolution of ~ 200 nm. Since the wavelengthapnielectran beam is much shorter

than the one achied by light, the resolution of EMvill be much hgher. For

example, an EMvorking with an acceleration voltage of 100 kNowstheoretically

to achievewvavelength 00.0037 nm(Kachlicki, 2007a)
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Two main EM imaging techniques ra employed for ENPdetection and/or
characterigtion, namely scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)Calzolaiet al, 2012) The various EM method$&igure

1.1) arebriefly described belovand elaboratd in more detail in Chapter 2

Optical TEM SEM FIB-SEM

M v | | v |4——Electron gun

<«——Electron beam
lens <—_> v <+—Electromagnetic lens
Focused lon Beam
|

< "R
f’]‘ <«——Sample

~— Electron detector

Figure 1.1- Overview of EM methods suitable for ENP characterisation

b"\’i

in food matrices

SEM creates an imagey scanning the sample surfacetwé low energy electron
beam(1-30 keV) and detectinghé scatteredelectrons This technique is used for
imaging of the sample surface and can providages with great depth of field,
where the whole area of the micrograph is in fodusa focused ion dam SEM
(FIB-SEM), the ion beam can cut into the makbeing analysedand a solid
specimen can be sectioned for 3D imaging while being able to observe the process
(this can also be achieved withsitu microtome3 (Denk and Horstmann, 2004)

In TEM, a high energy (8800 keV) electron beam is transmittdédaugh 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 sangplieljqg a
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high resolution image and allowing characterisation by numerous spectoometr

tedhniques (see Chapte).2

Although EM has been used for decades to characterize-siaed objects like
particles, viruses and colloids in complex matri@@srghet al., 1989 Leppardet

al., 1996 Doucetet al, 2005 Domingoset al, 2009 Tiedeet al, 200<) and has
advantages over other analytical methods in termsheftypesand quality of
information it can provide oBENPs,thetechnique suffers from manyaWwbacksFor
example, t requires sample preparation, which might be complex and time
consuming, as well as induce alteyas to the sample (see Chapter Additionally

EM is only able tocharacterise onlya very small volume of the sample at once
(orderof pL), which means that the limit of detection (LOD) is likely to be very high
in comparison to other analytical solutioffie volume constraint also limits the
number of ENPs that can be analysed in BMI may pose a challenge when it
comes to represtative sampling. fie quantity of ENPswhich neal analysingto
obtain reproducible dathas beerdiscussed in several papers ammne authors
recommend measurement aif least500 ENPs(Linsingeret al, 2013) EM is also

an expensive method to use aimhequentlyacquisition of data on so many ENPs
might notalwaysbe possibl€rom an economic viewpoinData on measurement
reproducibility for ENPs in fooddoy EM methodsare so far not available.
Additionally for ENPs with broad size distribution and rspherical shape it is
difficult to apply other approacheghich could aid assessment of ENP measurement
trueness for EM because of above mentioned discrepancies in size definiiess.
drawbacks require addressjngp aid the further development ofpprgriate
guidanceon the measurement of ENPs in foods using &id 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 talevelop improved procedures for the

detection of BPs in food materialsy EM methodologiesThis was achieved by:

1. Performing a literaturereview d available EM techniques and sample
preparation proceduregshat might be appropriate for detection and

characterisation of ENPs in fog@hapter 2)
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2. Developingand assessingM sample preparation protocols for liquid and
solid food samples containing ENPs (Chagder

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 particlesequired to produce good resultOD and measurement
precision (Chaptet)

4. Developng of a novel approach fananipulation of naneneasuremerdata
to allow comparison of data arising from different techniques (Chapter 5)

5. Applying the appro&h developed in objective 4 tossess the methods
developedn objectives 2 and 3 against other available analytical approaches
(Chapter 5).

6. Refining EM method for the accurate assessment of ENP size distribution
usingthefindings from objectivés (Chapter 6)

7. Exploring theimplications of the findings of the project for end users
(Chapter7)

The study focusepredominantlyon two types of ENPs used in the food
industry, namely Ag ENPs and SABNPs EM images of these ENPs were
contained in Figwe 1.2.Ag ENPs are used in numerous food contact materials as
well as some food upplements Current EU regulations do not allow these
products on the European markeévertheless they can be purchased usiag
World Wide Web.There is alsgesearch ongog onthe application of AGENPs

in automated food processingwhich faces challenges in regards to

microbiological crossontamination of products.

In contrast to the Ag ENPs, thedustrialapplicationof SASin the food industry

in Europe is well estdished SAS is used as an aathking agenbr filler in

foods The naterialhas beeldgener al |l y regardedaas saf
recent risk reassessment (afténactions of ENPsin SASweredetected suggests

that there is no basis for conceower the consumption of SAS at current
estimateddaily food intake (Dekkerset al, 2010) NeverthelesSAS might fit

into the description of the EC recommendation for the definitionasfomaterial

(The European Commission, 2011) it does, then foods corntang it will

require new labellingfrom December 2014 European Commission, 2012)

Nevertheless, measurement of PNSD of SAS is likely to be challer@meyof
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the reasons ishe shape of these ENPs. SAS is obtained by burning silicon
tetrachlorideusingan oxygerthydrogen flame. In the processi& droplets are
formed and collide with each other creatistable aggregatédBarthel et al,
1999) Therdore, unlike Ag ENPs, SAS is comprised of particle clusters (see
Figure 1.5 and d. This means that diérent analytical methods are likely to
produce very different PNSD for SA3dditionally assilicon is a ubiquitous
element and silica particles have a low refractive index, deteesipacially in
foodsis likely to be challenging. Therefore a major pant this research was

devoted tdhe measurememind detectiof SAS.

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

This research was a part of EU funded NanolLyse prapith focusa on the
development of analytical methods and reference materials for ENPs in foods. Nine
institutions from Europe and one from Canagmaticipatd in the project and this
research benefited from close labloration with these institutiondhanks to the
collaboration it was possible to validate EM results against other analytical methods,
such as GEMMA and ARCP-MS and include in this researdome of thefirst

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

The thesis contenis divided in chapters, appendices and annexes. The chapters
comprise the main body of the thesis and describe majority of the research done
during candi dateds studentship. Appendi c
which were removed fronthe chapters in order to preserve text coherency
(Appendix 2 and 3)r/ and due to the repetition of thpart of the research in
different chapters (Appendix 1 and 4). Annexes are stand alone regsecels
related to topic of the tlses and include work dongy candidate during PhDNith

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 Chapters3 so far unpublished. Anmel 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 possibledi#pplications.
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Chapter 2 A review of electron microscopy techniques

Chapter 2

Characterisaton of engineered mnoparticles in food by
electron microscopy

2.1 Introduction

This review provides an overview of the applicability and suitabibfy EM
techniques for characteaison of ENFs in food samplegFirstly methods of sample
preparation for EM are reviewed and their limitations discussed. Then different EM
imaging modedor application tosampls in dry, frozen partly and fully hydrated
state areintroduced Where specific techniques have no¢en applied yefor
imaging of ENPs in food, examples have been taken from related fields such as

nanomedicine, hanotoxicology and environmental nanotechnology.

2.2 Sampling and sample preparation for e lectron

microscopy imaging

2.2.1 Sampling

The first and very criticalssue of sample preparation for EM analysis isatteal
sampling regime itselfSince 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 suitabbeimber of replicates has to be prepared for each
sample and ideally a uniform distribution of the sampbenponents should be
achieved Sampling procedures should béested based on e.g. type of EERd the
nature of the sample matrix. Additionally temall sample volume has anpact on

the LOD (number of particles that can be visualised). If number concentrations are
|l ow then the imaging analysis could be |
The volume will also affect quantification (e.garpcle number concentration or
elemental quantification by coupled spectroscopic techniques). foherg the
concentration of ENFn the sample is not high enough, separation and pre

concentration techniques should be considered as described by eegal.2009Q
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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 hgdraamfes for EM imaging:

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

1 Imaging usingenvironmental SEMESEM) or liquid capsules
1 Freezing followed by cryd@EM or cryo SEM

These are described in more detail below

2.2.2.1 Sample preparation for imaging by s canning 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 ains ito minimize changes in the sample matrix in order to be able to
observe the digbution and interactions of ENWithin cells and tissue in the form

t hat they wil|l occur in the Oreal é worl
preparation of these typed matrices include fixation of the specimen (e.g. with
glutaraldehyde) and pofikation (e.g. with osmium tetroxide) followed by chemical
dehydration and either critical point drying for SEM or resin embedding for TEM

and FIBSEM. Liquid samples and ensions such as milk, yoghurt or salad
dressings, can be encapsulated in agar arnmhped using the same methd#éslab

and Larocque, 199&gelandsdatt al, 1999)

1 Chemical fixation and staining

By preserving protein structure with glutaraldehyde pastfixing 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 edixied.
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 preseraion of ultrastructures. For ENP 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 isnoulded around the particle (or the particle coating)
outlining its structure. For example, studies of the uptake of polylacti#NPs

in HelLa cells, heawynetal staining of the cells enabled visualization ofEN&s

using brightfield TEM by increasinghe contras{Musyanovychet al, 2008)

The negative staining technique was originally developed for imaging v
particles and bacteriMaunsbach and Afzelius, 199%ut also organic coatings

on nanoparticles can be made visible. This method hasuseehto reveal e.g.

creatine and albumin ctiags on gold nanoparticl¢s6pezViota et al,, 2009)

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

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

1 Chemical dehydration

Dehydration of the sample with ethanol is considered to be the best choice for
food matrices and may alsomprove he preservation of ENPRtructures
compared to many other solvents that have traditionally been used e.g. acetone.
Studies with silica nanoparticles have shown that agglomeration during sample
preparatio using this method is lowdhan if oven dryingr freezedrying were
used(Rahmanet 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, reoval of water and fat during sample preparatcan lead to a
removal of ENRB that are associated with one of the phases; and reactions
between the chemicals used for sample preparation and\iRe &epossible.
Therefore, the effect dhe dehydrationreatment on EN®in a particular sample

type should be fully evaluated before the mdtleoemployed for food analysis.

1 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. Ligaidples like soups or juices
may be concentratedhen dried directly on the microscopy substrdteis type

of approach has previously been employed for the characterisatiBNRsin
sunsceens(Lorenz et al, 2010)and is about most commonly applied wafy
preparing ENP @spensions for EM analysis (elgedeet al, 200%; Parket al,
2013 Luo et al, 2013 Annex 4. Drying can be acelerated by blotting offhe
excessliquid using eg. filter paper. Thigprevents aggimeration artefacts in
dried ENPdispersiongNovak et al, 2001) For food samples, dryingnethods
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 methana increase spreading during drying, but this may

influence agglomeration state of ElNRorenzet al, 2010)

Good spreading of the drop on the TEM grid is important toaecd the
distribution of the ENB on the gridsurface. Drop spreading cae enhaned by
inducing hydropHicity of the grid coating(Hayat, 1989a) Another way of
dealing with grid hydrophobicity is sedimentation of the sample on the top of the
grid usingultracentrifugation(Lienemannet al, 1998) This technique carbe

used tgprovide quantitative datan particle concentratiofZhenget al, 1996)

Milder methods of water removal such as fredrgng may also be used. Using

this approach, the sample does not have to be chemically treated and rapid
freezing can be used to preservefae structure (B0 pum deep)(Bozzola,

2007) Fast freezing followed by sublimation is aneafiative approach for
drying ENP suspensiongDomingos et al, 2009) A further advantage of
removing water froma sample, especially highly hydrates that te ENFs 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.

1 Preparation of thin sections for transmission electron ntroscopy
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 m 1590 nm thin sectiongKalab et al, 1995)
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by means of ultramrotomy. Ultramicrotomy is the standard method for
preparing thin sections of resin embedded biological materials by sectioning the
sample with the cutting edgd a glass or diamond knif@/illiger and Bremer,

1990) The samples mounted on aarmvertically 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(@iannuzzi and Stevie, 1999)iquid 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 hazontal centrifuge. Horizontal centrifugation removes excess
of the liquid from the grid forming sufficiently thin layer for TEM imaging and
added resin polymerizes preventing drying arteféletsretet al, 1991 Platheet

al., 2010)

2.2.2.2 Sample preparation for _imaging by liquid cell technigue and

environmental electron m__icroscopy

Liquid cell technigue and ESEM often do not require any sample preparation,
enabling imaging of the specimen in its unperturbed state. However to enhance
visualisation of he fraction of interest in the sample some-tpeatment may be

given to the sample. For example, QuantdMixapsules used in the liquid SEM
techni qud“ooWeteSEBSMii table for centrifugat.i
be used to increase adhesiorfrattion of inteest to the capsule membrafikeoh et

al., 2008) The membrane of the capsule can also be treated with substances such as
gelatine or polyl-lysine improving specimen adhesion @emonstrated for ENRis

environmendl matrices and sunscregh®renzet al, 201Q Tiedeet al, 200%).

2.2.2.3 Sample preparation for imaging by cryogenic methods

Samples can be prepared for EM i maging u
sample. Water is often part of the ultra structure of biologicalptsmor food

matrices and drying the samples will change thecttra dramatically. In principle

freezing is the ideal method because chemical treatment and therefore sample
alteration can be avoided. The key to good sample preparation iEbtyis 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
soluies 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 icetalsysr at least preventing
from growirg 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 198Bruggeller and Mayer, 1980[Even

using ultra fast freeag, 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 higbspre
(Dubochet, 2009)

Different freezing methods are available including plunge freezing (rapid immersion
freezing), contact freezing (metal mirror/slam freezing), spray freezing (propane jet)
and highpressure freezingMlaunsbach and Afzelius, 199€avalieret al, 2009)

The choice b method depends mainly on the dimension of the samplehd
absence of cryoprotectants, large samples with dimensions of millimetres to
centimetres are not likely to be preserved without ice crystal darfibhgse samples
have to be infiltrated with a goprotectant like glycerol or sucrose before they can
undergo freezing.For liquid samples, like suspensions and emulsions, plunge
freezing can be applied whetee sample is plunged into a coolant like liquid
propane, ethane or nitrogen. Instruments famge freezing are commercially
available but also homemade solutions exist. Typically the liquid, e.g. a suspension,
is pipetted on a microperforated, glowdischarged -drigM grid, the excess of

liquid is removed by blotting and the grid is plunged i@ ¢oolant.

If a preservation of a thin layer-@um) on the sample surface is sufficient, the so
called contact frezing technique can be us@dforestieret al, 1996) The sample

is rapidly slammed against a cold polished metal surface with higltheductivity.
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 freezingKnoll et al, 1982) There, the sample is placeetWween 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 thethattwater 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 thougleramtes of
Ohomemaded hi gh pressure freezing, expl

freezing inclosed containers do exi@tiayashiet al, 2002 Leunissen and Yi, 2009)

Cryo-SEM might require sectioning of the sample by means of tlealded freeze
fracture method. The sample is fractured and inspected under cryogenic
temperatures. Freedmcture provides access to the inside of a bulk sample.
Samples have a tendency to break at the natural planes of weakness eag.thach
hydrophobic interior ofcellular membrane¢Branton, 1966) The fracture can be
succeeded by sublimation of water from the ice surface to reveal more of the
embedded solid structu(®oor and Muhlethaler, 19623)

There are several possibilities to prepare giyed samples for EM. Plunge frozen
samples can be directly investigated in a TEM equipped with asenyple transfer
holder. Samples from contact, spray or high pressure freezing can undergo freeze
substitution, i.e. dehydration at low temperatures in paraligl mfiltration of a
resin(Maunsbach and Afzelius, 199%8ubsequently, 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 spdeiate 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 cryaltramicrotome and the frozen secisinvestigated in a TEM
equipped with a crydolder. This tehnique is known as CEMOVI@\-Amoudi et

al., 2004)

2.2.3 Improving localisation of engineered n anoparticles in the
sample

For some ENP it is possible to use autoetallography (AMG) or silver
enhancement to increase tE®&P size. In this process, silver from solution, is
deposited onto existing particles so that they reach sizes visible indgwification

EM or even light ntroscopy. The basic principle is that silver ions adhere to the
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catdytically active nanopatrticle or crystal and are then reduced by electrons released
from reducing molecules touching the nanoparticle. This methodsu@essfully

been applied for gold andher ENPs, Quantum @&ts (e.g. CdSe) and nanocrystals

of metalliccompounds generateéd vivo (Danscher and Stoltenberg, 2006)

To get an oveview of the distribution of EN®in an inhomogeneous sample it is
helpful to visualize the presence of the particles ataively low magnification. In
correlativeoptical andelectron nicroscopyspecific areas are idefied by screening
with e.g. a confocal mroscope and then4ecalized at the EM level. This approach
is suitable or absorbing or fluorescing ENRgth sufficiert contrast in TEM like
metal ENR or quantum aks (Nismanet al, 2004) Increasing the number of images

and subsamples, 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 diepement 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 prototpgpdedtwss at
nm(J- Fwiak, 2007)

SEMs of today achieve resolution® 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 wittayar 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 efextron 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 electronsE)B&n be used for
mapping contrast based on differences in atomic humBers, elements that the
sample is composed of thereby providing good contrast sBonjhand light elements

such as Bver ENPsin cells(Koh et al, 2008) Images obtained with a3 detector

can give visible contrast when the difference betweehelements is as low as 0.1
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(J - Twi aknd th&xdlote pnovide simplicity of data interpretation superior to

other imaging techniques.

Samples for SEM are mounted on aluminium or earbtubs by sticking with, for
example, quick g&ng glue, epoxy cement, waxjver 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 introduice imaging in

bulk form as there is no need for cutting thin sections. Generally sample preparation
is less challengingpr SEM imaging compared to TEM. For example liquid samples
can be dried directly on SEM stub as demonstrated for sunsdilsmesz et al,
2010)or closed in agar capsules which after chemical treatment undergo incision e.g.
model salad dressind&gelandsdakt al, 1999) SEM also gives the possibility of
tilting the sample to allow observation from different angles and 3D imaging
(Pouchouet al, 2002)

The characteristic depth of field given by SEM micrographs is of great utility for
food analysis as it Elws the effects of EN$?on food structure toebestablished as

well as the ENP to be localised. The effectiveness of the neple has been
demonstrated in studies on collagen srdisking with gold ENPsfor drug delivery

system applicationCastanedaet al, 2008) In this research SEM micrographs
allowed the authors to measuhe effects of the ENPsn the porosity of coligen

gel while TEM analysis shosd organization of ENPsn the gel structure.
Compiling data from micrographs by SEM as well as TEM methods is a good
practice, si nce SE MO ssibilityeok abdenvdtion® on EdPa n g e
morphology.

Although conentional 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 ethah cryofractured (Palka, 2003) This way sample

alteration was minimised since frozen ethanol does not form crystals.

Another method for observation of a fractioned sample isSHRI. Duatbeam
FIB-SEM is a powerful alternative to TEM, when a large vatubmlogical sample
(e.g. whole cells, tissue) needs to be imaged. It is a hybrid 3D imaginggeehni
combiningFIB 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 sampik, 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 paricles to provide a good atomic number contrast in the extremely flacuiB

surface.

Compared to TEM, FIEBSEM provides fivefold lower resolution of 5 to 10 nm in

the X and Y dimensions and 10 nm in Z dimengMfinter et al, 2009) This allows
correctimaging 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 ailable image volume of tens of micrometers: making the

whole cell morphology and struce imaging easily achievable.

An image of a sample prepared by FHEM milling can be seen in Figur2.la
(stained Hela cell).

FIB-SEM 3D images usually suffer resbbn anisotropy(image anisotropy occurs
when voxelqthree dimensional pixelshat image is consisted of, instead of cubical
are shaped inuboids with variable edge lengthhis can only be avoided if the FB
resolution is pushed to its limits: staibthe-art FIB minimum probe size and
position is stable for 10 nm slice millingVinter 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 velameimaged 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 ofthe dual
beam systems, the electron beam is arranged vertically and theaonviiéh an
angle of 52°, Tilting of the sample stage allowing striaigh milling is commonly

used.
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Figure 2.1-(a) SEM image of FIB-milled block face of fixed, staired and
embedded Hela cell;(b) TEM image of silver ENPdn resin embedded,
unstained rat tissue; (c) liquid SEM image of unstained coffee cream
(BSE detector); (d) WetSEM image of metalbased ENPs in lake water;
(e) Cryo-SEM image of freezefractured, 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 m icroscopy methods

The first TEM was constructed in 1931 by Max Knoll and Ernst Ruska, later winner
of Nobel Prize in Phsics. 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 Maowstructures (e.g.
Fishmanet al, 1995 Auty etal., 2005)and therefore is regarded as promisiog|

for characterisation of ENPwithin food matrices. The resolution in stafehe-art

TEM is about 0.07 nm and developments are mgnto upgrade it to 0.05 nm
(TEAM, 2013) For TEM, resolution is sbngly dependent on the thickness of the
prepared sample and the accelerating voltage for the eledtinerhigher the voltage

the better the theoretical resolution. For imaging of food samples, especially
containing structures prone to electron damage offtimal acceleratingoltage of

TEM would be limitedo 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 literdiaehlicki, 2007b) For

bright field TEM imaging, scattered electrons are totally absorbed by an objective
lens aperture and the iiffracted part of the beam passes through the aperture hole
to form an image. The user obsenasdark object on bright background kit
absorption or interference contrast. In TEM bright field imaging of aangstalline
sample contrast emerges mainly from differences in the sample thickness and
differences in tB sample density arf with thicker sample regions and regions with
higher density gpearing darker. Metal based E&NRypically give significant
contrast in these matrices (elgorenzet al, 201Q Tiedeet al, 2002) as illustrated

in Figure 21b slowing a bright field image ofilser ENPsin 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 fooastructures
like starchegFishmanet al, 1995)and casein micellg®uty et al, 2005)

Dark field TEM imaging is based afetection of the fraction of the beam diffracted
by thesample. This methodsualises a bright object on dark backgroubdrk field
imaging employed in scanning transmission electraaraacope (STEM) allows
imaging of nanoparticles and biological speens without staining and with alsu
nanometer spatial resolutigiuiu, 2005) For imaging te distribution of highZ
elements e.g. Silver ordRl in a light element matrix such as organic tissue, one can
take advantage of the high angle scattered electroS TEM 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-fietd (HAADF) detector
placed in a circle atmd the electron beam. HAADF whs instanceused to image
gold ENPswith 4 nm resolution within a cell, which amounts to severatometers

of organic mattergNiels de Jonge, 2007)

High resolution TEM (HRTEM) utilisesnterference contrast to provideslutions
capable of visualisig atomic layers of crystalline samples acah be applié for
imaging of crystalline EN® within organic matrices such as food. For example
Fayek et al. (2005) applied HRTEM forimaging and sizing of ranium ide
nanocrystalson the surface of bacteridn some cases high resolution imaging
enabledgdentification of ENR using their characteristic lattice spacing. This has for

example lken achieved for fullerenedorter et al, 2007) By observation of
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coherent electron nanodiffraction patterns, detaifisthe mophology and D
structure of ENB can be revealddliu, 2005) The thre dimensional arrangement of
ENPs within a matrix can be observed by electromography. Tilting the sample
holder in the microscope a 3D image can be obtained recordingsméthe sample

at different angles followed by computed backrojection(McIntoshet 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 relatvely 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), ESEMIiquid SEM/ WetSEM™ and liquid scanning

transmission electron microscope §W\STEM) (Tiedeet al, 2008)

For example, techniques for high resolution imaging of liquid samples in TEM are
being developed (resolutions oB0nm have been reported by et al. (2008)with

9 nm oxide windows and-2 microns of water and of 3 nm Beckyset al. (2009)

with 50 nm silicon nitride windows and apgmmately 10 microns of waterppecial
microfabricated chips with thin film windows that can be penetrated by the electron
beam are used for this purpose. These chips allow a sample todezlimats 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 bdamsi®
pressure and electron transparent in such a way that the contribution to the signal
from the window can é& said to be negligiblfLiu et al, 2008 Peckyset al, 2009)

This method has been used to observe the syntheSiNRE(Zhenget al, 2009. It

has been shown that highparticles 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 Peckyset al, 2009) These devices would likely be alie

provide new insights into the ENRteraction 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@EM 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 bgpbkeimen surface

and molecules of thgas in the sample chaml§&hiel 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 surfateus preventing water
evaporation. While manipulating vapour pressurdsialso possible to partially
dehydrate the sample in the sample chamber. Thisiggrammay be very helpful for
ENPs analysis, since e.g. in an aqueous sample imaged at 100% humidity, only the
surface of tb wate droplet will be imaged and ENRlistributedwithin will not be

visible (Doucet et al, 2005) ESEM does not need sample coverage with an
electrical conductor since ions present in the water vapewtralize charged
regions.The echnique does naequire extensive sample preparation and therefore

is good alternative for food products imaging in their native state as demonstrated for
starchcontaining imitation cheesgdloronhaet al, 2008) ESEM was also proven

to produce high contrast images @hno and microsized inorganic contantioas in

bread and biscuitg>atti 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 imagingostn aggregted colloids and particles
(Doucetet al, 2005) The disadvantge of the method is worse resolution compared

to conventimal SEM imaging (14.00 nm)(Tiedeet al, 2008)

In WetSEM™ a sample is encapsulated in a special device designed by
Quariomix™ allowing samples under fully liquid conditions to be imaged through
an electron transparent membransimilar to the liquid cell technique used for
TEM. This method is suitable for imaging objects made of elements with high
atomic numbers, which W give good contrast on the microgragQuantomix,
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 envirental samples in their unperturbed
state(Tiedeet al, 200%), therefore is also promising technique for investigation on
liquid foodstuff in their native state. Figuresl@ and 21d show liquid SEM image

of coffee cream and WetSEM of metd-based ENPsuspended in lake water

respectively. Like ESEM, the disadvantage of WetS¥Ns that the resolution is
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lower compared to standard methods-{D0 nn) (Tiedeet al, 2008) Also ENF

will move in the liquid due to Brownian motion and therefore focusing bmama
challenge(Lorenz et al, 201Q Tiede 200X). The capsule membranes can also be
prone to damage by the electron be@imarenz et al, 201Q Tiede et al, 200%;
Tiedeet al, 2008) Another approachWWetSTEM, has a resolution of ~ 5 nm. For
this metha 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 ESEMgihing of hydrated
samples isachieved in annular darkiéld mode by employing BSE detectituated

beneath the samp(Bogneret al, 2005)

2.5 Cryo-electron m icroscopy

Cryogenic scanning electronicroscopy (cryeSEM) is applied for investigation of

the ultrastructure of bulk samples. The samples are kept frozen by a cryo stage in
the microscope and viewed under high vacuumcivhallows 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 frorddreaya by the

low temperature (seddure 21e).

The fracture planes in dezefracture 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 performB=5EM on the frozen specimens (seglte 21f).

This has the advantage over ultramicrotomy that very small structures of interest can
be selected by use of chgEM prior to milling.

It is always wise to compare several methods to avoid conclusions maade lbasis

of artefacts. A number of studies have employed both-8§B8 and ESEM to
hydrated samples. Cy®EM has the highest resolution, whereas ESEM enables the
observation of dynamic changes toetstructure(James and Smith, 2009The
combination & the two is beneficial to understanding the structure, as the
micrographs casometimes be complementgfyoronhaet al, 2008)

Cryo-SEM is likely to be a very useful approach for analysis of foreign nanosized
objects embedded in food matrices as longhag structure can be distinguished
from the structure of the food product. The hoet has been used in characegien

of ENP bio carriergGomeset al, 2010) polymer nanocapsuléki et al, 2009)and

even in visualisation of cellular uptake of pwisr ENPs(Win and Feng, 2005)
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For CryoTEM, 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 resolutiomaging, for examplef 15 nm @Id
ENPswith 0.2 nm lateal resolution, is possibléBalmeset 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 3Dabn vir
particles enabling 3D reconstruction of tihetailed protein structur@&hanget al,

2010) The technique can be dol for imaging of ENPsuspasions, like metal

ENPs (Balmes et al, 2006) solid lipid ENPs(Joreset al, 2004) or micelles
(Knudsen ad Skibsted, 201nd vesiclegWon et al, 2002)

Cryogenic techniques are very useful for imaging of deqnid and solid food
samples that cannot be fixed chemically, i.e. fat or polysaceéhdaded food like
chocolate(James and Smith, 200@nd brad (Barcenas and Rosell, 2006)r
samples where the preservation of the matrix structuressafg interest, like meat
(Larreaet al, 2007)

2.6 Analytical methods coupled to electron m icroscopy

Analytical EMallows the determination of the elemental pasition of specimen or
specific areas/spots of a samplée most common example is energy dispersive X

ray spectroscopy (EDS). EDS and wavelength dsperspectroscopy (WDS)
enable xray microanalysis of spectra emitted by atoms of the sample. WDGcis m
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 composmioENPs and
especially to wtinguish between inorganiENPs contained in an organic food
matrix. EDS can be combined with SEM, TEM, WetSEMliquid TEM, STEM,
ESEM, ETEM and FIBSEM.

For TEM, HAADF and energy filter imaging (EFTEM), electron energy loss
spectroscopy (EELS) igsually applied for characteaon of inadganic materials,
however, thismethods can also be useful for the idfe#tion 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 detectingneénts of higtZ, whereas EELS can
readily detect lowZ elements.For instanceEELS hasbeen used to image the
distribution of carbon nanotubes in cells, since the nanotube EELS spectrum is

slightly different fom the carbotound in organic materia(®orteret al, 2007)

2.7 Data interpretation and analysis

In most cases, the volume of a sample taken for Eidlaively small(order of p)

in comparison to the volume of the original food product or environmaragdrial,

e.g. for TEM a few phre dried on a grid for analysis, whereas a typical bottsefbf

drink contains several 10nl. If the food product or environmental material is
heterogeneous or an inhomogeneous distributioEPs 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 ENPquires 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
developéd (Elias and Hyde, 198Mayhewet al, 2009)

A major challenge is the analysis of samples with ery PNC of ENPs Low
PNCscan for examle be expected if ENPenter foodstuffs by migration from
packaging materials. For a given masscentration PN©f ENPsdepends on their
size and density of the material the ENP is comprised Hdving for example a
sample with a mass congeation of dver ENPs of 0.01 % m/v, 18 ENRsuld be
expected per analgd volume of 1 um? if the particldadneter is 10m. In contrast,

for 100 nm silver ENPsat the same mass concentration at least 55 um?3 have to be
analysed to find a single gicle. The LODdepends on the preparation and imaging
technique and the ENproperties including, e.g. size, compositiont blso o the

size of the analysl volume.

One should also keep in mind that for determining the size distnibationor
spherical ENPs -8imensional information might beequired. TEM, for example,
shows only a projection of a certamnientation of the ENPwhereas, methods like

FIB-SEM, tomography or single particle analysisffer threedimensional
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information of the ENPsize and shape. Nevertheless, these methods will have

limitations at vey low particle PNCs.

Extraction of the data from EM images in anegentative and reproducible way is a
challenge Precise qualitative and quantitative image analysis is therefore required.
The accuracy of determining the average partgike and the PNSDf particles
contained in a sample, for example, depends on tingbar of particles measured
and a valid statistical approach might require thousands of measurdfiediset

al., 2008 Hassellovet al, 2008) Therefore automation of image analysis is crucial
for extracting data in a reproducible and objective waynyiaf the avdable image
analysis softwares arBowever, 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 aicta boundaries, specially

in presence of background naqisehich is typical for EM images. Innovative object
based quantitative image analysing systems, which enable cross linking of
neighboured objects, thus allowing structural and relational adquisibf
information such as distance, relative positions and composition, may overcome
these limitationg(Tiede et al, 2008) Examples for the application of automated
image aalysis for sizing ENPsan be found in the literatudiede et al, 201Q
Tiedeet al, 2009).

2.8 Conclusions

EM methods are capable of detecting and characterising ENP in a wide range of
matrices. The potential of EMbf observing interactions of ENKith complex food
matrices is improving with refinement of existing techniques aediévelopment of

novel techniques such as the wet state imaging systems. The traditional EM methods
are promising candidates for high resolution imaging of complex 3D stracture
containing known inorganic ENP However to date manuch work has been done

on ENRfood studies. The main challenge for researchers is sample preparation,
which may not be adequate forofistuffs containing ENh the structure. Careful
evaluation of the various methods, considering the highly vargamgple matrices

and types of NP is strongly recommended. A guiding table covering the available
EM choices, based on the research covered in this review, shows the main

possibilties and some pitfalls (Table 2.1)
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In most cases, the use of more than one of the available techniqudd ble
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 showd naturally be backed by othanalytical methodéTiedeet 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 netds. The localisation of individual nanoparticles

in a real world food sample by EM, is very much likending a needle in a
haystack due to timeconsuming analysis of small sample volumes and the issue of
representativeness and reproducibility, andellikalso 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 EN®still in the development stage. None of
the discussed methods are complete and reliable just yet and the necdssihepf
research and validatiaof the methodsgainst reference materials or/ and other type

of analytical techniques highlighted by this review.
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Sample Type
1 1
InerganicENM, no OrganicENM,
staining needed, staining, comparison
confirmation by EDS, of blanksample,
T EELS EELS helpful
Liquid Solid
—1——
1 1
' s
Turbid Clear Emulsion Cogﬂ:ﬁ?o{j Prote;gge;:?food
AN A AN
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hni Cryo-Techniques, Cryo-Techniques,
I C.ryo.;jTec ] | | Cryo-Techniques, | | Cryo-Techniques, ESEM, Freeze-drying | | ESEM, Freeze-drying
SERICHERTRENER Allliquid techniques ESEM, Liquid SEM For SEM For SEM
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Drvingand freaze Drying and freeze- Chemicaltreatment Chemicaltreatment
L Brving " | 4 dryingforSEM and L| forsEM, TEM, FIB- L forSEM, TEM, FIB-
dryingfor SEM B EED SEM
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Figure 2.2- Decision tree illustrating choice of EM methods available for

imaging of defined sample type

In the next Chaptemethods for sample preparation for EM imaging to support ENP
analysis are evaluated in order to idignthe most appropriate methods for analysis

and character&ion of ENPs in food materials
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Table 2.1- Overview of discussed EM methods suitable for ENRharacterisation in food matrices

Method and T Type of ENPand examples
; ype of food . ,
Approximate matrix from the literature, Advantages Disadvantages
Resolution references
SEM

Resolution 1-10 nm

g

!
\
‘

Electron beam scannec

Food powders,
meat, fruit,
vegetables,
emulsions,

protein gels and

protein based

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

Imaging of food structure
paameters eg. porosity
(Dubochet, 2009)
ENP preconcentration,
ENP localistion in sample
(Koh et al, 2008)
EDS applicable,
Freeze dried specimens ma

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

over sample. Scatterec foodstuffs stain contrast be imagedCastanedat al, Mainly for analysis of
electrons detected in 2008)in alternative to prepared san
each pixel. chemically fixed ones
FIB-SEM o
Resolution 10 nm in 3D 3D imaging of sample
Electron beam SeCtionS,
Meat, frut, , g .
Fracturing while imaging
vegetables, o If not frozen sample has tq
Ton-beam - controlled sectioning, : ,
h emulsions, As for SEM T be embeddeth resin
Cutting . ENPIlocalization in sample,
sequentially Protein based . artefacts, loss of componer
1-2-3-4... EDS applicable,
foodstuffs

lon beam cuts sections

imaged by SEM

FID applicable in cryeSEMs
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Table 2.1 Continued

Method and
Approximate
Resolution

Type of food
matrix

Type of ENPand examples
from the literature,
references

Advantages

Disadvantages

TEM
Resolution 0.07 nm

Electronbeam passing
through thesample

Non- turbid liquids,
without suspended
solids and low
concentration of
dissolved substance
eg. clarified juices,
meat, fruit,
vegetables, protei

based foodstuffs

Inorganic eg. metdlased
ENM and quantum dots
(Nismanet al, 2004) metal
oxides TiQ, ZnO(Lorenzet
al., 2010)
Organic egpolylactide in
stained matriXMusyanovych
et al, 2008) fullerene Gy
and carbon narnobes(Porter
et al, 2007), differently
shaped than sample
components

Detail imaging of ENFand
sample morphology,

Simple sample preparation
for liquids,

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

coating

Altered structure of sample
ENPartefactdue to water
removal,

Solid samples have to be
chemically treatedartefacts,

loss of components,

Very thin section of the

sample needednay be not
representative,

Particles may be damaged
misplaced during sectionin

STEM
Resolution 0.07nm

TEM electron beam

scanned over sample

Meat, fruit,
vegetables, protein
based foodstuffs

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

HAADF detector applicable

As in case oTEM
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Method and Type of ENP and
: Type of food .
Approximate , examples from the Advantages Disadvantages
. matri x :
Resolution literature, references
Minimal sample preparation, Resolution may & at times
Dynamic changes in sample may be too low to detect ENP
ESEM quu@s, Applicable for same observed FIB mode not applicable
emulsions,

Resolution 16100 nm
(Tiedeet al, 2008)

complex solid
food samples|

as SEM if size is
sufficient

No coating needed for imaging,
Sample may be @erved in native state
(Doucetet al, 2005)
Contolled evaporation of watéDoucet
et al, 2005) EDS applicable

therefore only for surface
analysis,
Some particles may be
cowvered by layer of free wate
(Doucetet al, 2005)

WetSEM

<+—Electron beam

Electron
transparent
window
@ Liquid
Sample
chamber
Liquid sample containeq

in chamber with electror
transparent window

Liquids,
emulsions

Applicable for same
as &M if size is
sufficient eg(Lorenz
et al, 201Q Tiedeet
al., 200%)

No sample preparation required,
No artefacts related with sample
preparation
Water and fat phase rcde distinguished
(Moleroet al, 2009 Quantomix, 2011)
EDS applicabléBogneretal., 2005)
Dynamic changes may be observed

Resolution may & 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
membrae to image them
(Lorenzet al, 201Q Tiedeet
al., 200%)
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Table 2.1 Continued

Method and Tvpe of food Type of ENP and
Approximate ype ot examples from the Advantages Disadvantages
. matri x ,
Resolution literature, references
No sample preparationgeired,
quu_ld TEM _ quU|ds Metal based ENBnd No artefacts relatgd with sample
Resolution 0.3 nm in without o preparation, .
: organic differently , Low range of products which
(Liu et al, 2008)and 3 suspended Dynamic changes may be observed ) .
: . shaped than natural ) technique may be applied fg
nm in (Peckyset al, solids, non sample components (Zhenget al, 2009) EDS applicable,
2009) turbid P P Cellular stretures may be observédiu
et al, 2008 Peckyset al, 2009)
Liquids .
without Metal b_ase_d ENP an| Sample observed partially hydrated, Evaporation may alter the
organic differently ) structure,
ETEM suspended haped th | EDS applicable, £ orod hict
solids. non shaped than natura Low range of products whic
turt;id sample components technique may be applied for
Surfacestructure well preserved,
Organic: nano bio Freezefracture and FIB applicable,
carriers(Gomeset al, No artefacts connected with chemical
Liquids 2010) polymer treatment,
quias, nanocapsulef.i et Sample less prone to charging when| Risk of ice damage to sampl
Cryo- SEM emulsions, > )
al., 2009) frozen, structure especially bigger

Resolution 1-10 nm

complex solid
food samples|

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

Applicable for whole range of food
productg(Barcenas and Rosell, 2006
Larreaet al, 2007 James an&mith,

2009)
EDS applicable

samples
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Table 2.1 Continued

Method and Tvpe of food Type of ENP and
Approximate ype ot examples from the Advantages Disadvantages
. matri x :
Resolution literature, references
Staining and observation of ENP coatin]
applicable(L6pezViota et al, 20(),
EDS applicable,
Liquids, Sample less prc;poez'éc;]beam damage wi Risk of ice damage to sampl
Cryq TEM emulsmns,. As TEM No artefacts connected with chemical structure especially gger
Resolution 0.33 nm | complex solid samples
food samples| . treatment,
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 techniquegor electron
microscopy analysis of di caengineered rmnoparticles in a

model tomato soupmatrix

3.1 Introduction

As discussed in Chapter het application of EM for the characterisatiof particle

size in food, is challenging. Sample preparatiaf foods for EM imaging is
generallyunavoidable agoods typically have a high moisture content andiry
specimen is requiretbr imaging by most EM techniqueRemoval of water from

the sarple is however prone to introdag artefacts and mathereforealter the
outcome of EM analysis. For example, some sample preparation protocols (e.g.
drying) are known to induce particle agglomerat{Doucetet al, 2005) whereas
others, such as depasit of particles by electrostatic attraction to the microscopy
grid or by adsorption, are suspected to discriminate largeffrsicions of the ENP
sample(Balnois and Wilkinson, 2002.uo et al, 2013 Annex 4.

Therefore, in theChapter, studies to idéfy optimum approaches for sample
preparation of food materials for EM analysis are preseiefibcus of this study

were methods which could be used for routine analysis and hence some of more
complex approaches, such as e.g. resin embeddaigb andLarocque, 1996)vere

not included.The aims of the studies were: th) evaluatethe applicability of
standard EM sample preparatiomethodologiesised for imaging obtherbiological
specimes (Chapter 2) for ENPs in food samplemd 2 testthe impact d this

sample prepation on EM measurement of ENP size

This was achieved bgomparing the size and abundancesiita ENPs recovered
from samplespreparedusing a range of different procedurfies EM analysis with
measurements provided by selectedrezfee methodslwo reference methodsble
to measure ENPs directly in liquid dispersiamsre selected for the study, namely
NTA (Carr and Malloy, 2013and GEMMA (Bacheret al, 2001) These techniques

were choserbased on theimbility to provide PNSD rather than particle size
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distribution weighted by massvhich is relevant to the relts 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% w/wwere purchased from Evonik (Hanau, Germany). An
estimation of the mean particle size of 120 nmlyaesl by SLS(Horiba LA 910)

was provided by the manufacturer. The dispersion was further characterised, bottled
and distributed by the JRC Institute of Materiatel Measurement (IRMM) (Geel,
Belgium), who were also a partner of the NanoLyse projecthe pH of the
dispersion was determined to be &ritl therefore a negative charge of the particles
could be expected Gu ndi kl,02001) The SAS dispersion showed positivey
skewed size distribution with broad particle size range, dependant on the analytical

method and measurement expression (see CHapter

Two aqueous suspensions of Klebosol spherical silica ENPs, both at a concentration
of 30% w/w and of nomiriasizes of 12 nm (manufacturer id.: 30V12; K12) and 80

nm (manufacturer id. 30V50; K80) respectively, were kindly provided by AZ
Electronic Materials (TrosBr eui | , France) . The manuf a
titration method to estimate particle specificface 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 peapproximately28 to 62

nm, second pealapproximately70 t0106 nm see Chapteb) ard a particle size
distribution with a singleresembling Gaussian peak (approximateyto 50 nm

see Chapteb) of the K12 dispersion. Thavb dispersions were mixed (Kn)ixo
generate a sample showing 3 distinct $raetions during analysis. Kmigontained

3.5 % w/w of K80 and 0.04 % w/w of K12 in borate buffer at pH 8 (BB8lOg
buffer 6s ¢ oObMd BBA3, i0.05M K@ ,a09004M NaOHSEM images

of K12, K80 and Kmixare given in Figure.3.
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AccV  Spot Magn Det WD Exp F—— 500nm Acc ot Magn Det WD Exp 1 1m
500KV 30 50000x TLD 4.7 1 5.00 TLD 49 1
Y L J

a : y
AccV SpotMagn Det WD Bxp FH————— 1m
. 5.00KkV30 300()())(_ TLD 49 1

Figure 3.1- SEM imagesof 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 teoéd high background levels ailica, 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 4:3.6 and the dry weight content 8 % wi/w.

The food additive E55kan ke added to powdered commercial food products at
concentrations of up to 2 %. To allow for testing at realistic concentrations, the soup
was thereforespiked with theSAS dispersion at aatio of 1:1. The same spilg

ratio was used for the Kmigample. Nosonication 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 throughléms detector andlas operated

at 5 kV and spot size 3.

Standard formvacarbon coat® TEM grids (Agar Scientifie Stansted, UK) were
used for sample preparation and attached to alumirSEM stubsvith carbon tape.
Prepared samples were theoated wih 10 nm Pt/Pdising a sputter coer (JEOL
JFG2300HR High Resolution Fine Coater) with a JEOL-H@20 Thickness
Controller (JEOL- Tokyo, Japan). The coating was expected to increase particle
size, therefore ENP size measurements were correctedhi®orestmated size

increase (seApperdix 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 frommigndo
selected, noheighbouring 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 |ffor SASand 13.06 prfifor Kmix.

Blank soup samples were &ysed at the same imaging conditionstlas 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, TrimbleéSunnyvale, @lifornia, 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 solgiased in this

study alowed measurement of ENRagglomerates by merging particles with a
common border despite the often weak contrasts at particle interfaces as well as

single particles. Thuthe performed measurements aimed to enal®asurement of
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agglomeration arfacts in the EM saples which could be related to sample

preparation.

As a cutoff point for the smallest measurable particle siiA pixels/ pédicle area

was chosen for Kmixsamples (Bsed on the Hmouse evaluation using imaging of
monaodispersed gold ENPs at decregsimagnification, data not shoynwhich
corresponds to a 12.5 nm equivaleintle diameter (ECD). For SAShe limit was
raised to 15 pixels/ particle area (30 n
limit of detection(Size LOD) The pixel size formages of Kmixsamples was 5.7

nm and for SASamples 8.6 nm.

3.2.4 Selected sampe preparation protocols for electron
microscopy analysis

A variety of sample preparation protocols were selected based on their ttedoreti
suitability for imaging of gica particles in tomato soup and also the frequency of

usein the available literaturelhese were(1) drying; (2) sedimentation of ta ENPs

onto an EM grid byltracentrifugatiorand (3) attraction of the ENFsom liquid to

a charged EM grid Standard fonvarcarbon 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 concentratbns of all stock iica ENP dispersions were high and tkésre
substantial dilution of samples was necessary pooimaging. Fordrying and
ultracentrifugationthe 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 prepapatioadures are

given in Table 3L
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Table 3.1- Nominal particle mass concentratim in final dilutions of

samples
Sample Final particle concentration (% w/w)
preparation _
method SAS Kmix*
. -4
Drying 6x10 )
Ultracentrifugation 1_2x1(j5 2_4x1c56
Electrostatic -2 -2
attraction 1x10 1.8x10
3.2.4.1 Drying

For drying, samples were stepwidéuted 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 pL
of the sample was placed on the surface of a TEM grid with a pipette and placed

over a hotplate at 61 until the grid appared dry.

3.2.4.2 Ultracentrifugation

Two triplicate series of samplesere prepared foultracentrifugation. The first
series was diluted with DMW and the other one using BB8.0. A BeckmahORL
ultracentrifuge (Beckman, California, USA) with a swimgdket rotor SW40Ti was
used. Platforms made of gdar 100 resin (Agar ScientificStandstedUK) were
placed at the bottom of thaolyallomer tubes (Beckman Coultedxford, UK) to
provide a flat support for the grids during sedimentatomL of the dilutedsample
were added to the tube and then more of the respective diluent was added to the tube
until the required level of 0:0.3 cm below the rim of the tube was reached, as
specified by the manufacturer. As a last stTEpM grids wereplaced on the liquid
surface andallowed to sink to the bottom ofthe tube at the beginning of
ultracentrifugation processThe ultracentrifuge was operated at RCF =,000 g

and 20°C for 60 min for SASENPs and 92 min for Kmisamples. According to
calculations based on &t®@ 6 s Law t hsenere sufii@entaaonsedineent
silica ENPsas 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 m _icroscopy grids for electrostatic

attraction of _engineered n anoparticles

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 sanfpdeshis
purpose grids were coated with eith@r) a 0.1 % solution of polilysine (P8920,

Sigma Aldrich, UK) or(2) a 0.1 % freshly prepared solution of gelatin from porcine
skin type A (G6144100G, Sigma Aldrich UK) in DMW. Both agents carry a
positive charge at the pH ranges of the sampdeslin this study(Carret al, 1989

Raja Mohd Hafidzet 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 pbllysine (T1 Lys) or gelatin
(T1 Gel) for 10 s. Excess moisture was removed from the grid suréaug u
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 pbllysine (T2Lys) or gelatin
(T2 Gel) for5 min and then rinsed three times using a cfbpMW. Then
the coated grids were placed thie top o the sample drop for anothrmin
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 ofsample preparation induced agglomeration
of synthetic amorphous silica

The degree of particle agglomeration induced by different sample preparation
techniques used for EM imexg of SASwas assessedy comparing EM image
analysis and NTA restd. Median particle sizewere comparedParticle number
recovery on EM grids was also used to assess agglomeration for samples prepared by
drying and ultracentrifugation. Obtained here nomieabvery was a@culated based
on PNC measured by NTA and thdsges not reflect total recovery related to initial
mass or count of particles in the dispersionag®as for this are possible loss of the
ENPs during sample dilution and by sorption to sample container walls (as suggested
by Tiedeet al. 2009b) as well aBmited range of NTAmeasurements (30000 nm
HDD).

58



Chapter 3 Sample preparation for liquid foods

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 fordeground correction is applie(e.g. Gallege

Urreaet al, 2012 Luo et al, 2013 Annex 4. NTA provides values forthepa i c |l es 6
HDD, rather than th&CD derived from EM imaging. Generally HDD is expected to

be larger than the EC{hinsingeret al, 2012.

3.2.5.1 Nanoparticle tracking a _nalysis

NTA analysis was performed usiag LM20 (software version 2.2, NanoSight Ltd,
Amesbury, UK). Prior to analysis the samples were diluteaddoh a concentration

of SAS at 2x10° % w/w using either BB 8.0 or DMWThree 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 bftitig
data. The PNCs of A5 in soup and stock dispersions diluted with DMW and BB8.0,

respectively, were compared usiAggs$ts.

In order to conclusively evaluate the influence of sample preparation as well as the
matrix effect on size measurements, the median of the particledb@hed from

SEM micrographs (O 60 readings per sampl
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 fev 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 alstetween replicates of the same

treatment/sample.

The majority of the SASlata used for statistical evaluation did not conform to a

normal distribution and therefore ngarametric tests were applied, namely the
KruskatWal | i s test with Dunnds post hoc test
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 glarize before and after SA#as

added to the soup, the Mahihitney U rank sum test wassed (for all EM and

NTA data).
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For all statisttal tests a significance leved)(of 0.05 was assumed.

3.2.6 Assessment of the size distribution of spherical s ilica
engineered nanoparticles

Experiments were carried out using preparation procedures minimising particle
agglomeration. These were selechaed on the results of tkeudy on SASThe
experiment was carriedubusing samples of Kmiim BB 8.0as well as spiked into
soup. Here, GEMMA was chosen agsomparative analytical technique over NTA
as: (1) NTA analysis provides poor peak resolutfon different size fractions
present within a sampl@-ilipe et al, 201Q Andersonet al, 2013 Wagneret al,

2013 Chapter J, (2) glica ENPs s mal | er than ~&f) nm
cannot be detected by NTAnd (3) quantification of example silv&NPs by
detector coupled to GEMMA was previously proven to be accykastenet al,

1991) which implies that the method was a good reference for the measurement of
PNSD In this study it wasound that smallest particle ithe HDD distribution of

SAS measured on average * s.d.: 27 i@ therefore 30hm seemed a good
approximation Nevertheless it should be noted that the accuracy of particle size
related LOD in NTAespeciallyfor such ENPs as silicé&characterised by low
refractive index, resulting ifow light scattering intensityguffers from contribution

of the background noise due &irein of the instrumental settings, such as camera
gain and shutter during video acquisitidinfortunately,Kmix samples dispersed in
tomato soup could not be anséy by GEMMA, as the nevolatile substances of

the sample interfere with the neelective GEMMA analysis resulting in false
positives. The method is limited to pure particle suspensions containing only
volatiles and aalysed particles. Even the Kmstodk dispersion requad major

purification prior to GEMMA analysis in order to remove large contaminating solids

A

(n

that could clog instrumentos capillaries

with the measuremenkor coarse purification the samples geentrifuged at 5000
rpm for 5 min at 28C (Universal 30 RF, Hettich Zentrifugen, Weort Pagnell,
UK). Subsequenspin filtration was performed using Nanosep Centrifugal Filters
(Pall Port Washington, New York, US) withnaolecular weight cubff of 30 kDa
and a modied polyethersulfone membran@d uL of the Kmixwas applied to the
membrane filter and 340L of Ammonium Acetate (0.02 M, pH 8) (AA 8.0)as
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added. The sample was theentrifuged for 5 min at 14009 using a 114 Sigma

table top centrifuge(Osterode am Harz, Germanyntil only about 60uL of
supernatant was left on top of the membrafee eluate was discarded, 400 of

AA 8.0 were added to the membrane and the centrifugation step was repeated once
more. The supernatant was pipetted iateial and AA8.0 was added diluting the

sample in total 500 foldlhe ample was pregred for analysis in duplicate

3.2.6.1 Gasphase electrophoretic molecular a _nalyser setup

A GEMMA instrument as described by (Weis$ al. 2012) was used in this
experment. Applied settings were: air sheath flow for the naaotelspray 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 eletrospray process: 2.5 kV (current of 5885nA). The Kmix ENPs were
apprximately spherical (see Figurelpand thereforét could be expected that the
ECD derived from SEM would give very similar measuremer@EMMA derived

EMD.

3.2.6.2 Data analysis

For comparative purposeéSEM raw Kmix ECD measurements were grouped in
histograms matchinghe GEMMA data output.The histograms werdivided nto
four particle size groups: 123.1 nm (Gl), 30.461.8 nm (GllI), 62.4.06 nm
(GlI), 107-163 nm (GIV). Group GFGIIl corresponéd to particle populations
from the initial stock dispersions (K12 and K80), whereas GIV emmsprisedof
particle agglomerate®eak areas of thfeur particle size groups were integrated and
% fractiors of particle numbegin each sie groupwerecalculated.

The abundance of particles in size groupsGBY was prepared for statistical
comparison oEM sample preparation methods and GEMMA, as wetifa®up and
stock samples using additive togtio (@lr) transformation for compositial dataas
described by(Aitchinson, 1982and 2013) The datatransformationis necessary to
avoid the issue of the suto-one constraint in the compositional data analysis
(Aitchinson, 2013) The transformed datevere obtained by dividing the relative
paticle number in Gl, Gll and Glll byhe relative particle number in GIV and

acquiring natural logarithefor therespectivequotients.
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The statistical comparisons were done usMgltivariate Analysis of Variance
(MANOVA). If significant differences wergetected then ANOVAs and Tukey post
hoc test were run for thealr GI-GlIl betweendata of thedifferent EM sample

preparationtechniquesand GEMMA T-testswere usedor comparison ofalr Gl-

GlII of ENPs betweestockandsoup.

Additionally the effect dparticle abundancef different size fractions on the median
ECD from full size distribution of Kmixin stock and soupvas investigatedthe
median ECD measurements were compared using\W\#Dd Holm Sidak post hoc

test.
All tests were run gh O0.05using theBM SPSS Statistics 21 software.

Due to the nature d@lIr 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 d#fifence. 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 an d particle count of synt hetic amorphous silica

3.3.1.1 Quantification of synthetic _amorphous s ilica by nanoparticle

tracking analysis prior to sample preparation

Particle recovery is a measure to assess the degree of sample alteration during
sample preparation and the subsequapact on analysisesults. Thus, PNCs in the
samples containing SA8ere 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 pmaed for and anabed by EM (see section
3.3.1.2. Total, massparticle recovery of the SA@ased on the mass concentration

in the initial stock dispersion) could however not be estimated due to complexity of
particle shapéthe issue is further discussed in AppendixPNC measurements for

SAS in the stock dispersion and the soup matrix (diluted with DMW and BB8.0,
respectively) by NTA are shown in Figuse.
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A decrase in PNC after spiking SASo a sample can in general imply (1) particle
particle agglomeration, (2particle interactions with the matrix (agglomeration,
dissolution, sorption), or (3) particle loss during sample handling (sorption to
containers, pipettes, filters and other lab waas)discussed in e.J.iede et al.
(2009h.

Samples of both, SAS stocksgersions 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%amfl 1.71 x

10 particles/mLrespectively) in comparisoto those diluted with water (PNC =
3.22 x 1§ and 0.86 x 1®particles/ mLrespectively) (test,p<0.05). PNCs of SAS

in soup were generally much lower to PNCs of SAS in the stock disperdisst, (t
p<0.05). For the SAS in soup prepared with BB8.0dberease 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) andstandard deviation (error bars)

for SAS containing samples measured bNTA

The decrease of PNC in soup is assumed to be associatedsiieidh 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 collods has been known for decades and is used in beverage fininge{feéde
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)BBS.
which apparently stabilesd the SAS, was preferentially used in the subsequent

experimental workard isin order to minimise particle losses.

3.3.1.2 Agalomeration beh aviour of synthetic amorphous s ilica_in soup

Figure 3.3 shows representative SEM images of soup samples(kigare 33d-j)
and without SAS ENP§-igure 33a-c). Some EM images obtainéem pure soup
samples show patterns, which could not be observed in soup samplasiognt
SAS There also were no structures of matrix components visible that possibly
be mistaken for SASr Kmix ENPs In fact most EM images obtained from thegur
soup samples did not show anything at all. Subsequenintelge analysis of SAS
and Kmixsamples 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 imagaalysis and NTA are presented in Figude$&

3.5. A decrease in particle numbers and a
diameterwas indicative ofparticle agglomeration. Particle numbers of samples
prepared by means of electrostatic attractionld 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 soupl atock 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
measuremestwere not significantly different to ones abt ned by NTA ( DI
posthoc,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 Eke
micrographs for samples prepared according to these two procedasesery low

(Figure 3.5).
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Dot WD Exp ————— 1pm
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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 d tomato soup spked 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 (lowerdiluted with DMW,
higher- diluted with BB8.0).

Particle number rewveries of SAS from stock and soup were 5 and 18% respectively
for drying and 1 and 50% respectively for ultracentrifugation in DMWe result

points out that the agglomeration of SAS due to these sample preparation procedures
might have taken placetrong agglomeration of natural colloids as an effect of
sample drying was previously reped by e.g.Doucet et al, (2005) For
ultracentrifugation similar findings were so far not repori@ging is to dateone of

the most commonly applied sample preparatitechniques as it is a simple
procedure allowing preoncentration of the sample on the grid. In most studies,
where the focus lies on regularly shaped and relatively mepedied particles
(unlike studied here SABr Kmix), image analysis tools can bised for automated

particle separation and measment (e.g. Tiedet al, 200%).

Ultracentrifugation was useith the lterature,for the enumeration of viruses and

particles allowing to obtain a linear relationship betweatial PNCs and the
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number ofsedimented particle&Zhenget al, 1996 Lienemannet al, 1998) As in
section 3.3.1.1 it was shown that SA&sses were found to be lower during the
dilution process whemsing BB8.0 instead of DMW, the sample preparation by
Ultracentrifugation was repg¢ed using BB8.0.
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Figure 3.5- Average particle counts of SAS spiked samples ppared by
selected sample preparatiortechniquesfor EM, error bars represent s.d.
between replicates The expected particle counts based on PNC meaagd

by NTA are presented as lines. Lower lines are@xpected particle count
after diluting the sample with DMW and the higher lines after dilution

with BB 8.0.

For both samples theSAS in stock dispersionand soup prepared by
ultracentrifugation in BB 8.(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
signi fi c a mstthoc(pD>uOm0b)oThaomimal recovery when using BB8.0

was much higher compared to the PNC for DMW dilutions (see FiguBtsand

3.5): The meamominalrecovery of SASn stock and soup wadetermined to be
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120 % and 221% respectiveNominal recovery valuesf > 100 % wee somewhat
unexpectedhoweverit needs to be born in mintlat PNCmeasurements from NTA,

on whichthe nominalrecovery calculations were based, as well as the particle count
obtained from SEM image analysis showeatieely high s.d(Figures3.2and3.5).
Furthermore,issues related to accuracy of determination of smallest measurable
silica ENPand 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 repectively)contributed to error ithe estimation of nominal recovery.

All proceduresbased on electrostatic attraction of particiowed 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 rtodetermined was the T2 Lysith a median ED of 89 nm for

SAS in stock dispersioc o mpared to a 106 nm medi an F
p>0.05).

It wasalso foundhat sample preparation methadsng gelatin showed significantly

smaller ECD measurements for SASstock dispersion (T1 Gel: 69 nm, T2Gel: 68

nm) comparedtopoll ysi ne treatments (T1 Lys: 78
post hoc, p < 0.05). All methods proeil similar ECD valuefor SASin soup (T1

Gel : 77 nm, T2 Gel : 72 nm, T1 Lys: 69 n
p>0.05).

EM images obtained from samples prepared using T2 protoomsleel a higher
number of SAShan those samples prepared using T1 protocols (Fi§8esh, and

3.5). In treatment T1, gelatin attracted more particles to the grid thad{aine,

but in treatment T2 the opposite effect was observed. Similar protocols are usually
used for preparing biological specimen for EM analyblayat, 1989aMast and
Demeestere, 2009nd more recently also for immobilizing ENPs on TEM grids
(e.g.-Micheel et al, 2008 Dorenet al, 2011) However, factors such &ise chosen
coating agents, duration of the treatment and the amount of water used to wash the
grids vay between these studies. Here it was shownsimal changes 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 samplaeparation method (except for
Ultracentrifugation of partiels in DMW) indicated that SASvere less abundant in

the soup than in stock dispersions (FigBifg. These results confirm the outcome of
the preMous NTA analgis As well as the observeaduction in particle numbgr

NTA also indicated a significant increase in particle size due to the matrix presence
(MannWhitney U, p < 0.05) (Figure&.4). However, the tendwey of an ECD
increase of SA$h soup when compardd 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 (Manhitney U, p < 05). It is assumed that the
potential alteration of particle surface chemistry (e.g. surface charge) in the soup

matrix could reslt in change affinity of SA$o polyl-lysine.

3.3.1.4 Techniques minimising agglomeration during sample preparation

In conclwsion, the results obtained for SAshow thatthe following protocols have
the potential tominimise agglomeration of SA8uring sample preparation and

provide a representative number of the parpdpulation of the sample:
(1) Ultracentrifugation in BBB.O,

(2) T1 Lys,

(3) T1 Gel,

(4) T2 Lys, and

(5) T2Gel.

However, differences in the SABedian ECD valuefor the differentpreparation

techniqgue were found (Krusk#Vallis test, p < 0.05). Significantly high ECDs

were obtained for SASin stock and soup samples when prepared by
ultracentrifugation in BB8.0 rather than by electrostatictar act i on-hdc,Dunnos
p < 0.05). Significant differences betweerCIE measurements from different
electrostatic traction protocols were also observed as disaigpseviously. Thus in

the following section these sample preparatimethods were subjected forther

evaluationusing spherical Kmixparticles featuring 3 distinct modal particle sizes.
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The purpose of this exercise was to determine if the selectesgaimple preparation

metodscould cope withdifferent ENF 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 analysigs well as the results from the peak area
integration for the chosen size fractions (groupsGBI) for differently prepared

samples.

The tiple-modal pattern of the Kmix PNSas 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 afidas and is

associated with particle agglomeration.

Relatively poor peak separation of the selected particle size grougsliiizivas
seen for samples prepared bytracentrifugation in BB8.0 and subsequently
analysed by SEM, which suggests some degfepadicle agglomerain. ECD
distributions for the electrostatitteaction protocols (T1 Gel, T2 Gel, T1 Lys and T2
Lys) suggest that these protocols induce l@s#o particle agglomeration as the
three size fractions were more distinct for both madtricke stock dispsion and

soup, than in case ofttacentrifugation in BB8.0.

Statistical comparisons of relative particle abundance wGI¥I between sample
preparation procedures and the reference metkodedl as between samples of

spherical silicdENPsin 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 (GiGIV) (particle size range: 12.5160
nm)
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Table 3.2- The results of statistical analysis omalr transformed relative

particle counts

in selected particle size

distribution of Kmix in stock and soup

ranges (GGIV) of size

Mean (s.d) of alr transformed relative particle counts in particle size groups
GI-Glll
(significantly different results between: 1) sample preparations/ reference are
marked by different letters, 2) soup and ®ck are marked with *)
stock dispersion Soup
In (Gl In (GIl/ In (GlII/ In (Gl In (GII/ In (GlII/
GIV) GIV) GIV) GIV) GIV) GIV)
1.36"° 1.78 1.50'®
GEMMA (0.41) (0.35 0.27
Ultracentrifuga 0.738 0.78 0.57 0.47 0.558" 0.53 0.09
tion BB8.0 (0.09 (0.0 (0.11 (0.09 (0.09 : '
1.58% 1.68" 1.48° 0.91°¢ 0.98'%
1 Gel (0.07 (0.06 (0.17 0.16 039 |086043
257 1.89" 1.86°
T2 Gel 0.26 (0.15 1.53 (0.16 (0.32 1.39 (0.3 | 0.99 0.33
1.33® 0.8¢8 0.68*° 1.20°° 0.84'°%
Tllys (0.25 (0.11) (0.49 ©0.1) 01y |962039
1.68%¢ 1.31° 1.23'® 1.42° 0.63"
T2 Lys (0.62 (0.41) (0.41) (0.19 ©01g |924023

There weresignificant difference detected betweeparticle abundance in &1V

measured by SEM and GHWA (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 notyield significantly diffeent resultsfrom GEMMA.
Differences in relative particle abundance between GEMMA #mel other

the T2 Gel (In(Gl/GIV)), the T1 Lysda
ultracentrifugation in BB8.Q | n ( GI1 1 / GI V) b bdc,p30.05). ek e y 6 s
pretransformed data (Figurgé6) show a twofold higher abundance of particles in

treatments were found for

size group (GI) bthe sample prepared according toG@l (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 towlarsmalr particles and possibly did not induce
particle agglomerationn the case of the T1 Lys andtracentrifugation in BB8.0

lower percentages in particle abundance were observed for size group Gll (25% and
34%, respectively) when compared to GEMNI28%), while higher abundances i

size group GIV were noticedI{tacentrifugation in BB 8.0 14 %, T1 Lys 9%, other
sample preparation methodsi 46 %). Here the results imply that these methods
were either more prone to cause agglomeration and/or tapreferntially larger

particles to the grid.

The comparison of particle abundance in different size fractions between stock and
soup sampleshowedsignificant difference only fothe T1 Gel prepared sample
(MANOVA, p<0.05). This result needs to be inteied with caution. The relative
abundance of particles inl'G increased after spiking Kmix soup for all sample
preparation methds, therefore it is very likelyhat differences would be noted if

more replicates would be measured for statistical cosqari

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 comparigdinsioe

distribution ofthe Kmix patticlesares summarised in Tab®3.

Significant diffeences in the median ECD of Kmpatrticles in soup and in stock
were detected in between the SEM sample preparation teesnas well as EMD
derived fromGEMMA (ANOVA, p < 0.05). The T2 Gel method iradited smaller
median ECD (29 nm) compared median EMD (47 nm) for Kmixn stock
dispersion (HolrrSidak post hoc, p < 0.05). This was a result of high numbers of
particles in the smallest size fraction after T2 Gel preparéioBEM. 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) (H&laak post hoc, p > 0.05)
and as previously indicated there was no significant difference in particle numbers
between the size fraohs. Medan ECD for sample prepared bitracentrifugation

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) (Hol8idak post hoc, p > 0.05), even

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

relative albndance in other size groups.

Table 3.3- Median sizes of Kmix ENPs in stock and soup sampes

(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 andgtock are marked

with *)

Mean (s.d) of mediansize meastementsin Kmix samples
(nm)
Stock dispersion Soup
GEMMA a7 (1) -
Ultracentrifugation A .
BB8.0 NS 60" (1)
T1 Gel 46 (2) 46° (1)
T2 Gel 29° (2) 36-° (6)
T1Lys 36°C (7) 39° (3)
T2 Lys 43 (5) 30 (1)

There were also differences foufad ECD median measurements of Kngamples

in stock and soup when using the same SEM sample preparatiordn{igisis, p <
0.05). The dtracentrifugation in BB8.0esulted inargerKmix ECDsin soup than in
stock (60 andbl nm respectively), whered® Lys preparation yielded contrary
effect particles in soupghad a smallemediansize than in stock (30 and 43 nm
respectively). Although the results of previous statistical comparison on the particle
abundance in different size fract®did not indicate sigificant differences between
stock and soup samples prepared by means of these two methods, it is clear that
selective deposition of particles from small size fiati{T2 Lyg and agglomeration
(ultracentrifugation in BB8.0affected the Kmixparticles ater spiking in soup. This
result @rees with previous observatitor SAS
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3.3.3 Optimal electron microscopy sample preparation
technigues for measurement of silica particle size distribution

Overall it was foud that sample treatments ugirlectrostat attraction was most
favourable techniquén terms oflimiting sample peparation artefacts whilerying
seemedo alter samples the most. Preparation bytracentrifugation in DMW also
caused high losses of particles and possibly agglomeration. Thests nesre
considerably improved when DMW was substituted with BB8.a diguent. Based
on these findings ultracentrifugation BB8.0 helps toavoid great particle losses,
although it appears to have some effect on agglomeration as shown gttt o

Kmix.

Within the set of protocols forlectrostatic tiraction of particles to the surface of a
TEM grid, methods with longer exposure of the sample to theldgbine or gelatin

(T2 treatments) werpreferredas higher partie numbers for SEM analigscouldbe
achieved. With regasdto 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 groupsf Kmix compare to the referencGEMMA measurement
Therefore it seemedhat the Tl Gel sample preparation protocol could be
recommended fothe size characterisation dfica ENPs inpristine dispersions and
complex matricesThe results also suggesithat the T2 Gel method could be used
for the accurateestimation of PNSD for silica ENPs larger than 30 nm. This is
because for SAS ENRgith measured particle caiff at 30 nmbothT1 and T2 Gel
methodsyielded similar mediasize, but for Kmix ENPs with a part of the PNSD in
size range of 18:30.1 nm (Gl)a clear overestimation of particles number in this
size region could be observed. Thus the measurement g@farticles larger than
approximately30 nm T2 Gel protocol wagreferential de to a higher particle

number recovered from the samptempare tothe 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 cd&sand a higherikca ENP
nominal recovery can be achieved when a staini¢y diluent 8B8.0) 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 dica 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 thabsence of ainiform measurement expression for SAS
partides hamperethe comparison oPNSD generated byE3/1 and NTA.Therefore
theinterpretationof resultsin this andpreviously publishedgtudieson measurement
methods comparison&.g. Domingoset al, 2009 Grombeet al, 2014 Annex 5
Loeschneret al, 20133 posed an analytical challenge. However, sitite applied
reference methods did not require removal of the particle suspending environment
(liquid), it is believed that the obtained ENP size measurementsgaredabasis for
identification ofartefactprone EM sample preparation methodke availabity of
reference materialsf ENPs featuring broad size distribution and certified only

for particle size, but also for the PNGuld overcome this problem

The study suggested thtite best sample preparation techniques for silica ENPs in
liquid food matrix were electrostatic attraction protocols. These protatolsed to

limit the agglomerationof silica ENPsin the course of sample preparation.
Additionally T1 and T2 Gel electrostatic attraction protocols allowed to obtain silica
ENPs measuremé&nin closest relation to the reference methods. Of these two
methods T2 Gel may be moseaitable for further evaluation due to higher particle

numbers recovered from samples.

The suitability of the identified sample preparation techniques for the #&ecura
assessment of particle size not only in freshly spikederialsbut also in agng

and/or processed food products has yet to be assessed (@haptether 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 EN&dies on
validation of EM methods and their application to real life das@retherefore

presented ithefollowing chapter.
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Chapter 4

Development and validation of analytical procedures
for measurement of engineered n anoparticles in f ood
by electron m icroscopy

4.1 Introduction

The risk assessment studies for ENPs in foods are in need of analytical methods that
would allowthereliable characteriation of ENPs ircomplex sampke(Buffet et al,

2011) It is well understood that ENEharacteristicscan changefter spiking into
complex matriceg¢e.g.Panet al, 2012;Fedeet al, 2012 Luo et al, 2013 Annex 4

Parket al, 2013)and thus methods which could measkEMNPs diredy in foods are
needed EFSA Scientific Committee, 2011)

Currently EM is recommended for timeasuremendf ENPs in food in support of
risk assessmerdtudies(EFSA Scientific Committee, 2011)his is becauseas

discussedn Chapter 1 EM allows the characteriation of more features of ENPs
compaed to other techniquesln the previouschapter, EM sample preparation
proceduresllowing minimal manipulation and near#itu imaging of ENPs in food
matriceswere presented and this provides a big stewdait in understanding how

to prepare samples.

However, sample preparation is only one part of the storwandimited guidance

is available on how to produce robust analytical dateENPs using EM methods
(Calzolaiet al, 2012) For example, e curent understanding in regardo EM

LOD for ENP concentratiomnd the errors assated with different steps dbod
sampleanalysis is poor. This chapt#rereforedescribes experimental studies that
were performedto gain a detailed understanding thfe performance ofEM for
measurements dENPs in liquid and solid food matriceReference 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 foogls, also a
commercially available food product with declared content of SAS ENPs was
analysed herélhe studes presented in the Chaptetdresgour 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 retnectures
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present in foods and howuld this impacthe detection of ENB? 3) how precisky

can particles be measured by Elind 4) which step(sh the analysisontribute

most to themeasurement uncertaiyBy 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 ¢hstudy as well asharacterisatiomformationprovided

by the manufactureor determinedn-housearelisted in Table4.1. Two groups of
reference foodnaterialsspiked withENPs were used. These were chicken paste
(Meat 1, Meat 2 and Meat Blank), andmato soup (Soup 1, Soup 2 and Soup
Blank). The development of these neatalsis described in(Grombeet al, 2014
Annex 5 Grombeet al, In preparation) Meat refeence materials contained Ag
ENPs (described in Lari andudkiewicz, 2014 Annex 3 and saop reference

materials containeBAS ENPs atthe spiked concentrations listed in Taldld.

Along with the reference materialdRC IRMM also provided pure suspensions of
the respectiv&NPs thathad been used in the preparation of the reference materials
Thesewere also studied to provide information on the original characteristics of
ENPs prior to spiking ito foods. Additionally, a commercial soup powder (Soup
COM) with a declared contepnf E551was obtained from a local supermarket. As a
control for the Soup COM, SAPowder(SAS COM} NM203 from the JREGHCP
Nanomaterial Rgository for Toxicology Testing was used

Prior to the studySoup COM and SALOM were suspended in aqueous media
using a magnetic stirrer. Soup COM was mixed at a ratio of 1lwit@Gboiling tap
water. TheSAS COM was mixed at a ratio 2:98 wiBB 8.0 (same buffer as used in
Chapter 3).
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Table 4.1- List and size characteristicsof the materials usedin the
studies described in thisChapter

Tvpe of Concentration of Declared Media Interquartil
Sample yp core particle % average a | erange (%
particles : . n (nm) .
wiw particle size of mediany
Meat Blank Blank - - - -
Meat 1
0.01 - 27 45
(NanoLysel13)
Meat 2 0.05 26 39
Ag coated : )
NanoLysel14
(NanoLyse14) with PVP
Ag ENPs1
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 TEKAg ENPs containing samples) GrSEM (SAS

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

images seéppendix2, FigureA2.1), "Polyvinylpyrrolidone ‘refers to powder, measured usingC

MS Thermo Axiom instrument at Food and Environment Research AgencyNaiKoLyse labeling

provided to allow comparisoaf results with(Grombeet al, 2014 Grombeet al, In preparation)
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4.2.2 Electron microscopy and energy dispersive x-ray

spectroscopy

Two different EMmet hods were selected for I magin
matrix type (solid/liquid) and chemistry die ENPs. TheSAS 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 measurémecertainty related to
imaging and image analyssf the uncoated materialA\g ENPs could be best
visualized using TEM as these EdfRere embedded in a layer of the meat sample.
Therefore for imaging o5AS and Ag ENPs containing samples, SEM and TEM
were selected respectivelyhe peviously evaluatedhethods decribedin Chapter 3
and(Lari and Dudkiewicz, 2034Annex 3 for sample preparation were used for the
EM sample preparatiolA number of dditional stepsrior to the preparationvere
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 instea@djusted to pH 8.0 using OM NaOH. The samples were then
mixed on the magnetic stirrer for 6 hours (equilibration). Equilibrated samples were

prepared for imaging using T2 Galotocol described in Chapter 3

The prepared grids werattached to the coamtional éuminum SEM stubs using a
carbon tape and conductively coated as describ&hapter 3 The thckness of the

coating wasubtracted from the measurements as describ&dpandix1.

Frozen meat samples were defrosted in a water bath at appteli35C 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
samplesThen same tocol as described ifLari and Dudkiewicz2014 Annex 3

was used for preparation of both sample types.

The SEM images were taken usiag FEI Sirion S field emission gun SEM
equipped with a throdgthe lens detector and Em®m Thermo Fisher (NS7 system
S/N 0409235 with NSS112E NORAN operating software). koaging 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 ak¥Z00
The microscope was equipped with gitdil camera (Gatan 794) and ERB$stem
(Thermo Fisher NS7 systeBIN 0409237 operated by NSS112E NORAN).

4.2.3 Data acquisition and image a nalysis

All provided particle size measurements refer to B@D. The data acquisition

parameters used in this study are summarised in fighle

Table 4.2- Data acquisition parameters

Area of a Pixel Smallest particle
. : : : Volume analysed
Technique| single image size er replicate (mi)
(LM x pm) (nm) Area (no. | ECD P P
of pixels) | (nm)
SEM 63x473 | 87 15 30 Cannot be
specified
TEM 1.6x1.6 1.6 80 16 2.8x10°°

Ten images per sample replicatavere taken from randomly selected plkace
(predeermined coordinates) die 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 lawagnifications). Tie micrograph area was
relatively large m proportion to the measured EBIH he smallest measurable ENP
size was experimentally estimated for SEM as described apt€h3, for TEMthe
smallest measurable particle size was chdsesed on visual assessment allowing

limiting background interfereealuring image analysis.

The acquired images were analysedhg<DBIA software(described in Chaptel).3

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

An approab previously described by Jarvis and Hedges (20dd9 used to derive

dependence of ECD measurement uncertainty in relatioa goven number of
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randomly selected particles from a population mdwn size distributionFive of the
samples listed in Tablé.1 (Meat 1, Ag ENPs 1, Soup 1, SASandSAS COM)

were selected to cover different interquartile ranges of particle sizes (given as
relative to medianlQR%). For each of these samples, 200 images generated in the
intermediateprecision study (see secti@gn2.9 were used. For each sample, 1388
particles were randomly selected from 200 images. These 1388 particles from each
sampl e referred t o as t he Opo wihbuat i ono
replacemenin order to derive a relationship between nuead particle number and
measurement uncertaintyf snedian particle ECDThis 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 timeshfesarmate

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 magnitudeR8D% increase with
increag of IQR%, the obtainedRSD%values were plotted against tl@R% values

for eat particle sapling number (see section 4.8.1

4.2.5 Limit of detection

The approach used fotOD estimationwas basd on detected levels of matrix
interference l{ODmatrix)-

Samples of Meat and Soup Blankere 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 ENPsand SASused 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 dermine the interfering particle concentration for each replicate.
The LODnarix Was then estimated from the mean interfering particle concentration
using Eq.4.1 and4.2. The assumption was that the particle distribution followed a
Poisson distribution siilar to a study on quantification of bacterial celis food

reference materigdl i n Getal, ¥084d) d

LODmatri=N+1 for N>s with P <5% Eq.4.1
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.Q i Eq. 4.2

Where:

x- number of false positive particles

P- probability of the saple containing 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 listedn Table 4.1 were used to determine the intaboratory
reproducibility of size measuremenhtermediate precision. The study setup was
based on the routine protocol for analytical method validation as descrifigabjine

et al, 2002) For this, sampkewere 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 lojer the 10 testing daywud to the
variability of the pH in betweethe received jars (5:8.5), 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 cateURSD% of the median particle
ECD measurements for repeatabilitSD), day to day variationRSDy), and
intermediate presion RSQy):

il Yo Eqg. 4.3
Y YO p i
0°Yé 0 Yo 0Yo Eq. 4.4
; Q

YYO pnm

’
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N N Eq. 4.5
Y YO YYO YYO

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 MSWand MSB were calculated by one way ANOVA using Microsoft Office
Excel 2007.

Eq. 4.4 was adapted froRederer(1968)as suggested ifLinsingeretal., 2001) to
allow calculation oRSQq for results, wher&ISW-MSB

The RSD and RS}, obtained for twolevels of concentrations of ENPs in food
matrices and relevant stock dispersions were compared using thestFat
significance level (p) of 0.05The F-test was also used to compare pairs of
concentrations related to relative uncertasfior stock dispersions and EN§piked

in the food matrix.

The expanded uncertaint{Ueyy) is obtained by combining all the sources of
measurement uncertainty and ltiplying by the coverage factok£2 for approx.
95% confidencenterval) (ISO/IEC Guide 98:2008. In this study theUey, was
derived combinindRSE, and truenesRU;) according to Eq. .4

Eq. 4.6

Y Q Y'YO YTY

The RU; values were 1.4% and 1.9% for TEM and SEM respectively and were
calculated using the procedure describedthe (Linsinger, 2010) The trueness
assessed in this stucaeysodefolfeatccalibationalmel vy
determined by ENP reference material (NIST 30 nm gold nanoparticles,
manuf act ur e rcliasactersed: by B/ Indrjow size distributidh is

expected that for the ENRcharacterisd by a broad size distribution ana/spiked

in food theRU; would ke 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 thmany other analytical
methods estimation ofthe relative uncertaintyof each of th stages in thprocess
was of interest. The experiment was performading four selected reference
materials: SAS 1, Soup 1, AgENPs 2 and Meat 2. For this, four separate
experiments were performed to assBSD attributed to samplingRSD), sample
preparation RSDy), imaging RSD) and image analysisRSD.). The following

experiments were perforde

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

imaged within one day;

2) Sample preparation10 replicate of the same subsamplesre prepared on the
same day, then imaged within a day;

3) Imaging- a single replicat&vasimaged on 10 different dayand

4) Image analysi$ the same set of 10 imagesas analysed 10 times (returning

image analysis settings tlefault every time).

Experiments 13 resulted irRSDvalues RSD, RSD, RSO respectively) Obtained

this way RSDvalues were a combined uncertainty of several factors and not only
sought uncertainty valsdor specific data acquisition stages. TRED and RSy

except of respectivdRSDR and RSD values did not excluddRSD, and RSOy,
(standard relative uncertainty related to measured number of ENPs see section 4.3.1)
Additionally RSO was also inclusive oRSD, Therefore to calculateteresting
RSDvaluesthe rootsumsquare manner subtraction of inclusive uncertainties from
RSO, RSD andRSD as proposed i(Boqueet al, 2002)was usedeq.4.7-4.9.

YYO YYO YYO YYO'YYO Eq. 4.7
YYO YYO YYO YYO Eq.4.8
YYO YYO YYO YYO Eq. 4.9
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Total RSD(RSDQuta)) Wasobtained by adding aRSDsattributed to all the sources of

measurement error according to Bd.0:

Eq. 4.1
YO YYO YYO YYO YYO YO g.4.10
The RSOy, for RSOyt calculation was deved fromthe median count of particles
per replicate and thEQR% from the precision results of the studied sampldwe
RSDQuta ideally shouldbe equal toRSO, estimated in the intermediate precision

study.

4.3 Results and discussion

4.3.1 Quantificatio n of uncertainty in particle size measure ments
related to measured particle number and broadness of the size

distribution

Linear relationships were obtained betwd€@R% and RSD% of median ECD
measurements depending thre measured number of particleN)((Fig. 4.1a). Fits
between B= 0.973 to 0.997 were achieved with an expected intercept of 0.0 and
were described using E4.11. The slope coefficiena in Eq.4.11 clearly depended

on the number of particles, therefore dependenaetofN was shown in K. 4.1b.

This dependence followed a power curve and was well descrife6.gR8) by Eq.
4.12.

a.fg b. 02
. *+ 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 —
X g * 200
o 0
0 W + 250
0 s0 100 150 0 100 200 300 400 500 600
IQR% - 500 N

Figure 4.1- (a) Dependence of median size measurememlSD% of the
sample sizeN to IQR% and (b) Relationship between slope coeffient a
of Eq. 4.11 andN
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YV © "O0BY Eq.4.11
W pdrmy b 8 Eq. 4.12

The expected measurement uncertainty for samples with k@R and a defined

sample size can be calculated using following derivedtE&§.
YV® pgimtx @ & O0BY Eq. 4.13

The ISO guideline draft(Draft ISO/WD 144112, In preparationdescribing the
relationship between the uncertainty of particle size measurement and the required
number of measured particles aims to include the theoretically deguedi@nfor
Gaussian PNSDsdapted from unpublished work of Professor Hideto Yoshida,
Hiroshima University, Japan. A comparison of this theoretical approach to the
experimental approach developed in this study E) was donelt wasfound that

both aproaches do not give significantly different level of R8D%for a given
samplesize andQR% Nevertheless,sathe empirical Eg4.13 does not assume any
particular particle size distributioffor theoretical approach a Gaussian distribution

is accepte)] it is considered more practical for the materials studied here.

Using EQ.4.13 for calculation oN for samples with differentQR% andRSD%at
the level of 5 and 1%, results shown in TabhRwere 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 targetedRSD%
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 achRSB%at the level of

5% is smaller than 500 picles previously suggestddinsingeret al, 2013) even

for a sample with the broadd§)R% (111). To achieve a lower uncerity 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 whetd Egvas used

to calculateRSDy.

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)pminalrecovery, and.OD are summarid in Table
4.4. As in most cases paie number distbutiors between replicates of ENP
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 paticles was used to calculaENP nominalrecovery and.OD.
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Table 4.4- The number of measured particles in 20 sample replicates,

nominal recovery and theLOD

Number Nominal
| recovery | LODmatrix LODgye®
Sample id (% (%
Median | Mean | RSD%| Min? particle | mass) (% mass)
number)
SAS1 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
SASCOM 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(349|30(33f| 52 |,3,| 68 None | 4 003
(20) detected '
Meat2 | 83 88 | 57 | 24| 51 None 1 4 02
detected

3Smallest number of particles found in one replicate of°2@Qymber of particles found at random
selection of the microgragh in parentheses number of measured particles in precision test (some
areas selectecindomly did not contain any ENPIn such a case, nearby area with at least 1 particle
present was imaged instead for estimation of preciSibimyit of detection basedn number of ENPs
found at analysed concentrations

Thenominalrecovery was expressed as a median particle cotiné food reference
material relative to median particle count in respective stock dispefRRemoveries

for SASin Soup 1 and 2 and So@OM did not exceed 20%f the stockpatticle
number. For Meat 1 and Ag ENPsrecoveries were much higher at 51 and 68%

the stockparticle number respectively. The sample preparation protocol used for
Soup 1 and 2 was previously tested on tomato Joeghly spiled with silica
(Chapter 3 whereas the Soup 1 and 2 were tested after over a year from

manufacturing. In freshly spiked samples, the particiinalrecovery was as high
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as 50% of particle number. If particle mass rather than pantictenalrecoverywas
consideredsee Anex 1), these valuewould be differentbecause in both Soup 1

and 2 the particles were ~20 nm smaller thanhmrespective stock dispersions
(median ECDs in Tablé.1). There are several possible reasons for thenlmwind
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
theSAS and Ag ENB.

The RSD%values were relatively high (2B14%) when compared to the previously
published work using EM for quantification of virusesaquatic systems (10.2%)
(Bettarel et al, 2000) biological suspensions (-3%) (Zhenget al, 1996)and
when set with other analytical approaches for particle quantificatiprNTA 3.1-
6.9% (Du et al, 2010) This led to a difficulty with use of standard protocol for
estimation ofLOD for smallest detectable analyte concentrafidagelgesang and
Hadrich, 1998) To give an idea on lowest detectable particle mass concentrati
LODenp values were calculated dividing particle mass concentration in the initial
food sample (Tabld.1) by Number/Min value from Tabld.4. For Meat 1 and 2
LODgenp Was at the level of 0.003 and 0.002% mass respectively. For Soup 1 and 2
0.008 and 0.0% mass respectively

The estimation oL OD related to presence of interferipgrticlesin blank matrix
LODmatrix Wasalsocarried outThe EDS analyses did not confirttihe presence of Ag

in Meat Blank or Si in Soup Blank (sé@pendix2 Figure.A2.2). In Meat Blank, no
objects were found that could be mistaken for BgPs. Some nanometric sized
globular structures were present but they had a very lowrasicompared toAg
ENPs (Figure 2 a, c). These natural narstructures within the matrix were alsot
suitable for measement using OBIATherefore, no matrix related errors such as

false positives could be expected when analysing®Bs 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) SAS2

Soup Blank coniaed some irregularly shaped E&IRvhich weresimilar in
appearance to SA&.g. Figure4.2b) and could pntially be mistaken for SAS.
These ENB and the ones close to the-offt ECD value were accounted for as
interference, becausea ithis study and otherfiede et al, 200%; Lorenz et al,
2010)identification of the EDSpectra for nanometric particles was typically carried
out as a confirmation on single particle basis rather thamlbmeasured sample. In
different study examples, such comfiation was not carried out at all and estimates
were based on expert knowledgelwod particle appearan€@/eir et al, 2012 Luo et

al., 2013 Annex 4. The arerage number of interfering ENPer replicate in Soup
Blank wasb, which after calculation (according to Egl and4.2) gavel ODpayix Of

10 particles and an equivalent of concentrations 0f-0.013% mass for Soup 1 and
2. Becausd_ODnatrix for SAS in soup had higher values than respedt®®gpp it
became cleathtt background noiss likely to be a key limiting factor for detection
of these ENPs in foods.
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The estimated 0.013 % masODnarix iS sufficient for analysis of E551 in
commercial food products as the typical E551 concentrations in food powdges ra
from 0.06 to 0.54 % mag®ekkerset al, 2010) However, this statement is only
valid at assumption that commercial food samples are less or equally abundant in

natural nanostructes as studied here Soup Blank.

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

sizes amarandom selection of imaged areas.

4.3.3 Intermediate precision and expanded uncertainty of
particle size measurements
The resits of the uncertainties of partcECD measurements were sumnetiand

compared tRSDy, values calculated for median sample size (T4l and sample
specificlQR% (Table4.1) in Figure4.3.
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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 olJe,, for food samples containing ENFanged from 21% (Meat 2) to

43% (Meat 1), whereas for the stock dispersibiesrange was@®b6 (SAS2) to 41%
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(Ag ENPs 1). The obtainede,, for the stock dispersions with the exception of Ag
ENPs 1 corresponded well with the expanded uncertainty of 16% that wasughgv
proposed for CLS measurement method of pure ENP susper{8icam et al,
2011) This result points out that EM has theegdial for producing equallseliable

results as other analytical methods.

The RSOy, for all measured samples was significantly lowei7¢) thanRSD,
obtained in the experiment-@BL%) (F est,p<0.05). This is in agreement withd
published data on charactei®n ofthe reference materials for ENfeasurement.

For example in the styd(Braun et al, 2012) ENP with IQR% ~ 20 and 500
particles measured per replicate was characterizedvbynEL1 different facilities.

The RS, measured between the laboratories ranged from 1.2 to 8.5 whereas
calculated for this material from Ed.13, RSD=0.6. The result suggests that
factors other than particle size distribution broadness and samplaffgzted the

measurement uncertainty.

For samples containing SA8e presence of soup matrix significantly increased the
uncertainty of the measuremen®SQ, ranging 1321%) when compared to the
stock dispersionsRSD, ~5%) (F testp<0.05). Contraryto this result, theRSQ,

were similar for AGENPSs in stock and meat dispersions at respective concentrations,
i.e. 2:22% for lower concentration and1®% for higher one (F tesp>0.05).
Therefore the presence of the matrix hampered reproducibilitpgeasurement of
ENPs only in soup samples. The @ntinty increase for thmeasurement #ASin

soup, when compared to stock dispersions, seemed to depethé nature of the
sample. SASn the Soup COM were measured with 18%0,, whereas foSoup 1

and2 RS, exceeded 20%. The increade80;, for Soup 1 and 2 when compared to
Soup COM were attributed to higRSDyy rather than tdRSD. 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 experimsrgAppendix

2, FigureA2.3). Thus either a) subsamples taken at the same time point had a higher
chance of being closely rédal 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.

93



Chapter 4 Validation of EM measurement$ BNPs in foods

4.3.4 Influence of data acquisiti on stages on the intermediate

precision

The results of further experiments on the uncertainty level introduced by individual

stage in theanalyticd process are summarized in Tadeb and 4.6

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

to the RSDytai Of SAS containing samples

, Sample . Image Particle
Sampling . Imaging : Total
preparation analysis number
Soupl 11% 7% 2% 2% 2% 14%
SAS 1 1% 1% 6% 1% 2% 7%

Table 4.6 The contribution of the stages in he data acauisition process

to the RSDytai Of 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 highesRSDfor Meat 2 and Souf were attributed to the sampling (8 and 11%
respectively). At the same timeetlsampling ha@ very smallRSDvalue (up to 1%)

for respective ENP# the stock dispersions.

Such results were partly pected. The EMsan analys only a very small volumefo

the sample at a tien(order of few gl 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

particlesand as shown heret only by number, but also by size.

The highRSD, (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, butig 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 theRSD, Of the Meat 2. This is because the particles were suspended in
meat matrix at different depths artdwvas 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 thicknesbetween diffeent 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 onRIBE) for Meat 2

Imaging of the SAS, yielded highef6%) RSD than ofSoup 1 (2%). It is possible

that for this sample the instrumental or operator performance on-t-day basis

and certain particle features (shape, size) may have had a significant implaet on
measurements. As with the increaddhe size ¢n mediarparticles in SASL were
characterized by longer ECD than in Soupsée Tablet.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 RSDQyiy for all the samples (Tablké5 and 4.9, with the exception of &ip 1,
corresponded very well to the previously obtaif$, (Fig. 4.3 a difference of

1%) with the exception of Soup 1. The estimalRBDy, for Soup 1 (14%had

closer value to previously estimatB&D, of Soup COM(13%) rather tharof Soup

1 (20%) It is hypothesized thathe degradationof liquid soup matrix ovethe
precision tesduration (four weeksgaused dynaio changes in the particle size
Particle random agglomeration and release from complexes with soup solids due to
the bacterial/ oxidase activity, pH and ionic strength changes could result in a very
high day to day size measurement variatibime result also emphasizes robustness

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

It is worthreminding hat E551 food additivas mainly used in food powders and
thereforeRSD, derived forSoupCOM relates to the case of this additive better than
Soup 1 and 2Nevertheless, for other types of E&yRheobtainedinformationin

study of Soup 1 and @ight beuseful in elation to liquid foods, where theatrix
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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 attempo validatethe two main EMmethods SEM and TEM, for
the measurement of ENFn solid and liquid food matricegas made. Doing sohe
issues of measurement uncertainty, limit of detectiominalrecovery and minimal

sample size required for adequate EM measuremartsaddressed

It was found that the EMmethods were able to measure ENPs in food waith
expanded uncertainty dfpically approximately21-27% accounting for different
samples (@lid and liquid food matrix, EN®with narrow and broad size distribution,
different imaging condibns and sample preparation methods). This study will
therefore be useful in predicting uncertainties associated with the measurement of
ENPs in compéx matrices by EM, where the EBIBre relatively stable. For samples
containing particles that are undeirgyp 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 SABat were analysed at differietime points.

The study also showed that a number of factors can influence uncertainties in the
particle size measuremerdg EM methods. The resulisdicated that the number of
measured particles and broadness of the particle size distribution wigre on
seondary contributors to the ENPsize 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 subsampés of the same sample may variot in terms of particle number

and shown here also particle siz&hus it may not be possible to achieve a
reproducible particle quantification and adequate estimation of the concentration
LOD andrecovery in food sample3.o 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 thatck pretreatment 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
paticle 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 simpfeeddence 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 chasatiteriof the

sample.

In summary, the EM were foundto be suitable for screening on ENP food and
delivering information on the ENBize and shipe. There are however uncertainties
over the results of the characterisation of size distributions of aggregated and
polydispersed ENP3.herefore in the next chaptamovel approacfor normalizing

sizing data from different methods is presented and then applied to compare the

results from EM analysis with results from other nanalysis methodologies
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Chapter 5

Evaluation of electron mcroscopy against other nane
analysis methods for the measurement of aggregatesilica

engineered nanopatrticles

5.1 Introduction

The characterisation of PNSD adggregatedsilica ENPs such as SASposes
analytical difficulty. One challenge is detection tifese ENPs. itfca ENPs have a
low refractive index making them difficult to detect using light scattering and
absorption methods. Additionallilicon is an ubiquitouglement and background
noise from element detection methods may hamper the andligsigeneral lack of
data on theSize LOD does not allowone to properly understand measurement
outputs or estimatamet hodds measurement accuracy.
arisesfrom theshape of SASInstruments measuring ENBse generally calibrate
with spherical particledyut as pointed out in Chapter 1 use different principles and
expression units for the measurement$is leads to incomparability of the
measurements between different types of instruments forsplogrical materials
(e.g.Bowen 2002 Domingoset 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). TH N6 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
technigues measuring aerosol particlggasper, 1982 DeCarlo et al, 2004)
However,so far the approach has not been usedENIPs in aqueous suspensions.
One way considered previously in the literaturefor generating MED-IED
relationshipfor ENPswasthe the dynamic shape factor. The dynamic shape factor
in particle measurements depends lba hature of the flow within the measuring
instrument (free molecular, transition or continuum) as well as specific particle
shape. Some values for the dynamic shape fabtrs beerderived for differently
regularly shaped particles and flow regin{BeCarlo et al, 2004) but for particle
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aggregates these valuegrerestricted by the conformation of the particles within

the aggregate e.g. chaifkasper, 1982)If the conformation of the particles is
random (as in case of SAS) obtaining value of dynashmape factor becomes
laborious and difficultas for example described h¥elenyuk et al. (2006)
Nevertheless, the literature provides some evidence that the IED can be related to the
aggregate fractal structurée.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 knowmgtregate

mass and subsequently MED can be calculatésk of fractal geometry could
therefore providex way of ommiting a need of experimental estiorafor dynamic

shape factor dENP aggregates.

The am of this study waso use MEDs to compare results 8AS PNSD generated
by EM and other echniques Severaltechniqueshat produce particle size data
different ways(see Chapter 1, Table 1.8hd whch have been used widely in the

literaturewere selectedThese techniquescluded

1. methods thameasue particleECD1 i.e. SEM and WeiSEM,;

2. methods that measuraeasue HDD i i.e. NTA and assymetri¢low field
flow fractionation with ICPMS detection (AF4CP-MS); and

3. methods thameasue SDD1 i.e. CLS and measuring EMOGEMMA.

The pinciples of particle measurementdy these techinquesave previously
desribed in(e.g. Chapter 2 Tiede et al, 20(B; Dudkiewiczet al, 2012 Annex 2
Linsingeret al, 2012 Andersonet al, 2013 Tiedeet al, 2002; Carr and Malloy,
2013 Loeschneret al, 2013d; Braunet al, 2011 Bacheret al, 2001) Thus lere
only brief generalinformation helping to understahderivedrelationshipbetween
| EDobrsd MEDGO6s wi l | be given.

In order to achieve the aim this study attempted to address betweesthod
discrepancies inthe size measurementsfor these ENPs using their fractal
characteristics. Prior to investigation of SAspherical silica ENPs were also
analysed tacharacterisanethod specificsize LODs and limits of quantification in

terms of particle size i@ LOQ) The chapteralso discussethe potential ofthe
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methodsfor accurate measurement of PNSD of silica EldRdfor addressinghe
EC recommendation for the definition of hanomatefTdde European Commission,
2011)

5.2 Silica engineered n anoparticles

Three dfferent silica ENP dispersions wengsed in the studytwo of themK12 and
K80 contained approriatdy spherical ENPs (see Chaptej @and SAS was
composed of particulate aggregates (see Chaptéhé)ame slica ENPdispersions
as used in Chapter 3 were analysethenexperiments describedtims chapter.The
K12 sample contained very fine particlegon average 12 nm diameter by
Manuf act ur e wasaused forastimgtion afietllodssize LOD. The K80
sample contained both smaller and largdiPsand a bimodal PNSD. This sample
was used for determination of differences between the methods foifigatioh 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 lpegécles in the
distribution. The SAS is a fractal aggregd®oldridge, 2010) which means that its

geometry can be described by the fractal scaling lawSE}.
0 Q — Eq.5.1

Where:

N-number of primary particles within the aggregate
dpp- primary particle diameter

Ds- Fractal dmension

ko- Fractal prefactor ofdcunarity

The characteraion of the aggregated fractal structafethe SAS is described in
Appendix3 and the experimentally derived parameters g9 nm,D=2.11 and
ko=1.17.

All silica ENPs dispersionssed in this studyre not sold for use deod additives
but for food application (e.g. clarifying beverage§he SAS example was used
solely for analytical method development rather than indicating whetie SAS
would be regarded aanomaterial according to EC recommendation
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5.3 Principles of measurements and data transformation

For spherical particles, MEDs equal tothe 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 eectron 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 one&(SD. ECD is obtained using Eq25

Eq.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 suictures from EMmages.

The particle number can be calculatednfrewo dimensional projection on the
imaged particle area according to B@ (Boldridge, 2010)

Y 8
6 P U Eq.5.3

SubstitutingS in Eg. 5.3 with the solution from Eq5.2 relationship between ECD
and N was obtained. Thus calalated N was then substituted int@lationship of
MED andN (Eg. 5.4) andq. 5.5 was obtained

000 Q Wb Eq.54

000 ppO6B QB Eq.5.5
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5.3.2 Gasphase electrophoretic mobility molecular analyser

The instrunent measures electrical mobility of the particles in the gas phase at
ambient presser Basedon this, thespherical equivalent diameters weobtained
usingEq.5.6

€Q0

Ouv O p—

Eq.5.6

Where:

n-number of electric charges the particle
e-- elementary charge

Cc- Cunnigham slip correction factor

da- viscosity of air

Z.- electric mobility

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

, “ouvoOo | v 00 Eq.5.7
¢ ¢

Where:

} siordensity of silica

00 0
” ” _— Eq.5.8
0 q

Substituting} pe in Eq. 5.7 with Eq.5.8, Eq. 5.9 describing rationship of MED and
EMD was obtained

00 0
000 Q — Eq.5.9
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5.3.3 Centrifugal liquid s edimentation

The instrument estimategarticle SSD based on sedimentation tintg ¢f particles
from sample administration toeaching the detectorlS of the particles is
estimated by the n s t r u me n acoosdingto Egh. W @PIInstruments, Inc.,
2005)

p go- Eq.

Y'YO -
b (L) ” ” 510

ds-viscosity of sucrose gradient
x- distance fromhe injection point to the detector
a-centrifugal acceleration

} + density of the sucrose gradient

Particle mass concentration is estimated basddjbnabsorptioncorrected for Mie
scattering solution(Wriedt, 2012) Thusthe obtained particlemass cooentration

over the size distribution is then transformed into PN3P calculation (CPS
Instruments, Inc., 2005)he norspherical shape of any particles slows down their
sedimentation velocity when compared to spheres of the same mass. To correct for
velocity chang, adjustment of the density value of the particles in &40 have

been sugested(e.g.Kamiti et al, 2012) The corrected particle density,d can be
estimated by means of two CLS measurements in two media of different density. For
estimation ofj ,s of the SASstudiedhere t he so call ed Oaser o Ve
used (Woehleckeet 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 equalTbe

Eq. 5.11 summarising relationship of MED and SSD was obtained from equality of

ts, ds, X anda for the particles withy ,s and} sioz
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0 00 YYO—— Eq.5.11

5.3.4 Nanopatrticle tracking a nalysis

The measurement of an semble of absolute mean displacements of the individual
particles due to the Brownian motiabtained from NTA allowdor subsequent
calculation ofthe diffusion coefficientd). TheD is then used to obtain HDfdom

the StokesEinstein dependence (E§12)

QY Eq.5.12

‘000
o

Where:
ks- Boltzman constant
T- temperature

dw- viscosity of the medium that ENPs are suspended in (here water)

This approach is only suitable for spherical particles (principle of the SEketein
equation), #hough there are publications discussing hydrodynamic behaviour of
fractal aggregates. For example Me&sal. (2012 derived relationship between
hydrodynamic and gyration radiuBg} of the fractal aggregates with variatNe Ds

and ko. Using the datagenerated irthe cited study for this samplef SAS with
averageN=84+9 andk,=1.17, the dependence g§ and HDD can be approximated
with Eq.5.13,

"000 cR'Y Eq.5.13

Combining general Ed.1 and Eg5.13, Eq.5.14 allowedthe MED to be calculated.

~. 000

D00 Q N — Eq.5.14
pPPHQ
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5.3.5 Asymmetric flow field flow f ractionation with inductively
coupled plasma spectrometry detection

In AF4 the cross flow drives the particles towards theeaited accumulation wall
covered with a membrane. The smaller particles diffuse further back into the channel
and fom diffusional clouds(Messaudet al, 2009) The tickness of the clouds
depend on theD of the particles and the cross flow. The larger@hé¢he larger the
resulting cloud thickness. Due to the carrier flow profile, the higher the cloud, the
larger the mean travel velocity of the respective partidessmall particles elute
before larger ones. The partigietention expressed as retention timgi¢ related to

theD of the particleshroughEg.5.15 (Wahlund and Giddings, 1987)

0 —I11p — Eq.5.15

Where:
w- channel thickness
V- crossflow volumetric flowrate

Vour Volumetric outlet flowrate

SubstitutingD in Eqg. 5.15 with Eq. 5.12 the HDD can be calculated for AF4

measurements according to Bdl6.

s o QY
000 ——— Eq.5.16

In this study, AF4 theory was not chosen for the determination of the PNSD of the
investigated nanstructured materials. Instead, an independent size measurement by
a calibration withsphericalparticle size standards of known sizas applied. This

was regarded as a better approach, becaude\las also shown to be affected by
other factors, such as additional focusing stage after sametiom (Loeschneret

al., 2013) or particlemembrane interactions, which cannot be awbideen under
closeto ideal conditions. Optimaion of the AF4 channel for size calibration by

standards allowa correcton for these additional facterto be made
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Using multi angle light scattering (MALS3oupled to AF4 it was possible to verify
the rdationship between HDD anéy. Ratios between HDIR] ranged from 2.0 to
2.34 through entire PNSD of SAS. This proved that thes2l@e from(Melaset al,
2012)used previously to derive Ef.14 was a very good approximation.

5.4 Instruments and measurem ent conditions

5.4.1 Scanning dectr on microscopy in high vacuum and liquid
setup

SEM and WetSEM images were acquired using a FEI Sirion S field emission gun
SEM equipped with a througthe-lens detector. The instrument was operated at spot
size 3 and vahge of 5kV for high vacuum and at 20 kV for AREM imaging.For

high vacuum imaging the samples were prepared according to T2 Gel protocol and
Pt/Pdcoated as specified in Chapter The adjustment for coating thickness was

made as wellAppendix1).

For l iquid state i magi ngl02) v@reaused.oPmdr xoE c ap
application of the sample, each capsule was treated with 0.1% solution df poly
lysine (P8920, Sigma Aldrich, UK) according to the protocol available on the

manuf act ur(Quardanix,Relh)s i t e

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 exposuyrparticles were gradually attracted clogerthe
capsule membrane, increasingly populgtthe irradiated area (Figurel& and b).
The particles were apparently moving at the increased magnification required for the
measurement consequently creating-zag patterns on the images (Figurel®).

Therefore only objects which looked approximately spherical were measured.

Example WetSEM images used for the measurement itita ENPs in respective

samples are presented in g 52.
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Figure 5.1- Wet-SEM images of dica ENPs (a) taken at the start point,
(b) same area agqa) after 1min exposure to the beam andc) movement

of attracted particles at increased magnification

Figure 5.2- Wet-SEM images of fica 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 betviBershape of spherical
particlesand SASAIll the imagedor sizing purposes wermalygd usingOBIA and
particle size measurements were grouped into a histograms of 2 nm bin Alidth.

samples were dilutedith BB8.0prior to preparation and imaging

The SEM and WeSEM imaging setup (sample dilution factor, micrograph size,
pixel sze, smallest measurable particle and number of replicates) is summarised in
Table5.1.
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Table 5.1- Data acquisition properties for SEM and WetSEM

Sample K12 K80 SAS
Wet- Wet- Wet-
Method SEM SEM SEM SEM SEM SEM
No of replicdes 3 2 3 2 3 2

Dilution ratio 1:149.999 1:9 1:1999 1:9 1:399 1:1

Single micrograph

3.98 29.14 | 13.06 13.06 3.98 29.14
area (um)

Pixel edge (nm) 3.4 8.6 5.7 5.7 3.4 8.6

Smallest
measurable
particle ECD
(nm)*

4.2 37.7 12.5 20.5 7.0 37.7

Number of
paricles measure( 1165 544 1291
per replicate 465 (129) (342) (398) (628)
mean (s.d.)

*The values given refer only to coff point during image analysis, for SEM particles with ECD <8
nm were excluded from the statistical analysis due to the thickofessnductive coating (see
Appendix1)

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 we@snored, although

a low content of largeparticles (up to 1 micrgnwas also detected at lower
magnification in a previoustidy (Chapter 4Appendix 2- Figure A2.). For Wet
SEM imaging the magnification was limited by the mobility of gaeticles in tle
liquid. It wasfound that at increased magnifications, particles would drift away from
the membrane withim short time. This time varied between the samples, making

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

5.4.2 Gas dectrophoret ic mobility molecular a nalyser

A GEMMA system previouslyeascribed ifWeisset al, 2012)was applied for this
study. The data were obtained analysed and interpreted by Angela Lehner from
Technical university of Viennalhe samples were alysed after diluting in 0.4M
ammonium acetate buffer pH 8(B12 and K80) and pH 7.4 (SASJhe dilution
ratios were: K121:36.999, K801:9.999 and SAS 1:199. SAS prior to dilution was

additionally filtered usin@.2um Minisart syringe filter (Sartoriu®ienna, Austria)
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to avoid clogging instrumentoés capillari
Each sample was prepared and analysed in triplicate running 10 (K80 and K12) or 7
(SAS) scans per replicate. Median calculation between scans waoufiedl data
presentation. Macrolon flows of 0.5 L/min filtered air (tatp compressor, DiHr

Technik, BiegigheinBissingen, Germany) and 0.1 L/min €@99.995%, Air

Liquide, Schwechat, Austria) were used for n&®l and a sheath flow of 3 L/min

in the DMA. Voltage in the nanr&SI| was set at 2.5kV resulting in a current of 500

585 nA. The measurements covered the size rangel833 nm. The PNSD was

calculated as deribed in(Hallaret al, 2011)

5.4.3 Centrifugal liquid s edimentation

A CPS DC2400 UHR centrifuge (Analytik Cambridge, UK) operating at a
maximum rotational speed of 24000m was used in this study. Alllisa ENPs

were analysed in triplicate. Assessment of dilution requirement was carried out based

on the visual turbidity of the sgple. Only K80 was opaque and required 10 fold

dilution with BB8.0. Samples were centrifuged iR28 % sucrose gradient, as

specified in the instrument masuCPS Instruments, Inc., 2005)s a calibration

standard polyvinyl kloride particles(PVP) of 476 nm diameter were used, as
provided by i nstr umerequies fomie CliSfp@mecedureruar . T
was set at 2.2 g/chior all Slica ENPs. Thg p<=2.01 g/cmi for SAS was acquird

from (Woehleckeet al, 2013)

The run included readings for data points from approximately 700 down to either 8
nm (K12) or the pait in which negative values for absorption were obtained (K80,
SAS). The 8 nm cubff point was dictated by the length of sample analysigyet

down to this small size approximately 2.5 h was necessary for analysis of a single
sample. The temperatureof sucrose gradient increases with the time tio¢
centrifugal run, therefore manufacturer recommends that single sample run does not

exceed 40 min, after which-malibration is carried out.

The data output were histograms with irregular bin width stadir@yl nm fronthe

smallest particle diameter to 13 nm for largest.
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5.4.4 Nanopatrticle tracking a nalysis

An NTA instrument LM14 from NanoSight (NanoSight Ltd, Amesbury, UK) was
used in the study. All samples were diluted with BB8.0 prior to analys306.0
(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
processedwi t h t he Nanosi ght 2.3 software
specifications. The raw data output for each single track recorded was used to
generate PNSDs presented in the study. The bin widthdar#ated histograms was

2 nm.

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

The AF4 system consisted of a Wyatt Eclip58+ flow control module \(yatt
Technology Europe GmbH, Dernbach, Germanigh a flat AF4 separation channel
(Superon GmbH, Debach, Germany, length 275 mm, wide spacer). The channel
was equipped with a 35®nomimal ceiqfaegeneratea n d
cellulose membrane (Millipore®, USA) as the accumulation wall. Flows were
controlled using an Agilent Technologies 128@ries quaternary pump equipped
with a micrevacuum degasser. All injections were performed using an autosampler
(Agilent Technologies 1200 Series, large volume kit). The hyphenatedtidetec
sequence consisted of a MBL(MALS Dawn Heleos Il, Wyatt Techrajy, Santa
Barbara, US) and an inductively coupled plasma mass spectrometeM8CP

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, Gegynadue 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 3mM NacCl (analytical grade, Sigma Aldrich) which was Istlg different to

one used for separation of silica ENPs (mixtofe0.025% 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 concemtegtitsnto

be adjusted to a given material. The elution and analysis conditions were

110



Chapter 5 Verification of EM measurements against other analytical techniques

experimentally derived by Dr Stephan Wagner and Dr Samuel Legros from

University of Vienna.

All samples were injected at concentrations of 100 ppnp.S+0r quality control,
samples were analysed as triplicates. Total Si recovery fati&AS, K12 and K80

were 0.99 + 0.06; 1.14 + 0.03 and 1.040.61, respectively. A previous study on
gold ENPs recovery rates for AF4 found much lower recovery in tlger@u®40.69
(Grayetal., 2012) Here, the procedungas optimized for analysis oflisa 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 amndicator of the patrticle size.

The generated size distributions oflica ENPs were massize based and were
transformed into PNSD by calculations assuming particle sphericity aget2.2
g/ml. For MED based distributions this calculation was done ootig
transformation of HDD into MED as in Ef.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 Epsurement of negrkspherical gica

ENPs and 2) aggregated SAS pdets. The measured particle eszwere 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. Aalétion

K12, size values at™5and 98' percentile, and for SAS also at%&nd 7%
percentile, were reporteddether withRSD%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, AF2P-MS and CLS) the measurement
values were derived from the histograms given by the methods and therefore are
meant to be approximate Wt 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 K1L2and SASPNSDs using MANOVA If a significant
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statistical difference was detected ANOVAs followed by relevant-iposttest
(specified in the result section) were run in order to determine the methods which

gave significantly different measurements. All thesassumed p of 0.05.

5.5.1 Measurement of spherical silica engineered nanopatrticles

The particle size distributions derived from differéathniquesare presented in
Figure 51. The PNSD of K80 sample was dividedar3 arbitrary chosen size
groups: pmmary particles: | (1&2 nm), Il (63106 nm) and agglomerates Il (:07

160 nm). These groups served for comparison of relative particle abundance within
the PNSD between the methagsingthe statsticd evaluation described previously

in Chapter 3The canparison of modal size measurements from all the techniques
against SEM was used here to define accuracyetdbhniques, as EMas been
applied in most research papers for characterisafid&iNPs(Calzolaiet al, 2012)

and is recommended as a refeemaoethod for particle size measment (EFSA
Scientific Committee, 20t Linsingeret 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 W8EM) did rot provide a level of
resolution necessary to distinguish the two particle populations in K80 PNSD
(Figure5.3). For NTA, similar results were previsly reportedMahl et al, 2011)
(Andersonet al, 2013) However,there was no comparable study on ligindhging
techniques carried out so far. Two hypotheses can be used to explain wBEWet

did not provide sufficient resolution between the particle size populations:

1. Beam broadening during membrane passage and in aqueous environment
might have an ééct 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 totarge to deliver reliable image statistics.
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Figure 5.3- Number-size distribution of K80 and K12 samples measured
by different techniques, KBOmeasurments given as total particle size
distribution from 3 replicates (SEM, NTA, Wet-SEM), mean (GEMMA)
or selected single replicate (CLS, AF4CP-MS), K12- measuranents
from 3 replicates shown (and 2 replicates for WeSEM)- different colors
show different replicates
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The remaining four methods SEM, GEMMA, CLS and AER-MS wereable to
resolve the bnhodal PNSD but exhibited size relatedlifferences 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 ofiodal al mean measured particle diameters in
determined poirst of the PNSD and relative particle abundance in predetermined size

groups I

Table 52- Mean and modal diameters of particles in the size distribution
of K80 and relative @dundance of particles in predetermined size groups

(1-111)

Relative particle abundance
Method Size (s.d.) (%)
Mean Mode | Mode I I Il 11l

SEM 76.1 (3.45° | 47.3(1.8)| 84.7 (1.3)| 48 36 16
GEMMA | 69.3(0.8f | 46.1(1.3)| 86.5 (1.8)] 41 58 1

cLs | 77.2 (0.6§® (332')7* 83.6 (0.7) 20 79 1
AF4-ICP- 75.7 51.3 81.1

MS (0.9'8C | (1.0} | (L3)* 23 74 3

NTA 82.2 (1.7% N/A N/A 22 62 16
WetSEM | 74.6 (5.6 | N/A N/A 26 64 10

ACSame letter in column with mean size value of K80 sample marks that no significarendiéfe
bet ween mea 9x00%,mIgnificantrdéferdncedistectédT uk ey 6
SEM me0DS)ur ement

was detected

in comparison to (Dunnettds test,

Significant differences were detected between methaldsve abundance within the
predeternmed size groups-lll (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 AF4ICP-MS (20% and 24% respectively). Aggregates (group Ill) were also
most abundant in PNSD derived B¥M (16%) when compared to GEMMA, CLS
(1% both) and AR4CP-MS (3%). These differences ha obvious effect on the
particle mean size. CLS, SEM and AFIP-MS mean diameter measurements
(77.1, 76.2 and 75.7 nm respectively) were not significantly diffefeom each

ot her ( T pkOdY) amsl compasable to declared by manufacturer diameter
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(80 nm). The GEMMA derived mean diameter was significantly smaller at 69.3 nm
(with theexception of AF4CP-MS).

However, it is unclear which of the methods mead the sample more accurately.

In case of SEMegvidence produced in Chapter 3 suggests that method may suffer
from some level of overestimation of small sized particle nurabea consequence

of sample preparatiormhis artifact is thoughto be a consegnce of the sample
preparation which may selectively remove larger ENPs from the EM grid. Issue is
further investigated in Chapter @he CLS method was previously reported to
closely follow particle number proportions in PNSD to the expmkectalues
(Andesonet al, 2013)and in this study also provided similar particle abundance
proportions in group | and As AF4ICP-MS (based on statistical evaluation as in
Chapter 3. As pointed out previously in Chapter data available irthe published
literature suggest that GEMMA could provide accurate quantification ofigies

t hrough PNSD. GE MMA 6n# fegiuses expondnteal gobwth e ct i or
maximum of particle registration efficiency from smaller to larger sizes. It has been
shown that for the usednodel the near to maximal registration efficiency
(approximately 0.95) was obtained after reaching EMD of 4 nnsifeer ENPs
(Kestenet al, 1991) Furthermore data are also available on the determination of
monomodal PNSD of spheatgold ENPs by seval analytical methds including
GEMMA and TEM (Small and Watters, 201Xaiser and Watters, 200;7Kaiser

and Watters, 2007bThese reportshow, that the PNSDs of goENPs generated by
GEMMA and TEM had similar shape and size range, thus there isidenee that

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

U8u 8p 8o pakidDdsizenGe&surement accuracy

Shown in Table 5.particle modal diameters in K80 determined by GEMMA (Mode

I: 46.1, Mode II: 86.5) were not sidimantly different to SEM measurements (Mode

| 47 . 3, Mode | | : p8405), providing morie gonfidentetthdts t e s
the size measurements were accurate. CLS results also compared well to SEM
measured particle si ze test,p>0.05p buesignificantly8 3. 6 |
smal | er I n Mo d e I ( #<B.05Y. However, ABACAM t t 6 s
showed particles larger in Mode | (51.3 nm) and smaller in Mode Il (81.1 nm,
Dunnet tpg&05) tthars SEM. Although size differences between Siiid

AF4-ICP-MS or CLS were small (less than 10% of the SEM measured diameter),
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given that for AF4ICP-MS and CLS original data outputs are particle nszss
distributions transferred by calculation into 8D, some erroin calculatel particle

number coulde 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 Tabl8.

Table 5.3- Mode and percentile diameter in thePNSD of K12

50%

Method Min? | Mode (s.d.)| 5% (s.d.) (s.d.) 95% (s.d.)
SEM 8.0 | 15.1(1.9) | 10.6 (0.4)| 19.3(0.7)| 37.6 (3.4)
GEMMA 8.0 | 232(19) | 12.1(1.3)| 22.3(0.3)| 40.0(0.6)
CLS 9.2 (1.2)| 15.2(7.3) | 10.9 (2.2)| 20.7(6.4) | 50.2 (9.4)
AF4ICP-MS | 65(0.3)| 26.8(0.7) | 17.5 (0)* ((2)87')2 44.2 (0)
22.8 77.3
NTA 08 | 69708 | 4200y | %5 |1520(53)
38.3 60.3 100.2 174.0
Wet-SEM 0o | 930D | e 3.8 (14.5)"

®Diameter of smallest detected partigd@cept SEM and GEMMA where the values represenbffut
point accepted for the analysis, *Significant difference detected in comparison to SEM measurement
( Dunnetpk(0s). t est ,

It wasfound that nonef the methods studied, provided size measuremerkKIa
sample close to the nominal 12 nm given by the manufacturer (3&8pldt became
apparent that WeSEM and NTA did not allow measuring the main population of
ENPs in K12 sample (see Figube3), and instead detected only larger particles
(median: 7.3 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 (F@)rend high
s.d. values for subsequent ngentiles (Table5.4). Interestingly, a previous study
with the same model of instrument asetup was able to obtain very reproducible
results for silica ENPs with 20 nm modal diameter (expanded taitgr <5%)
(Braunet al, 2012) The K12 ENPs studiedere were characterised by a slightly
shortermodaldiameter (15.1 nm by SEM). Therefore it can be concluded that silica
ENPs smaller than 20 nm caniha 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 K80 were not apparent
in K12.

The use of the K12 sample wasned at testing theze LOD. However, accurate
estimation olize LOD for most of the methods was not possilitor SEM, a cuobff

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 observearticles were smaller thanr8n and hence
hindered the exactize 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 sdene.g. dissolved Si, or NaOH) and was also noticed
during examination of the K80 sample (starting atl20nm therefore not shown in

the Figure7.3). Thus thesize LOD in GEMMA will also be dependent on the level

of contamination in the test sample.

It was not possie to accurately estimate thizes LOD for WetSEM either. The
observed minimal particle size was 38.3 nm, which was above the s#ft point
for the K12 sample analysis (see Tablg). However, for the K80 sample, imaging
at higher magni€ation was possible (see Talid) and particles down to 27.1 nm
diameter could be detted. This indicated &b the &e LOD in WetSEM was
affected by particles drifting away from the membrane at higher magnificatieas (

Instruments section above)daprobably sample matrieatures such as IS

The CLS detected particles at or close to a given sizeftpbint (8 nm) fo the two
replicates but for thirdeplicate the size distribution tamated at 10.5 nm (see
Figure 53). Therefore thesize LOD could not be unambiguously determined. It
should be mentioned that in this study we used a very concentrated K12 dispersion
(30% mass of Sig). At 10 fold dilution, no response could be detected from this
sample (data not shown) and therefore it could Imeloded that in fact the majority

of the particles in PNSD of K12 was under iz LOD forCLS.

For the AF4ICP-MS and NTA, the smallest measured particle size could be clearly
identified (6.5 ad 22.8 nm espectively). Thus Silica ENP&s LOD for NTAwas
identified. However, for AFACP-MS this value could be even lower than the
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smallest detected pi&le size, as it was not possible to confirm wibther

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

Interestingly, it vas alsofound that PNSD of K12 from NTA and W8EM before
reaching the size of the smallest detected particles, displayed a gradual decay of
particle abundance rather than rapid-afiit particle population as for example
previously r@orted in study on SECP-MS (Labordaet al, 2013) This result
suggest that some analytical methods for ENRay not only be bouny the &ze

LOD but alsosize LOQ- size below which particle cmt is no longer accurate. The

size LOQ was likely a reason for detection of ngiigant differences in particle
abundance in groupslll of KBO 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 technigues

after data transformation into mass equivalent diameter

As expected, PNSDs of SAS reported as IED differed strongly depending on the
analytical technique used (Figubeda, Table5.4). Thebroadest and the narrowest
IED weighted PNSD were obtained by NBAd CLS, respectively with differences

of 182.2 nm for NTA and 53.1 nm for CLS between th& @&d &' percentile.
Particle median sizes were in the range of 40.4 nm for SEM to 115.4 rn\Tfor

and PNSDs and fractions were also found to vary widélly NTA and WetSEM
displaying an approximately normal PNSDs and CLS, GEMMA and-IBRAMS
showing positively skewed PNSD$he variation in PNSDs shape may suggest
met hodds s el e particlesdizé fractibno butcakso rmay ibe a result of

differentmeasurement expression.

Transformation of the IED into MED (Figufe4b, Table5.5) resulted in narrower
PNSD for all the methods with exception of CLS (difference betwe&hagf &'
percenile for IED 53.1 nm, for MED 57.3 nm). The difference betweefi &8d &’
percentile in MED distributions was ranging from 42.7 to 58.6 nm among the

measurement methods and was smallest forlI&FRAMS and largest for NTA.
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WetSEM, NTA and CLS showed sitar MED weighted PNSDs (Figure.4b)
resulting in a similarity between median MED (55.9; 53.3 and 50.8 nm respectively)
(al t hough [g<0.05d0y GLS artd 8Ne8EM). Furthermore, the 1QRf

NTA and CLS analysis gave similar results of 23.3 nm ané @fn, respectively,
whereas the IQRf the WetSEM analysis was more narrow (16.2 nm), probably

due to the cubff point as well as thaze LOQ.
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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 AF4ICP-MS (Table5.6; Figure5.4a and b). The PNSDs of SAS from these two
methods were ira good agreement already for IED measurements (Tallg
however it carbe noticed that the transformation improved the correspondence of
results especially in the central part of the curve (Figudea 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 inTable 55, 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(0.6f | 90.5(0.5% (0.7
CLS(SSD) | 29.7 (1.3 | 38.3(0.7 | 42.4(2.9) | 47.1(0.6)° | 58.7 (0.57 | 82.8 (0.6}
AF4-ICP- c C B
MS (HDD) 16.0 (2.8} | 39.6 (0OF 44.9 (6.7) | 56.4 (0.75° | 78.8 (0} | 123.0 (0.7}
NTA 153.4
(HDD) 43.4 (2.65 | 81.8(3.7Y | 156.8 (36.8)| 115.4 (5.4} (5.6F 225.6 (8Y
WetSEM 126.6 182.2
(ECD) 62.3(4.1Y | 84.9 (2.2Y | 94.9 (3.0) | 104.3 (7.55 (14.2) (57.9§°

Table 55- 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(1.3F | 41.4 (0.8 | 43.6 (0.8) | 50.8 (0.7f | 63.3(0.6Y | 89.5 (Q7)°
AF4-ICP-MS | 21.2 (0.1f | 29.9 (0F | 32.5(1.1)| 37.6 (0F 46.8 (0f | 63.9 (0.2}
NTA 26.8 (1.2Y | 41.9(1.35 | 65.9 (11.1) 53.3 (1.8f° | 65.2 (1.7f | 85.5 (2.1}

WetSEM | 38.5 (1.95 | 48.2 (0.9Y | 52.2(1.2) | 55.9 (2.9Y | 64.4 (5.3 | 83.5 (19.4§

AFSame lettemn column with percentile size value in Tabld and7.5 means that no significant

di fference between measur emepr@05r esul ts was det ect

5.5.2.2 Causes of remaining discrepancies in_between mass_eguivalent

diameter distributions gi _ven by different methods

Despite theamprovement, 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 fo6EMMA), the 25" percentileand mediarsizes 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 mvides further evidence for more selectivity ®EM sample

preparatior(see Chapter 3 and section 5.5.1.2) towards smaller particles

The incomparability of th&€ AS MED PNSDderived from WetSEM, NTA and CLS

to those derived from GEMMA and AREP-MS wasmost likely a consequence of

the particle ge LOD and LOQ. Based on the modal MED (Tdh!® thesize LOQs
proposed for CLS, NTA and W&EM are 43.6 nm, 65.9 nm, and 52.2 nm
respectively. These values correspond with the data for the K80 apparently
undeestimating the particle population in the size fraction 18 to 62 nm (see Table
5.3, group lin section 5.5.1.2 It could be observed that for NTA estimated modal
diameters of the K12 and SAS (MED) differl$s than one s.drom each other.
Hence it canbe assumed that th&ze LOQ identified here could be generally
proposed for silicdbased ENPs. A comparable relationship between the modal sizes
of K12 and SAS measured by W8EM and CLS was not obtained. In case of Wet
SEM, this is probably due to theehaviar of the ENPs during imaging, whereas for
CLS the K12 sampleds PNSD was notszereprod
LOQ.

It was expected that AFKCP-MS will also havesize LOQ for SAS because, for
K80, a significant underestimation of paléiciumber in group | was detectethen
compared to GEMMA (Tukew<0.05, analysisbased on procedure in Chapter 3,
data not shown)The concentration LOD of IGRIS detection was estimated

pg/l and it wasfound that a part of the data points in K80 &AS PNSDs were
below this concentration (K80 paréd smaller than 39 nm and SAfarticles
smaller than: IED 22nm, MED 17 nni)eriving LOD for analyte concentration was
out of the scope of this work, however it had to be mentioned for accurate

interpreation of the results.

The good comparability of GEMMA and AHEP-MS derived PNSDs for SAS,
indicatesthat these two methods were not subjected taiteel OQ limitation and

sothecharacterisation dbASis likely most complete among the tested techesqu

5.6 Conclusions

This study determined PNSDs falica ENPsby 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 PNSRSof
could not be fully characterised in this study due to measurement outputs being
restrained by theize LOD, and for some methods a gradual decline in the detection
sensitivity prior to reaching theze LOD. Particle sizes below which the method
sensiivity was decreasingsize LOQ) were determined for CLS, WeSEM, 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 samm@ preparation steps used for SEM seemed to
overestimate particle number in the small size region, and in one studied sample,
also induced apparent agglomeration. \8EM, although required minimal sample
preparation, was impaired by the highe LOQ and nability 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 microscogh as corrections

for overestimation of small szl particle number within PNS{@hapter 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 waysterpreting the

data outpwt from measurement techniques and it is worth emphasising that CLS
provides means for this measurement without the necessity of knthé@mparticle
fractal structue, hat is as long as particle simngedoesnotfall below the specified

size LOQ and no chemical speciation is requirethe study.

The MEDunit could 2 recommended for normalizatioh measurement expression
in between studies on ENPs and couldale considered for implementation in
emerging nanomaterial definitions and regulations. By means M&D
transformations presented in this stuthe measurements from different techniques
can be related and thus distributions transformed from oneamtther equivalent

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

1. regardless of particle shgpa total recovery calculation based on mass of

individual ENPs can bperformed
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2. validation of results in between methods for sample$ @ag e.g. fractal
aggregates, where no reference materials was so far avablablme

possible

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

and validation.

In summary MED coulde used as a basis to provide a uniform way of expressing
particle size measurements to support future research onsizaab or nano

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

Chapter 6

Refinement of electron nicroscopy sample pre@ration and
measurement analysis for the engineeredamoparticles

with broad size distribution

6.1 Introduction

In previous Chapter 5 it was pointed out that EM sample preparaticoduces a
significant error inENP size measuremeritigure 6.1 recalls a comparisohSEM,
and GEMMA measured PNSD of SAS ENPs from Chapter 5 to illustrate

overestimation of small particle number in PN&&ived by SEM.

(=Y

0.8

0.6

0.4

Particle count normalized to maximum
e
(o]

=]

Mass equivalent diameter (nm)

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

Vertical lines are marking median of respective PNSDs.

The quantification of ta median measuremeastror resulted from overestimation of
small particles inSAS PNSD was presented idnnex 1. There itwas shown that

expandedneasuremenincertaintyfor SAS in pristine dispersion was boosted from
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10-12 to 3740% due to flawed trueness. Thus it became clear thatsatdhis
magnituderequires correction if EM shall be used for charasé¢ion of ENPs

featuring broad PNSD range.

The overestimation of number of small particles in PNSD as a consequence of the
sample preparationsed in Chapters 4 andnday be explained by smaller particles
being more firmly attached to thmicroscopysubstate than the larger oneSuch
supposition is justified by smaller particles having larger % surface area in contact
with the microscopy substratds a consequenceselective removal of larger ENPs
from the sample during washing of the microscopy sabs@nd blottingnay have
placeas suspected in previous works (Balnois and Wilkinson 2002gt.ab2013).

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 twaigstions hera alibration approacfor thesample preparation
method used through the study (Chapters 4 anehS)presented and discussad a
calibration material caite coatedAu ENPs and spherical silica ENPs (Kmix
characterised by a polymodal dibution were selectedThese two chemically
different ENPs werehosento verify whether except of size also composition of
ENPs had an impact on shape of calibration cuBarived calibration was then
applied to corredED expresse®NSD of SAS genetad previously in Chapter 5.

6.2 Materials and m ethods

6.2.1 Calibration approach

The calibration appach wa based on the measurement of EBNP PNSD by EM

and a reference method. As a calibrapherical ENP samples featuring polymodal
distribution wee 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 PNSDQuotients o particle abundance in assignealticle size fractions

of EM toreference methodedived PNSDs werased to generate a calibration curve
From this curvea size dependent correction fac{Orfor particle countsn PNSD

was obtainedThis correction factor was then used to correct PASD expressed

as MED

125



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

Two reference methods wenesed for obtaining calibration curve: CLS and
GEMMA. CLS was selecteds a reference for AENPsPNSD and GEMMA for

Kmix PNSD. Evidence in the literature suggested that both methods quantify ENPs
accurately(Kesten et al, 1991 Andersonet al, 2013) Additionally, in-house
performed assessmentfoCLS for quantification of AUENPs verified that the

method provided accurate results

Kmix sample was characterised previously in Chapter 3 by means of SEM and
GEMMA and these dataere reused in this study. A&ENPs were characterised as
described below.

6.2.2 Engineered nanoparticles

Au ENPs were selected to confimvhetherthe calibration curve wagansferable for
chemically different ENPsCitrate coated AUENPs of 5 different sizes were
purchased from BBnternational (Cardiff, UK). In previous studies it was found that
the particle number overestimation was highly apparent for partictesdiameters
under 3840 nm(Chapter 3 and)5 Therefore dispersions of monomodal ENPs
(Mono Au ENPs)of nominal dianeters: 10, 15, 20, 30 and 50 nm were selected.
These 5 dispersions were mixed at concentrations given in &ablsingDMW to
obtain a weHldefined polymodal sampl®¢ly Au ENPs)

The Kmix sample was mviously described in (Chapte): 3he sample wadivided

in 4 size frations (ranges given in Chaptey ®ith modal sizes of 15.1; 47.3; 84.7
and 120.3 nm, respectively. These diaetions (with numbers giventd IV) were
previously charactergsl by % abundance of particle numbers per size fraction by
GEMMA (26, 38, 29 and 7%respectively) and by SEM51, 26, 19 and 4%
respectively). SEM analysis was preceded byTBeGel sample preparation (see
Chapter 3)

The SASwas previously characterised in Chapter 5, section 5.5.2: The BNBI3
sample wadroad, with the main population of particles ranging from ~8 to 120 nm
and some particles (agglomerates/aggregates) reaching a few hundnedvitD.i
MED based PNSPB of SAS obtained by GEMMA and SEMere compared and it
was found that due to the appliedrgde preparation method the fraction of particles
in the range of 8 nm to 24 nm wvaverestimated by SEKk&sulting in a shift in the
median diameterém 36.5 nm (GEMMA) to 28.2 nm.
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Table 6.1- Size and concentration data of AUENPs obtained by CLS and

EM and provided by the manufacturer

Particle nominal size (nm 10 15 20 30 50

Particle mean diameter
(nmy’
Gold concentration in
initial dispersion gg/ml)®

9.5 14.9 209 | 30.7 | 48.6

57.6 47.7 56.6 | 1090 | 853

Gold concentration in A
ENPs sample analysed b 1.152 477 | 11.32| 54.5 | 170.6
EM (pg/ml)

PNCin Au ENPs sample
analysed by EM (particle{ 1.32 1.42 1.23 | 2.07 | 1.48
x 10" ml)®

Expected particle

abundance in AENPs 18 19 16 27 20
sample (%)

CLS given proportions

based on measements off, 17.6 21.2 19.7 | 23.3 | 18.2

initial stock dispersions

*measurement derived by TERdata provided by the manufacturemlues 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@mage acquisition of Mono ALENPs andPoly Au ENPs.
Additionally Mono Au ENPs were imaged by SEM (FEI Sirion S FEG SEM
Nanocentre, Uniersity of York). The SEM was opsted at5kV, 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
excepion of SAS) were expressess ECD The SAS6s size was ex
The ECD is equivalent to the MED, if particles are sigagrThus here a hypothesis

was made that a calibration using spherical ENPs would be valid fespiarical

ENPs if their sie is expressed as MED.
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6.2.4 Gasphase electrophoretic mobility molecular analyser
measurements

Kmix and SAS sample measurements previously generat€thapters 3 and 5 by
GEMMA were adapted in this studyThe data weraused for comparison and
discussionof robustness of the calibration obtainedRuly 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 procedeténgs were adjusted
following the i nstr umeh tgoldENPa defisiltyc193r er 6 s
glent, 2. gold ENPs efractive index: 0.47. The measured particle size range was set

on 5150 nm.

The spinning disc was filled with a gradient of sucradatson (824%) and topped
with dodecan to prevent the water from evaporation (according to the maneifacturs

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

Size calibration of the instrument was carried out before each sampléds a
calibrant citrate coated AENPs were used: 8012 Gold Nanoparticles Nominal 30
nm Diameter from NIST (Gaithersburg, US) insteddhe polyvinyl chloridebeads

(PVC) proposed by the mafacturer. According to carried out-hlouse assessment

the P/C beads were found to compromise particle size measurement trueness, which
had an impact on the readings of pdgtinumbe concentrations (data not shown

The calibration settings were: 1. Half peak width: 6nm and 2. Peak diameten 27 n
(estimated baskon the NIST report ohvestigaion) (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 AIENPs analysed by CL§EM and SEM as well as CLS and
TEM measurements ¢toly Au ENPs are presented in FiguBe. It can be noticed
that a certain level of diameter overlap was present in between particle populations

from Mono AuENPs in all the analyses. However in TEM arndSQlerived PNSDs
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this level was low (Figuré.2a and b respectively), whereas for SEM it was very
significant (Figure6.2c), especially between gold ENPs with nominal diameters 10,
15 and 20 nm.

The broadening of PNSD observed by SEM analysis comparBaNbanalysis was
previousy noticed by(Luo et al, 2013 Annex 4. However, other sources e.g.
reportsof investigation of monomodal golNPs using both types of EMs do not
confirm this informatn (Small and Watters, 201XKaiser and Watters, 200;7a
Kaiser and Watters, 2007b) Ul t i mat el vy, the instrumento
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 wiadepar
size dependeniThe IQRwithin the PNSD of Mono ALENPs 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 cagenominal diameter15nm Mono AuENPs

(2.80 times higher in SEM than iREM). The PNSD of Mono ALENPs with a
nominal dianeter of 10 nmwas limited by the cuwoff point within the SEM
analysis 8 nm(Chapter 5section 5.5.1 04 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 othestudies For example Andersonet al. (2013)
suggested that the method which reveals narrower PNSD is likely to feet,cas
particle swelling can takglace under diffeent analytical conditions (in quoted study
CLS provided narrower PNSDs of polystyrene particles than TEM analysis).
Following this reasonin@pere TEM analysis could be considered more trustworthy

in terms of PNSD masurement in comparison to SEM.
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In order to allow distinction between particle populationginating from different
Mono Au ENPsPoly Au ENPs was analysed by TEM rather than SEM. However,
for the measurenm¢ of silica ENPs SEM wsuse, due to a very poor contrast of
these ENPs in TEMsee e.g. Figure Al.2a in Appendix. 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 Fig@2a and bas
expected (Chapter 3 and Chaptercarly diffeledin terms of particle abundance.
For the quantitative comparison the PNSDsPRoty Au ENPs obtained from both
techniques was dividkinto five groups (GIGV). As there was an overlap between
particle populations, the size ranges of the size fragjroups GIGV were not in
completeagreement wh the initial Mono Au ENPsThe cutoff points of the size
fractions were chosen basedtbe minimal particle counts between the peaks. These
points were different for CLS and TEM derived PNSDs (see TéaBle because it
was found that the CLS tends to underestimate particle sizes compared to TEM,
especially if measured particles are smélhan the calibranparticles (here 30 nm)
This can be explained by thelativeincrease in the amount of stabilizing agent on
the particlesurface with decrease Bize, which results in a lower density of the
particles. The decrease in density decedsrdihe particle sedimentation velocity in
CLS, which in turn results in smaller measured particle diameters, amsdeated

by (Zooket al, 2011)

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

Method Gl Gl Gl GIV 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 | 255 | 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 % paticle abundance d?oly Au ENPsfor each chosen size factions {GV) as
charaterized by CLS and TEM are surarsed in Table6.2. The % particle

abundance for all groups @&V determined by CLS was irogd agreement with the
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previous CLS estimation of ganle abundance in Mono Au ENPSable 6.1(1-2%

of difference). Therefore it can be concluded that the oveflapeoPNSD of the
Mono Au ENPs and the chosen size fraction-ofis did not infuence the
quantification of Poly ALENPs significantly and atsthat aggloraration of the Poly

Au ENPs was minor.

TEM results show higher % abundance of particles in size fractions Gl and GlI
compared to CLS(16.0 and 23.4 for CLS an@2.6 and 26.5% for TEM,
respectively). The % abundance of particles in groups G @V 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 fontbasurement of ENP
with broad size distributian(Poly Au ENPs and Kmi¥ the quotients of % particle
abundancebtained byEM analysis andhe reference method) for each size group
were plotted against meaRdly Au ENPs) and modal (Km)xECDs (Figure 6.3a
and b).Modal rather than meatiameters were chosdor Kmix samplebecause it
was rot possible to measure initialamomodal stock dispersions for this sample
(one of them K80 was already bimodal)For all Mono Au ENPs the PNSD was
following approximatelya Gaussiardistributiontherefore mean size measments

derivedwere approximately equal to modal size measurements.
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Figure 6.3- PNSD calibration curves for ENPs featuring a broad size
distribut ion (dependence of thd to ECD using a) Poly Au ENPs and b.)

Kmix particles
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The elationship between ECD anfdfor both Poly Au ENPs and Kmixwas 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 affectinga 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 equatiand is given by E§.1:

Pi prm—t Eq.6.1

%s fraction of particle surface area 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 shapasia power curve. However, for both types of ERBly

Au ENPs and knix the f increased more rapidly with the decrease of particle
diameter than expected from power law (Fig@r2a). Therefog, better correlation
and thus description of the calibrationnee was obtained using exponential decay
Eq. 6.2 (for Poly Au ENPs) and.3 (for Kmix) than a power lawkor bothPoly Au
ENPs and Kmix, Rof 0.99 was obtained for exponential decay fit, compared’to R
of 0.98 and 0.91 for power fit respectively.

QO ™o wpg8 wu TQ EQ.6.2

M ™ we T wny EQ.6.3

It could be noticed that the obtained calibration curves §2gand6.3) derived for
Poly Au ENPs and Kmix samples wermdifferent. The overestimation of small

paticle size fractiorwas larger in the case of Kmfatd=15.1 nmf=1.98) tharPoly
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Au ENPs (atd=14.9 nmf=1.13). This implieshat the particle chemistrgffected the
calibration. Differences in the physicochemical characteristics at the particleesurfac
(see Figures.4) could provide a clue tthe underlying reasons. The silic@lecules

at the surface of Kmiare likely to carry a higher overall negative charge due to the
oxygen atoms bound to silicon on the surface (electronegativity differenceQf Si
bond = 1.6 eV in Pauling scale), compared to citrate modified surfaBelpiAu
ENPs (electronegativity difference of@ bond = 0.9 eV in Pauling scale). In view

of these differenes in surface charactercs, slica ENPs are likely to be more

strongly attracted to the positively charged amino grofigedatin 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 dlica ENPs stabilized with citrate

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

6.3.3 Calibration of particle size distribution of synthetic
amorphous silica

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

particle counts for respective diameter measurements were dividddvalyes
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generated from EQ6.3. The Figure6.5 presentsSEM and reference method
(GEMMA) derived PNSD®f SASexpressed aslED.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
02

Particle count (normalized to max)

b.
------- SEM
— GEMMA

8 28 48 68 88 108 128

MED (nm)

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
28.241.0 nm to 38+0.6 nm. The median size derived from SEM after correction

was similar to that estimated by GEMMA reference method: 36.5+0.02 -test (t

p>0.05). However, it was also noticed that the IQR of PNSD in SEM distribution

was 1.31 times broader (23.5 nm) iongparison to GEMMA (17.9 nm). It is
anticipated that except of the previousl

and particle size, the chemical composition of the ENPs, can also affect PNSD

135



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

broadness. The reason might be the electron beam pemetiapth in the material,
which depends on the chemical composition of the sample antbaléetam voltage
(Molhave, 2004)As all the samples were imaged at same instrumental settings, the
deeper penetration depth of the electrearh within silica, comgred to gld ENPs,
potentially allowed to reduce the PNSD broadening effect. Interestingly, previously
it was found that for a monomodal sample ofespdal slica ENPs with relatively
narrow IQR=9.9 nm in SEM was similar to that generated by GEMMA: QR=

nm (K12 sample in Chapter).5Therefore it is anticipated that the difference in
particle shape could also influenitee broadness of PNSD. The SAS materials were
composed of the primary pafies measuring on average 9 ri@hapter % The
boundaries ofsuch small objects could have been affected by the instruments
resolution (approximately 2 nm), which might have affected accuracy of the

measuement resulting in broadening of PNSD.

However, despite the difference in particle shape between theatiahbmaterial
(spherical Kmiy and a sample (aggregated SAS), it was possible to obtain PNSD of
SAS that was not biased by th@mple 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 BINES the
PNSD is expresed as MEDIt 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 asseskeduchcases particles can
undergo surface chemistisansformation in unprediable ways. In a previous study
(Chapter ¥ the pH of the saple was adjusted to stabilize SASing a buffe(BB

8.0) to avoid this prol#m. Other sample preparation approaches, where ENPs are

separated from the matrix could@lse considered

Here he correction for introduced size measurement attetay sample preparation
for citrate coated @d andsilica ENPswas presentedResearch needs to include

calibration approaches for different type of particles, potentially megtti 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 ncreasing application of nanotechnologythie food industy 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 spikirig @omplex matrices is size.
This is because size can determihe uptake of the ENPs intthe cells and their
toxicity (Jianget al.,2008; Fedeet al, 2012) Thusthe accurate estimation @he
ENPs size distributiom foods is important.

EM is recommended and used as a reference methddefaneasurement of ENPs
in general(Hagendorferet al, 2012 Tiede et al, 200%; Linsinger et al, 2012
Calzolaiet al, 2012 Andersonet al, 2013)and also in food and fed@®ekkerset
al., 201Q Weir et al, 2012 EFSA Scientific Committee, 2011Although the
application of the method widespreadstill not much is known on how accurate the
results of ENAneasuremestare especially in thease ofmaterialscharacterised by
a broad size distribution andonspherical ENPs Another challenge ishe
unavailability of standardized protocols foreparation of food samples containing
ENPs. Therefor¢he research presented this thesis aimetb develop and validate
EM-based approacks (sample preparation, imaging and image analysis) for
determination of ENP size distribution in foods. This chapiéfirstly give a brief
summary of the research achievements and then exgpleienplications of these
achievements for current guidance on risk sesent of ENPs in foodsu§gestions

on further work on method development vailsobe 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, PBotentially suitable sample preparation
protocols which were previously used for food and biological sam@papation
(Chapter 2) werevaluatedIt was found thathte ENPs in liquid food matrix were
prone to changes due to the sample preparation. These alterations included

agglomeration or discrimination of large ENember n the PNSDAgglomeration
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of colloids and ENPs was previously reported in numerous sty8iasois and
Wilkinson, 2002 Doucetet al, 2005 Tiede et al, 2008) but discrimination of
particle size fraction was so far rather a supposition ¢héactsupportedoy clear
scientific evidencgBalnois and Wilkinson, 2002Zuo et al, 2013) In Chapter 3
such evidence was obtained using BNP sample featuring polymodal size
distribution andby comparing EM resudtagainst a reference method (GEMMA)
which was previously shown to accurately quf§nENPs (Kestenet 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 whictwhilst not optimum,was thoughtto be themost
suitable, based on recovery of ENPs from food sammad minimized
agglomerationwas selected for further validation. The validation described in
Chapter 4 was a first attempt of obtaining data on reliabilifgMfmeasurements of
ENPs infoods. It was alsohe first studyevaluating thecontribution of subsequent
stages irthe data acquisition processth@ measurement precision for such samples.
Chapter 4 alsemphasized that measurement trueness for SAS ENPs in tomato soup
could not beestimated This was due to the unavailability of either reference
materials or methadagainst which the EM measurements could be compared. Th
problem was aansequence of inherent SAS properties. SAS @earacterised by
aggregated structure and becaw$ethis, each of the analytical methodsghich
employ different meaurement principles were generating different measurement
outputs(see Chaptarl and5). Comparison of size measurements of such randomly
aggregated ENPs between methods s@$ar not pasible (Kasper, 1982DeCarlo

et al, 2004) Neverthelestheliterature providd evidence that particle behaviour on
which measurements were based could be linked to its fractal geofeafry
Boldridge, 2010 Melas et al, 2012 Maricq and Xu, 2004)Using this concept in
Chapter 5 a series of calculatedior MED- the diameter of a compact sphere havi
thesame mass an ENP aggregate was developed. MED values for SAS were then
derivedfrom the measurements of ECBDD, SSDand EMD given by SEM, NTA
andAF4-ICP-MS as well aCLS andGEMMA respectivelyThisis thefirst known

study linking measurements of randomly aggregated ENPs in between the methods
It was found that ARFMCP-MS and GEMMA measurements of SAS after MED
transformation were in excelleragreement. Nevertheless SEbVerestimated

particle number irthe small size regionwhich was alsoconfirmedby observatios
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for spherical silica in Chapter. Ihus in Chapter @orrection for small particle
number overestimationn was developedUsing spherical dica ENPs it was
possible to successfully correbe measurement of aggregated SAS EbdMpsessed
as MED

Overall the study identified problems connected to the measurements ofalSdPs

in foodsand provided some valid solutiondNeverthelessasults alsshow 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, 2011Thesechallengesare de<ribed inthe sections

below.

7.3 Implications and recommendations for further method
development

A generalchallenge in the measurement of ENPs is the availability of reference
materials. Certified reference materials for ENPs size are available on riket foa

few decades, however so far no materials with certified particle number as well as
size have been developedhese are obviously required for the determination of
accuracy of the PNSD measured by the method/iew of the nonavailability of

thee materials many authors use confirmatory techniques gatt nealidation in the
studies(e.g.Chapter 3Tiedeet al, 200%; Dekkerset al, 201Q Peterset al, 2012
Loeschneret al, 2013 Park et al, 2013) The problem with this approach is
incomparability of the measurement outputs for repherical particlegKasper,

1982 Naito et al, 1998 Bowen, 2002DeCarloet al, 2004 Domingoset al., 2009
Chapter 5. Authors have discussed application tbé dynamic shape factor or
effective density t@orrect for particle shapend express particle size MEBasper,

1982 Kousakaet al, 1996 DeCarloet al, 2004 Kamiti et al, 2012 Woehleckeet

al., 2013) However, each of the methods following diffet flow regimerequire
estimation ofa separatelynamic fiape factor or effective density and is problematic
for some of the ENP shapes like e.g. aggregéteslternativesolution for deriving

MED of particle aggrgates was described in Chapteuding as an exaole SAS.

SAS was difficult in detectio for sone of the studied methods. High size LOD and

s ze LOQ6s for |light scattering and absor
of SAS PNSD between all methods. Therefore a study featuring different ENPs with
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higher refractive index, e.g. titamudioxide could beconsidered to validate given
methodology for these methods. Additionally further validation of MED
transformation approaches could be supported asttethod which measures MED
in adirect way, such as SIEP-MS.

The further developmemtf 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 expressiane lacking so far in the literature.

This so far hampered interptation of the data and developments of reference
materials as well as full validation of measurement methods for ENPs of broad size

distribution and norspherical shape.

Shown in this research EM validati6@hapter 4emphasizegroblemwith defining

ENP size measurementueness due to lack of reference materials or methods for
ENPs characterised by a broad PNSD and-spirerical shapeln Chapter 5
comparison of EM with other techniques for such sample was carried out and it was
found that EM introduced significant shift of the distribution toward smaller ENP
sizes. Thus the trueness of EM measurements for ENPs with broad size distribution
was compromisedin Annex 1 it was shown thathe ENP measurememtueness

error was very significantt is therdore suggested that calibration (e.g. presented in
Chapter 6) is applied to correct PNSD from EM.

Although the calibration was proven to be succesgfulas alssshownthat surface
chemistry of ENPss likely to affects calibratioriThe diemical transfomation ofthe
particle surface ira food matrix may lead to difficulties witthe application ofthe

calibration approachnd more research is needed to address these difficulties

Extremely small sample intake in EM when compared to other analyticaligeels
was another concern emphasized in this st@hly a volume of few plcan e
analysedat once Linsingeret al, pointedout thenecessity of measuring very high
numbers of particleandproposedhat500 measurements were neededobtaining
reliable information on particle sizginsingeret al, 2013) Some practical solutions
to this problemare described i€hapter 4and ISO draft guidancgraft ISO/WD
144112, In preparationshowing that this number can be high (over 500) or low
(less than 8) depending on the broadness dfiSD in particle population and
desiredlevel of confidence. Nevertheless, small samptake in EM still poses a
problem in the representative sampling of particle populatiamen dealing with
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ENPs in food samplefChaper 4). Thus for further method validation removal of
the matrix prior to preparation is advised in order to improtree measweament
certainty.Summarising, theneasurement of ENRwen in pristine dispersions is still
challenging although advances were mad recen years in this field Thus the
further considerations for measuremehtENPs in complex nteces needs to be
based on thistateof-the-art knowledge and requires further detailed weraitions

described below.

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

EM offers a distinct advantage over other analytical approaches when it comes to
analysis ofENPs in foods and other complex matrices. This is mxaisualiation

of the sampldwith certainexception of e.g. organic ENPallows identification of
association of the ENPs with the matrix compondatg. Tiede et al, 200%). In

other analytical techniques this associatioray lead to difficulties in result
interpretation Authors working on maalytical method development féqg ENPs in
complex matrices reported incomparability of PNSD derived from EM micrographs
versus AF4ICP-MS, SRICP-MS (Loeschneret al, 2013) and HDCGICP-MS

(Tiede et al, 2010) In both cited studies, AgENPs used wereparoximately
spherical. Thus results suggested that association of these ENPs with matrix (meat
(Loeschneret al, 2013) and activated sludg@iedeet al, 2010)had a significant

effect on particle elution time in AF4 and HDC as well as ionizationmafisiENPs

in SRICP-MS. Nevertheless successful application of methods which do not allow
distinguishing between ENPs and matrix natoictures for the measurement of
ENPs in fooddike e.g. NTA (Chapter 5GallegeUrreaet al, 2011 Luo et al,

2013 Annex 9 indicatethat 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 isecommendedEFSA recommends that the results of ENPs
measurements in food are always verified with EMFSA Scientific Committee,
2011)

Neverthelessc¢onfirming results usingeM can be challenging. This is because the

sample prdreatments for EM and oth techniques vary. The preparation might
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involve only sample dilution however, even dilution changes sample matrix, altering
content of suspended solids, dissolvetistances, pH and .I\ll of these factors

can affect particle agglomeration st&léanget al.,2008; Peterset 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 examplgienemannet al, 198) used a synthetic
electrolyte of 1.5 mM Ca(HC¥£)) for diluting ENPs of FgO3; These ENPs were then
used for EM method calibration whetke content of colloids was measured in
natural waters. In ChapteriBwas shown that the use of borate buffer at&p#|
stabilised ENPs of SAS and resulted in higher particle numbers recovered from stock
dispersios and a soup sample following dilution process when comparethé&

same samplediluted with DMW. This was because the bufférad a stabilising

effect on &S 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 undilutd 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.Grombeet al, 2014 Annex 5 Grombeet al, In preparation
Loeschneet al, 2013). These actionaim to removeENPSs from the original matrix

and by doing this may contribute to the changes of picle size.Different
variants of sample preparatiéor EM involving sample dehydrain were shown to
introduce varios artifacts to the IRSD of ENPYChapter 3. These drawbacks were
primarily related to the EM preparation of ENPs in liquid food samples and liquid
suspensionsin solid samples where ENPs wesongly bound to the matrig.g.
tissues from uptake studigsg.Loeschneet al, 2011)the ENPs couldhe preserved

in the unchanged form thanks to well developed standard sample preparation
technigues such as resin embedding or freezing described in dékéalyiat, 1989b
Cavdier et al, 2009 Chapter 2which allowthe preservation dhe matrix structure.

An alternative to these sophisticated sample preparation methodeEM was
described inLari and Dudkiewicz 2014 Annex 3. It involved dilution of the solid

med sample containing Ag ENPs by digh factor and homogenization, then

sedimentation of #obtained sample on®TEM grid. Although this technique was
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matrix destructive (due to sonication used in homogenization stapparison with
simple swab of the samplerface 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 messte Figure 7.1 a and b.

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

The tchniquewas used in Chapter 4 for validation and it was found ¢indy
negligible agglomeation of Ag ENPs in meat was preseifhis contrasted with

result of SPICP-MS anaysis in (Grombeet al, 2014 Annex 5, where Ag ENPs
measured in same material occurred to have approximately twice lorgeetdr

than measured by TEM iG@hapter 4 Providing a nearly spherical shape of these
ENPs the comparability of TEM and $€P-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 doesot affect the measurement mu@@hapter 4)in SP-ICP-MS the

small particles of the matrix with fewnang gl omer at ed Ag ENPs Os
be detected and interpreted as one Ag ENP. The actual agglomeration/ aggregation
of Ag ENPs could also take place in process of sample preparation i@PSHAS.

This based on enzymatic digestion proto¢bbeschner,et al, 2013), due to
liquidation of the matrix could result in a complete freeing Ag ENPs and subsequent

agglomeration of initially single particles.

Figure 7.2 summarigs which of the transforations that ENPs canndergo in the
food products ardikely to affect the RSD 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 componengstafie measurement
in a way which does not allow tpredict 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 thck dispersion§Chapter 4. It has been shown

that over 40% of median size value uncertainty @¢dndl expectetbr SAS spiked in
tomato sougChapter ¥ and meased by SEM. Such high values thfe expanded
uncertainty of measurement were attributed to random changes of these ENPs on
different sampling days and could have been a result of chandes 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 consideratiorthe 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 recommend&tSA Scientific Committee, 2011)

may not be pasble. 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 diffemt points & experiment changenultiple timesand affect ENP

size For example &erset al. showed that silica ENPs can agglomerate and
deagglomerate in human digestive track depending upon pH present at different
stages of digemn system(Peterset al, 2012) Thus, it couldbe argued that as long

as the sample matrix pteeatments 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 futureguidelinesfor research on ENP fate in food and human
digestive tractthese 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 ENW 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 measurefrteNPs in foods

is ongoing (NanoDefine project will continue work of NanoLyse) and hopefully
will allow to address knowledge gaps necessary for setting guideline.

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

This recommendation s b as e d o -oftheartkrowlédge toswhiahtalbove
presented research contributed. Figure 7.2 presents a decision tree, potentially useful
for EM users interested in analysing of ENPs in foddigure 7.3depictsa course of

action in terms of@mple preparation and data interpretation depending on radture

the matrix as well as typgf ENP® P NTHiB course of action assumes sphericity

of ENPs. If ENPs are nesphericalor aggregateadditionallymesurements should

be expressed as METhe potocol 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 excludethe necessity otalibration or develop more calibration curves

that could be generalized.
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Food sample matrix

ENPs featuring
broad size
distribution

|

Extract ENPs and
prepare according to
recommended
protocol (Chapter 3)

Analyse images,
perform calibration
as shown in Chapter

6 and report
corrected PNSD

]

ENPs featuring
narrow size
L distribution

ENPs firmly bound
to the matrix

|

Prepare according to
recommended
protocol (Chapter 3)

. Prepare using one of

designated protocols
e.g. (Lari and
Dudkiewicz,
Accepted)

Analyse images and
‘ report PNSD

Analyse images and
report PNSD

ENPs detaching
from the matrix

Extract ENPs,
prepare and analyse
as liquid food
sample

Figure 7.3 Course of action for analysis of spherical ENPs in foods

7.6 Conclusion

Overallthis study presented first attempt of EM method development and validation

for the masurement of ENPs in foods. The findings allowedressing challenges

related to sample preparation and incomparability of ENP measurements between

analytical methods.Nevertheless also some drawbacks of the method were

highlighted, such as need of cabration andhigh 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 par8&&qsee Chapter 3)

and citrate cated sphericahu ENPswith nominal diameter 30 nm available from

NI' ST i d: 8 0 1 2BNPs were , com
spherical and fairly monosipersed Sampleswere prepared according to T2 Gel

(manufactureros

protoml described in Chapter, $AS (3 replicatesyample wasliluted 100 fold with

BB8.0 and AUENPs (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 imagg at two magnifications lower than one used in the study. The

micrograph settings were summadsin Table A.1.

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

increase due to coating

. Analyzed
Number of Micrograph area per Pixel Sma_llest
Sample ) area (um x i : particle
micrographs replicate size

pm) (um?) ECD (nm)
SAS 4 6.3x4.73 119 8.6 38
SAS 16 3.15x 2.37 119 4.3 19
Au ENPs 10 1.56 x 1.18 18 2.2 8

To visuali® the thickness of the coating additionallyngées of coated AUENPs
and SAS were imaged by TEM.

Result

The Au ENPs increased in mediasize by 7.8 + 0.8 nm (mean incredssween
replicates + standard erjoiThe result was confirmed by imaging betcoating in
TEM (see Figure A1)l Measurenent ofthe coating thickness &3AS imaged in
TEM was difficult due to a very poor contrast of the SA&8e Figure Al.2ayhich

resulted in poor distinction of thearticle boundary (see Figure Ab)2 but a vague

Pt/Pd shell seems to be present in a simildridasas in the AIEENP coating.
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Figure Al.1- TEM images of coated AUENPs (a) Original image (scale

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

Figure Al.3presents the size distribution of all mesl particles for coated and
uncoated ENPs.

The full size distribution of AULENPs 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 camglon about any shiin distribution. An
increase of total measured particle number in coated SAS samples when compared to
uncoated ones close to the -oft ECD valuewas observed (Figure Al.BbThe

median measurements of coated and uncoated SAS wesggnticantly different
(MannWhitney ranksum test,p=0.136 lower magnification and 0.214higher
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 siyilar particle

ECD measurements between coated and uncoated samples.
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Figure Al.2- TEM images of a uncoatéd 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 Al1.3- Size distribution of the ENMs before and after conductive
coating (a) Au ENPs, (b) SAS

Based on the indication of a Pt/Rtel in the TEM image (Fige 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 ANPs, and this is supported by the fact that shifting
the size distribution of the uncoated to match the coateghke 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 th&NRs. This means

that we would expect longer ECD increase for SAS especially for lpayécles
because the compactness of particles decreased with the size. Indeed the increase in
size could be noticed for large particlése 78" percentile of SAS (corresponding to
coated ECD 131 + 2 nm in coated particle size distribution) imaged ar low
magnification was increased by 8.8 + 1 nm. For higher magnification the size
increase was not reproducibtevo of the replicates had shifted"™@ercentile (ECD

156 £+ 9 nm) toward larger values, but in one replicate smaller particles were
measured afr 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 compeson to coated ones due twetpoor contrast (see Figure AlL.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 duethe coating was smaller or equal &m.

Based on size distribution of coated SAS imaged at lower magnificatiorCtheaE

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 (betwétto 28" within

size distribution of coated SAS from lewmagnification (see Figure A).5The
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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Appendix 2
Additional figures for Chapter4
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Figure A2.1- Particle size distribution ( x axiss 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 pum), last bin in the size

distribution of samples containing SAScorresponds to quantity of
particles larger than 200 nm
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Figure A2.2- EM images and respective EDX spectra (x axikeV, y axis

number of counts) of a Soup Blank, b Meat Blank, ¢ Soup 1, d and e
Meat 2
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Figure A2.3- The box plot (median, IQR, max and min valus) of the

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

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

The stulied SASsample has an aggregatgducture tha can be charactegd asa
fractal aggregatess described irfBoldridge, 2010) The main parameters are tbhe
andko, that relates the number of primary particles in an aggregate with the primary
particle dameter andry through Eq.7.1 descibed in Chager 5

Methodology

The mean primary particle diametgk,,) valuewas estimated from nonaggregated
residual single péicles using identification of these particles by OBMean value
of dpp= 9 nm was used for calculating SAS fractal characteristics sxwibled in
(Boldridge, 2010)

In total 3791 SAS aggregates were measured. IE(BP of measured SAS particle

wasOd,p, it was assumed thak=1. In larger SAS aggregates the number of primary
particles was calculated according to B@ provided in Chapt 5. The D; and kg

were derived by plotting linear dependence of W) {rom In dma/dpp) (Figure

A3.1)). Thednxwas Ferretodés diameter direantdl y me:

reduced by 8 nm to correct for the conductive coating thickness.

Result

Theplot of In (N) from In (@ma/dpp) is presented in Figure3AL.
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Figure A3.1- Linear curve fit to dependence of In (N) from In (dnhax/dpp)

The D; was equal to the slope of the linear curve (2.11)lkamndas calculated from
Eq.A3.1(Boldridge, 2010) and gave value of 1.17.

N ™mMw Q Eq. A31
Where:
e- mathematical constant

b- the linear curve coeffient determining the intercept

The generated curve was based on the measurement of all aggregatesnple3 s
replicates. The maximum difference in between replicates in estimBterals 0.06
andky 0.08.
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Abbreviation/

symbol
A
AA 8.0
AF4
ANOVA
BB 8.0
BET
BSE

CE

Cryo-

ECD
EDS

EELS

Glossary

Appendix 4

Glossary

Full length name

Centrifugal acceleration

Amonnium acetate buffer pH 8.0

Analysis of variance
Borate buffer pH 8.0

BrunauerEmmettTeller

Assymetric flow fietl flow fractionation

Back scattered electrons

Cunnigham slip correction factor

Capillary electrophoresis

Cryogenic
Diameter

Fractal dimension

Dynamic light scattering

Ferret s

Demineralized water

di ameter

Primary particle diameter

Differential scanning calorimetry

Mathematical constant

European Commission

Equivalent circle diameter

Elementary charge

Energydispersive Xray spectroscopy

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 dameter
Engineered nanoparticle
Environmental scanning electron microscopy
Electrospray ionisation
Environmental transmission electron microscopy
Particle number overestimation factor
Field flow fractionation
Focused ion &am
Gasphase electrophoretic mobility molecular analyser
High angle annular dark field
Hydrodynamic chromatography
Hydrodynamic diameter
High resolution transmission electron microscopy
Sample thickness
Inductivelycoupled plasma
Instrument equivalent diameter
Interquartile range
Relative to median interquartile range
lonic strength
Coverage factor
Fractal prefactor of lacunarity
Limit of detection (concentration)
Lowest dete@ble nanoparticle mass concentration

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

NMR
OBIA

PNC
PNSD
PVC

RSD%
RSQq

RSO
RSO,
RSO,
RSD
RSQ
RSD,

Glossary

matrix related to matrix interference
Multiangle laser light scattering
Multiangle light scattering
Multivariate analysis fovariance
Mass equivalent diameter
Mass spectrometry
Mean squares of measurements obtained on different da
Mean squares of measurements obtained on same day
Number
number of electric charges on the patrticle
Nuclear magneticesonance
Object based image analysis
Statistical significance level

Probability of the sample containing given number of the fa

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

Standard measurement uncertainty of measurements perfo

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

Standard measurement uncertainty of sample preparatic
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RSDotal
S
s
s.d.
SANS
SAS
SAXS
SEC
SedFFF
SEM
size LOD
size LOQ
SLS

SRICP-MS

SMPS
SSA
SSD

STEM
TEM

ts
Uexp
UV-VIS

WDS
Wet

XRD

Glossary

Total stalard measurement uncertainty
Mean number of particles found per replicate for a blank sar
Mean
Standard deviation
Small angle neutron scattering
Synthetic amorphous silica
Small angle xay scattering
Size exclusion clumatography
Sedimentation fieldlow fractionation
Scanning electron microscopy
Limit of detection (particle size)
Limit of quantification (particle size)
Static light scattering
Single particle inductivelgoupled plasma mass spectromet
Scanning mobility particle sizer
Specific surface area
Stokedbds sedi mentatio
Scanning transmission electron microscopy
Transmission electron microscopy
Sedimentation time
Exparded uncertainty
Ultraviolet- visible spectrophotometry
Channel thickness
Wavelengthdispersive Xray 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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P £ & &£ N

=

i pe
 sio2
Ve

VOUI

= 4 O

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
Crossflow 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 fdifferent techniques into MED

for the fractal aggregatef SAS allowed uniform epression and result comparison
(Chapter % Thanks to this, it was also possible to calibrate the sample preparation
method forSEM in order to correct for its specificity toward small particle size
fraction (Chapter . However, in previous lRapters 3 and the SAS measurements
from EM were giveras ECD This did not allow to relate EM measurement against
the referencanethodHDD from NTA in Chapter 3or calculationof the particle

mass recoveryChapters 3 and)4 Another highlighed issue in the previousork
(Chapter ¥ 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 b comparedThe problem was a consequence of the particle shape.

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

to comparson against reference method, recovery and trueness assessment.

Methodology and data

The NTA and SEM measurements of SAS in stock dispeesidnsoup generated in
previous Gapters 3 and Were used in this study. The respective HDD and ECD
meaurements were transformedtanMED as described in Chapter t6 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 nopossible 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 particleseacfrom the stock
dispersion.Additionally all theresults where T2 Gel sample preparation quot

was used (part of Chapter 3 and whole chaptevete corrected for specificity of

the method towargmaller particles using Eq.3® developed in Chapter. 6The
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correction was carried out using MED transfodhparticle 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 metNdd\. For trueness assessméin

was assumed that the correcteddiae size measurement using EB @as thetrue
median size of SAS PNSImeasured in the study. This assumption wa®rtak
because as shown in Chapteru8ing correction it was possible to obtain median
MED measuremerfbr SAS, which was not significantly different to GEMMA used

as reference method. The trueness was calculated for ECD and MED b&ied PN
of SAS acording to (Linsinger, 2010)using instead of the certified reference
measurement the value measurementected for the initial overestimation of the

particle numbein small size fraction Eq..8.

Results and discussion

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

The comparison of SEMnd NTA measurements given as IEBLhapter Jaimed

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 evenamedi
measurementot SEM if no agglomeration occurred. The transformation of SAS
measurements into MED ideally would all@meto obtain not significantly different
results from both techniques. However, in previous chapters it was determined that
NTA was subjeted to Size DQ (Chapter % and some of the sample preparation
methods for SEM were speciftoward particles of small siz€€hapter 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 TQel 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 neafbaussian distribution whereas from SEM is
positively skewed. This was a result®izeLOQ in NTA given PNSD, whic was

(mean £ s. ¢.47+3 nm and 50+5 nm for SAS in stock and soup respectively. These
SizeLOQ6s between soup an ¢diferten ftokn eagleather n ot
(Holm-Sidak p>0.05), but lower than previously indicated #tatispersion of SAS

in Chapter 5(66+11 nm, Holm Sidakp<0.05)). This was likely attributed to the
model of the NTA, vaich was different in Chapters 3 and 5.

Despite he presence @izeLOQ 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 daneerify conclusion in Chapter 3
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on the sample preparatiomethods for SEM which did not induce particle
agglomeration.

Figure 2 presents the box and whiskers plot of SAS MED distoibubetween
readings from singl&EM (images) and NTA (videos). The figuis a counterpart of
Figure 34 presented in Chapter, &#hich 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 3.4where 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.NTH only exception was

SAS in stock prepared using T1 Lys protocol. This measurement was now not
significantly different to NTA (Tukeyp>0.05). This slight difference was attributed

to generally decreased difference in between PNSD of SEM and NTA reessus
expressed as MED i n reviously discussed in Chamgter 3 ED 06 s
Here it was found that for all the sample preparation methods the difference between
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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 previouslyectly 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: Ultracentfugation in DMW,BB8.0 and dying. Howevertotal recovery

in relation to the particle concentration in the initial, undiluted sample could not be
calcdated. The transformation of the measurements into MED, alloiwechlculate

total recovery (in relation to initial manufacturer claimed mass of ENRs
dispersion) for SAS in stock and soup samples analysed by NTA and SEM. The

results are shown in Figure 3.

S0 -
Cstock Msoup

=y
=
1

Average Recovery (%)
w
=

i

.
—
-

% & S S
o ) ]
& Q@A & ® ®

%,&@ Q-&Y’ & é&?’

& &

& &
c‘“& J‘Q\
& &

Figure 3- Particle mass recovery in relation to used sample preparation

in SEM and as revealed by NTA(error bars are s.d.)

168



Annex 1

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 coataantin

the samplesThe low recoveries could be partly attributedSiae LOQ in NTA and

cutoff point in SEM analyses (MED 22 nm). However, based on corrected
distribution of partites in MED range of 8 to 22 nm (Chapter @®nstituted only

about 1% ototal measured particle mass.

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

therecovery down byavery significant value.

Statistical analysis did not prove any significant differences in recoveries of SAS
particles within stock dispersions (ANOVE>0.05) measured by NTA and SEM
preceded by different sample preparation methods aueetty high variability in
measured particl@umber (see Chapter 3, Figuréb)3and thus mass recoveries
variability. The recovery of SAS in soup was significantlyhag for the sample
prepared by ltracentrifugation in BB 8.0 (Holr®idak p<0.05) in compdson to
other sample preparations and NTA analyses. This was expextpdedously
reported (Chapter )3 particle number recovery for this sample and sample
prepaation was high (120% for SAS in stock and 221% for SAS insdupe mass
recoveries of SASarticles 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 meament of PNC by NTA in Chapter &here

it was concluded that the DMW inflicted dier 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 totalSAS mass recoveriesom EM for arangeof techniques using electrostatic
attraction for sample preparatiaould 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 peged by same means. Withims researchwo types
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of samples were used for analyss®up freshly spiked with SA8hapter 3 and
aging together with particld€hager 4. The mass recoveries of particles from soup
samples freshly spiked with particles were ranging on median &@wnoximately

60 to 110% (Figure 4), which was higher than could be expected from particle

counts in soup relatively to stock dispersiofeee Figure 3.5, Chapter).3

160 -
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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 9

The results also confirm that the recoveries of SAS particles from aging soup were
generally lower thanadr freshly spiked one (Chapter).4However, significant
difference was only confirmed for Soups2a mp | e ( Dpe(0B)dThe nhasss t
recoveries of SAS from aged soup were expected to be lower than the number
recoveries discussed in Chaptefcdlculated based on number of particles obtained
from stock dispersions analyses), because the particles amemedian 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 fropnlSweas
actually higher than reported in Chapter 4 partialenber recovery38% and19%
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 iSoup 2 was lower than in Sougdlthough not significantly:

D u n m®005) because the measured median size of SAS 2 particles was larger
than SAS 1 as a result of grid saturation with particles and potential overlag duri
imageanalysis (Se Figure A2l Appendix2).

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

Previously in Chapter dstimates of ECD measurement uncertainty for SAS in soup

and stock dispersion was taimed. Tle total expanded uncertaintyJéy) did not

inlude the estimate of the measurement trueness for polydispersed particles of SAS.

Onl vy 6goodnessb of instrument al cal i b
monodispersed, spherical JdENPs.Developed in Chapter éalibration allowed to

estimate the measurement trueness for SR&ults e summarised in Figure 5.
Additionally intermediate precisiorRSL,) and Uex, previously reported in Chapter

4 for SAS in stock and soup dispersions at concentrations 1 amue2included in

the graph The results for SAS COMnd Soup COM (also Chaptel) &vere not

included in this discussion because they would require separate definition of fractal

characteristics in order to be subjected to MED transformation.

The RSL, of the nmedian ECD was higher after correcting for small particle
abundance for all the samples with exception of SAS &.uFtertainty increase was
expected asthe correctioncould only be applied to the results after MED
transformation and thus some error radai® multiple data transformation needed to
be included TheRSL, increase was however minor-%%) and thus not significant
(F testp>0.05).

The estimated trueness of ECD measurements was similar for all four samples (F test
p>0.05) ranging from 17% t82%. These values were much higher than previously
reported O0goodness of cali br atRSQwé&e t r uen
significantly higher for SAS 1 and 2 (F tgst0.05) and not different for Soup 1 and

2. This meant that the trueness visasind to significantly increase th,, budget

The increase ofUg, was most pronounced for SAS measurements in stock
dispersions, where it was higher than two fold in comparison toiniti@lly

estimated in Chapter(#igure 5).
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Figure 5- Errors introduced to the measurement of SAS and combined
expanded uncertainty of median measurements-titial results quoted

from Chapter 4

The Ueyp calculated for the MED median measurements was generally lower than
one related to ECD (37%o0 60%) and ranged from 20 to 44% although this
difference was proven to be significant only for SAS 1 and 2 (Fpeét05). This
improvement on measurement certainty is attributed to the general narrowing of
PNSD after MED transformatiofChapter 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 norinducing agglomeratioffChapter 4 for SAS in stock and soup
dispersons 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 previosly reported measurement uncertaii@hapter 4 for trueness value.

The trueness occurred to be a significant factor affediigg This result points out

that theEM should notbe used for the measurement of ENPs characterised by a
broad size distribubn not only in foods but also in pristine dispersions unless
calibraed as demonstrated in ChapterT@is was so far neglected in the studies on
ENPs measurements. The MED transformation was found to bring down the
measurement uncertainty. This is anotimful 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 forpolydispersed ENPsas this thesionly providedsolution for
specific case of ikca ENPs. However, means of obtaining information on the
measurement accuracy MoEM was given, proding a tool for future research.
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3

Detecting and characterizing nanoparticles in food,

beveages 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 nanotechology 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 chatarise 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 drawbackseafch 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

3.1Introduction

Nanotechnologyis 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 by, 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 auayabf
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, 2@9) and the US Food and Drug Administrati@h.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 i§6S@RDIS, 2010) The
biggest challenge coeming the detection and characterization of NPs is that, unlike
otraditional 6 chemicals, we are not only
also other characteristics such as particle size distribution, particle shape and the
characteristics ahe surface coatingNorwegian 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 prparation is required before an NP can be detected and characterized.
Many of the potential preeatments 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 NRad hence, if this approach is used for analysis of particle
size distribution in a food product, misleading results will be obtajBedhingoset

al., 2009;Doucetet al, 2005) NPs also occur naturally so a further challenge is how

to distinguish betwaeNPs that are mamade 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 adwtages and limitations of the different methods for food analysis.
More detailed reviews can be found in Tiesteal. (2008) andDudkiewicz et al.
(2011).

3.2 Detecting and characterizing but what?

Results of many toxicological studies indicate thatrfsk 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 increas@s 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. Electiatsc 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 environmentand canberdetese ned from t he zet a
the particle. Steric stabilisation invol"
agents on the particle surface. The capping agents provide steric hinderance for the
agglomeration of particles independentlypd 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 (Ly&dbawson, 2008). How

these interactions proceed depends on several NP features such as the surface charge
(Bouwmeesteet al, 2009) and structural properties such as shape and crystalinity.

Shape is a very important factor which might influence uptakiedsstribution 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 séiapkdly 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 (&tiad),
2008;Barnardet al, 2010). For example amorphs forms of titanium dioxide NPs
have been found to have the strongest oxidative abilities when compared to
crystalline forms (Jiangt al, 2008). This property has to be considered in food
industry applications since reactive oxygen species (ROS), atcmmulated in the
body, are harmful, sometimes resulting in carcinogenicity and causing many other

175



Annex 2

disorders (Diplocket al, 1998). Furthermore ROS may reduce the shelf life of a
food product and affect its structure (Chegral, 1999).

Dissolution ra¢ 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 cellGt{ler 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 cleaptand (Chaudhry & Groves, 2010)).

Ma s s concentration can be measur ed for
However a more useful measure of exposure may be the particle number
concentration (PNC). PNC is closely connected to some of the other Nifetea
described above such as size, aggregatnd 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. Firdy, 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 canlso 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 ongoing issue and 8ubject 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 locdlize 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. carborbased NPs), it may be difficult tdistinguish 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 interpretatiornmere
problematic (Peterst al.in press). For example, nano delivery systems (NDS) are
usually composed of lipids, proteins or polysaccharides (Legkd, 2008), which

are all naturally present in food products making detection very difficult.

To ovacome 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 tiNP 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-made particles and particles that occur
naturally.

176



Annex 2

s5TH

4 + + Adoosomoadg wewmeyg
+ Jsd
+ + SI2)UNOY) A[INIE
139
+ SISATEICT
+ + uonEn[ig
a0
+ + + + + +  NV/uoneSnImuadenyn
+ + SIS SN
T SIACAQ
- + + + AN
- + + @ax
- - + + SNVS
- - + + SXVS
+ + + + Sumanedg IyET]
sanbmuma3 [eonATeUE
+ + + + + + pepdnod pue Adodsoramy
+ + + 12
S1d-
d44p=5
BB
444 + + + EEE]
+ + Ayderdoreworgy)

EJIE
JOEIING

UOTENUAIUOD UOTENUAIUOD
SSE[{  RQUINU IINIEJ

ABIET]D
2DELING

uonngsip
ampnng  adeyy AnSMmNAY) UONN[OSSI] UONEEAIEEY  2ZIg ¢ AZIg

SAIMJE] JUEAI[AI JO WODEZLII)IEIEYD 10] SPOTPaT [EIPAJEUE Jo 3s)) -T°€ A[qEL

177



Annex 2

34 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 contaminant® Thes
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 Tiedeet al, 2009a; Brewer & Striegel, 2010)

The chromatographiased techniqsetypically 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 elutingtades is
achieved by otline 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 deetho
employing mass spectrometers (see section 4.4) such as inductively coupled plasma
mass spectrometry (IGMS) (e.g.Chanet al, 2010; Tiede et al, 2009a; Tiedest

al., 2010; Dekkerset al, 2010).ICP-MS coupled to HDC has been used for NP
analysis incomplex food samples such as food concentrates as well as in complex
environmental matrice@iedeet al, 2009a; Dekkerst al, 2010) It is also possible

to install a fraction collector on the chromatographic system. Separate fractions can
then be thenanalyzed 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 he 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 (Meger, 2000) The

size separation range 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 bypamus beads.

The size separation range for HDC depends on thgtHeof the column and for
commercially available instruments isl200 nm(Tiedeet al, 2008)

FFF instruments separate particles ranging infs@a 1 nm to a few micrometers
(Dubascouxet al, 2010) Partitioning takes place in a thin channel withagaplied

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 cheniatts 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 magg¥on Der Kammetet al. in press).In FFF, unlikeHDC

and SEC, separation results in elution of smallest particleqTiedle et al, 2008;
Dubascouet al, 2010)

Electrophoretic methods can also be used. Capillary electrophoresis (CE) employs
quartz capillaries filled with a buffdr C i ee8dl, 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 characterizdtinatural food
nanostructures such as nucleic acids, proteins and polysaccharides. CE in food
analysis is regarded as an alternative and complementary method to chromatography
( Ci eetal, POKS)

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
(Kalabet al, 1995) anddr last few decades has been extensively used in studies on
natural food nanoand microstructures e.g. starches (Fishreiaal, 1995), casein
micelles (Autyet al, 2005), whey proteins and fat globules (Relkinal, 2006).
Imaging methods are currepthpplied 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, agglomeratichemical 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 (Castamad, 2008). Imaging islao important for
validation of other analytical methods which aim to characterize NPs (€tedle

2009a) and natural food nanostructug.Fishmaret al, 1995).

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

The fuorescence characteristics of some NPs may allow their detection by confocal
laser scanning microscope (CLSM; e.g. Lewingii 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 fluoreguamicles was

able to obtain a lateral resolution of 15 nm and an axial resolution of 50 nm
(Katayameet al, 2009).

X-ray microscopes (XRM) can resolve up to 30 nm and, when combined nath x
microtomography, 3D images can be obtained. ira)X microbmography, images

are obtained from sections of a sample using penetratingyX XRM can be
coupled to analytical techniques based enayx fluorescencéor determination of a
samples chemical composition-r&y 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 (McCormiclet al, 2010)

Another way of nofinvasive imaging of a sample contaigi 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 (Tiedeet al, 2008). If a functionalized probe is used, desm 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 #nimaged surface on a nanometric level €ltal, 2010).
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The most commonly applied microscopy approaches for NP imaging are
Transmission Electron Microscopy (TEM) and Suag Electron Microscopy
(SEM).In TEM, the electron beam is accelerated witljhhvoltage (8100 kV) and
passes through the nanometric layer of the sample. The resolution of these
instruments can go down to 0.07 nm (Dudkiewetal, 2011). SEM offers a lower
resolution of 33 nm but also a different imagpattern in comparison t6EM.
Images are formed by the detection of electrons scattered by the sample surface.
Additionally, SEM can be coupled with focused ion beam {&EEM), which
enables samplsectioning and 3D imaging. Similar to SEM, scanning transmission
electron microscap (STEM) scans the sampleitiv 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) inowgventional 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 canabkieved. A range of
approaches are available for doing this including <md liquid EM. For cryo
techniques (cryoTEM, cryo SEM, crye FIB-SEM), the sample is imaged when
frozen. Liquid EM employs capsules (e.g. WetSEMand chips which separate the
hydrated sample from the vacuum chamber of conventional instruments. The sample
iIs then imaged through electron transparent windows. -Cemvironmental and
liquid EM have been shown to be useful for analysis of ENPs in cosmetics, food and
environmentamedia (Noronhat al, 2008;Tiedeet al, 2009b; Loren=zt 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 EMs (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 atmosphericrpssure 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 ofrays. The chemical composition of the
sample can therefore be characterized based on the detecticraypfradiation
energy using energy dispersive spectroscopy (EDS) or wavelength dispersive
spectroscopy (WDS). The energy loss of the electrons transmittedgkthrthe
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 Spectroscopypbasedtechniques

Given the quick and easy sample preparation, a wealth of spectroscopic methods is
widely applied for food residue analysis and quality cont(&laroui &
Debaerdemaeker, 20080me of these techniques can also provide information on
the charadristics of NPs in food samples, including concentration, size, and
structure(Valouset al, 2010) This section provides an overview of all the different
spectroscopypased methods that could be used to characterize nanopatrticles in food
matrices.
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Scatteing 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 pattas can be detected to measure the molecular weight and/or particle
size. Dynamic light scattering (DLS,-3L000 nm) is the main scattering techniques
used for NP size measurements in liquids (Brar & Verma, in press) and provides data
on PNC. The hydrodymic diameter, indicating the apparent size of the dynamic
hydrated/solvated particle (Kaszulet al, 2007; Mishchenko, 2009), is also
estimated. A similar approach is nanoparticle tracking analysis (NTA). In NTA,
Brownian motion of individual particles ianalyzed by video where the individual
particle positional changes are tracked step by step viadaggiitering centres in two
dimensions (Kendalket al, 2009). Some DLS and NTA instruments can also be
used for zeta potential measurements by applyngelectric field across the
dispersion and measuring particle mobility. Both methods have the advantage that
they require minimum sample consumption (<0.5 ml), are-efbsttive, and quick,
providing information on the NP size distribution in a sampleniwia few minutes
(Kendall et al, 2009; Estevezet 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 techniquasnhapecific so
would not distinguish between mamade and natural particles of the same size. The
methods do not provide any information on the chemical characteristics of particles.

The molecular weightt 5%) and gyration radiusf food ortarget NPs irfood can

be obtained by #fc indusisgistatialight $cattgring (SLS)caadt t e r i
multiangle laser light scattering (MALLS)starovaet al, 2005). These methods are
designed to detect the scattered light at different discrete anglesatummeboth

molar mass and average size of particles in lig(Bdar & Verma, in press).

Raman spectroscopy (RS) has beendchdracterized 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, laseinduced fluorenscence (LIF) employs a laser
beam to excite the studied species. The excited species veilaite and emit light

which can be measured to provide information on the molecules structure, species
detection, and flow visualization (Lombardégii et al, 2010). Lasermnduced
breakdown detection (LIBD) is a new sensitive method for quantification of the size
and number concentration of nanoparticles (< 50 nm) in agueous systems at very low
concentrations (BundbBah 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 irradiatigAray scattering techniques are a
family of analytical technique which can reveal information about chemical
composition, crystallographic structure, and grain size of samples based on
observation of the scattering intensity of afnay beam after it hits a sample-rxy
Diffraction (XRD) is commonly used to identifgingle substances or a mix of
unknown substances, by comparing diffraction data against a database maintained by
the international centre for diffraction dqéabaret al, 2008). With the advantages

of minimal sample preparation, time efficiency (< 20nnper 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 samplgsdemet al, 2009; Zabaret al, 2008).
However, the method is not very sensitive and has low resolutior (31D nm).

Small angle neutron andray scattering (SANS and SAXS) can be used to record
the scattering of neutronsfays at very low angles (typically 0.1 10°) which
contains information about both the shape and size of particles (>1 nm),
nanatrucutures and pore sizes (Zabtaal, 2008;Weismaret al, 2004).SANS can
provide data on patrticle sizes in the range of 1 to a few hundredsapezRubio

& Gilbert, 2009)and SAXS 1100 nm(Luykx et al, 2008) The materials can be
tested underealistic conditions, e.gsolid or liquid. The method is accurate, non
destructive and usually requires only a minimum amount of sample preparation
(LopezRubio & Gilbet, 2009;Bunjes & Unruh, 2007). SANS will be of particular
interest in food science since it can easily differentiate various biological particles
from the background (Let al, 2008: Jarviest al, 2009).

Other widely used Xay spectroscopy techniquesclude Xray photoelectron
(XPS), Xray fluorescence (XRF), and-pay absorption spectroscopy (XAXPS is

very useful for surface and coating characterization of solid samples (e.g. NPs) due
to the short range of photoelectrons exciting from solid sesn{dliedeet 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 informationtren detailed
molecular structure and size of paei based on the observation of specific
guantum mechanical magnetic properties of an atomic nucleus in the presence of an
applied external magnetic fieldCarter et al, 2005) Theoretically, NMR
spectroscopy can be rapid, resolve almost any combinatioongpounds 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 raioge of
safety applications broadly aimed at averting significant chemical, biological or
microbiological threats to the food chaiMariette, 2009) NMR has been used to
explore the effects of NPs through integrated metabolomic analysis in heptotoxicity
andnephrotoxicity studieflLei et al, 2008)and has been used to explore protéin
interactiongCalzolaiet al, 2010) and intermolecular space characterizafiBelotti

et al, 2010) NMR is however time consuming, expensive, has low resolution and is
insensitive (Calzolaiet 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 size
metallic structures frorfood matrix can be measured (Chaurasial, 2010).

Other methods that have been widely applied and routinely used for the chemical
identification and quantification includatomic absorption spectrometry (AAS),
optical emission spectroscopy (OEB)ductively coupled plasm@ES (Escuderet

al., 2010); and ultravioletisible spectrophotometry (UVIS)

3.4.4 Mass spectrometry

Mass spectrometry (MS) issed in food analysis for quality and authenticity control

of food products (Caregt al, 2002). The technique allows chemical and molecular
mass characterization of sample components and detection at concentrations as low
as one part per trillion. Irhé method, a sample is ionized by means of some form of
ionization technique, the resulting ions are separated by theirtorakarge ratio in
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