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Worldwide there is a variety of regulatory provisions addressing nanomaterials. The identification as
nanomaterial in a regulatory context often has the consequence that specific legal rules apply. In
identifying nanomaterials, and to find out whether nanomaterial-specific provisions apply, the external
size of particles is globally used as a criterion. For legal certainty, its assessment for regulatory purposes
should be based on measurements and methods that are robust, fit for the purpose and ready to be
accepted by different stakeholders and authorities. This should help to assure the safety of nanomaterials
and at the same time facilitate their international trading. Therefore, we propose a categorisation
scheme which is driven by the capabilities of common characterisation techniques for particle size
measurement. Categorising materials according to this scheme takes into account the particle properties
that are most important for a determination of their size. The categorisation is exemplified for the
specific particle number based size metric of the European Commission's recommendation on the
definition of nanomaterial, but it is applicable to other metrics as well. Matching the performance profiles
of the measurement techniques with the material property profiles (i) allows selecting the most

appropriate size determination technique for every type of material considered, (ii) enables proper
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Accepted 1st November 2018 identification of nanomaterials, and (iii) has the potential to be accepted by regulators, industry and

consumers alike. Having such a scheme in place would facilitate the regulatory assessment of
DOI: 10.1039/c8na00175h nanomaterials in regional legislation as well as in international relations between different regulatory

rsc.li/nanoscale-advances regions assuring the safe trade of nanomaterials.

safe. Consequently, worldwide a variety of legislative provisions
in different sectors address nanomaterials and require their
identification, characterisation, quantification, and often
a specific safety assessment. In the EU, the regulations on
medical devices,* biocidal products,” novel foods®* and cosmetic
products* specifically address nanomaterials and we can expect
the same for the European chemicals regulation (REACH) once
its amended annexes, which are currently under revision, are
adopted. The United States Food and Drug Administration (US
FDA) has issued guidance on considering whether an FDA-
regulated product involves the application of nanotechnology®
and the United States Environmental Protection Agency (US
EPA) has just recently published rules for reporting and

1. The need for a technique-driven
materials categorisation scheme

The increasing presence of nanomaterials (NMs) in commercial
products has triggered the need for their regulation and devel-
opment of specific methodology to demonstrate that their use is
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recordkeeping of certain chemical substances when they are
manufactured or processed at the nanoscale.® Nanomaterials
are subject to specific regulatory scrutiny in other countries as
well.” Commercial firms (e.g. producer, supplier) and authori-
ties have to comply with such provisions and should have the
same understanding of the regulatory requirements. This holds
true within regional regulation as well as in the trade relations
between regions with different regulations.
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Specific regulatory provisions include definitions of the
term ‘nanomaterial’ to identify a material as nano- or non-
nanomaterial according to certain criteria, and to decide if
nanomaterial-specific provisions apply. In the European
Commission's recommendation on the definition of ‘nano-
material’, size is the only relevant property,® whereas in other
regulatory contexts additional characteristics, such as origin,
biopersistence or novel nanospecific physicochemical prop-
erties, are relevant as well.” Regardless of differences in scope
and implementation, all definitions of the term ‘nano-
material’ share one common feature as the fundamental
defining element: the particle size. Consequently, in any
context for a decision whether a material is a nanomaterial or
not, it is always necessary to determine its particle size
distribution. This involves the measurement of particle size
from few nanometres up to well into the micrometre range
(around 10 pm).* Although particle size can be determined by
a large variety of analytical techniques, each technique has its
region of applicability in terms of material classes, material
properties and the accessible size range, including the
medium in which the particles are dispersed. None of the
available techniques is suitable for all materials.**"** However,
if such size measurements are to be done to fulfil regulatory
obligations, the results must be relevant, reliable and trans-
parent so that the involved parties, i.e. commercial firms and
regulators, including non-specialists in the metrology field,
mutually can accept the conclusions drawn from them. For
this reason, it is essential that such measurements are per-
formed with well-established and reliable methods that are fit
for the purpose and that they can be carried out with
reasonable economic effort.

To cope with all these challenges, it is necessary to come to
an agreement on which techniques can be used for which
materials and for which purpose. To select the most appro-
priate technique(s) one should match material properties
with the regions of applicability and the performance profile
of size measurement techniques. In the case of particulate
materials, the availability of a knowledge base consisting of
measurement techniques matched to specific
material properties would greatly facilitate a reliable regula-
tory valid identification as a nanomaterial or
nanomaterial.

We distinguish between the terms ‘techniques’ and
‘methods’. A characterisation technique, or measurement
technique, is a measurement process that is based on
a specific physical principle, e.g. electron microscopy or mass
spectrometry. According to the physical principle there are
limitations of each technique with view to size and materials
that can be analysed (e.g. organic vs. metal). An analysis/
analytical method is the application of a technique to
a specific material, eventually in a specific matrix, including
all necessary steps of sample preparation and data analysis.
Methods are specific to the respective analyte/matrix combi-
nation. The short terms ‘method’ and ‘technique’ are used in
the sense as explained above throughout this article. The
categorisation suggested in this paper is addressing tech-
niques, not individual methods.

size
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2. Categorisation criteria

Nanomaterials have been categorised in the context of risk
assessment,'*® detection in complex media such as foods,"”
systematic description for nanomaterial data resources® or
toxicology.”** Various schemes to group nanomaterials,
depending on their chemical nature, hazard to human
health,” commercial importance®® or physiological modes of
action,”*” were proposed in the literature. However, what is
lacking is a practical system for the fundamental task to select
appropriate particle sizing techniques for all kinds of particu-
late materials. The generated measurement results should then
be sufficiently robust to serve as a basis for a decision whether
a material meets a regulatory size criterion for nanomaterials or
not.

Here we propose a material categorisation scheme (MCS)
which is technique-driven and pragmatic to facilitate the regu-
latory identification of nanomaterials.

Materials are categorised, i.e., divided into groups, according
to criteria linked to the capabilities of experimental techniques
for particle size measurement. This allows the selection of
techniques that are compatible and suited to measure materials
with specific characteristics, which in turn assures the reli-
ability and common acceptance of the obtained data. The term
‘categorisation’ here is used strictly according to the general
meaning of the word (putting things into groups that have the
same features®®). In this sense the MCS serves as a technical
guideline to choose an appropriate technique and remains
unrelated to regulatory concepts such as classification of
substances for assessing hazards and risks.

2.1. Material types

Considering the performance characteristics of specific tech-
niques, i.e. what kind of material they actually can characterise
in a reliable way, we propose three classes of materials to start
with when categorising a given material (see Fig. 1):

Material with monotype particles. All particles are of the
same type, ie. they have essentially the same chemical and
structural composition. For the purposes of specific legislation
an ensemble of such particles can constitute a ‘nanoform’ as
defined by the European Chemicals Agency* and a ‘discrete
form’ of a substance in the nanoscale as defined by US EPA® or
non-nanoform under specific conditions. The particles can
consist of (i) a single chemical element (e.g. Au) or compound
(e.g- SiO,) or (ii) different elements or compounds, but with the
same internal structure. In the latter case, the particles are
composite® particles. Composite particles can be present in
different types as well. Core-shell particles consist of at least
two components, one of which (the core) lies within the other
that forms the outer layer (the shell). Multishell particles are
core-shell particles with more than one outer layer (shell).
Particles with inclusions are particles in which the components
are phase-separated from each other and one phase is dispersed
in the other and forms the inclusions. The number and size of
the domains can vary, and their spatial distribution within the
particles is often not uniform. The internal structure of

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Different types of particles and particulate materials are considered in the categorisation scheme. ‘Sample’ is the generic term for the

material to be analysed.

a composite particle can be important for characterisation
purposes. For example, certain techniques such as spICP-MS
(Single Particle Inductively coupled plasma-mass spectrom-
etry) or XRD (X-ray diffraction) cannot accurately measure the
size of multilayer particles.

Materials with multiple types of particles. A material that
contains particles of different types, i.e. different chemical or
structural compositions, can be visualised as a mixture of
different materials with monotype particles.

Articles and formulations that contain particles of the same
or different types: an article is an object which, during
production, is given a special shape, surface or design which
determines its function to a greater degree than does its
chemical composition.*® An article may consist of different
chemical substances in different physical phases (liquid/solid/
gaseous) and forms, including nanoparticles of one or several
types. A formulation is a particular combination of chemicals
(prepared according to a formula) that do not chemically react
with each other. The chemicals in a formulation are chosen
because of their specific properties, and, when combined, result
in a product with desirable characteristics. This also includes
certain consumer products, which are defined according to CEN
as items intended for consumers or likely to be used by
consumers.** For example, a sunscreen that contains titanium
dioxide nanoparticles is a formulation and a tennis racquet with
incorporated carbon nanotubes is an article. Both of them are
consumer products.

If the particles are all of the same type, a characterisation
technique needs to be suitable for that type only, whereas if
a material consists of different particle types, the chosen

This journal is © The Royal Society of Chemistry 2019

technique should be applicable to all particle types present. The
choice of the most appropriate technique(s) to measure particle
size is further determined by the properties of the material to
measure since the latter may determine the techniques’ limits
of applicability. Hence, only a good match between the material
properties and the performance of the technique will lead to
reliable and robust results. This holds true for the detection and
characterisation of nanoparticles in pure substances as well as
in more complex environments.'>**%'”

2.2. Selection of categorisation criteria

After the determination of the material class, the material is
further categorised according to the following sub-classes that
describe the most relevant particle parameters which dominate
the choice of the analytical technique(s) for particle size
determination:

Chemical composition. The chemical nature of the particles
strongly influences the choice of the appropriate character-
isation techniques.®® This may be due to a composition-
dependent sensitivity, or because some techniques may be
applied only to a limited variety of chemicals, e.g. due to
element-specific detection." Taking into account the perfor-
mance of techniques for particle size measurement, this crite-
rion is further divided into six specific subtypes which allow
categorising most of the currently available nanomaterials:

¢ Inorganic materials (e.g. metals and their alloys, oxides and
sulfides, salts, silicates), except carbon.

e Pure carbon-based materials (CNTs, nanodiamonds,
carbon black....).

e Organic particulate materials (polymers, pigments, etc.).

Nanoscale Adv., 2019, 1, 781-791 | 783
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e Biological materials (nucleic acids, peptides, proteins),
including synthetic biological materials.

e Other (dendrimers, liposomes,
assemblies...).

e Materials consisting of composite particles.

e Unknown.

The above-shown division is based on the assumption that in
all subtypes, except for composite and unknown particles, the
elements are homogeneously distributed across the particles.
Consequently, e.g. a core-shell particle that consists of a Ag core
and Au shell cannot be categorised as inorganic even though it
consists of inorganic elements, but it is categorised as
a composite particle.

Organic particulate materials like polymer lattices or
pigments are relatively straightforward to measure due to their
constituent particle boundaries, despite potentially challenging
aggregate structures and shape issues. On the other hand, the
category called 'other' such as dendrimers or supramolecular
assemblies can be challenging due to their structure and
complex chemical composition. For instance, sizing by Ultra-
sonic Spectroscopy (USSp), where the diameter (acousto-
phoretic diameter) is calculated based on spherical particle
estimation, cannot measure properly these types of materials.

Biological materials such as nucleic acids or proteins were
grouped separately because of their possible sensitivity to some
testing procedures. Their spatial conformations are sensitive to
PH and temperature, and a denaturation of their structure and
functions due to experimental conditions would render them
different in comparison to the original sample.

The chemical nature of the particles strongly influences the
choice of the appropriate characterisation techniques. Actually,
certain techniques, e.g. spICP-MS,** are very sensitive to the
elemental composition of the analysed sample and thus the use
of spICP-MS for instance is limited to inorganic materials with
sufficiently high atomic weight.

Composite particles deserve specific attention. It is therefore
necessary to know if a specific technique is able to determine
the particle size without interference caused by the individual
composite structure.

It is generally advantageous that the user has knowledge on
the chemical composition of the material before measurement
of the particle size distribution is attempted. If the chemical
composition is entirely unknown, it is advisable to do a chem-
ical analysis, otherwise a method suitable for unknown chem-
ical composition must be selected. The same is true if very high
contamination is suspected which would affect the outcome of
a measurement technique.

Number of small dimensions and shape. Many of the
currently employed characterisation methods implicitly assume
that the particles are spherical or yield an equivalent spherical
size (for example DLS),** which severely limits their applicability
to particles with a non-spherical shape.*® Furthermore, tech-
niques need to be specifically suitable to measure the smallest
dimensions of plate- or fibre-like particles. An additional diffi-
culty occurs if the analysed sample consists of a mixture of
particles of different shapes. In such a case, only electron
microscopy (EM) and possibly scanning probe microscopy

supramolecular
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could yield reliable results. Even with EM, the analysis of plate-
like particles and the accurate evaluation of their thickness
distribution are problematic as the smallest dimension (thick-
ness) could be difficult to access.

Considering the characteristics of available analytical tech-
niques, the criteria of shape and number of nanoscale dimen-
sions of nanoparticles can assume the following values:

Number of nanoscale dimensions:

o1

o2

o3

e Mixture of nanoparticles with different shapes.

In principle, indication of the number of small dimensions
is sufficient for the purposes of the intended categorisation
scheme, but often it is helpful to characterise particle shape
with more descriptive terms. They are also included here
regardless of some redundancy with the criterion of number of
small dimensions. Descriptive criteria for particle shape are:

e One small dimension: plates (flat shapes incl. irregular
flakes) (ratio large:small dimensions = 3).4

e Two small dimensions: fibres (elongated shapes such as
tubes, fibres, rods) (ratio length:diameter = 3).9

e Three small dimensions: spherical, equiaxial or similar
(e.g. prismatic, cubic, tetrahedral).

e Mixture of nanoparticles with different shapes.

e Other (incl. unknown).

Size range. Techniques for particle sizing have their own
measurement range. The size range therefore is definitely
a criterion which can limit the choice of the techniques to
obtain an accurate result.*® That size range can depend on
further criteria, e.g., the chemical composition or the poly-
dispersity of the material. In practice, the analysis needs to
cover the entire size range of the particulate material in order to
get an accurate result for the size distribution.*® If the particle
size range in a sample is too large, certain techniques cannot
determine the actual particle size distribution. DLS, for
example, is much more sensitive to large particles than to small
ones, which can easily lead to inaccurate size distribution
results for particulate materials with a broad particle size
distribution. Moreover, other techniques such as Tunable
Resistive Pulse Sensing (TRPS) are not able to measure very
small particles.®® In both cases, an overestimation of the
measured particle size is the consequence. Conversely, small
angle X-ray scattering (SAXS) is not able to measure particles
above 100 nm, this making the technique prone to underesti-
mate the median particle size for broad size distributions well
above 100 nmy; this finally results in possible false-positive
results, ie identification of a non-nanomaterial as
a nanomaterial.

Trade form and dispersibility. Some characterisation tech-
niques require the particles to be dispersed in a liquid phase,
whereas others only work for powders. Therefore, it is essential
to know if the substance to analyse is pre-dispersed or can be

9 According to ISO/TS 80004-2:2015(en), terms such as nanofibre or nanoplate
may be preferred to the term nanoparticle if the dimensions differ significantly
(typically by more than 3 times).

This journal is © The Royal Society of Chemistry 2019
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dispersed, including information on the dispersing media and
specific protocols to be used, in order to determine which
characterisation technique could be suitable for the analysis. As
recently discussed by Hartmann et al.,*” particle size distribu-
tions can be affected by many factors, such as sample prepa-
ration protocols, including the choice of the dispersion media,
particle concentration or material tendency to aggregation and
agglomeration.

The user should therefore first indicate the trade form of the
sample, which can be

e Powder

e Suspension

e Aerosol

Considering the characteristics of the evaluated techniques,
materials are categorised further as:

e Dispersible in aqueous media (by generalised protocols).

e Dispersible in material-specific media and protocols.

e Can be aerosolised.

Stability during testing. Some materials may be incompat-
ible with the conditions of certain measurement techniques,
e.g., they may be sensitive to irradiation by electrons. If this is
the case, they cannot be characterised reliably with EM, or
require more sophisticated EM techniques, such as cryo-EM or
soft excitation conditions (low beam current or voltage) tech-
niques. Particularly polymers or organic solids may be degraded
by electron beam irradiation.*®*® Other substances may be
stable in a narrow temperature range.*'Therefore, it is generally
necessary to know if characterisation techniques can induce by
their probes or by operating conditions (for example vacuum in
EM) damages to sensitive materials.

The criteria addressed here relate to sensitivity against

e Electron beam irradiation

e Vacuum conditions

e Heating (with specification of the maximum acceptable
temperature)

e Cooling (with specification of the lowest acceptable
temperature)

e If a material releases ions, atoms or molecules in its
environment, this can also interfere with measurements,
therefore this criterion is also included. For instance, as Ag
particles dissolve, nanoparticles can actually remain
undetected.

Specific properties. Specific electrical, optical, magnetic and
surface properties may interfere with or, in contrast, facilitate
certain measurement techniques.*® Specific material properties
are therefore to be taken into account in order to avoid inap-
propriate techniques.

For instance, an electrically insulating material cannot be
analysed in conventional SEM unless it is coated with a thin
layer of conductive material.*” The charging effect arising from
electron/ion irradiation can be otherwise avoided to a certain
extent if the SEM instrument used has a low voltage option or
a variable pressure option.*

In addition to standard techniques, magnetic particles may
also be easily characterised with some particular techniques,
e.g. magnetic force microscopy (MFM), in which a sharp

This journal is © The Royal Society of Chemistry 2019
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magnetised tip maps the magnetic force gradient above the
sample surface while simultaneously acquiring topographical
data.**

Some materials also have specific spectroscopic properties.
For instance, Raman spectroscopy can be used to measure the
diameter of single walled carbon nanotubes.** UV-Vis spec-
trometry can also serve as a size measurement technique if the
material exhibits Surface Plasmon Resonances,* e.g. silver or
gold nanoparticles.

Another criterion is the presence of a functionalisation or
coating of the particles, i.e, if the outermost layer has
a different chemical nature than the core of the particles. This
modifies the characteristics of the particle surface, e.g. the
presence of hydrophobic, hydrophilic, reactive groups. Some
characterisation techniques - especially those where the
measurements are performed in a liquid dispersion - can be
affected by these features. For example, the analysis may lead to
artefacts especially when the hydrodynamic diameter is
measured, and this fact also needs to be taken into consider-
ation for the sample preparation.

Functionalisation is distinguished in this MCS from the
coating which is defined as a uniform layer. For instance,
a particle completely covered by a dense layer will belong to the
composite category. On the other hand, a particle with mole-
cules bound to the surface in a less dense layer, where the
surface of the particle is still accessible by other molecules, is
considered here as a functionalised particle. Characterisation
techniques such as DLS (measuring hydrodynamic diameter) or
USSp (measuring acoustophoretic diameter)* will measure the
whole ensemble and will give a false estimation of the particle
size.

For the reasons described above, it can be important to be
aware of the following specific properties of the sample:

e Electrical conductivity, ie., whether the material is
conductive, semi-conductive or insulating.

e Magnetic properties.

e Size-dependent absorption of photons/fluorescence. If yes,
which technique could be used for characterisation, e.g. UV or
fluorescence spectrometry.

e Functionalisation, coating and chemical composition of
the surface layer.

e Other specific surface properties of the particles.

We can further sub-divide each of these main criteria to
specify in detail material characteristics that are relevant for
particle sizing techniques. The resulting proposed MCS is pre-
sented in Fig. 2 for materials with monotype particles. Not only
can the proposed MCS serve as a powerful tool supporting
regulatory identification of nanomaterials but it should also be
helpful for academia, industry and other stakeholders when
choosing the most appropriate technique for development,
research or quality control (QC) purposes involving particulate
materials, including nanomaterials.

For illustration of the categorisation system, let us consider
a hypothetical material that consists of monotype particles.
That material can either directly match one of the sub-criteria
(e.g. main criterion: chemical composition — sub-criterion:
carbon based) or have a value associated with a sub-criterion

Nanoscale Adv., 2019, 1, 781-791 | 785
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Fig. 2 Overview of the material categorisation system for a material with monotype particles.
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(e.g stability of particles during testing — heating — stableup measurement techniques, which finally allows the selection of

to ...K). A material fully categorised this way can then be
matched to the performance of available particle size

786 | Nanoscale Adv., 2019, 1, 781-791

material.

the appropriate and most suitable techniques for a given

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00175h

View Article Online

Nanoscale Advances

Paper

X X X

X X X

X X X
wr o7 w0 wWu Oz WU 00T
—-wu T 0) Wu 0§ 03 Wwu § 0} wu 1

x X X
Q9 Q
X% X
*Xx %
Q9 Q

*

X X X X X
X X X X X

x
x
x
x

X X X X X X

X X X X X X

X
wn 0001 w1 wr 00T w1 w1 wr ¢
ojwu (g OjwWU ¢ O} WU (O O0) Wu O] O3 WU (g 0} WU ¢

X X X X X

X X X X X
X X X X X X

wn T
0) wiu T

X

X
X

X

wr 00T
0} wu §

X

X
X

X X X

wn T
0) Wu ¢

X X X X X X

x

X
X

X

X

wr 0T Wl 00T

—wu 1

X X X

X

X
X

-wu o1

mﬁx

X X X X X XXX

P

X
X

000T-T

mﬁx

X X X X X XXX

x

X
X

pasrjos
-013® 2q UBD
BIpoW
oygroads
1ejod-uoN
1ejod
snoanby
[0so1oy
uorsuadsng
19pmod

Aqsradsia

wiI0j dpeIL,

(osn jo asea 10j UISOYD SIOPIO]
aewrxoidde) (wu) aduer azig

(sadeys

Jo armyxtuu)
sofonied
[euorsuawWIp
JULIIP

JO QINMIXIA
(rerxernba 10
[eouayds) ¢
(payeduord
‘a1qy) T

(ep ‘orerd) 1
suorsnpoug
duneod
[PYSHINA
[[oYs 210D
umowyun
20
[eordojorg
yernonted
o1ruediQ
paseq
uoqieD
oruedioug

adeys
/suoIsuawiIp
[[ews Jo IaquInN

aysodwon

uonisoduwod
[edrwayd

sapnred Sururejuod sapnie/synpoid pue sapnred adAnmu pue adAjouowr 10§ BIINID UTRN

WAV Sdd.L JAAX SXVS

STV STVIN-PAV dssn VLd SIW-dDI dS s1a

-0V qim - DV

Aexds
VINFAd

Lad

NAS

JACRD

QugoouBN uoneneAd anbruyoa) sugaoueN Aq papuUSWIWIOIaI Jou AJUIIND sanbruyoay,

Aq parenesd
jou sanbruypoa,

(UONEN[eAd anbruyss) sugsgoueN Aq papuswtodat sanbruyday,

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

,Saladoud oyoads yum sjerisyewl Jo siskleue sy Joj syusUIINSeaW azis 3)oiiied Joj sanbiuyoay Jo Ajigesns T aigel

"INV 9T €59 9202/ET/9 UO papeo|umoq 8TOZ RGWAAON ET U0 Paus!idnd 801l Ss300Y uadOo

Nanoscale Adv., 2019, 1, 781-791 | 787

19

)

al Society of Chemistry 2(

This journal is © The Roy


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00175h

View Article Online

Paper

Nanoscale Advances

*SUOISUSWIP [[BWS ¢ Pue g Y3im sadeys Jo saIMXI , "pasn a1e sjooojoid
oymads j1 , *(s39703e[d 5°2) UOISUBWIP [[eWS JUO YIIM $309[qO JO SSIWIDIYI Y3 SUIUILIANSP JO d[qedEed SI POYIdUW 97} SUONIPUOD dYIads I19pun ‘BUPYdqOUEN Aq PIPUSWWIONI Jou Y3noyly ,
‘[euraew a3 uo spuada( , -anbruyoa) (uondiosisAyd sed) 19[[ol-Nowug-1oneunig [A9 ‘Uonoeifip Ael-X @yx ‘Adoosonoads osruosenin dssn ‘durioneds Aei-x sfdue-[ews SXVS ‘Sulialyeds 3ysi|
1endue gV ‘Surraneos Em: srwreudp s1d ‘Surraness 1ydi opdue-nnw 03 pa[dnod UOIIBUONIBIJ-MO[J-P[OY MO[J JIIIDUWIWASE STVIN-FAV ‘1030939P XOpUI 9AIIORIJDI B (3IM UONESNIIIUD [eond[eue Iy
DV “yuawainseat A1prqing 3ySi[ yam uonednyuuad eondeue gIN.L DV ‘SISA[eut AI[Iqou [ed11309]d [enuaIayip Aeids VINAQ ‘sisA[eue Sunpen appnted vid ‘Suisuas asind aansisal ajqesauni STU.L
‘Anawonoads ssew ewse[d pajdnos Afpanonput ajonred afduts SIN-dDI ds ‘“AdodsoId1N 90104 dT0IY INAV ‘Ad0dSOIONA U01109[F SuruuedS INAS ‘Ad0dSOIdTA U01I03]H UOISSTWSURLL, INAL :SWAUOIY

sed e

X ur papuadsng

XI1euw

[93/pmbry e

X X X X X X X X X X X X X X pX Ul pappaquig

XLIJBW PI[OS B
X X X X X X Ul pappaquiyg X1ew jo adAT,
pasowar oq Ued
X X X X X X X X X X X X X X X X siuauodwod XLyew oy} ased uf
saponred Sururejuod s3ponIe pue sPNPoIg

X X X X X [euajew adAnnuu aInseaws uen
sapnred adSnmp

X X X X X X X uonesifeuonoung
X X X X X X X X X X X X X X X X 9ouddsaronfy uondiosqy
X X X X X X X X X X X X X X X X S[eLI2IRW dBIUSEN
X X X X X X X X X X X X X X X X S[eLIajeW 2A13ONPUOD
[V 7] 2 0¥-ST  0¥-ST 09 03 0T— 00T 03 OV — 0¥-0T 09 03 0T— 0¥-ST ov-ST 09-¢ 09-¢ 09-¢ 0V-0T O¥-ST 0ov-ST  0¥7-ST (0,) aanyeIadWa) SisA[euy
X X X X X X X X X X X X X X X SO[NJJ[OW/SWI0IB/SUOT JO dSBI[Y
X X X X X X X X X X X X X wnnoeA 03 AIARISUIS
X X X X X X X X X X X X X X 9AI)ISULS Weaq UOIII[H
JAEL Sdd.L JAAX SXVS STV STVIN-7AV dssn VLd SI-dDI ds S1a IOV qIm - DV Aexds  1Ad WIS WAL
VINdd
QugoOUuBN uoneneAd anbruyoa) sugaoueN Aq papuUSWWIO0IaI Jou A[JUIIND sanbruyoay, (UONEN[EAd anbruyss) sugsgoueN Aq papuswtiodat sanbruyda,

Aq parenyead
jou sanbruyoa,

(‘Pu0cD) T o1qeL

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV 9T'€5:9 9Z0Z/ET/9 U0 papeo|umod "8TOZ JBqWeAON ET U0 paus![dnd 801l ss800y uadO

This journal is © The Royal Society of Chemistry 2019

788 | Nanoscale Adv., 2019, 1, 781-791


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00175h

Open Access Article. Published on 13 November 2018. Downloaded on 6/13/2026 6:53:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

The MCS can also be applied to materials with multiple
particle types, i.e. where particles do not have the same chem-
ical composition and internal structure, by applying the cate-
gorisation to each individual type of particles of the material.
Ideally, the analysis of such a material employs selective tech-
niques to measure the size distribution of each particle type
independently of the other type(s). This is typically possible only
if one deals with a mixture of different substances or a mixture
of different types of nanoparticles with non-overlapping size
distributions.

Similarly, categorisation of particles in an article or
a formulation is also possible (see the ESI,t with an example). In
that case, criteria for the possibility to remove the non-
particulate matrix (defined here as a non-particulate constit-
uent or component of a material, including additives) are added
while other criteria remain the same. Addressing also particu-
late materials in the MCS which are incorporated in articles or
products aims to facilitate the identification of the particles for
regulatory enforcement when required.

3. Matching material properties and
experimental capabilities

The performance of a broad range of widely available and
frequently used techniques to determine particle size was
systematically evaluated in the NanoDefine*” EU project against
the criteria of the MCS,* using a set of representative examples,
including well-defined quality control materials as well as
industrial materials of complex shapes and considerable poly-
dispersity. This way, specific regions of applicability of the
individual techniques in terms of materials categorisation
criteria, e.g. material classes, chemical composition, size range,
trade forms etc.,*® were established.

The resulting categorisation matrix can be used to match
materials with known specific properties according to the MCS
to the techniques best suitable to analyse particle size. Table 1
shows the results of this evaluation.

This table is also integrated as a configuration file in the
NanoDefiner e-tool,* a free software to support the identifica-
tion of nanomaterials according to the EC NM definition. As the
performance of nanoparticle sizing techniques may be
improved and new measurement techniques may become
available in the future, the table can be updated and com-
plemented according to the latest developments and thus be
kept up to date. Guidelines issued by authorities usually list and
describe techniques recommended for regulatory purposes.

The MCS proposed here and the mapping of the technique
performance criteria (see Table 1) could be included in such
guidance. Applying them to cases where a regulatory decision
on the identification of a material as a nanomaterial (with all its
regulatory consequences) is necessary would certainly help to
harmonise nanomaterial identification.

However, a final decision whether a material meets the size
criteria for a nanomaterial as defined under a specific regulatory
rule not only requires selecting the appropriate technique(s) for
a specific material. It also needs considerations on the
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measurement uncertainty associated with the result obtained
with a specific method in combination with a particular mate-
rial. If a material is far away from the borderline separating
nano- from non-nanomaterials, a larger measurement uncer-
tainty can be accepted as compared to when it is a borderline
material and identification as nano- or non-nanomaterial is
more difficult. The latter would require in-depth confirmatory
methods to come to a reliable identification. Such different
levels of complexity in the analysis could be taken into account
in a tiered method approach as discussed by Babick et al.*

In addition to selecting suitable techniques for the
measurement of particle size distributions by applying the MCS,
samples need to be appropriately prepared for the measure-
ments, which is usually material and technique-specific.’”*
Guidance for application of sizing techniques should therefore
include or refer to available information on sample preparation,
i.e., material and technique specific preparation protocols, if
available, or to general guidance on sample preparation. Such
integrated guidance is also currently in preparation.*”

4. An example: gold nanorods

In the following, we present a simple example where the MCS is
applied to a material consisting of monotype particles. Another,
more complex, example for categorisation of a material where
the particles are embedded in a matrix can be found in the ESIL.{

In the example selected here, the material consists of
a suspension of gold nanorods. The task is to identify the most
appropriate characterisation technique(s) that would allow
determining whether this is a nanomaterial according to the EC
recommendation.

We assume that the following information on the material is
available according to the categorisation scheme. The chemical
composition is ‘inorganic’ (gold), two dimensions are expected
to be smaller than the third dimension (hence the shape is
‘elongated’), the size range of the smallest dimension is ex-
pected to be between ‘40 nm’ and ‘90 nm’ and the trade form is
‘suspension’. The gold nanorods are ‘dispersible in aqueous
media’, ‘stable under electron beam irradiation’ and ‘in
vacuum’. A ‘release of molecules, atoms or ions’ is not expected.
The particles are stable at least ‘between —100 °C and 400 °C’.
They are ‘electrically conductive’ and have ‘unknown magnetic
properties’. There may be a ‘size-dependent absorption of
photons’ and the surface is ‘not functionalised’.

Matching these material properties with the technique's
performance characteristics (Table 1) gives scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and atomic force microscopy (AFM) as techniques recom-
mended for analysis. For this material, the elongated shape of
the particles is the most restrictive property, with the conse-
quence that techniques, which give as result an equivalent
sphere diameter, are not recommended for its analysis.

5. Conclusions

A versatile technique-driven categorisation system for particu-
late materials is provided which takes into account the type of
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material (monotype or multiple types of particles, or article/
formulation), chemical composition, number of small dimen-
sions and shape, expected size range, trade form and dis-
persibility, stability under testing conditions and other specific
properties. The categorisation is linked to the performance
profiles of commonly used particle sizing techniques. Using the
proposed scheme considerably facilitates the selection of
appropriate particle-sizing techniques with the objective to
determine whether a material is a nanomaterial according to
regulatory provisions. Based on measurements employing the
most suitable techniques in terms of materials and regulatory
purpose, decision criteria referring to the particle size or size
distribution could be assessed in a reliable manner to be (i) fit
for the purpose as well as (ii) accepted by different involved
parties. Other criteria, if required for identification as nano-
material in specific regulatory provisions, could be addressed in
a similar way. The material categorisation can also serve as part
of a knowledge base of a more elaborate decision system that
also includes guidelines for specific measurement techniques,
data evaluation and decision rules for identification, charac-
terisation and quantification of nanomaterials. Moreover, it
would help to implement the concept of nanomaterial within
individual regulatory areas and facilitate its interpretation
between different regulatory regions.
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