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Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) refers to the use of ICP-MS as a particle counting
technique. When ICP-MS measurements are performed at very high data acquisition frequencies, information about
(nano)particles containing specific elements and their dissolved forms can be obtained (element mass per particle, size and
number and mass concentrations). As a result of its outstanding performance, SP-ICP-MS has become a relevant technique
for the analysis of complex samples containing inorganic nanoparticles. This review discusses the maturity level achieved by
the technique through the methods developed for the detection, characterisation and quantification of engineered and
natural (nano)particles. The application of these methods in different analytical scenarios is comprehensively reviewed and
critically discussed, with special attention to their current technical and metrological limitations. The emergent applications

of SP-ICP-MS in the field of nanoparticle-tagged immunoassay and hybridization methods are also reviewed.

SP-ICP-MS: A fast-developing technique

The use of inductively coupled plasma mass spectrometers in
single particle mode has led to the emergence of a particle
counting technique known as single particle inductively coupled
plasma mass spectrometry (SP-ICP-MS). Although the origins
of the technique can be traced back to the 1970's,! a series of key
papers by Degueldre et al.,>% published between 2003 and 2006,
are considered its starting point. However, the application of SP-
ICP-MS to the analysis of engineered nanomaterials, -3 followed
by its implementation in commercial ICP-MS instruments,’!!
became the main driving force behind the success of the
technique in recent years.

Figure 1

Fig. 1 Comparison of the evolution of SP-ICP-MS with respect to ICP-MS (adapted from
Horlick?).

The birth and evolution of SP-ICP-MS resembles that of the ICP-
MS technique itself (Fig. 1). After their initial conception, it took
some time to get the first ICP-MS research instrument, as well
as the first application to nanomaterials in the case of SP-ICP-
MS. But from then on, it took only about three years for
manufacturers to launch the first commercial ICP-MS
instruments, or the first dedicated instruments in the case of SP-
ICP-MS. Thereafter, conventional ICP-MS evolved in a fast
way, becoming a mature technique in about ten years.!?

Group of Analytical Spectroscopy and Sensors (GEAS), Institute of Environmental
Sciences (IUCA), University of Zaragoza, Pedro Cerbuna 12, 50009, Zaragoza, Spain.
* Corresponding author.

According to Horlick, a mature technique is characterised by the
fact that their methods are applied to a wide range of analytical
problems and determinations, and become established as a
routine tool with broad commercialisation. Before the maturity
stage, a technique goes through a characterisation stage, a period
of intense research activity aimed at achieving a complete picture
of the
methodological levels. On the other hand, during the

technique at instrumental, metrological and
characterisation stage the new technique seems to have no limits
and to be able to solve all the problems, whereas with maturity
comes the realization that not all is ideal and there are a number
of problems that will not be solved. In the case of SP-ICP-MS,
the question is whether the technique can be considered to have
reached maturity or is still in the characterisation phase. The final
aim of this comprehensive review is to gather the publications
involving SP-ICP-MS and critically evaluate the current state of
the technique, its limitations and its level of maturity level.
Special attention is paid to the problem-solving analytical
methods developed and their application under different relevant
analytical scenarios.

Basic principles

When an ICP-MS instrument is used at very high reading
frequencies, ICP-MS becomes a particle counting technique,
being able to deliver information in a particle-by-particle basis.
The basics of SP-ICP-MS measurements were established by
Degueldre et al.? Basically, when a diluted suspension of
nanoparticles is nebulized into an ICP-MS, and an isotope of the
element present in the nanoparticles is measured at acquisition
frequencies over ca. 100 Hz, a series of events corresponding to
individual nanoparticles are recorded over a continuous baseline.
The intensity of these events is related to the mass of the element
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in the nanoparticle, and hence to its size if additional information
about the composition, shape and density of the nanoparticle are
available, whereas the frequency of events is proportional to the
number concentration of nanoparticles. Subsequently, Laborda
et al.” revealed that information about dissolved forms of the
element measured could also be obtained from the baseline.
Whereas the dissolved species are homogeneously distributed in
all the aerosol droplets, the nanoparticles are present randomly
in some of them. Thus, a constant signal (baseline) is produced
by the dissolved species, whereas the nanoparticles give rise to
individual signal events, as it can be seen in a typical time scan
(Fig. 2.a).

As the SP-ICP-MS measurements are performed in time resolved
mode, the data acquisition frequency (or the number of events
along a fixed acquisition time), controlled through the dwell time
of the instrument, is one of the most relevant parameters.
Considering that the ion cloud generated in the plasma from a
single nanoparticle can be detected during 300-1000 ps,!314
nanoparticle events can be recorded in two different forms,
depending on the dwell time selected. When using dwell times
in the millisecond range (3—10 ms), larger that the duration of the
ion cloud in the instrument, events are recorded as one-reading
signals (pulses), whereas for dwell times in the microsecond
range (10—200 ps), they are recorded as peaks (transient signals),
comprising several readings (see the insets in Fig. 2.a). For
pulses, the intensity event is given by the reading itself, whereas
for peaks, the intensity is calculated as the sum of the individual
readings along it. With respect to the acquisition frequency, it is
worth to mention that the commercial launch of SP-ICP-MS in
2014 was linked to quadrupole spectrometers with higher
reading frequencies, allowing dwell times down to 10 ps,'©
instead of just working at milliseconds. In the meantime, time-
of-flight® and double focussing!'! spectrometers have become
commercially available with minimum dwell times of 33 and 10
us, respectively.

Raw data from both milli- and microsecond time scans can be
processed by plotting the event intensity vs. the number of
events, obtaining histograms as shown in Fig. 2.b, where the first
distribution is due to the background and/or the presence of
dissolved forms of the element measured and the second to the
nanoparticles themselves. The second distribution is further
processed to convert the event intensities to mass of element per
nanoparticle or size distributions (Fig. 2.c). Instrumental and
metrological issues related to measurements, data acquisition
and data processing have been summarized and described in
detail in a number of reviews!-15-18 and articles therein. It is worth
to mention that the different types of quantitative information on
nanoparticles achievable by SP-ICP-MS, and discussed in the
next section, require different calibrations with nanoparticle size
and number concentration standards. If size standards of the
particles under study are not available, indirect calibrations
based on the use of dissolved standards are usually applied. In
these cases, sample introduction flow rate and the analyte
nebulization efficiency have to be known to determine the mass
of element per nanoparticle and hence the nanoparticle size. The
analyte nebulization efficiency is commonly determined using

2| J. Name., 2012, 00, 1-3

the methods developed by Pace et al.® An overview of calibration
issues in SP-ICP-MS can be found in Labé¥da it '¢l3¥ D1AY00761K

Figure 2

Fig. 2 (a) Time scan of suspension containing nanoparticles and dissolved forms of the
same element. (b) Event intensity histogram of data from (a). (c) Mass per
nanoparticle/size distribution of spherical nanoparticles calculated from the second
intensity distribution in (b).

Analytical information: Analytes and
measurands

The strength of SP-ICP-MS lies in the different types of
analytical information that the technique can provide from very
simple measurements. As we have seen above, two types of
scope of SP-ICP-MS,
(nano)particles and dissolved species. The term "nanoparticle" is

analytes are under the namely
going to be used here in a broad sense, although in most cases it
will coincide with the ISO definition (nano-object with its three
dimensions in the nanoscale, 1-100 nm).2° Other nano-objects,
like nanofibers/nanotubes or nanoplates (two and one
dimensions in the nanoscale, respectively) may be suitable of
being analysed by SP-ICP-MS, depending on the magnitude of
the other dimensions that are not in the nanoscale. Thus, particles
over 100 nm, even in the micrometre range, have been
issues related to their

successfully analysed, although

nebulization and ionization must be considered.?!

Table 1 Analytes, analytical information and measurands involved in SP-ICP-MS.

analytical information analyte measurand

qualitative presence/absence  nanoparticle

dissolved element
quantitative concentration nanoparticle number
content concentration

mass concentration
of nanoparticulate
element

dissolved element mass concentration
of dissolved
element

concentration

characterisation element content nanoparticle element mass per

particle
size nanoparticle equivalent
spherical diameter

element content
distribution

nanoparticle histogram showing
the number of
particles for each
of a number of
defined element
content per
particle classes
size distribution nanoparticle histogram showing
the number of
particles for each of
a number of defined
size classes

This journal is © The Royal Society of Chemistry 20xx
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In any case, the information provided by SP-ICP-MS can be: (i)
qualitative, about the presence of (nano)particulate and dissolved
forms of specific elements; (ii) quantitative contents, as number
and mass concentrations; and (iii) characterisation, about the
mass of element/s per nanoparticle and nanoparticle size.

For dissolved species, the mass concentration of the element
monitored is the measurand of interest, whereas for
nanoparticles, the primary measurands of concern are the
number concentration and the mass of element per particle.
When additional information about the shape, composition and
density of the particles is available, information about the size of
the particles can be obtained. Nevertheless, a spherical shape is
commonly assumed and the equivalent spherical diameter is the
measurand usually reported. Any population of particles always
exhibits more or less broad size distributions, recorded primarily
by SP-ICP-MS as

measurands are histograms showing the number of particles for

element content distributions, whose
each of a number of defined size or element content per particle
classes, respectively. Table 1 summarises the quantitative and
characterisation information with the corresponding measurands
for each of the analytes involved in SP-ICP-MS. Qualitative
information about the presence/absence of dissolved species
and/or nanoparticles over a certain concentration and size cannot
be disregarded because of the practical limitations of the
technique when analysing complex samples, as it will be shown
below. In addition, other types of information can be obtained
from SP-ICP-MS measurements (e.g., porosity,??> density,??
aggregation,?*?> agglomeration?®), although they will not be
discussed in detail.

Scientific production and evolution stage

Since the publication of the first article by Degueldre and
Favarger in 2003, almost 400 studies directly related to SP-ICP-
MS have been published in peer-reviewed journals until the end
0f 2020. These publications include a limited number of reviews,
tutorials and divulgation articles; whereas most of them consists
of articles on fundamentals and basic aspects of the technique,
the development of methods, as well as their application. As it
has been stated above, the analysis of engineered nanomaterials
is behind the success of SP-ICP-MS, and most of the works deal
with manufactured nanoparticles, although natural and incidental
nanoparticles have also been analysed. SP-ICP-MS has proved
its usefulness in other areas, like nanoparticle tag-based
immunoassay and hybridization methods, as it will be discussed
in a specific section.

The scientific production from 2003 to the end of 2020 has been
organized in four fields, namely "Reviews", "Fundamentals",
"Method Development" and "Applications". With respect to the
"Reviews" field, one tutorial,’> five reviews!16-1827 and two
divulgation articles?®?° on the specific topic of SP-ICP-MS have
been published to date. However, the technique is being included
in most reviews on ICP-MS3%3! or about the analysis of natural®?
or engineered®-3> nanomaterials. The "Fundamentals" field
covers publications whose main objective is the study of basic
aspects of the technique (e.g., instrumentation, plasma processes,
sample introduction, data acquisition and processing). All these

This journal is © The Royal Society of Chemistry 20xx
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studies have been performed with nanoparticle, standards,
although synthetic matrices have been conbidetéd YPABOME CagE
but always under controlled laboratory conditions. The "Method
Development" field includes publications focused on the
development of proofs-of-concept methods, based on the use of
in-lab synthesized nanoparticles, nanoparticle standards or
samples spiked with standards. When the method has been
applied to samples containing original nanoparticles, it has been
considered under the "Applications" field. Analysis of samples
from laboratory tests (e.g., in vivo, in vitro, migration) involving
nanoparticle standards have also been considered within this
field, as it will be justified below.

Fig. 3 summarizes the distribution of publications in the four
fields cited above directly related with the analysis of
nanomaterials or samples containing nanomaterials, as well as
their chronological evolution. The analysis of these data may
give light about the maturity and the expected evolution of SP-
ICP-MS. As it has been stated above, the rise of SP-ICP-MS
publications started from 2011, with a constant increase in the
total number of publications related to both "Fundamentals" and
"Method Development" until 2016, showing some stabilization
in recent years, whereas the number of publications about
"Applications" is steadily growing. Following the evolution
stages proposed by Horlick, and despite some overlap between
them is unavoidable, the trend in publications suggests that SP-
ICP-MS has passed the stage of characterisation and would be at
the beginning of the maturity stage. However, other indicators
than the extent of application of the technique, namely
metrological indicators like method validation and traceability,
should also be considered. While traceability of results is out of
question in conventional ICP-MS because of the availability of
validated methods, standards and reference materials,3¢ this is
not the case in SP-ICP-MS. As will be seen in the following
sections, the number of SP-ICP-MS methods developed for the
most diverse applications is increasing, although the number of
validated ones is still limited. On the other hand, due to the
special features of nanoparticles, the availability of standards and
reference materials is still scarce, conditioning in the end the
traceability of the results obtained.

Figure 3

Fig. 3 Evolution of SP-ICP-MS publications related to Reviews, Fundamentals, Method
Development and Applications.

Analytical methods based on SP-ICP-MS:
validation

In spite of the significant evolution of the technique discussed
above, method validation in SP-ICP-MS is still at an early stage,
lacking the harmonization of other fields in analytical chemistry,
mainly because of the special features of nanoparticles as
analytes. Whereas conventional analytes consist of identical
entities (mostly atoms in ICP-MS) identified by their chemical
composition (e.g., silver, titanium dioxide), identification of
particles (e.g., 10 nm spherical silver or titanium dioxide
nanoparticles) requires determining their chemical composition

J. Name., 2013, 00, 1-3 | 3
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but also their morphology (size and shape). This means that
validation parameters, like limits of detection and quantification,
working range, precision or trueness, must be applied to
mass/number concentrations but also to particle size. With
respect to size, it must keep in mind that particles always exhibit
more or less broad size distributions, entailing that particles
cannot be considered as truly identical entities. An additional
drawback in relation to validation is the lack of certified
reference materials for nanoparticles in any type of matrix, which
forces to use recovery tests with matrix-free reference materials
or properly characterised commercial nanoparticles for the
evaluation of trueness. These recovery tests, based on the spike
of nanoparticles, must test not only the recovery of the mass
added, but also that the particle size and its distribution remain
unchanged. For all these reasons, Linsinger at al.3” proposed an
adaptation of conventional validation schemes to the detection
and quantification of engineered nanoparticles, although the
number of validated methods already published is still scarce. In
most cases, the scheme has been based on the addition of
nanoparticles to different matrices, such as surface waters,3® fruit
juices,? chicken meat,*® human liver and spleen tissues*' or
human blood.#? In these cases, particle stability in the matrices
has a strong influence on trueness and precision of the results, as
it was reported for silver nanoparticles in chicken meat, since
metallic nanoparticles were transformed into silver sulfide.*?
Only in a few cases, samples with nanoparticles originally
present, such as Ag nanoparticles in confectionery,** have been
described in validated methods. Finally, some methods for
screening purposes have also been validated for detection of
silver and gold nanoparticles in foods** and TiO, nanoparticles
in confectionery products.*

Validation parameters commonly determined in these studies
include trueness, selectivity, precision, detection limits, linearity
and robustness.’” The evaluation of trueness has been done
mostly by spiking control samples with nanoparticle standards,
ensuring that the particle size and size distribution remain
unchanged, together with the recovery of the mass added. In
general, larger bias, as high as +80% have been reported for
number concentration compared to particle size, with bias
around -20%.'° Comparison with nominal median diameter
and/or concentration of the standard added is the common rule,
although the confirmation of the results by independent methods
is highly recommended when possible. Thus, validation of the
size characterisation has been performed by comparison with
electron microscopy techniques (TEM or SEM), such in the
characterisation of a series of TiO, materials used as food
additives*® or with the gold nanoparticle reference material
RMS8012,*” showing differences on size distributions.
Selectivity has been evaluated considering possible (poly)atomic
interferences?®4%41 and other matrix constituents, which may
cause changes in nebulization efficiency or in the ionization,
affecting to particle concentration and size, respectively.*® In any
case, the effect of other nanoparticles or nanoparticles of the
same composition but with different properties (size, coating...)
should also be evaluated.

Respect to precision, determination of the nanoparticle number
concentration is usually less precise than size determination,

4|J. Name., 2012, 00, 1-3

with reproducibility that reach up to 90% in some gases,*> Data
processing, is the driving factor in this pRfaniéter3over sample
preparation or sample dilution, especially at high baseline levels
that make discrimination of nanoparticle readings more
difficult.*? It should be noted that satisfactory results have been
obtained when comparing the repeatability and reproducibility
obtained with the values predicted by the Horwitz ratio in the
analysis of TiO, particles at concentration levels in the order of
0.01 mg Ti kg1.4!

Despite there are not expressions widely accepted for the
calculation of the limits of detection in the different domains
covered by SP-ICP-MS, Laborda et al.!” have proposed a
harmonizing approach to calculated LODs for validation
purposes. Most widely applied criteria for calculation of size
detection limits are based on the use of multiples of the baseline
standard deviation (n-sigma criterion). Multiples from 3- to 8-
sigma criteria can be found in SP-ICP-MS publications,*!
although the use of 5-sigma criteria has been justified by these
authors!” on a routine basis. In general, size LODs depend on
different factors, such as the concentration of the dissolved
element, the strategy used for substracting the baseline signal to
the particle signal or the type of mass spectrometer.®> A
comprehensive list of size LODs for metallic and oxide
nanoparticles using a commercial quadrupole instrument under
typical experimental conditions can be found in Laborda et al.!”
Size LODs around 10 nm and larger were obtained for most
common nanoparticles at 100 ps dwell times. Incomplete
vaporization of large particles in the plasma can limit the
linearity of the size measurement ranges, hence larger particles,
in the micrometre range, can produce signals outside the linear
range of the detector.’® For instance, a linear size range up to 150
nm has been reported for gold nanoparticles, whereas for SiO; it
can increase up to 1000 3! or 2000 nm.*® Besides, particles larger
than 2-5 pum are transported into the plasma with lower
efficiency.

With respect to the number concentration LOD, it depends on the
number of particles events detected in the blank, the sample
introduction to the ICP-MS and the acquisition time. The use of
conventional procedures for concentration LOD based on the
blank standard deviation as in size LOD results in unrealistic
values®*? and therefore, they cannot be used interchangeably.
LOD values of 100 particles per mL have been reported'” with
acquisition times of 60 s, using a cyclonic spray chamber and a
concentric nebulizer. The number concentration measurement
range is limited by the occurrence of multiple particle events,
which cause a progressively loss of linearity. The occurrence of
events due to two or more nanoparticles is predicted by Poisson
statistic and is expected to be significant, depending on the
nebulization system and the range of dwell times (milli or
microseconds) used.'* Linear ranges up to 107 L' can be
achieved with conventional nebulization systems at millisecond
dwell times, which can be increased one order of magnitude
working at microsecond dwell times.

Robustness has been evaluated commonly by changing different
parameters that affect the measurement results, such as sample
pre-treatment or dilution factor,*® although in some cases only

This journal is © The Royal Society of Chemistry 20xx
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the element total concentration has been considered for
robustness evaluation.*!

Other studies have included quality control procedures, such as
the evaluation of trueness by spiking nanoparticles standards to
natural matrix samples, considering that conventional
procedures cannot be directly applied in SP-ICP-MS analysis
due to the limitations described above. Thus, trueness has been
evaluated by measuring recovery of the spiked nanoparticles,
mainly based on number concentration, and the use of alternative
techniques to confirm size results, such as for the sizing and
quantification of Ag nanoparticles in food simulants,?
moisturizing creams,> fish tissue,>* or ZnO> and TiO,
nanoparticles>® in natural waters. This strategy has also been
applied to the detection of naturally occurring iron oxide
nanoparticles in crude oil and residual fuel oil by spiking in-lab
synthesized silica-shelled Fe;O4 nanoparticles.’’ Alternatively,
the agreement between the total element content determined by
acid digestion and ICP-MS can be used for confirmation of the
results, as in the determination of Ce, Cd and Pt-bearing
nanoparticles in road runoff sediments®*® or Au nanoparticles in
tumour cells after alkaline digestion.’®

However, if the sample contains nanoparticles smaller than the
LOD,5*36  size
number/mass concentration underestimated in consequence. In
such situations, SP-ICP-MS should be restricted to confirm the

presence of nanoparticles containing the element monitored over

information will be overestimated and

a certain equivalent diameter and concentration.

Applications of SP-ICP-MS: Analytical
scenarios

In relation to the application of SP-ICP-MS to real-world
analytical problems, Fig. 4 shows four different analytical
scenarios that can be considered. Whereas the first one (type 0)
corresponds to the analysis of pristine nanoparticles commonly
produced at laboratory or industrial-scale, which just involves
their characterisation, the other three correspond mainly to the
needs of analytical information arising from the risk assessment
of nanomaterials and nanoproducts in relation to environment,
health and safety, as well as to legal regulations, which involve
the detection, characterisation and/or quantification of
nanoparticles in the presence of, more or less, complex matrices.
Type 1 scenario includes the analysis of industrial and consumer
products containing nanoparticles (e.g., cosmetics, textiles,
polymers). Type 2 scenarios consider laboratory tests with
pristine nanoparticles or products containing nanoparticles to
assess their release, fate, and behaviour (2.1) as well as their
(eco)toxicity
environmental micro and mesocosms, migration in food

in a variety of exposure conditions (e.g.,

simulants, gastrointestinal digestions, in vitro and in vivo
(eco)toxicity test) (2.2). Finally, type 3 scenarios are related to
the monitoring of the occurrence of nanoparticles in foods (3.1)
environment (3.2) and organisms (3.3).

Leaving aside the scenario type 0, where the nanoparticles are
the sample because of the lack of matrix, each of the three other
scenarios involve samples containing nanoparticles and, in
general terms, represent a progressive increase in analytical

This journal is © The Royal Society of Chemistry 20xx
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complexity, from the point of view of both the matrix and the
decreasing concentrations. DOI: 10.1039/D1AY00761K

Figure 4
Fig. 4 Analytical scenarios related to nanoparticles (adapted from Laborda et al.>?).

The use and application of SP-ICP-MS methods has been
organized according to the scenario classification presented in
Fig. 4. Fig. 5 shows the distribution of the number of publications
in relation to these different scenarios. The chart shows that two
thirds of applications correspond to laboratory tests (scenario 2),
whereas one fourth involves samples originally containing
nanoparticles (scenario 3). The analysis of pristine nanomaterials
(scenario 0) and products containing nanoparticles (scenario 1)
account for 16%, most probably because they are usually
analysed by other well-stablished techniques (e.g., electron
microscopy, DLS). The following sections provide a detailed
reviewing of the SP-ICP-MS application in the different
scenarios considered.

Figure 5

Fig. 5 Distribution of publications (2011-2020) related to applications of SP-ICP-MS in
different analytical scenarios.
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Table 2 Scenario 0: Analysis of pristine nanoparticles.

View Article Online

DOI: 10.1039/D1AY00761K

sample nanoparticle sample preparation dwell  mass collision/ analytical measurands complementary  ref.
composition time analyser  reaction information techniques
cell gas
suspension Ag - 5ms Q no qualitative (NP) NP size distribution TEM b
DLS
Ag - 100pus Q no characterisation (NP) NP mean size TEM ol
NP size distribution DLS
quantitative (NP) NP mass concentration
quantitative (DE) DE mass concentration
Au@Ag - 50us  Q no characterisation (NP) NP mean size AF4-UV-vis 6
(Ag shell) NP size distribution
quantitative (NP) NP number concentration
Au-Agalloy - 6 ms Q no characterisation (NP) molar ratios Au:Ag - 03
20 ps
Au - 100pus Q no characterisation (NP) NP mean size TEM 64
quantitative (NP) NP number concentration
Au - 6 ms Q no characterisation (NP) NP mean size TEM 65
(NP and 20 pus DLS
nanorods) UV-vis
Au/polymer - 100us Q no characterisation (NP) mean mass per NP ICP-MS 66
composite NP mass distribution TEM
AF4-ICP-MS
CFFF-ICP-MS
CuO - 50us DF no characterisation (NP) NP mean size SEM 67
FeOOH NP size distribution XRD
DLS
Ni - 500 us  Q no characterisation (NP) NP mean size SEM 68
NP size distribution TEM
quantitative (NP) NP number concentration ~XRD
NP mass concentration
quantitative (DE) DE mass concentration
Pd - 50us Q no characterisation (NP) NP mean size SEM [
NP size distribution SAXS
XRD
NaYF, (Yb - 100us Q no characterisation (NP) NP size distribution TEM "
dopped) XRD
NaYF, (Er
dopped)
NaGdF, (Yb
dopped)
NaGdF, (Er
dopped)
powder TiO, dispersion in 2% PVP 50ps  Q no characterisation (NP) NP mean size DLS 7
NP size distribution TEM
quantitative (DE) DE mass concentration
SiO,/Pt dispersion 10ms Q He characterisation (NP) mean mass per NP ICP-MS 72
SEM-EDS
TEM
XPS
CNT dispersion in 1% Triton 10ms Q no qualitative (NP) - SEM-EDS 7
(trace metals)  X-100 quantitative (NP) CNT number NTA
concentration
CNT dispersion in 1% Na 100pus Q no qualitative (NP) - ICP-MS 74
(trace Y) deoxycholate quantitative (NP) CNT mass concentration ~ TEM
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filters

TiO; (Mn)

Au

water extraction

100 ps

100 ps

Q

Q

no

no

characterisation (NP)

characterisation (NP)

quantitative (NP)

Vi
DOI: 10.103

mean mass per NP
NP mass distribution

NP mean size
NP size distribution
NP mass concentration

ARTICLE

'NTA icle Online
%é& 00761K
SEM 7
TEM

SAM

AES

XPS

XRD

Raman

HIM 76
SEM-EDS

XRD

UV-vis
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Table 3 Scenario 1: Analysis consumer and industrial products containing nanoparticles.

Journal Name

View Article Online

DOI- 10 1039/D1AY00761K

sample nanoparticle  sample preparation dwell  mass collision/ analytical measurands complementary ref.
composition* time analyser reaction  information techniques
cell gas
cosmetics
sunscreen TiO, dispersion in ethanol 50us DF no characterisation (NP) NP mean size - 7
NP size distribution
quantitative (NP) NP number concentration
NP mass concentration
TiO, dispersion in 1% 100 us Q no characterisation (NP) NP mean size ICP-MS 78
Triton X-100 NP size distribution SEM-EDS
quantitative (NP) NP number concentration
NP mass concentration
TiO, defatting with hexane 100 ps  Q no characterisation (NP) NP mean size ICP-MS 79
+ filtration NP size distribution SEM
quantitative (NP) NP number concentration TEM
DE mass concentration DLS
quantitative (DE) AF4-MALS-ICP-
MS
TiO, dispersion in 1% - - - characterisation (NP) NP mean size TEM-EDS 80
ZnO Triton X-100 XRD
TiO, dispersion in 1% 5ms Q He characterisation (NP) NP mean size AF4-MALS-ICP- 8!
ZnO Triton X-100 quantitative (NP) NP number concentration MS
NP mass concentration
lip balm TiO, defatting with hexane 100us Q He characterisation (NP) NP size distribution ICP-MS 82
+ filtration CE-ICP-MS
toothpaste TiO, dispersion in 0.1% 100 us Q He characterisation (NP) NP size distribution ICP-MS 82
SDS CE-ICP-MS
TiO, H,0, digestion + 10ms Q no characterisation (NP) NP mean size ICP-MS 83
ALO; dilution in 0.1% SDS NP size distribution STEM-EDS
quantitative (NP) NP number concentration DLS
AF4-MALS-ICP-
MS
HDC-ICP-MS
sunscreen TiO, defatting with hexane 100 us Q no characterisation (NP) NP mean size ICP-MS 84
lip balm dispersion in 0.1% NP size distribution ICP-OES
toothpaste SDS quantitative (NP) NP number concentration DLS
creams DE mass concentration
shampoo quantitative (DE)
moisturizing Ag dispersion in methanol 100 us  Q no characterisation (NP) NP mean size ICP-MS 33
cream NP size distribution FESEM
quantitative (NP) NP number concentration TEM
NP mass concentration
exfoliant plastic dispersion in water 200ps Q no qualitive (NP) - FESEM 83
polymers (C-)
other
consumer
products
antibacterial Ag - 3ms Q no qualitative (NP) - HPLC-ICP-MS 86
spray qualitative (DE) TEM
Ag - 10ms Q no characterisation (NP) NP mean size ICP-MS 87
NP size distribution
commercial Ag- - Sms Q no characterisation (NP) NP mean size ICP-MS 88
sprays Sn- DLS
Zn- SEM-EDS
TEM-EDS
SMPS

food additives

8| J. Name., 2012, 00, 1-3
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1 Journal Name ARTICLE
2
3 E174 Ag ethanol wetting + 3 ms Q no characterisation (NP) NP mean size TBMw Article Online 43
4 dispersion in 0.05% NP size distributionDO!: 10.1039/D1AY00761K
5 BSA quantitative (NP) NP number concentration
NP mass concentration
6 El171 TiO, dispersion in water 3ms Q NH; characterisation (NP) NP mean size TEM-EDS 46
7 NP size distribution HAADF-STEM-
8 quantitative (NP) NP number concentration EDS
9 NP mass concentration
10 TiO, dispersion in 0.05% 3 ms Q no characterisation (NP) NP mean size SEM 89
1 BSA NP size distribution NTA
AF4-MALS
12 AF4-ICP-MS
g 3 other materials
J4 steel NbCN extraction 0.5 M 1.8 ms TOF no characterisation (NP) NP size distribution STEM 90
% 5 TiNbCN H,S0,4/0.1% mass per NP distribution
I_'ﬂ 6 Disperbyk-2012 +
g 7 centrifugation
% 8 petroleum Fe;04 dilution (o-xylene) 100 pus Q He characterisation (NP) NP mean size ICP-OES 57
< products NP size distribution TEM
? 9 quantitative (NP) NP mass concentration
3_0 quantitative (DE) DE mass concentration
1
8 5 asphaltene Mo- dilution (o-xylene) 100ps Q no characterisation (NP) NP mean size ICP-MS ol
solutions Fe- NP size distribution
3 quantitative (NP) NP mass concentration
I'} 4 quantitative (DE) DE mass concentration
g 5 tattoo inks AlLO; - Sms Q He characterisation (NP) NP mean size TEM 92
8 6 TiO, NP size distribution DLS
Cu- AF4- MALS
7
% 8 Ti- - Sms Q He characterisation (NP) NP mean size ICP-MS 93
= Al- quantitative (NP) NP number concentration
_?)_9 Cr- NP mass concentration
§o Cu-
Zn-
1 Pb-
2 homeopathic Cu - - Q - qualitative (NP) - DLS 94
3 medicine NTA
4 SEM-EDS

* M: nanoparticle with composition M. M-: nanoparticle containing element M

O 00 NO

edpm,lfiuuraﬁ%‘glwowlawed

 Pybligh
N = O
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Table 4 Scenario 2.1: Laboratory tests involving pristine nanoparticles or products containing nanoparticles.

Journal Name

View Article Online

DOI 10 1039/D1AY00761K
sample nanoparticle  sample preparation dwell mass  collision/ analytical measurands complementary  ref.
composition* time analys reaction information techniques
er cell gas
Release studies
migration
food containers Ag- migration: 100 us Q no qualitative (NP) - ICP-MS 95
- 3% acetic acid SEM-EDS
- 50% ethanol
Ag- migration: 3 ms Q no characterisation (NP) NP mean size ICP-MS o
- 3% acetic acid quantitative (NP) NP mass concentration TEM-EDS
- 10% ethanol quantitative (DE) DE mass concentration
Ag- migration: 10ms Q no characterisation (NP) NP mean size ICP-MS E
- water NP size distribution SEM-EDS
- 3% acetic acid quantitative (NP) NP number concentration
- 10% ethanol qualitative (DE) -
- 90% ethanol
Ag- migration: 3 ms Q no characterisation (NP) NP mean size ICP-MS 9
- water NP size distribution TEM-EDS
- 3% acetic acid quantitative (NP) NP number concentration
- 10% ethanol
clays (Al-) migration: 100 Q no qualitative (NP) - ICP-MS X
- 3% acetic acid ms SEM-EDS
- 10% ethanol
plastic water 200 s Q no qualitive (NP) - FESEM i3
polymers (C-)
food packaging films Ag- migration: 5 ms Q no characterisation (NP) NP mean size ICP-MS v
- water NP size distribution STEM-EDS
- 3% acetic acid
- 10% ethanol
cookware Al- migration in 3% acetic 3 ms Q H, characterisation (NP) NP mean size ICP-MS
Ti- acid quantitative (NP) NP number concentration ~SEM-EDS
Si-
consumer products
baby products Ag- leaching in artificial 3 ms Q no characterisation (NP) NP mean size ICP-MS X
saliva NP size distribution TEM-EDS
quantitative (NP) NP number concentration
toothbrush Ag- leaching in tap water 3 ms Q no characterisation (NP) NP mean size ICP-MS N
NP size distribution TEM-EDS
quantitative (NP) NP number concentration
NP mass concentration
dermal transfer from  Ag- wiping test (artificial 100pus Q no characterisation (NP) NP mean size ICP-MS l'a
surfaces (keyboard Cu- sweat) + water He quantitative (NP) NP number concentration ~SEM-EDS
and painted surface) extraction NP mass concentration TEM-EDS
plaster Ag- water extraction + 10ms Q no quantitative (NP) mass concentration NP ICP-OES 1
filtration + CPE TXRF
SEM-EDS
textiles TiO, leaching in water 100pus Q no characterisation (NP) NP mean size ICP-MS L ¢
NP size distribution TEM-EDS
quantitative (NP) NP number concentration
NP mass concentration
Ag leaching under S5ms Q no characterisation (NP) NP mean size ICP-MS 106
washing conditions NP size distribution SEM
quantitative (NP) NP mass concentration TEM-EDS
XANES
washing machine Ag - 4 ms DF no characterisation (NP) NP mean size ISE 107
effluent 1 ms quantitative (NP) NP number concentration ~ TEM-EDS
NTA

industrial materials
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CNT polymer
nanocomposite

pigmented
polyethyelene

ZnO doped polymers

antifouling paint

paint

printed circuits

photovoltaic cells

wood

leather

paper

environmental
samples

road dust

mine tailings

Fate studies
food simulants

water
acetic acid (3%)
ethanol (10%)

water
acetic acid (3%)

CNT
(trace Y)

FezO3

ZnO

CuzO

TiO,

TiO,

Ag

Ag-
Al-

Ag

multielement

Pt-

Th-
U-

Ag
(spiked)

Ag
(spiked)

41 Analytical Metnods. i

leaching in water +
surfactant stabilization

leaching in:

- 0.05% SDS

- water

- hard EPA water
- SRNOM
migration in:

- water

- 3% acetic acid
- 10% ethanol

migration to:

- orange juice

- chicken meat

+ Tris-HCI extraction

leaching in freshwater
from painted surface

leaching in
rainwater/snow from
painted surface +
filtration

leaching in water from
painted surface

leaching in water

leaching in:

- model freshwater
- model seawater

- model acidic
rainwater

leaching in water

leaching in water

collection of airborne
particles in filter +
suspension in DMEM

leaching in stormwater

runoff

leaching in different
media + filtration

This journal is © The Royal Society of Chemistry 20xx

100 ps

5 ms

3 ms

100 ps

50 ps

100 ps

100 ps

30 ms

50 ps

5 ms

50 ps

3 ms

3 ms

Q no
Q H,
Q no
Q no
DF no
Q no
Q no
Q no
Q no
Q no
Q no
Q He
DF no
Q no
Q no

quantitative (NP)

characterisation (NP)
quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)

qualitative (NP)

characterisation (NP)

quantitative (NP)

qualitative (NP)

qualitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

Please do not adjust margins

ARTICLE
NP number concentration VieXP&icle Online 108
DOI: 10.1039 ARG RO 1K
FESEM
NP mean size ICP-MS 109
NP number concentration TEM
AUC
FTIR
NP mean size FAAS z
NP size distribution TEM-EDS
NP number concentration  FTIR
NP mass concentration DLS
NP size distribution DLS Ut
XRD
XPS
SEM-EDS
TEM-EDS
NP mean size ICP-MS L %
NP size distribution
NP number concentration
NP mass concentration
- SEM-EDS L €
TEM
HRTEM
XRD
UV-Vis
XPS
XRD
NP mean size SEM 1
AFM
AF4-ICP-MS
- ICP-MS 1>
NP mean size AAS L@
NP size distribution ICP-OES
NP number concentration ~SEM-EDS
ATR-FTIR
- XPS Li2
FESEM
- SEM-EDS ug
TEM-EDS
NP mean size ICP-MS e
NP size distribution
NP mass concentration
NP mean size ICP-MS lev
NP size distribution
NP number concentration
DE mass concentration
NP mean size TEM 121
NP number concentration ~AF4-MALS
NP mass concentration
NP size distribution ICP-MS 122

NP number concentration
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ethanol (10-50%)
olive oil
milk

in vitro digestion

gastric fluid

digestion fluids

chicken meat

(spiked)

orange juice

chicken meat

laundry process

washing solutions

waters

synthetic moderately
hard water + NOM

ozonized water

lake water

river water

Au

Ag
ZnO
CCOZ
(spiked)

Ag
(spiked)

Ag
(spiked)

ZnO

Ag
(spiked)

Pt
(spiked)

Au@Ag
(spiked)

Ag
(spiked)

Ag
(spiked)

Ag
(lake spike)

Ag
(lake spike)

Ag
(lake spike)

Ag
Ag2 S
(spiked)

Ag
C602
Fe;Og
(spiked)

TiO,
ZnO
(spiked)

Au
Ag
(spiked)

12 | J. Name., 2012, 00, 1-3
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gastric step

3-steps in vitro-human
gastro-intestinal
digestion

3-steps in vitro-human
gastro-intestinal
digestion

3-steps in vitro-human
gastro-intestinal
digestion

CPE

digestion (NayP,07)

fractions collected
from HDC

50 ps

10 ms

3 ms

3 ms

50 us

100 ps

5 ms

5 ms

10 ms

50 ps

500 pis

50 ps

100 ps

3 ms

DF

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

quantitative (DE)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)
characterisation (NP)

quantitative (NP)
characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)

characterisation (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)
quantitative (NP)

Journal Name

NP mass concentration
DE mass concengti$8 10

NP mean size
NP number concentration
DE mass concentration

NP mean size
NP size distribution
NP number concentration

NP mean size
NP number concentration
DE mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration

NP mean size

NP size distribution

NP number concentration
DE mass concentration

NP mean size
NP size distribution
NP number concentration

NP mean size
NP size distribution
NP number concentration

NP mean size
NP size distribution
NP number concentration

NP mean size
NP size distribution
NP number concentration

NP size distribution
NP mass concentration
DE mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration

NP mean size

NP size distribution

NP number concentration
DE mass concentration

NP mean size
NP size distribution

NP mean size
NP size distribution

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

NP mean size
NP number concentration

View Article Online
39/D1AY00761K

SEM

SEM-EDS
TEM
DLS

ICP-MS
TEM-EDS

FAAS
TEM-EDS
FTIR

DLS

STEM-EDS

ICP-OES
DLS

ICP-MS
AF4-UV-vis

ICP-MS

ICP-MS
CPE+ICP-MS
AF4-1CP-MS

ICP-MS
DGT+ICP-MS

HAADF-
STEM-EDX

ICP-OES
AF4-ICP-MS

DLS
AUC
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1 Journal Name ARTICLE
2
3 fresh waters Ag - 10ms Q no characterisation (NP) NP mean size VieAP4HICROMSe 138
4 quantitative (NP) NP mass conceRfedtidf- 1039/D1AY00761K
5 synthetic seawater Au - 3 ms no characterisation NP size distribution AF4-UV-vis 139
6 (spiked) DLS
7 seawater Ag CPE 500 ps He characterisation (NP) NP mean size ICP-MS 140
8 AgS NP size distribution TEM-EDS
AgCl quantitative (NP) NP number concentration
9 (spiked)
10 seawater Ag - 10 ms no characterisation (NP) NP mean size TEM 141
11 (spiked) quantitative (NP) NP number concentration
12 NP mass concentration
g 3 seawater Ag - 10 ms no characterisation (NP) NP mean size - 5
&4 (spiked) NP size distribution
% 5 waste water
Llﬂ 6 treatments
g 7 synthetic wastewater Ag SPE (Chelex-100) 100 us no characterisation (NP) NP mean size NTA %
% 8 (spiked) NP size distribution
=1 quantitative (NP) NP mass concentration
g9
= TiO, - - no qualitative (NP) - ICP-MS L4
3—0 CeO, qualitative (DE)
8 1 (spiked)
2 Fe - 3 ms H, characterisation (NP) NP mean size ICP-MS -
3 + adsorbed (MS/MS) NP size distribution XRD
I'} 4 Cd(r) quantitative (NP) NP mass concentration
g 5 wastewater Ag - 500 ps no characterisation (NP) NP size distribution EDM-HSI 2%
(spiked) DLS
86 TEM
7 -
@ wastewater Ag - 1 ms no characterisation (NP) NP mean size TEM L
?8 (spiked) 100 ps quantitative (NP) NP number concentration ~TOF-SIMS
_?)_9 quantitative (DE) DE mass concentration XPS
§ 0 UV-vis
1 wastewater TiO, - 3 ms no characterisation NP average size ICP-MS &
5 Ag STEM-EDS
—g (spiked)
3
wastewater Au - 3 ms no characterisation (NP) NP mean size - G
?4 river water (spiked) NP size distribution
35
%6 wastewater Ag centrifugation 10 ms no characterisation (NP) NP mean size TEM-EDS L
:?7 river water (spiked) NP size distribution DLS
3 8 HDC-RI
AF4-UV-vis-
-39 MALS-RI
-lg'o wastewater Ag HDC online separation 100 us no characterisation (NP) NP mean size HDC-ICP-MS
?1 river water (spiked) quantitative (NP) NP number concentration
42 activated sludge CNT centrifugation + 10 ms no quantitative (NP) NP mass concentration ICP-MS
43 (trace Y) ultrafiltration TEM-EDS
44 (spiked)
45 activated sludge Ag settling 100 ps no characterisation (NP) NP mean size - i
46 NP size distribution
quantitative (NP) NP mass concentration
47
biofilm reactor Ag settling 100 ps no characterisation (NP) NP mean size ICP-MS 123
48 (spiked) quantitative (NP) NP mass concentration TEM-EDS
49 quantitative (DE) DE mass concentration
50 biofilm reactor Ag settling 100 ps no characterisation (NP) NP mean size ICP-MS L5
51 (spiked) quantitative (NP) NP mass concentration TEM-EDS
52 quantitative (DE) DE mass concentration
53 drinking water
treatments
54
55 fresh water Ag - 100 ps no characterisation (NP) NP mean size TEM-EDS 155
Au NP size distribution
56 TiO, quantitative (NP) NP mass concentration
57 CeO,
ZnO
58 (spiked)
59
60
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1 ARTICLE Journal Name
2
3 soils and sediments View Article Online
4 DOI: 10.1039/D1AY00761K
soil Ag water extraction + 10 ms no characterisation (NP) NP mean size SEM-EDS 156
5 ZnO centrifugation + NP size distribution
6 TiO, filtration quantitative (NP) NP mass concentration
CeOz
7 (spiked)
g Ag water extraction + 10 ms no quantitative (NP) mass concentration NP ICP-OES 104
(spiked) filtration + CPE TXRF
10 SEM-EDS
11 Ag - water extraction + 10 ms no qualitative (NP) - ICP-OES 157
12 (spiked) centrifugation +
filtration
g 3 - extraction (DTPA
M4 SmM) + centrifugation
+ filtration
3s
DLS
I_'ﬂ 6 Ag extraction (2.5 mM 50 ps no characterisation (NP) NP mean size TEM l'd
g 7 (spiked) Na,P,0,) quantitative (NP) NP number concentration
NP mass concentration
% 8 quantitative (DE) DE mass concentration
o
? 9 Ag extraction (2.5 mM 50 ps no characterisation (NP) NP mean size ICP-MS e
3_0 (spiked) NayP,07) + settling quantitative (NP) NP number concentration
81 Ag water extraction + 50 ps no characterisation (NP) NP mean size ICP-MS 10
%2 (spiked) centrifugation + quantitative (NP) NP mass concentration ISE
filtration TEM-EDS
3
DLS
4
:} soil colloids CuO - 5 ms H, characterisation (NP) NP mean size DLS .
25 (spiked) 100 ps quantitative (NP) NP number concentration
6
8 soil Au water extraction + 10 ms no characterisation (NP) NP mean size ICP-MS P
@7 sediment (spiked) centrifugation NP size distribution AF4-MALS-
98 UV-ICP-MS
5 DLS
29
_§O soil Ag extraction (2.5 mM 3 ms no characterisation (NP) NP mean size - lo-
1 sediment (spiked) Na4P,07) + settling quantitative (NP) NP number concentration
gz sediment column aged Ag extraction (different 5 ms no qualitative (NP) (presence of aggregates)  ICP-MS <&
= (spiked) media) + centrifugation ICP-OES
%3 (+ filtration) ETAAS
34 TEM
b SEM-EDS
§2 HDC-ICP-MS
:?7 sand column Au - 3 ms no characterisation (NP) NP size distribution SEM 1o,
(spiked)
8
_‘§ 9 biological fluids
-@_o artificial sweat Ag - 100 ps no characterisation (NP) NP mean size DLS 166
? 1 (spiked) UV-vis
XAS
42 SEM-EDS
43 plasma Fe;0,4 - 100 ps H, characterisation (NP) NP mean size TEM L Y
44 cellular blood (spiked) NP size distribution AF4-UV-
45 fractions MALS-ICP-MS
46
47 * M: nanoparticle with composition M. M-: nanoparticle containing element M
48
49
50
51
52
53
54
55
56
57
58
59
60
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Table 5 Scenario 2.2: In vitro, in vivo and ex vivo (eco)toxicological tests.

ARTICLE

View Article Online

DOI: 10.1039/D1AY00761K

sample nanoparticle  sample dwell mass  collision/ analytical measurands complementary  ref.
composition*  preparation time analys reaction information techniques
er cell gas
in vitro studies
Sfungi
Aspergillus flavus Ag - 3ms  Q no characterisation (NP) NP mean size TEM 168
Aspergillus parasiticus (spiked) NP size distribution DLS
Aspergillus carbonarius quantitative (NP) NP number concentration
Aspergillus niger NP mass concentration
Aspergillus ochraceus
Aspergillus steynii
Aspergillus westerdijkiae
Penicillium verrucosum
bacteria
Pseudomonas aeruginosa Ag - 5 ms Q no characterisation (NP) NP size distribution TEM-EDS Tov
Staphylococcus aureus (spiked) NP number concentration XRD
quantitative (NP) NP mass concentration FTIR
Staphylococcus aureus Te bacteria lysis + Sms Q no characterisation (NP) NP mean size TEM
Escherichia coli (internalized)  centrifugation NP size distribution XRD
quantitative (NP) NP number concentration
river bacterial community TiO, - 100 us Q no characterisation (NP) NP mean size DLS L U
ZnO NP size distribution
Ag quantitative (NP) NP number concentration
(spiked) NP mass concentration
quantitative (DE) DE mass concentration
algae
Chlamydomonas Ag ultracentrifugation 0.5ms Q no characterisation (NP) NP mean size ICP-MS 172
reinhardtii (spiked) quantitative (NP) NP mass concentration
quantitative (DE) DE mass concentration
Raphidocelis subcapitata ~ Cr- filtration S0ps  Q no characterisation (NP) NP size distribution AAS L
(biosynthesis) quantitative (NP) NP number concentration TEM
quantitative (DE) DE mass concentration NTA
cells
human umbilical vein Au TMAH digestion 10ms Q no characterisation (NP) NP mean size FIB-SEM o
endothelial cells (spiked) NP size distribution flow citometry
quantitative (NP) NP mass concentration confocal
microscopy
human macrophages and ~ Au ultracentrifugation 5 ms Q no characterisation (NP) NP mean size TEM 1
exosomes (spiked) + lysis quantitative (NP) NP number concentration NTA
flow cytometry
confocal
microscopy
human breast cancer cells Au TMAH digestion 5 ms Q no characterisation (NP) NP mean size ICP-MS Sk
(spiked) quantitative (NP) NP number concentration
human epithelial Ag lysis 3 ms Q no characterisation (NP) NP mean size ICP-MS 170
colorectal (spiked) NP size distribution DLS
adenocarcinoma cells quantitative (NP) NP number concentration TEM-EDS
human colon quantitative (DE) NP mass concentration confocal
adenocarcinoma mucus microscopy

secreting cells

This journal is © The Royal Society of Chemistry 20xx
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mouse embryonic stem
cells

mouse neuroblastoma
cells

trout liver cells

in vivo studies
plants

tomato

tomato
pumpkin
soybean
cucumber

thale cress

garden cress
white mustard

thale cress

cucumber
wheat

white mustard

lettuce

lettuce
kale
collard green

Ag
Agz S
(spiked)

TiO,
Ag
(spiked)

TiO,
(spiked)

Au
(spiked)

C602
(spiked)

Ag
(spiked)

Pt
(spiked)

Ag

Cu

ZnO
(spiked)

Agz S
(spiked)

Pd
(spiked)

Ag
(spiked)

ZnO
(spiked)

CuO
Cu(OH),
(spiked)

CuO
(spiked)
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lysis

lysis

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10) + filtration

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

methanol
extraction (50%)

enzymatic
digestion
(macerozyme R-
10)

3 ms

100 ps

100 ps

100 ps

50 s

100 ps

3 ms

3 ms

100 ps

10 ms

100 ps

100 ps

100 ps

no

no

no

no

no

no

no

no

no

no

no

no

no

no

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)

characterisation (NP)

quantitative (NP)
quantitative (DE)

qualitative (NP)

characterisation (NP)
quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)
characterisation (NP)

quantitative (NP)
quantitative (DE)

Journal Name

NP mean size
NP size distriblg
NP number concentra
NP mass concentration

NP mean size
NP number concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

NP mean size

NP size distribution
NP mass concentration
DE mass concentration

NP mean size

NP size distribution

NP number concentration
DE mass concentration

NP mean size
NP size distribution

NP mean size

NP size distribution

NP number concentration
DE mass concentration

NP size distribution
NP number concentration

NP mean size
NP size distribution
NP number concentration

NP size distribution
NP mass concentration
DE mass concentration

NP mean size

NP size distribution

NP number concentration
DE mass concentration

NP mean size
NP size distribution
NP number concentration

NP mean size

NP size distribution
NP mass concentration
DE mass concentration

“ICP-MS 177

s’

rficle Online
YO00761K

ICP-MS 178
LA-ICP-MS

TEM

DLS

ICP-MS 179
TEM-EDS

DLS

confocal

microscopy

TEM P
DLS

ICP-MS 15
TEM

ICP-MS %
TEM

ICP-MS B

ICP-MS B
SEM-EDS

TEM-EDS

DLS

DLS i85
SEM-EDS
XAS

ICP-MS L+
TEM

ICP-OES L
XAS

ICP-MS 1%
HPLC-ICP-MS
HPLC-QTOF-

MS

HPLC-FT-
Orbitrap-MS

ICP-MS g
TEM

FESEM 190
TEM

This journal is © The Royal Society of Chemistry 20xx
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Journal Name

wheat

rice

rice

soybean

radish

soil organisms

Lumbriculus variegatus

Lumbriculus variegatus

Lumbriculus rubellus

Caenorhabditis elegans

aquatic organisms

Daphnia magna

mussel

zebra fish
(liver, intestine, gills)

zebra fish
(intestine, liver, gills,
brain)

Ag
(spiked)

Ag
Au
(spiked)

TiO,
(spiked)

Ag
(spiked)

CCOZ
CuO
(spiked)

TiO,
(spiked)

CCOZ
(spiked)

Ag
Au
(spiked)

Ag
(spiked)

Ag
(spiked)

Au
(spiked)

Ag
Au
(spiked)

Ag
nanowire

(spiked)

TiO,
(spiked)

Au

Ag
(spiked)
C602
TiO,
(spiked)
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enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10)
gastrointestinal
digestion

enzymatic
digestion
(macerozyme R-
10)

enzymatic
digestion
(macerozyme R-
10) + filtration

TMAH digestion

water extraction +
centrifugation+
filtration

enzymatic
digestion
(collagenase+hyal
unoridase+protein
ase
K)+centrifugation
TMAH digestion

TMAH digestion

collection of
hemolymph

enzymatic
digestion
(proteinase K)

TMAH
digestiontfiltratio
n

enzymatic
digestion
(proteinase K) +
H,0, digestion

This journal is © The Royal Society of Chemistry 20xx

100 ps

100 ps

100 ps

50 ps

100 ps

100 ps

100 ps

10 ms

3 ms

10 ms

10 ms

10 ms

1 ms

3 ms

no

no

no

no

no

0,/H,

(MS/MS)

no

no

no

no

no

no

no

no

no

no

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (DE)
characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)
characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

Please do not adjust margins

NP mean size

I Vi
NP size d‘Str‘b‘BBP.lo_loz»% Y00761K

NP mass concentration
DE mass concentration

NP size distribution
NP mass concentration
DE mass concentration

NP size distribution
NP number concentration

NP size distribution
DE mass concentration

NP mean size

NP size distribution
NP mass concentration
DE mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
NP mean size

NP size distribution

NP mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration

NP mean size
NP size distribution

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

NP size distribution
NP number concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

NP mean size
NP size distribution
NP mass concentration

NP mean size
NP mass concentration

NP mean size

NP number concentration
NP mass concentration
DE mass concentration

ARTICLE

ICP-MS

rficle Online

TEM

ICP-OES
DLS
STEM-EDS

TEM-EDS

ICP-MS

ICP-MS

ICP-MS
LA-ICP-MS

ICP-MS

ICP-OES
TEM

DLS
AF4-ICP-MS
ICP-MS
FESEM-EDS
DLS

ICP-MS
SEM-EDS
TEM

DLS
ICP-MS

ICP-MS

ICP-MS
SEM
TEM

ICP-MS
TEM

TEM

ICP-MS
TEM
DLS
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190

197

200
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204

205
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trout
(liver)

rat tissues

spleen

liver

liver
lung

lung

kidney

blood

foetus, resorption,
placenta, lung, liver,
spleen, kidney, mammary
gland

stomach, intestinal
content, liver, spleen,
kidney, lungs, blood

chicken tissues

liver
yolk

ex vivo studies

human placenta

Ag
(spiked)

Au
(spiked)

TiO,
(spiked)

Au
(spiked)
SiO,
(spiked)

C602
TiO,
(spiked)
TiO,
nanorods
(spiked)
Ag
(spiked)

Ag
(spiked)

Ag
(spiked)

Ag
(spiked)

4l Analytical Methods: o1

TMAH digestion

TMAH digestion

enzymatic
digestion
(proteinase K)
lysis +
centrifugation

enzymatic
digestion
(proteinase K)
enzymatic
digestion
(proteinase K)
HCI/HNO;
digestionfiltratio
n

TMAH digestion

enzymatic
digestion
(proteinase K)

enzymatic
digestion
(proteinase K)

enzymatic
digestion
(proteinase K)

3 ms

3 ms

3 ms

10 ms

3 ms

3 ms

100 ps

3 ms

2 ms

3 ms

DF

no

NH;

no

CH,

no

no

no

no

no

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)

quantitative (NP)
characterisation (NP)

quantitative (NP)

characterisation (NP)

characterisation (NP)

characterisation (NP)
quantitative (NP)

qualitative NP

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

Journal Name

NP mean size

NP size distributi

NP number coﬁgﬁr%.g
NP mass concentration
DE mass concentration

NP mean size
NP size distribution
NP mass concentration

NP mean size
NP size distribution
NP mass concentration

NP size distribution

NP mean size

NP size distribution
NP mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

NP mean size
NP mass concentration
DE mass concentration

NP size distribution
NP number concentration
NP mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

Viéw Article Online
.01nO39/D1AYOO761K

SEM-EDS
TEM

TEM
HPLC-ICP-MS

ICP-MS
TEM

ICP-MS
DLS

TEM
TEM
SEM-EDS
DLS
TEM-EDS

AAS
TEM
DLS

AAS
SEM-EDS

TEM
DLS

54

206

207

208

20y

2.3

214

215

* M: nanoparticle with composition M. M-: nanoparticle containing element M
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1 Journal Name ARTICLE
2
3 Table 6 Scenario 3.1: Analysis of foods. View Article Online
4 DOI- 10 1039/D1AY0Q0761K
sample nanoparticle ~ sample preparation dwell  mass collision/ analytical measurands complementa ref.
p. P ple prep y p. ry
5 composition* time analysers reaction  information techniques
6 cell gas
7 confectionery
8 cakes TiO, H,0, digestion 3ms  Q no characterisation (NP) NP size distribution ICP-MS 216
9 candy AF4-ICP-MS
10 chewing gum
11 chewing gum TiO, water extraction 10ms Q NH; characterisation (NP) NP size distribution 217
(MS/MS) quantitative (NP) NP number concentration
12 ,
silver pearls Ag water extraction 3ms Q no characterisation (NP) NP mean size ICP-MS 28
g 3 NP size distribution TEM-EDS
o4 quantitative (NP) NP number concentration HAADF-STEM
NP mass concentration
5
L'ﬂ 6 silver pearls Ag water extraction + 5ms Q no qualitative (NP) ICP-MS &
g 7 decoration dusting Al centrifugation
powder Au
% g custard cream TiO, 100 pus Q no qualitative (NP) TEM-EDS 29
candies CLS
c
0 pearls
3' confectionery masses
1 ;
2 candies TiO, water extraction + 100 us  Q no characterisation (NP) NP mean size AF4-MALS-ICP o
filtration NP size distribution MS
%3 quantitative (NP) NP number concentration DLS
4 quantitative (DE) DE mass concentration
2
5 candies TiO, centrifugation 100us Q no characterisation (NP) NP size distribution SEM b
86 silver coated chocolate Ag ethanol wetting + 3 ms Q no characterisation (NP) NP mean size TEM <
@7 and pearls dispersion in 0.05% NP size distribution
@ 8 BSA quantitative (NP) NP number concentration

NP mass concentration

§ 0 meat
1 game meat Pb enzymatic digestion 5ms Q no characterisation (NP) NP mean size ICP-MS F!
g (proteinase K) NP size distribution
32 quantitative (NP) NP number concentration
NP mass concentration
33
% 4 quantitative (DE) DE mass concentration
g 5 miscellaneous
%6 noodles Al- enzymatic digestion 3ms Q no characterisation (NP) NP mean size ICP-MS b 4
7 (a-amylase) NP size distribution
:? quantitative (DE) DE mass concentration
‘38 drinks Ti- water extraction + 100 us Q He characterisation (NP) NP mean size ICP-MS -3
%9 chocolate Si- filtration quantitative (DE) DE mass concentration DLS
=40 coffee Ag- AF4-MALS-ICP
%1 chewing gum MS
silver pearls
42 surimi sticks TiO, enzymatic digestion 100 us Q He characterisation (NP) NP mean size ICP-MS &t
43 (pancreatin and lipase) NP size distribution TEM
44 quantitative (NP) NP number concentration
45 quantitative (DE) DE mass concentration
46 * M: nanoparticle with composition M. M-: nanoparticle containing element M
47
48
49
50
51
52
53
54
55
56
57
58
59
60
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 19
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Table 7 Scenario 3.2: Analysis of environmental samples.

4l Analytical Methods: o1

Journal Name

View Article Online
DOI: 10.1039/D1AY00761K

sample nanoparticle sample preparation dwell mass  collision/ analytical measurands complementar  ref.
composition* time analys reaction information y techniques
er cell gas
soils, sediments
and sludges
25
soil Fe- water extraction + 3 ms Q NH; characterisation (NP) NP mean size ICP-MS
centrifugation NP size distribution NTA
DLS
TEM
AF4-UV-ICP-
MS
£
mine tailings FeAsO,-2H,0 water extraction + 5 ms Q no characterisation (NP) NP size distribution ICP-MS
(scorodite) centrifugation NP mass distribution EXAFS
XAS
TEM-EDS
27
lake sediment Ag- water extraction + 50us DF no characterisation (NP) NP mean size ICP-MS
centrifugation + filtration NP size distribution
quantitative (NP) NP mass concentration
quantitative (DE) DE mass concentration
2
Ag- extraction (TMAH) S0us  Q no characterisation (NP) NP mean size ICP-MS
Ti- NP size distribution
quantitative (NP) NP number concentration
NP mass concentration
road runoff Cu- surfactant extraction + S5ms  Q Hy+He characterisation (NP) NP mean mass ICP-MS
sediment Zn- centrifugation NP size distribution
Zr- quantitative (NP) NP mass distribution
Cd- NP mass concentration
Ce- quantitative (DE) DE mass concentration
Pt-
Pb-
20
sewage sludge  Ti- digestion (HNOs+H,0,) +  3-10 Q no characterisation (NP) NP mean size ICP-MS
filtration ms NP size distribution
quantitative (NP) NP number concentration
NP mass concentration
231
Ti- extraction (acetic acid)and 100 us  Q n.r. characterisation (NP) NP mean size ICP-MS
Fe- centrifugation quantitative (NP) NP mass concentration FESEM-EDS
Zn- quantitative (DE) DE mass concentration TEM-EDS
LDA
2%
Ti- extraction (sodium - TOF no characterisation (NP) NP mass distribution ICP-MS
pyrophosphate) + quantitative (NP) NP number concentration TEM
centrifugation
waters
56
fresh waters Ti- filtration S0pus  Q no characterisation (NP) NP mean size ICP-MS
NP size distribution TEM-EDS
quantitative (NP) NP number concentration
NP mass concentration
TiO, filtration S0us  Q no characterisation (NP) NP mean size SEM-EDS
quantitative (NP) NP number concentration FESEM
quantitative (DE) DE mass concentration
274
Ti- - 10ms Q no quantitative (NP) NP number concentration ICP-MS
ICP-OES
SEM-EDS
20
Ti- centrifugation 4 ms Q NH;+He characterisation (NP) NP size distribution TEM
(MS/MS) quantitative (NP) NP number concentration
3ms TOF no
Ti- - 50us DF no characterisation (NP) NP mean size -
NP size distribution
quantitative (NP) NP number concentration
NP mass concentration
236
Ti- - 3 ms Q no quantitative (NP) NP number concentration ICP-MS
ICP-OES
237
Ti- filtration 10ms Q no characterisation (NP) NP size distribution CPE/TEM-
quantitative (NP) NP number concentration EDS
NP mass concentration
quantitative (DE) DE mass concentration
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Journal Name

Ti-

Ti-

Ag

Ag

Ag-
Ti-
Ce-

Ag-
Ti-
Au-

Ce-
Zn-

Ti-
Ce-

river water Ce-
rainwater La-

seawater Ag-
Ti-
Cu-
Zn-

sea water Ag-
fresh water Ti-
Ce-

wastewater Ag-

Ag-

Ag-

Ag-

Ti-

Ce-
wastewater Zn-
river water

wastewater Zn-
river water

41 Analytical Metnods. i

filtration

filtration

filtration

cloud point extraction

filtration

ion exchange (on line)

filtration

filtration

settling

filtration

filtration

cation exchange separation

settling and filtration

This journal is © The Royal Society of Chemistry 20xx

100 ps

50 ps

50 pus

1 ms

100 ps

3 ms

100 ps

100 ps

1 ms

50 us

50 ps

100 ps

100 ps

5us

20 ms

100 ps

100 ps

0.5 ms

100 ps
3ms

Q
Q

Q

DF

DF

DF
TOF

DF

Q
TOF

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no
H,+He

characterisation (NP)

quantitative (NP)

characterisation
quantitative (NP)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)

quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)
quantitative (DE)
quantitative (NP)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)

quantitative (NP)

Please do not adjust margins

ARTICLE

NP mean size ViewIKERMSnline

NP size distribtiotD. 1039/ ICPYAERS 1K

NP number concentration TEM-EDS
HPLC-UV

NP mean size ICP-MS
NP size distribution
NP number concentration

NP mass concentration

NP mean size -
NP number concentration
DE mass concentration

NP mean size ICP-MS
NP number concentration ICP-AES
NP mass concentration 1C

DE mass concentration

ICP-MS
ETAAS

NP size distribution
NP mass concentration

NP mean size -
NP size distribution

NP number concentration
NP mass concentration

NP mean size FESEM-EDS
NP size distribution
NP number concentration

DE mass concentration

NP mean size -
NP size distribution

NP number concentration
DE mass concentration

NP size distribution ICP-MS

NP number concentration ICP-AES
FESEM-EDS
1C

NP mean size -
NP size distribution

NP number concentration
NP mass concentration

DE mass concentration

NP mean size TEM-EDS
NP mean mass

NP mass distribution

NP number concentration

DE mass concentration

NP mean size ICP-MS
NP size distribution

NP number concentration

NP mean size -
NP size distribution

NP number concentration
NP mass concentration

ICP-MS
ICP-OES

NP size distribution

NP mass concentration -
DE mass concentration

NP mean size -
NP size distribution

NP mass concentration

DE mass concentration

NP number concentration -

NP mean size -
NP mass concentration
DE mass concentration

NP mean size ICP-OES
NP size distribution

NP number concentration
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243

244

245

246

247

240

249

200

251

252

253
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wastewater Ag-
river water
lake water
tap water Ag-

Ti-

Pb-
Sn-
Cu-
Fe-
Ag-

various types of Ag-

waters

throughfall Cu-
water

acid mine Fe-
drainage Cu-
landfill Ti-
leachates
miscellaneous

cigarette smoke  As-

gas condensate  Hg-

cloud point extraction

filtration + surfactant
stabilization (0.1%
NovaChem 100)

electrostatic trapping

dilution with THF

4l Analytical Methods: o1

3 ms

10 ms

100 ps

0.5 ms

100 ps

100 ps

3 ms

100 ps

100 ps

no

no

no

no

NH;

NH;

no

no

quantitative (DE)

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)
quantitative (DE)

characterisation (NP)
quantitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

characterisation (NP)

characterisation (NP)

quantitative (NP)

characterisation (NP)
quantitative (NP)

qualitative (NP)

characterisation (NP)
quantitative (NP)

quantitative (DE)

Journal Name

NP mass concentration

View Article Online

DE mass congentraion <o /n1av00761K

NP mean size
NP size distribution
NP mass concentration

NP size distribution
NP mass concentration
DE mass concentration

NP mean size
NP size distribution
NP mass concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

NP mean size

NP size distribution
NP number concentration

NP size distribution
NP number concentration

NP mean size

NP size distribution

NP number concentration
NP mass concentration
DE mass concentration

CPE+ETAAS

TEM-EDS

ETAAS

ICP-MS
DLS
AF4-MALS-
ICP-MS

ICP-OES
STEM-EDS
IC

ICP-OES
SEM-EDS
STEM-EDS
DLS

ICP-MS
HPLC-ICP-
MS

ICP-MS
STEM-EDS
AF4-UV-
MALS-ICP-
MS

254

255

256

259

200

262

* M: nanoparticle with composition M. M-: nanoparticle containing element M

n.r.: not reported.
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Table 8 Scenario 3.3: Analysis of biological samples.

ARTICLE

View Article Online

DOI- 10 1039/D1AY00761K

sample nanoparticle ~ sample preparation ~ dwell  mass collision/ analytical measurands complementary  ref.
composition* time analyser reaction  information techniques
cell gas
microorganisms
yeast Se enzymatic digestion 5 ms Q H, characterisation (NP) NP mean size ICP-MS 263
(protease) 100 ps NP size distribution SEC-ICP-MS
TEM-EDS
aquatic organisms
molluscs Ag- enzymatic digestion 50us Q no characterisation (NP) NP mean size ICP-MS 264
(pancreatin/lipase) SEM
quantitative (NP) NP size distribution
NP number concentration
Ti- enzymatic digestion 100 us Q no characterisation (NP) NP mean size ICP-MS z
(pancreatin/lipase) NP size distribution DLS
quantitative (NP) NP number concentration
Ag- enzymatic digestion 100 us  Q no characterisation (NP) NP mean size ICP-MS £
Ti- (pancreatin/lipase) NP size distribution
Cu- quantitative (NP) NP number concentration
Zn- NP mass concentration
20 elements alkaline digestion 3 ms Q no characterisation (NP) NP mean size ICP-MS 20
(TMAH) + filtration NP size distribution
quantitative (NP) NP mass concentration
various Ag- alkaline digestion S0pus  Q no characterisation (NP) NP mean size ICP-MS 20
(plankton, Ti- (TMAH) NP size distribution
crustaceans, quantitative (NP) NP number concentration
molluscs, fish) NP mass concentration
human fluids and
tissues
blood Ag - S5ms  Q no characterisation (NP) NP mean hydrodynamic HDC-SP-ICP- e
diameter MS
NP mean mass per particle ~ uXRF
NP number concentration uXANES
quantitative (NP) NP mass concentration
quantitative (DE) DE mass concentration
urine Ag- - 100 us  Q no characterisation (NP) NP mean size ICP-MS 20
Ti- quantitative (NP) NP size distribution
NP number concentration
hip fluid Co- enzymatic digestion 3 ms Q no characterisation (NP) NP mean size ICP-MS <
Cr- (proteinase K) NP size distribution AF4-UV-MALS
AF4-ICP-MS
periprosthetic tissue  Ti- - 3 ms Q no characterisation (NP) NP mean size ICP-MS 2
Ta- NP size distribution SEM
Co- quantitative (NP) NP number concentration
Cr-
Mo-
Al-
V-
liver TiO, enzymatic digestion 2 ms DF no characterisation (NP) NP mean size ICP-MS k¢
spleen SiO, (proteinase K) 100 ps Q H, NP size distribution SEM-EDS
kidney quantitative (NP) NP mass concentration
intestine
liver TiO, enzymatic digestion 2ms  DF no characterisation (NP) NP size distribution ICP-MS 2
spleen (proteinase K) quantitative (NP) NP number concentration SEM-EDS
NP mass concentration
exhaled breath SiO, - 3ms Q He qualitative (NP) - TEM-EDS 273
condensate
miscellaneous
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Scenario 0: Analysis of pristine nanoparticles

The analysis of pristine nanoparticles is regarded as the least
complex scenario, since there is no matrix in which they are
contained. Engineered nanomaterials commonly produced at
laboratories for research or industrial purposes,®!-63-72.75.76 but
also commercial suspensions,®®¢2.73.74 have been considered in
this section. Table 2 summarizes the applications of SP-ICP-MS
to the analysis of such pristine nanoparticles. In any case, the
main aim of the analysis is focused on the characterisation of the
nanoparticles, although the effect on size of different factors
(stability,®® kinetics,®! use of specific reagents®’-7¢) along their
synthesis have also been studied by some authors.

Pure nanoparticles of metallic Au,%3-9 Ag,60:61.63 Pd and Ni,® as
well as TiO,,”' have been analysed by SP-ICP-MS. The
nanoparticles were usually obtained by chemical synthesis,
although they were also produced by milling.® Most of the
nanoparticles were available as suspensions, however, those
presented as powders had to be prepared as stable suspensions,
requiring convenient dilutions in all cases. Only in the work by
Lahtinen et al.”® nanoparticles had to be extracted with water,
because they were obtained by reduction of tetrachloroaurate
adsorbed onto 3-D filters.

In relation to the analytical information delivered, size
distributions and mean/median sizes were typically reported,
although mass®-%® and number concentration®*%® were also
considered when samples were originally presented as
suspensions. In this scenario, characterisation was not only
limited to sizing. Kalomista et al.®® were able to provide
information about the shape of the nanomaterial, differentiating
between spherical nanoparticles and nanorods of Au by
comparing the signal-time profiles of the peaks recorded.
Merrifield et al.®? characterised and quantified Au-Ag core-shell
nanoparticles, whereas Keri et al.,® following a similar
methodology to Kalomista,®> were able to distinguish between
Au-Ag alloyed and core-shell nanoparticles, providing average
Au:Ag molar ratios.

The analysis by SP-ICP-MS of composite particles consisting of
polymer®® or silica’ particles containing metallic nanoparticles
allowed to obtain the mass of Au or Pt per particle, respectively,
as well as the corresponding distributions and the number of
metallic nanoparticles per composite particle when their size was
known. Complex nanomaterials, like up-conversion
nanoparticles (NaYF4 and NaGdF, doped with Yb or Er), could
also be characterised by decreasing the element mass per particle
detection limit; this could be done by reducing the resolution of
the quadrupole and hence increasing the transmission of ions.”

Although carbon nanotubes are not directly detectable by SP-
ICP-MS, their metal impurities have been used as proxies for
their detection. In that way, the yttrium contained in nanotubes

Analyticat Methods

View Article Online
DOI: 10.1039/D1AY00761K

allowed their detection,’>’* although the concentration was
underestimated due to the difficulties of detecting nanotubes
with low loads of yttrium.

The characterisation of pristine nanoparticle by SP-ICP-MS has
been complemented by electron microscopy techniques for size
and shape characterisation>7-01,64.65,68-70,73,74 apnd XRD8:69.72.75 for

confirmation of their nature through their crystalline structure.

Scenario 1: Analysis of consumer and industrial products
containing nanoparticles

Owing to their specific properties at the nanoscale level,
nanoparticles are currently contained in numerous consumer and
industrial products. The nano-enhanced products analysed by
SP-ICP-MS are summarized in Table 3; they consist of
consumer, mainly cosmetics,>>’7-85 and industrial products,
including food additives**#6-8% and other materials, like steel,”°
petroleum products37-°! or tattoo inks.%%%3

Nanoparticles in cosmetics are mainly focused on sunscreens,”’~
79.84 in which TiO2 is the most frequent nanocomponent due to
its photocatalytical properties, although ZnO has also been
studied in this type of products.’%-8! TiO, was the target analyte
in other cosmetics

and personal care products, like

toothpastes, 3283 lip balms,3>% creams®® and shampoos.?
Aluminium oxide and silver nanoparticles in toothpastes®* and
moisturizing creams,>? respectively, have also been measured by
SP-ICP-MS, as well as plastic microparticles added as abrasives
in exfoliant creams.?> Sample preparation of cosmetics always
requires their dispersion in ethanol or water, in most cases by
adding a surfactant, although a previous defatting step with
hexane is typical for sunscreens and lip balms.”?#284 When
refractory nanoparticles like TiO, or Al,O; are involved, a
previous matrix digestion with hydrogen peroxide has been
applied.®3 Other consumer products considered have been
antibacterial sprays containing silver nanoparticles,?¢-88 although
the occurrence of other elements like Sn or Zn in these products
has also been checked.3®

TiO, and metallic Ag are approved food additives, labelled as
E171 and E174, respectively. Raw samples of E17146% and
E174% have been characterised by SP-ICP-MS in combination
with other techniques to obtain information about the
nanoparticulate fraction in these materials. In the case of steels,”®
the aim of the analysis was the characterisation of refractory
particles of titanium and niobium carbonitrides, whereas in
petroleum products (crude and fuel o0il,” and asphaltene
solutions®') was the detection of iron and molybdenum
containing particles. In a similar way, tattoo inks®?>%* were
analysed to study the occurrence of nanoparticulate Al, Ti, Cu,
Cr, Zn and Pb from the pigments used in their fabrication, or the

presence of copper nanoparticles in homeopathic medicines.**
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Given the nature of the materials considered and their
commercial purpose, many of the studies were placed under the
European Commission regulation and its definition of
nanomaterial.43:46.79.81.83.84.93 The principal objective of the use of
SP-ICP-MS was therefore focused on the characterisation of the
nanoparticle fraction, being the mean size and the particle size
distribution the main measurands of concern.

Although concentration is not a serious constrain in this scenario,
a common limitation when using SP-ICP-MS is the detection of
the smallest fraction of the nanoparticles present with these
samples. This can lead to partial histograms since complete size
distributions are not always obtained. This was the case for
titanium in some cosmetics’’-7>82 and food additives,*® as well
as for silver.43-53:8687 For microplastics,®® the sizes of detectable
particles were restricted at both size range limits. At lower size
range, it is restricted due to the inherent limitations of carbon
detection by ICP-MS, and at the upper size range due to low
nebulization efficiency of large particles, being limited to sizes
from 1 up to 5 um.

Scenario 2.1: Laboratory tests involving nanoparticles or products
containing nanoparticles

The applications developed under scenario 2.1, summarized in
Table 4, include laboratory tests under controlled conditions,
involving pristine nanoparticle or

products containing

nanoparticles. Laboratory tests with materials originally
containing nanoparticles are devoted to studying their release
into aqueous media under selected conditions, whereas the study
of the fate and behaviour of nanoparticles in different media, or
along different relevant processes, requires the addition of
pristine nanoparticles to the samples of concern.

Release studies. The risk assessment of consumer and industrial
products containing engineered nanoparticles involves knowing
the human and environmental exposure to the nanoparticles
released from such products along their whole life cycle. These
release studies are usually performed at laboratory scale under
controlled simulation conditions.

Direct human exposure to engineered nanoparticles and/or their
transformation products might arise from the ingestion of foods
stored in containers bearing nanoparticles (e.g., Ag, nanoclays).
Migration test from existing regulations for conventional
analytes, based on the use of model food simulants (acetic acid,
ethanol), have been applied to plastic food containers®-%° and
packaging films,!% as well as to cookware.!?! The procedures are
straightforward; after incubation of the samples at selected
temperatures during fixed time periods, simulants are diluted
conveniently and analysed by SP-ICP-MS. In addition to plastic
containers, polymers doped with Fe;03!% and ZnO!'? have also
been studied by using these migration tests. In the case of baby
products containing silver nanoparticles, release studies were
performed by leaching in artificial saliva to simulate the
exposure route for children.”® In a similar way, silver release
from toothbrushes was studied by leaching in tap water.'92 The
dermal exposure from surfaces containing nanoparticles was
simulated through wiping tests by using artificial sweat,
followed by the extraction with water of the nanoparticles from
the wipes.!03 Water extraction has also been applied to study the

26 | J. Name., 2012, 00, 1-3

release of Ag nanoparticles from antibacterial plasters!%.or TiQ2
from textiles.!05 DOI: 10.1039/D1AY00761K
Environmental exposure to engineered nanoparticles from nano-
enhanced products is related to their release and transformations
that they undergo during their life cycle. Most commonly,
materials like wood,!'® leather!!” or polymers!'%19 have been
subjected to direct leaching in water, whereas for paints'!'-!13 or
conductive inks,!!* the release from painted surfaces or printed
circuits have been considered, respectively. More realistic
studies have involved the use of different model waters to study
the leaching of metal bearing particles under end-of-life
conditions from photovoltaic cells,''> or the leaching of TiO,
particles from painted surfaces by snow and rainwater under
weathering conditions.!!? Mitrano et al.!% studied the life cycle
of nano-enhanced textiles subjected to different aging and
washing processes to understand the release and transformation
of the silver nanoparticles from the textiles. The release of metal
containing particles from environmental samples, like road
dust!'!? and mine tailings,!?° has also been studied by leaching in
different media as a source of environmental pollution.
Regarding the composition of the nanoparticles, silvers-95100.102-
104,106,107,114,115,117 and titaniumlol,loillz,ll:’) are the most frequently
studied, although zinc!''® and copper!?®-11L.116 have also been
considered. Multielement monitoring has also been performed,
as in the case of photovoltaic cells,!'® cookware!! or the
emission of particles from paper printing and shredding.!'® The
release of carbon nanotubes from polymer nanocomposites was
followed by monitoring the yttrium present in the nanotubes,°8
as it was described for pristine carbon nanotubes in scenario
0.7374 Detection of plastic microparticles released from food
containers has also been possible by using the carbon-13
isotope.®s

Although SP-ICP-MS allows to obtain detailed quantitative
information about nanoparticle size and concentration, the
technique has been used in some release studies only to confirm
the presence of the nanoparticles in the food simulants®3-95-9 or
the leaching media,!!>117-118 a5 well as of dissolved forms of the
element monitored.®’ In these cases, the recorded time scans
(Fig. 2.a) allow to obtain the qualitative information required,
once the adequate metrological criteria have been applied.** In
many other studies, detailed information about mean/median
sizes, size distributions and number/mass concentration of the
nanoparticles released were reported, although the profiles of the
size distributions revealed that the nanoparticle distribution had
been partially recorded due to the attainable size limits of
detection, hence underestimating the actual concentrations and
overestimating mean sizes.

Fate studies. Whereas the release studies discussed above
involve consumer and industrial products, fate studies are mostly
based on the use of pristine and well-characterised nanoparticles,
commercially available or synthesized at the laboratory,
although aged nanoparticles have also been used.'®* The
nanoparticles are spiked in the matrix of interest and the samples
analysed directly or after undergoing the simulated process under
study (e.g., gastrointestinal digestion, laundry, wastewater
treatment, environmental exposure). The main advantage of
these controlled experiments is that both size and concentration

This journal is © The Royal Society of Chemistry 20xx
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of the spiked nanoparticles can be selected as desired. Although
concentration is not a serious limitation for SP-ICP-MS,
allowing even to work at realistic environmental
concentrations,!35:138.141 attainable size LODs can be a critical
drawback when using SP-ICP-MS with real samples, as it has
been discussed above and it will be shown again in relation to
scenario 3.

Fate studies performed with spiked Ag nanoparticles in food
simulants complement the migration tests of silver from food
containers discussed above, allowing to obtain information about
the oxidation of silver nanoparticles to dissolved forms.!?!-122 In
relation to the potential human exposure to engineered
nanoparticles through ingestion, the behaviours of Ag,'?3124 but
also of Au,'?3 CeO,'?? and ZnO'1%123 nanoparticles along in vitro
gastrointestinal digestions have been studied by SP-ICP-MS
through the direct spiking of the digestion fluids!?*12* or foods
submitted to the in vitro digestions.!'%125 With respect to the
dermal exposure to consumer products containing Ag
nanoparticles, laboratory experiments with artificial sweat have
allowed to detect changes in size of the nanoparticles.!®® The
stability of iron oxide nanoparticles in Ferumoxytol, an
intravenous preparation for treatment of the anaemia, was
studied in human plasma and cellular blood fractions.!¢” In
relation to the life cycle of silver nano-enhanced textiles and their
environmental implications, the fate and behaviour of pristine
Ag nanoparticles in the washing solutions during the laundry
process has also been studied.!?®

Environmental scenarios for studying the fate of nanoparticles
by SP-ICP-MS have included different types of real and
synthetic surface waters (lake,'30-133 river,!34-137 geal40-142) and
s0ils104.156-161  and

sediments.!9%163 Whereas spiked water samples were usually

wastewaters, 43150275 a5 well as

analysed directly or after dilution, soil analysis required the
extraction and the separation of the nanoparticles from the soil
matrix. This was done by using water or other extractants, like
sodium pyrophosphate, 3815163 followed by centrifugation
or/and filtration.

Apart from works devoted to demonstrate the capability of SP-
ICP-MS for detecting specific nanoparticles in water!4?150 and
s0il13%:161.163 gamples, fate experiments focus mainly on studying
the  stability!?>!4  and
oxidation,!28138 agoregation'?”135..)) of nanoparticles under

transformations  (dissolution/
laboratory controlled conditions, although experiments adding
nanoparticles into natural aquifers have also been performed.!3!~
133 Special attention has been paid to the fate of nanoparticles in
relation to drinking and wastewater treatments. The stability of
Ag nanoparticles under ozonisation conditions'?® and the
of different
coagulation processes!>S and wastewater treatments!3'-154 have

removal engineered nanoparticle through
been studied. Soil studies have focused on the interaction of the
their

retention  and

nanoparticles with soil components, that control

transformations as  well as  their
mobility.!57-162.164.165
Most studies with environmental samples have focused on Ag
nanoparticles,104121-126,129-135.137-143,146-148.150,152-160.275.163,164.166

)
as well as their transformation products, Ag,S and AgCl.134.140

Other nanoparticles studied include TiO,,!36:144,148,155,156

This journal is © The Royal Society of Chemistry 20xx
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136,155,156 135,144,155,156 161 135 ptl27
ZnO, CeO, CuO, Fe;0s, View E&\cle O%g
Au.137.149,155,165 [ egs common nanoparti€les 0 HKS/LEoresHel
Au@Ag nanoparticles'?® and carbon nanotubes!>! have also been
considered. The influence of the
coating!04129.130.138,141.142,146.,157.162.163 and the
Size!23.126.149.150.155.159.163.165.166.275 of the spiked nanoparticles on
the transformations studied have also been considered.

Fate studies focus on the transformations of the nanoparticles in
relation to their potential toxicity.!30-132,136.138,141,149.155,164 Ty
general, the mean/median size and size distributions are the most
frequent measurands. These measurands are related to the
stability of the nanoparticles, but also to their aggregation!10:122-
129,131,133,136,138,139,141,145,148,152,157,158,162-164,166 and
dissolution.138:143.144.147.151 For this reason, the concentration of
the dissolved element has also been considered in different
studies, 122.123.125,126,131,133,136,144,147.153,154.158 T confirm the
formation of aggregates, electron microscopy techniques (SEM,
TEM),!10.123-125.141147.15L.158.164 D G110.124.120.139.158,162.166

>

NTA'#3 have been used as complementary techniques.

Scenario 2.2: In vitro, in vivo and ex vivo (eco)toxicological tests

Risk assessment of nanomaterials must be based on exposure
information but also on their toxicological behaviour in humans,
animals and the environment. Hence, in vitro, in vivo and ex vivo
(eco)toxicological essays worth studying in order to assess these
behaviours and effects on

living organisms. However,

unravelling the mechanisms of action of nanoparticles for the

correct interpretation of (eco)toxicity data requires the
availability of detailed analytical information from
characterising and quantifying nanoparticles and their

transformation products in biological media.?* In this context,
SP-ICP-MS has proved to be a valuable technique in recent
years, as it is summarized in Table 5. As in the case of the fate
studies discussed above, (eco)toxicological test use mostly
pristine and well-characterised nanoparticles, commercially
available or synthesized at laboratory, allowing to select their
size and coating, as well as their concentration levels.

In vitro studies. Bacteria, fungi and algaec have been
microorganisms used to assess the uptake, biotransformation and
ecotoxicity of mnanoparticles under laboratory-controlled
conditions, in a similar way that it has been done with different
types of cells for toxicity assessment.

Because many in vitro studies were performed with in-lab
SP-ICP-MS has been used in

combination with other techniques only for characterisation of

synthesised nanoparticles,

these pristine nanoparticles.'%%.19 The uptake of Te nanoparticles
by Staphylococcus aureus and Escherichia coli was studied by
the direct addition of spherical nanoparticles into the culture
medium. Their biotransformation to nanorods when they were
incorporated into the bacterial strains was confirmed by TEM
and XRD, whereas SP-ICP-MS was applied after bacteria lysis
to determine the number of particles per bacteria and to infer
dimensional information of the rod-shaped Te nanoparticles.!”®
The effect of TiO,, ZnO and Ag nanoparticles on a river bacterial
community was studied by mixing river water with artificial
treated wastewater containing added nanoparticles. After three
days of exposure, water samples were analysed by SP-ICP-MS

J. Name., 2013, 00, 1-3 | 27
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to determine the mean size and size distributions, as well as the
concentration of nanoparticles and dissolved species.!”!

Algae are commonly used in ecotoxicity testing. In this context,
the dissolution of Ag nanoparticles and the bioavailability of
silver to the model green alga Chlamydomonas reinhardtii was
studied in a wastewater matrix,'”> using SP-ICP-MS for
monitoring the aggregation and dissolution of the nanoparticles.
Speciation studies with chromium (III) and (VI) in ISO 8692
algal medium showed the formation of Cr-bearing nanoparticles,
detected by SP-ICP-MS, which could contribute to the
ecotoxicity of chromium to Raphidocelis subcapitata.'

The risk assessment of nanoparticles in living beings involves
the proper evaluation of their behaviour at cellular level by in
vitro assays. Within this framework, SP-ICP-MS has been used
in a number of studies with human cell lines (umbilical vein
endothelium,'”* macrophages and exosomes,!”> breast cancer,>®
human epithelial colorectal adenocarcinoma and colon
adenocarcinoma mucus secreting cells!’®) but also mouse
(embryonic stem!”7 and neuroblastoma'’®) and liver trout!”’
cells. The uptake of nanoparticles by cells was demonstrated to
be dependent on their concentration in the media,!’ exposure
time and cell line.’® SP-ICP-MS allowed to study their
their

agglomeration'’s within the cells. Moreover, the release of

biotransformations,!’® as well as dissolution and
internalised nanoparticles by macrophages through exosomes
could also be confirmed.!”

Au nanoparticles have been more frequently used in these in
vitro studies with cells,’®174175 although Ag,'7¢-178 Ag,S!77 and
TiO,!7817 have also been investigated. After exposure in the
culture media containing the nanoparticles, cells were separated
by centrifugation and lysed!7>176:178179 or digested with
TMAH?®!"* as a previous step to the analysis by SP-ICP-MS.

In vivo studies. Release of engineered nanoparticles to the
environment may end up and accumulate in edible plants, which
is a potential pathway to human exposure. SP-ICP-MS has been
used to study the uptake of nanoparticles by different types of
plants in suitable growing media (hydroponic solutions!ss187.192
and soils!80-184.186,188,191,193-197) containing known concentrations
of nanoparticles of selected compositions and sizes. Edible
plants like tomato, pumpkin, soybean, cucumber, thale cress,
garden cress, white mustard, lettuce, kale, collard green, wheat,
rice, soybean and radish have been selected for these
experiments. Most of uptake studies have involved Ag
nanoparticles,|82184187.191192.194 byt also  Ag,S,!85  Cu,!8
CuO/Cu(OH),, 189190195 7O 184188 Ce(,, 181195197 Tj0),,193.19%
Au, 180192 pd186 and Pt.183 By analysing different parts of the
plants (roots, leaves, fruits), the uptake of nanoparticles through
the roots and their translocation to other parts as intact particles
or dissolved has been followed.!8319 In addition to the uptake of
nanoparticles through the roots, the foliar exposure has been also
assessed for Ag!®* and CuO!8%1% nanoparticles. In the case of
silver, the transformation of Ag nanoparticles after foliar
exposure to ionic silver was reported.

In most cases, plant tissues were enzymatically digested by using
macerozyme R-10, an enzyme mixture able to break down
vegetal cell walls maintaining nanoparticles intact, as confirmed
by several authors.!®21% To avoid dissolution of CuO/Cu(OH),

28 | J. Name., 2012, 00, 1-3

nanoparticles, Laughton et al.!®® proposed the use,of methanel
for extraction of the nanoparticles fromDIettiice0Igdvidsy (Ut
alternative to the enzymatic digestion.

The assessment of the nanoparticle ecotoxicity in aquatic and
terrestrial environments is based on the use of model organisms.
In this context, the bioaccumulation of Ag!?%200 and Au!98201
nanoparticles in spiked sediments and soils has been studied in
the earthworms Lumbriculus variegatus,'%'%° Lumbriculus
rubellus®®® and Caenorhabditis elegans.**' Homogenates of the
whole organisms were submitted to enzymatic?®® or
alkaline!%8-201 digestions, as well as to water extraction!® prior to
SP-ICP-MS analysis.

In relation to ecotoxicity studies in aquatic environments, the
uptake of Ag!®8202 and Au'%® nanoparticles by Daphnia magna
was studied by analysing the haemolymph of the daphnids,?°? as
well as whole organisms after alkaline digestion with TMAH.!%8
In the case of mussels, Gallochio et al.? suggested the in vivo
formation of TiO, nanoparticles after their exposure to both ionic
and particulate titanium. Zebra fish?°4205 and trout’* have also
been used as target species for ecotoxicological studies with Ag,
Au, TiO, and CeO; nanoparticles. The bioaccumulation of these
nanoparticles was assessed by analysing different organs of the
fishes (liver, intestine, gills, brain) by SP-ICP-MS after their
digestion with TMAH or proteinase K.

Rats has been used extensively as model mammals for the
toxicity assessment of nanomaterials. Different nanoparticles
have been administered in a number of ways (oral gavage,?!3207
intravenous injection,??® intratracheal instillation,?'® nose
their
bioaccumulation and distribution in tissues were investigated by
SP-ICP-MS. Van der Zande et al.?!? reported the detection of

silver nanoparticles in all the tissues studied after oral gavage,

inhalation?'? or intraperitoneal injection?°®) and

although the target organs were liver and spleen. Usually,
samples were subjected to digestion with TMAH or proteinase
K prior to SP-ICP-MS. Gallochio et al.?!#4 evaluated the oral
administration of PVP-stabilized 20 nm Ag nanoparticles to
chickens, detecting 16 nm nanoparticles in liver, but only ionic
silver in egg yolks.

Ex vivo studies. Experiments involving human tissues are
scarce, nonetheless Vidmar et al.2! conducted an ex vivo study
involving human placentas obtained from pregnancies after
caesarean section. The SP-ICP-MS analysis of the perfusion
experiment confirmed the translocation and accumulation of Ag
nanoparticles, although it could not be confirmed if the Ag-
containing particles detected in the foetal circulation were
translocated pristine Ag nanoparticles or Ag-bearing particles
formed from dissolved silver that crossed the placental barrier.

Scenario 3.1: Analysis of foods

A number of inorganic substances are approved as food additives
by different regulations. Whereas metallic aluminium (E173),
silver (E174) and gold (E175) are used to colour the external
coating of confectionery, TiO, (E171) is added to provide a
whitening effect, and SiO, (E551) as anticaking agent. All these
additives have been re-evaluated recently by the European Food
Safety Authority in relation to their safety, recommending that
information about particle size and percentage (in number) of

This journal is © The Royal Society of Chemistry 20xx
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particles in the nanoscale should be included in their
specifications when present in powder forms. Thus, as it has been
seen in scenario 1 with E171 and E174 additives, regulatory
requirements are the main driving factors for monitoring these
elements by SP-ICP-MS, along with studying their occurrence
as nanoparticles in foods. Table 6 summarises the applications of
SP-ICP-MS in relation with food analysis.

TiO, has been studied in different confectionery products, such
as  candies,79216219.220223 gum,216217.223  pagtry

products?!? or cakes,?!® but also in drinks??? and surimi sticks.??4

chewing

These samples were typically subjected to water extraction,
followed by centrifugation or filtration,’®-217-219220 ajthough
Peters et al.?!® proposed the digestion with hydrogen peroxide to
release the particles from the coating of the products. For the
analysis of surimi sticks, samples underwent enzymatic
digestion with pancreatin and lipase.?”* The occurrence of
particulate and dissolved aluminium in noodles was studied by
Loeschner et al.,??? after enzymatic digestion with a-amylase of
the food products. Metallic silver, aluminium and gold are
available as decorating powders or found as coatings of
confectionery products.*-#4218 In these cases, samples had to be
dispersed or extracted with water, or adding albumin as
stabilising agent.*> A different issue was addressed by Kollander
et al.,>?! who studied the presence of Pb nanoparticles from
ammunition in meat of hunted wild animals. Samples from the
shot areas were digested with proteinase K and analysed by SP-
ICP-MS, detecting Pb nanoparticles.

Although some analysis only focused on detecting the presence
of nanoparticles in the samples,**2!° most of them covered their
size characterization and the determination of number and mass
concentrations as well. Moreover, most works included the
determination of the total content of the elements under study in
their analysis schemes, as well as considering the use of electron
microscopy techniques*3-218-220.224 or AF4 separations’®-216-223 to

verify or complement the results obtained by SP-ICP-MS.

Scenario 3.2: Analysis of environmental samples

The widespread use of engineered nanomaterials in consumer
products has increased their potential risk of environmental
contamination, and consequently, the need and demand of
analysis of environmental samples (waters, soils, sediments,
sludges...) to provide reliable field information about their actual
occurrence. On the other hand, SP-ICP-MS is also a suitable
technique for monitoring naturally occurring or incidental
nanomaterials.?? In fact, an still unresolved challenge in this
scenario is the discrimination between engineered and natural
occurring nanomaterials, which will be discussed below.

Table 7 summarizes different environmental samples analysed
by SP-ICP-MS. Most cases refer only to the detection of
nanoparticles containing the monitored element because the
chemical composition of the particles was not available. Thus,
the size information reported was based on assuming a specific
composition (e.g., metallic Ag, TiO;) and a spherical shape.
When the authors did not confirm the composition of the
nanoparticles by an alternative technique, nanoparticles in Table
7 are referred as nanoparticles containing a specific element
(e.g., Ag-, Ti-, Ce- instead of Ag, TiO,, CeOy).

This journal is © The Royal Society of Chemistry 20xx

Analytical Methods

In most studies, total element concentrations were determined by
ICP-MS or other atomic spectrometry t8€hni¢ies?/ACPCOESS
AAS) to obtain complementary information of the samples. The
like TEM/FESEM or
EXAF/XAS, for confirming the presence of nanoparticles or

use of complementary techniques,

aggregates and obtaining information about morphology, size
and composition of the particles was limited to samples

containing particles at high
concentrations, 55-56.242,244,255,259,225,226,231-234,237.238

enough

Soils, wastes, sediments and sludges. Solid environmental
analysed by SP-ICP-MS

sediments??722° and sludges
treatment plants.?30-232 In the latter case, these analyses were

samples include so0ils,??> mine

wastes,220 from wastewater
complemented by the analysis of the influent and the treated
effluent of the plants,?3%23! or the analysis of the sediments of
lake where discharges were carried out.?? The nanoparticles of
interest were diverse, comprising particles containing elements
such as Ag,227:228 Ag 226 Tj 228230232 Fg 225231 7p 229231 (Cy,229
Pb,2?? Pt,22° Cd,??° Ce,?*? or Zr?*?»°. Sample preparation involved
the extraction of the particulate matter with ultrapure water,?>>-
227 the addition of surfactants®?® or other reagents (sodium
pyrophosphate,?3? acetic acid?*! or TMAH??%); in the case of
particles containing Ti, stronger procedures based on microwave
acid digestion have also been applied.?*® These treatments were
followed by a separation step consisting of centrifugation,
filtration, or both sequentially, prior to the analysis of the
corresponding supernatant or filtrate.

In relation to the information reported, only Gomez-Gonzalez et
al.?26 determined by EXAFS and XAS the nature of the As-
containing particles detected by SP-ICP-MS in mine tailings
(FeAsO4-2H,0, scorodite), providing real size information
confirmed by TEM. Due to the unknown nature of the particles
detected, Baur et al.?? reported mean mass per particle and mass
per particle distributions instead of information as equivalent
size, which was the characterisation information typically
reported, along with particle mass and number concentrations, as
well as dissolved element concentrations.

Waters. Different types of waters have been analysed by SP-
ICP-MS, including fresh waters from lakes, rivers and dams, as
well as rain, sea, tap, pool and waste waters. The reasons for
carrying out these analyses are diverse. The monitoring of
titanium in river, lake and swimming pool waters is associated to
the release of TiO, nanoparticles from sunscreens.?34238 Silver
has been monitored in different types of waters, although the
most relevant studies are related to the removal of silver
containing particles in wastewater treatment plants,248251.254
which has been also the case for Ti-, 2! Zn-252253 and Ce-
containing particles.?’! In the case of cerium, CeO, nanoparticles
can be released into the air by diesel emissions being detected in
rain water?®> and other natural waters.38-243-245.247.251 Tap waters
have been analysed in relation to the release of incidental
copper
pipes.?>>25¢ Throughfall water from the wash-off of vine leaves

nanoparticles containing different metals from
treated with Cu-based fungicides has also been analysed by SP-
ICP-MS in combination with other techniques to study the
mobilization of Cu-containing particles.?® The occurrence of

7n-.246 A o_ 246,247 Tj. 246,247 Cu_246 and Ce_247 containin
> > >
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particles®> has also been monitored in seawaters. SP-ICP-MS
was used to study acid mine drainage by monitoring Fe- and Cu-
containing particles and the effects of water chemistry,?>° as well
as the release of titanium from construction and demolition
landfills by analysing their leachates.?¢0

With respect to the preparation of water samples, the simplest
procedures only involved the dilution of the sample, although
settling, centrifugation or filtration were also applied when
suspended matter was present.

In relation to the information reported, a reduced number of
works provided qualitative information,236-248.258.274 relying on
time scans (Figure 2.a) to prove the presence of particles,
whereas most of articles provided quantitative information,
including mean/median particle sizes, particle size distributions
and particle mass and number concentrations, despite that partial
size distributions were obtained in some cases.?26-235.241.248,259 [y
this regard, although Rand and Ranville*>° have demonstrated
the utility of SP-ICP-MS for detecting incidental nanoparticles
in natural systems, they also recommended caution in the data
treatment and their interpretation.

In an attempt to discriminate between anthropogenic engineered
nanoparticles from natural ones, the measurement of element
ratios has been proposed. This strategy assumes that engineered
nanoparticles are high purity substances, containing a single
major element, while natural nanoparticles have heterogeneous
multielement compositions. The Ce/La ratio has been reported
for identification of CeQO, nanoparticles, 244245247 whereas for
TiO, nanoparticles, the Ti/Al and Ti/V ratios have been
232,234-236.238.244.247 Whereas SP-ICP-MS with
quadrupole instruments is limited to the measurement of two

considered.

isotopes in an individual particle, TOF instruments are able to
record the whole mass spectrum from each particle. In this
respect, a
anthropogenic and natural particles was proposed by Praetorius

promising approach for discrimination of
et al.?’¢ based on the combination of single particle multielement
analysis by SP-ICP-TOF-MS and machine learning data
treatment.

Miscellaneous. The analysis of gaseous systems by SP-ICP-MS
has been limited to condensates from cigarette smoke to study
the presence of arsenic containing particles.?®! Condensates from
cigarette smoke were accumulated in an electrostatic trapping
device followed by washing with methanol. Whereas different
inorganic and organoarsenic dissolved species were determined
by HPLC-ICP-MS, no As containing particles were detected by
SP-ICP-MS. Gas condensates from petroleum hydrocarbon
samples were analysed by a number of techniques, including SP-
ICP-MS,
nanoparticles by direct analysis of the samples diluted in THF.262

confirming the presence of Hg-containing

Scenario 3.3: Analysis of biological samples

The potential exposure of living organisms, including humans,
to engineered nanoparticles has led to study their occurrence in
such biological systems. Other applications include the detection
of wear metal particles from prothesis in human fluids and
tissues, as well as nanoparticles biosynthesised by
microorganisms. Table 8 summarizes the application under this

scenario involving biological samples originally containing

30 | J. Name., 2012, 00, 1-3

nanoparticles. As in scenario 3.2, in most works {otal element
concentrations were determined by ICP-MS: dnidD#l§oliectrdn
microscopy techniques were applied to obtain complementary
information.

Microorganisms. Nanoparticles synthesized by microorganisms
from dissolved precursors can be analysed by SP-ICP-MS in a
similar way than those internalized from culture media once the
microorganisms have been selectively digested, as it has been
seen in scenario 2.2. This was the case of selenium-rich yeast,?%3
where biogenic-selenium nanoparticles where detected by SP-
ICP-MS and confirmed by TEM-EDS, revealing the significance
of nanoparticles in the speciation of metals and metalloids in
biological systems.

Aquatic organisms. The analysis of aquatic organisms has
included plankton,??® crustaceans,??® molluscs??8:246,264-266 gand
fishes.??8 In all cases, prior to SP-ICP-MS analysis, nanoparticles
were extracted by digestion of the biological matrices.
Enzymatic digestions included the use of
pancreatin/lipase,?46-264265  whereas alkaline digestions were
based on the use of TMAH.?2826 The most studied elements
have been Ti??8246.265 and Ag, 228246264 glthough nanoparticles
containing Cu,?*¢ Zn?*¢ or different rare earth elements?%® have
been also considered. In relation to the information reported, all
the articles provided quantitative information of particle mass
and number concentration, particle size distribution and mean
size. Reported size detection limits and size distributions allowed
to confirm that nanoparticle distribution were incomplete in
some cases.246:264.266 Moreover, and although SEM and DLS
were used in some studies, these techniques did not provide
conclusive information, hence the studies only confirmed the
occurrence of particles containing the elements detected and not
their specific nature.

Human body fluids and tissues. Although the monitoring of
Ag-, Ti- and Si-bearing nanoparticles is supported by the
to Ag, TiO, and SiO,
nanoparticles,?98271272 human fluids and tissues have also been

potential exposure engineered
analysed in relation with the release of incidental nanoparticles
containing different elements from metal prothesis?*®27° and
their migration from wound dressings.?®” Moreover, exhaled
breath condensates were analysed to detect the presence of
respirable silica particles in quarry workers.?”3 In this latter work,
the combination of SP-ICP-MS and TEM-EDS allowed to
confirm the presence of silica and silicate particles in the breath
condensates. Post-mortem tissues (liver, spleen, kidney,
intestine) from deceased persons were analysed after enzymatic
digestion with proteinase K, providing detailed information
about the SiO; and TiO, found in the tissues and confirmed by
SEM-EDS.?71272 On the other hand, periprosthetic tissues and
hip fluids from arthroplasty patients were also analysed by SP-
ICP-MS, confirming the presence of particles containing Co, Cr,
Ti, V, Al, Ta and Mo and the importance of in vivo exposure
assessments for realistic appraisal of metal toxicity and
associated risks in arthroplasty.269:270

Urine?®® and blood?%” samples were analysed directly after
dilution with 1% glycerol or ultrapure water, respectively.

Whereas particles containing Ti and Ag were detected in urine,
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only dissolved Ag was detected in blood from burned patients
treated with wound dressings containing Ag nanoparticles.
SP-ICP-MS has also been used with forensic purposes for the
direct analysis of gunshot residues.?’4 Residues were sampled
from the hands of shooters by washing with ultrapure water or
swabbing (followed by water extraction from the swabs) to
obtain the nanoparticle suspensions, which were analysed
directly for screening the presence of Sb-, Ba- and Pb-bearing
particles.

Instrumentation and data acquisition

As explained above, SP-ICP-MS was originally developed in
quadrupole with data
acquisition frequencies in the range of 1-100 Hz, by using dwell

commercial mass spectrometers
times in the millisecond range. The implementation of single
particle detection in quadrupole instruments by manufacturers
implied that higher acquisition frequencies became feasible by
working at dwell times in the microsecond range, removing the
settling time of the quadrupole between readings and improving
the capability for transmission and storage of data. Although this
new generation of instruments was commercially available since
2014, Tables 2 to 8 show that both ranges of dwell times are
being currently used, mostly depending on the availability of
with 45% and 55%
microsecond and millisecond dwell times, respectively. In any

instruments, of applications using
case, the duration of the particle events limits the selection of
dwell times. Dwell times longer than twice the duration of the
events are recommended!” when working at millisecond dwell
times to record the particle events as pulses, whereas for
microseconds, they should be shorter than half the duration of
the events. Working at dwell times longer than 10 ms increases
the number of events corresponding to two or more
nanoparticles, whereas dwell times around the duration of a
single nanoparticle event (300 pus—1 ms) makes difficult to
confirm whether the recorded events correspond to one or more
nanoparticles. In any case, an adequate dilution of the sample
must be made, if needed, in accordance with the dwell time used,
because it also affects to the number concentration linear range.!3
In spite of these constraints, dwell times in the range of 0.5-2 ms
have been used in several works, compromising the quality of
their results.

The feasibility of using microsecond dwell times with double
focusing ICP-MS also depends on the instrument, with last
generation instruments capable of working down to 10 ps.!' In a
similar way, a new design of TOF mass spectrometer with a
temporal resolution of 33 us became commercially available
recently.’? In either case, their less widespread use is reflected in
the low number of applications found in tables 2-8. The main
feature of TOF instruments lies in their simultaneous multi-
element capability, recording nearly the whole mass spectrum
within each reading. Although applications of SP-TOF-ICP-MS
are still scarce, the technique offers unique performance for
isotope
nanoparticles, and for discerning between naturally occurring

multi-element and ratio analysis in individual

and engineered nanoparticles.3? Although multielement SP-ICP-
MS with quadrupole instruments has also been reported,?”” it is

This journal is © The Royal Society of Chemistry 20xx
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limited to monitoring up to two isotopes, and is not commercially
available yet. DOI: 10.1039/D1AY00761K
Apart from resolving spectral interferences, double focusing
instruments provide better transmission efficiency and hence
improved sensitivity with respect to quadrupole and TOF
instruments, resulting in the lowest available size LODs.”” The
lower resolution of quadrupole ICP-MS is compensated by using
single quadrupole instruments with collision/reaction cells (see
Tables 2-8), as well as multipole instruments in MS/MS
mode,!45196.217.235  to  reduce polyatomic interferences and
improve size limits of detection for nanoparticles containing Ti,
Fe, Si or Se. However, the collisions/interactions of the ion cloud
generated by each particle with the collision/reaction gases
increase the duration of the particle events, affecting the
performance of the measurements.?’® In fact, the use of short
dwell times instead of collision/reaction cell technologies has
been proposed as an alternative for improving size LODs for
silica particles.?”

Sample preparation

When ICP-MS is used in single particle mode, the preservation
of most of the properties of the nanoparticles is mandatory, hence
sample treatments should be reduced to the minimum required.
Apart from the extraction of the nanoparticles from solid
samples, sample treatments prior to SP-ICP-MS measurements
have been limited to clean-up procedures for removal of large
particles or fats, the separation of nanoparticles from dissolved
species and the preconcentration of the formers.

As it has been shown in the different scenarios discussed above,
extraction of nanoparticles from solid samples can involve just
the use of water or aqueous solutions containing surfactants,
although 50% methanol has been proposed to avoid the
dissolution of copper oxide nanoparticles.'s® However, for more
refractory nanoparticles, like TiO,, SiO, or CeO,, more
aggressive treatments based on the use of strong acids and/or
hydrogen peroxide have been applied.?3-205216.230 Nanoparticles
from soils and sediments have been often extracted with
tetrasodium pyrophosphate,'s$15%163 commonly used to disperse
soil heteroaggregates. On the other hand, biological samples
require the degradation of the organic matrix by using alkaline
reagents, like TMAH, or enzymes. In this regard, enzymatic
digestions of plant samples have relied exclusively on the use of
macerozyme R-10, a mixture of cellulase, hemicellulase and
pectinase, whereas for animal samples, proteinase K has been
most  often  selected, although also mixtures of
pancreatin/lipase??* and amylase??> have been used. In this
regard, there is not a general agreement about the best digestion
approach. For example, Loeschner et al.?% reported that both
TMAH and proteinase K provided similar size distributions for
gold nanoparticles in animal tissues, although mass recoveries
with proteinase K were not quantitative. In contrast, it was shown
that enzymatic treatment with proteinase K was more suitable for
silver nanoparticles in human placental tissue, as TMAH
treatment appeared to change the nanoparticles, most likely by
silver ion precipitation and/or nanoparticle aggregation.?80
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Once nanoparticles have been extracted from a solid sample, it
is usual to separate the liquid phase containing the nanoparticles
from the solid residue to remove large particles that may clog the
nebulisers. This is also the case in release and fate studies
involving solid materials as well as in the analysis of waters.
Both filtration and centrifugation have been used for this
purpose, although several authors have reported significant
losses of nanoparticles in membrane filters.!26:15%.163.245 Thysg,
filtration should be discouraged unless quantitative recoveries
have been proved, therefore settling or centrifugation should be
used on a routine basis if removal of large particles is needed.
Other clean-up procedures involved the defatting of cosmetics
by using hexane.%-82.84

The presence of dissolved species of the measured element has a
negative effect on the size LODs, hence methods including their
removal by ion exchange’*?%? or chelating resins'#® prior to SP-
ICP-MS measurements have been reported.

Nanoparticle concentration is not a serious limiting factor for SP-
ICP-MS in most scenarios due to its low limits of detection down
to 100 particles per millilitre. When lower LODs are required,
cloud point extraction has proved to be a valid approach for the
isolation and concentration of nanoparticles, while preserving
their core size and morphology.!04.132,140.241,256.281 Cloud point
extraction involves the addition of a non-ionic surfactant (e.g.,
Triton X114) at concentrations over the critical micellar
concentration, the incorporation of the nanoparticles in the
micellar aggregates and the separation of the surfactant phase
from the aqueous one by mild heating (ca. 40°C). Besides the
addition of a complexing agent allows the selective extraction
of the nanoparticles in the presence of the corresponding
cations.?®? Finally, a further dilution of the surfactant phase in a
mixture of ethanol and water is required before SP-ICP-MS
measurements.

As it has been discussed in the previous section, nanoparticle
concentration of the measured suspensions should be low enough
to be within the linear range, below 107-108 L-! depending on the
instrumental and acquisition conditions,!> and hence the
adequate dilution of the suspensions must be considered in each
case.

Separation techniques coupled to SP-ICP-MS

Separation techniques like asymmetrical flow and centrifugal
field flow fractionation, capillary electrophoresis, differential
mobility analysis, hydrodynamic chromatography, as well as
other chromatography modes (size exclusion, reverse phase, ion
exchange) have been coupled to ICP-MS. In this situation, the
ICP-MS instrument acts as an element specific detector of
inorganic nanoparticles that are separated according to their size,
density, surface properties or charge.?8> However, the coupling
of an ICP-MS working in single particle mode allows to obtain
additional related to the
aggregation/agglomeration of primary inorganic nanoparticles as

information homo/hetero-

well as the element content in complex nanoparticles or

nanocomposites, in addition to the information obtained directly
through the separation itself.

32| J. Name., 2012, 00, 1-3

Although methods based on the online coupling of SP-ICPsMS
to HDC,?®* AF4,2%5 capillary electrophd?€sig®¢0an@1DMAZH
have been reported since 2012, most of them must be considered
as proofs-of-concept because their applications to complex
scenarios are still scarce or absent, as in the case of capillary
electrophoresis and DMA.

The online coupling of HDC to SP-ICP-MS was first described
by Pergantis et al.?%* for the simultaneous determination of
nanoparticle size, number concentration and metal content, by
using pristine Au nanoparticles. Subsequently, the capability of
HDC-SP-ICP-MS to identify and characterize nanoparticle
homoagglomerates in complex media by determining the mass
and the hydrodynamic diameter of the separated particles was
also demonstrated.?88

Roman et al.?¢’ developed an algorithm to deconvolute the SP-
ICP-MS signals of dissolved element and nanoparticles
separated by HDC, providing about the
concentration of dissolved silver and the distribution of Ag

information

nanoparticles in terms of hydrodynamic diameter, mass-derived
diameter, number and mass concentration. The approach was
suitable to study quantitatively the dynamics and kinetics of
silver nanoparticles in complex biological fluids, including
processes such as agglomeration, dissolution and formation of
protein coronas. The method was applied to investigate the
presence of Ag nanoparticles in the blood of burn patients treated
with silver dressings, although only dissolved species were
detected.

Under less complex conditions, HDC-SP-ICP-MS has been
successfully applied to simultaneously determine both the
hydrodynamic radius and the content of Au nanoparticles in
liposomes used as carriers of Au nanoparticles.?®” It was possible
to distinguish between subpopulations of liposomes with
different hydrodynamic diameters and various nanoparticle
loads. The application of HDC-SP-ICP-MS to the analysis of
river and wastewaters under optimized conditions did not allow
to detect silver nanoparticles in the samples, although Cu-
containing nanoparticles could be identified.?’s

The feasibility of using AF4 online coupled with SP-ICP-MS to
detect and quantify inorganic nanoparticles at environmentally
relevant concentrations was firstly investigated by Huynh et
al.?®5 by using Ag and Ag-SiO, core shell nanoparticles. Later
on, Hetzer et al.!®0 used AF4-SP-ICP-MS to evaluate the
migration behaviour of Ag nanoparticles from food packaging
films with varying nanosilver content into three different food
simulants (water, 3% acetic acid and 10% ethanol), verifying that
both silver nanoparticles and silver nanoparticles/polymer
heteroaggregates were released in water.

An alternative to online couplings is the analysis of the fractions
collected from the effluents of HDC or AF4 by SP-ICP-MS. This
was the approach followed by Proulx et al.,'37 who demonstrated
the feasibility of using HDC offline coupled to SP-ICP-MS for
detecting of 20 nm Ag nanoparticles spiked in a river water
sample, as well as by Woo-Chun et al.>%® who analysed tap, river
and waste waters spiked with 30, 60 and 100 nm silver
nanoparticles. However, the nanoparticle concentrations used in
both studies, in the range of mg L', were well above those
expected in the environment. In a simpler scenario, the content
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of metal nanoparticles in composite particles consisting of Au
nanoparticles embedded in polymeric particles was determined
by using both asymmetrical flow and centrifugal field-flow
fractionation.®® Nanoplastics were separated according to their
hydrodynamic diameter and buoyant mass, respectively, and the
collected fractions analysed by SP-ICP-MS, confirming the
presence of between 1 and more than 8 Au nanoparticles per
plastic particle. Under more complex conditions, the SP-ICP-MS
analysis of fractions collected from AF4 separations allowed to
obtain complementary information about Ag nanoparticles in
chicken meat digestates®®! and Al,O; and TiO, nanoparticles in
toothpaste.$3

Techniques complementing SP-ICP-MS: Analytical
platforms

As it has been highlighted through the previous sections, SP-
ICP-MS has opened the way for analysing a variety of samples
in different scenarios, allowing the detection of nanoparticles,
their their
characterization to a certain level. However, SP-ICP-MS shows

the determination of concentrations and
intrinsic limitations, mainly with respect to morphological
characterization (size, shape, aggregation/agglomeration) and
composition, therefore SP-ICP-MS is usually complemented by
using additional techniques (see column "Complementary
techniques" in tables 2-8), leading to advanced analytical
platforms which are required for solving complex analytical
problems. In the end, the size information provided by SP-ICP-
MS has to be estimated from the content of the element directly
measured in the particles together with their shape and
composition, which must be determined by other complementary
techniques; otherwise, these morphological parameters must be
assumed and only an equivalent size could be reported. The first
purpose of these complementary techniques is to provide
additional information on nanoparticle size and shape, to
supplement or validate the SP-ICP-MS information. In this way,
dynamic light scattering, nanoparticle tracking analysis, and
particularly electron microscopy are the most common
techniques.

Due to its high spatial resolution, below 1 nm, TEM is one of the
most powerful techniques to visualize nanoparticles, and then to
obtain information not only about their size, but also shape and
aggregation state. This
characterization of pristine nanoparticles (scenario 0), to verify

technique is essential in the
the success of the synthesis of new nanoparticles and to confirm
their properties. When more complex analytical scenarios are
considered, SEM often substitutes TEM. Current SEM
instruments, working with field-emission electron sources
(FESEM), offer spatial
competitive ranges for the determination of nanoparticle size and

improved resolutions, reaching
shape in complex samples with easier sample preparation than
TEM. Moreover, FESEM provides images of larger sample
areas, obtaining more representative size distributions. In any
case, electron microscopy plays a significant role to evaluate

shapes and possible aggregations of nanoparticles in scenarios 1

This journal is © The Royal Society of Chemistry 20xx
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and 2, and even in scenario 3 if concentrations of nanoparticles
are high enough. DOI: 10.1039/D1AY00761K
On the other hand, unlike light scattering techniques, electron
microscopy enables the determination of the chemical
composition of the nanoparticles. Most SEM and TEM
instruments include several detectors and are usually coupled to
EDS, obtaining elemental composition of the nanoparticles for
their identification, allowing the verification of their nature, but
also studying their reactivity, stability and transformations.
Although EDS is frequently coupled to TEM or SEM in any
analytical scenario, other techniques like electron diffraction and
electron energy-loss spectroscopy have also been considered to
obtain structural information. The use of transmission electron
microscopes  working in  scanning mode (STEM),
83,90.100,126,148,193,259.260.262  yyjth high-angle annular dark-field
detection,*¢-134218 gllows to obtain Z-contrast images that can
also add information about the chemical composition of the
nanoparticles.

Even though XAS techniques do not provide information on
nanoparticle morphology, they have also been considered in
some works!06:182,185.187.226 hecause of the interest for improving
the information about the composition of the nanoparticles in
complex samples. Whereas XANES has been used to obtain
information on the geometry and oxidation state of the
elements, 196267 EXAFS has done it on element coordination.22¢
However, these techniques have been applied occasionally
because of their limitations in sensitivity, data interpretation and
availability of synchrotron radiation facilities. XRD is also a
technique to be considered to obtain structural information of
although
(scenario 0) or scenarios in which nanoparticle concentration is

nanoparticles, limited to pristine nanoparticles
not a limitation (scenarios 1 and 2). Finally, the determination of
the total element content in the samples under study is included
in most works, to evaluate mass balances and recoveries, by
using atomic spectrometry techniques (ICP-MS, ICP-OES,

AAS) after a suitable digestion step.

SP-ICP-MS based immunoassay and hybridization
methods

ICP-MS-based immunoassay methods for determination of
biomolecules has gained increasing interest in recent years.?%?
Immunoassays are based on the use of an antibody (or antigen)
as a biorecognition agent of the analyte of interest, which acts as
antigen (or antibody), respectively. Immunoassays are very
widely used in clinical diagnostics, environmental and food
safety, covering a range of analytes from small molecules to
macromolecules. The high selectivity and affinity of an antibody
against its antigen allows their specific binding in the presence
of complex matrices (e.g., whole blood, serum, urine, foods).
Most immunoassays require the labelling of the antibody (or the
antigen) with easily detectable markers (e.g., radioisotopes,
enzymes, small molecule light absorbers, fluorophores,
nanoparticles). ICP-MS immunoassays are based on the use of
elemental tags of metal ions, nanoparticles or metal containing

polymers. Although element-tagged immunoassays were firstly
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proposed in the 1970s,29% it was not until the advent of ICP-MS
that this methodology started to be relevant, largely due to its
higher sensitivity in comparison with other atomic spectrometry
techniques and its multiplexing capability.294295

The use of metal nanoparticles as labels provides significant
advantages, owing to their stability, biocompatibility, and easy
conjugation to antibodies/antigens without modifying their
binding properties. Moreover, when used in combination with an
ICP-MS operated in single particle detection mode a further
improvement in sensitivity is achieved. Whereas ICP-MS
immunoassays are based on the conventional quantification of
the tagging element, reaching detection limits in the range of 50-
5000 pg mL"!, these detection limits can be decreased to 1-15 pg
mL" when SP-ICP-MS is used.?*> The improvement lies in the
fact that the biomolecule concentration is related to the number
concentration of nanoparticles determined by SP-ICP-MS and
not to the total content of element measured by ICP-MS.

The first immunoassay based on SP-ICP-MS was reported in
2009.
immunoassay, using 45 nm Au nanoparticles as labels. A

a-Fetoprotein  was determined by a competitive
detection limit of 16 pg mL! was achieved, lower than using

other immunoassay strategies.?%¢ Rabbit-anti-human
immunoglobulin G was determined by a sandwich type
immunoassay using 45 nm Au nanoparticles with detection
limits of 100 pg mL-12%7 A self-validated homogeneous
immunoassay was also proposed for the carcinoembryonic
antigen quantification by monitoring both frequency and
intensity of the gold nanoparticles used as labels. The method
provided accurate results in human serum samples with detection
limits in the pM level.?*® ZnSe quantum dots were used for
tagging antibodies in a sandwich-type magnetic immunoassay
for determination of carcinoembryonic antigen in human serum
with a detection limit of 6 pg mL-! by monitoring %4Zn.?*® The
21-1,
carbohydrate antigen, and carcinoembryonic antigen was carried

determination of cytokeratin fragment antigen
out by a simultaneous sandwich-type immunoassay using
antibody-immobilized magnetic beads and Au, Ag and ZnSe
labels,

successfully applied to detect the three biomarkers in human

nanoparticle respectively.3®  The method was
lung cancer serum samples.

Besides immunoassay, SP-ICP-MS has also been applied in
DNA hybridization and RNA methods.313% A homogeneous
DNA assay based on a target-induced hybridization chain
reaction to achieve controlled spherical nucleic acid assembly
has been reported. The strategy relies on the mediation of the
hybridization chain reaction in the assembly of a nanogold core
with oligonucleotide shell to generate controllable large Au
nanoparticle aggregates and significant °’Au counts as
compared with the background of a simple dispersed Au
nanoparticle. This homogeneous assay could determine DNA
within the range of 5 fM to 10 pM.302

A rRNA detection platform was achieved by combining a
sandwich type hybridization reaction with a single-molecule
magnetic capture and SP-ICP-MS for the absolute and relative
quantification of E. coli rRNA. This method was applied to the
direct quantification of rRNA from dangerous human pathogens
in milk samples with a detection limit of 10 fM.304
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Table 9 summarises the SP-ICP-MS based immyngassay-and
hybridization methods developed up to datd: IALOAMBPHAREIIES
have been more frequently used, although methods based on Ag
and Pt nanoparticles have also been reported, as well as ZnS
quantum dots. Quadrupole instruments have been used in all
works, with dwell times in the range of milliseconds, but also at
microseconds. In some cases, immunoassay and hybridization
schemes use antibody-immobilised magnetic particles, that
greatly improve the efficiency of the washing and separating
steps of the captured antigens under a magnetic field.2%8:302

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



https://doi.org/10.1039/D1AY00761K

& -1 Analyticat Methods: o

1
2
3 View Article Online
4 DOI: 10.1039/D1AY00761K
5
6
7
8
9
10 Table 9 SP-ICP-MS-based immunoassay and hybridization methods for the quantification of biomolecules.
11
2 analyte sample assay type nanoparticle label dwell time LOD ref.
1 o—fetoprotein human serum  competitive immunoassay Au (45 nm) 10 ms 16 pg mL-! 296
g 3 rabbit-anti-human 1gG human serum  sandwich immunoassay Au (45 nm) 10 ms 100 pg mL"! 297
M4 carcinoembryonic antigen human serum  homogeneous immunoassay Au (30 nm) 50 us 210 pgmL! (1.2pM) 2%
5 human serum  sandwich magnetic ZnSe (2.6 nm) 100 us 6 pg mL! 299
¥ immunoassay
d6 cytokeratin fragment antigen human serum  sandwich magnetic Au (29 nm) 100 ps 20 pg mL*! 300
g 7 carcinoembryonic antigen immunoassay ZnSe (2.6 nm) 6 pgmL!
carbohydrate antigen Ag (14 nm) 0.25 mU mL"!
a 8 DNA - homogeneous DNA Au (28 nm) 0.5 ms 1 pM 301
a9 hybridization
= human serum  homogeneous DNA Au (30 nm) 5 ms 3 M 302
3—0 hybridization chain reaction
81 human immunodeficiency human serum  multiplexed heterogeneous Au (25 nm) 0.5 ms <1pM 303
2 virus sandwich DNA hybridization Ag (25 nm)
hepatitis B virus Pt (20 nm)
3 hepatitis C virus
E. coli RNA milk sandwich hybridization with Au (30 nm) - 10 M 304

magnetic particles
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Conclusions

The features of SP-ICP-MS for the detection, quantification and
characterization of nanoparticles have led to the development of
this technique and its increasing application in many different
fields under analytical scenarios of varying complexity, which
have been comprehensively covered in this review. However, its
implementation in commercial instruments by most ICP-MS
manufacturers can be considered the key to its success. Despite
the rapid evolution of SP-ICP-MS in the last ten years, in 2020
the number of publications related to fundamental aspects of the
technique and the development of methods was still 1 out of 3
with respect to the number of publications dedicated to specific
analytical applications. For this reason, by following Horlick's
approach,'? although SP-ICP-MS is on the way of becoming a
mature technique, its characterization stage cannot be considered
finished yet. Moreover, its progress towards maturity is currently
hampered by other issues like the availability of validated
methods and the traceability of their results. Both issues are
conditioned by the availability of reference materials, which are
currently restricted to pristine nanoparticles of specific
compositions, whereas matrix reference materials are still not
available due long-term stability problems.'® This situation
entails using nanoparticle suspensions supplied from a reduced
number of manufacturers as standards for calibrations and
quality control. Furthermore, since standards for only a small
number of nanoparticle compositions are available, indirect
calibrations based on the determination of the nebulisation
efficiency and the use of dissolved standards are applied
routinely to obtain quantitative information. This approach
requires that not only the element in dissolved and particulate
forms behave in the ICP in the same way, but also the
nebulisation for the standards and the samples. These two factors
cannot be disregarded to obtain unbiased results, which is
particularly challenging when dealing with complex matrices.

The analytical scenarios in which SP-ICP-MS is more frequently
applied are those related to studies about fate and (eco)toxicity
under controlled laboratory conditions involving the use of
pristine nanoparticles (type 2 scenarios). The main reason is that
both size and concentration of the nanoparticles added can be
selected according to the experiment design and the detection
capability, although there is an increasing trend to perform these
studies at realistic concentrations. In any case, the most complex
challenge for SP-ICP-MS is the analysis of samples originally
containing nanoparticles, namely foods and environmental and
biological samples (scenarios type 3), because of the complexity
of the matrices and the low concentrations expected, but also
nano-enhanced products (scenario 1). The main drawback with
these samples is that the nature of the particles is unknown in

View Article Online
DOI: 10.1039/D1AY00761K

many cases. Consequently, only masses of element per particle
or equivalent sizes (assuming an expected composition and
shape) can be reported, unless complementary techniques are
used to obtain such information. An additional difficulty with
this samples arises when part of the particle size distribution is
missed due to the attainable size LODs. In such cases,
nanoparticle concentrations will be underestimated and mean
sizes overestimated. Hence, results should include these
limitations, only reporting the occurrence of particles in the
(equivalent) size
concentration, considering SP-ICP-MS as a screening technique

sample over a certain and number
instead of a fully quantitative one. On the other hand, particles
are not the only targets of SP-ICP-MS, its capability for the
simultaneous quantification of dissolved elements has also been
exploited in many of the applications involving nanoparticles
prone to oxidation or dissolution, like those made of Ag, CuO or
ZnO.

Although SP-ICP-MS is mostly involved in methods for the
analysis of samples containing nanoparticles, the technique is
also suitable for being used in methods where nanoparticles are
not analytes but analytical tools. This is the case of immunoassay
and hybridization methods for the analysis of biomolecules,
where nanoparticles are used as elemental labels conjugated to
antibodies and oligonucleotides. By selecting the adequate
nanoparticles, SP-ICP-MS can provide better limits of detection
for these bioassays due to its high sensitivity in terms of number
concentration. The applications of SP-ICP-MS in immuno- and
hybridization assays are still scarce but show very promising
results.
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List of acronyms

AAS atomic absorption spectrometry

AES Auger electron spectroscopy

AFM atomic force microscopy

AF4 asymmetric flow field flow fractionation

ATR-FTIR  attenuated total reflectance-Fourier transform
infrared spectroscopy

AUC analytical ultracentrifugation

BSA bovine serum albumin

CE capillary electrophoresis

CFFF centrifugal field flow fractionation

CLS centrifugal liquid sedimentation

CNT carbon nanotube

CPE cloud point extraction

DE dissolved element

DF double focussing

DGT diffusive gradient in thin film

DLS dynamic light scattering

DMA differential mobility analysis

EDM-HSI enhanced darkfield microscopy-hyperspectral
imaging

EDS energy dispersive X-ray spectroscopy

ETAAS electrothermal atomic absorption spectrometry

EXAFS extended X-ray absorption fine structure

FAAS flame atomic absorption spectrometry

FESEM field-emission scanning electron microscopy

FIBSEM focused ion beam scanning electron microscopy

FTIR Fourier transform infrared spectroscopy

HAADF high-angle annular dark-field

HDC hydrodynamic chromatography

HIM helium ion microscopy

HPLC high performance liquid chromatography

HRTEM high resolution transmission electron microscopy

IC ion chromatography

ICP-MS inductively coupled plasms-mass spectrometry

ICP-OES inductively coupled plasma-optical emission
spectrometry

ISE ion selective electrode potentiometry

LA laser ablation

LDA laser diffraction analysis

LOD limit of detection

MALS multiangle light scattering
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NOM natural organic matter View Article Online

NP nanoparticle DOI: 10.1039/D1AY00761K

NTA nanoparticle tracking analysis

Q quadrupole

RI refractive index

SAM scanning Auger mapping

SDS sodium dodecylsulphate

SEC size exclusion chromatography

SEM scanning electron microscopy

SIMS secondary-ion mass spectrometry

SMPS scanning mobility particle sizer

SP-ICP-MS single particle-inductively coupled plasma-mass

spectrometry

STEM scanning transmission electron microscopy

TEM transmission electron microscopy

TMAH tetramethyl ammonium hydroxide

TOF time of flight

TXRF total reflection X-ray fluorescence

UV-vis ultraviolet visible absorption

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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