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1. Introduction
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This study describes an interlaboratory comparison (ILC) among nine (9) laboratories to evaluate and vali-
date the standard operation procedure (SOP) for single-particle (sp) ICP-TOFMS developed within the
context of the Horizon 2020 project ACEnano. The ILC was based on the characterization of two different Pt
nanoparticle (NP) suspensions in terms of particle mass, particle number concentration, and isotopic compo-
sition. The two Pt NP suspensions were measured using icpTOF instruments (TOFWERK AG, Switzerland).
Two Pt NP samples were characterized and mass equivalent spherical sizes (MESSs) of 40.4 + 7 nm and 58.8
+ 8 nm were obtained, respectively. MESSs showed <16% relative standard deviation (RSD) among all partici-
pating labs and <4% RSD after exclusion of the two outliers. A good agreement was achieved between the
different participating laboratories regarding particle mass, but the particle number concentration results were
more scattered, with <53% RSD among all laboratories, which is consistent with results from previous ILC
studies conducted using ICP-MS instrumentation equipped with a sequential mass spectrometer. Additionally,
the capabilities of sp-ICP-TOFMS to determine masses on a particle basis are discussed with respect to the
potential for particle density determination. Finally, because quasi-simultaneous multi-isotope and muilti-
element determinations are a strength of ICP-TOFMS instrumentation, the precision and trueness of isotope
ratio determinations were assessed. The average of 1000 measured particles yielded a precision of below +1%
for intensity ratios of the most abundant Pt isotopes, i.e. 2Pt and *°°Pt, while the accuracy of isotope ratios
with the lower abundant isotopes was limited by counting statistics.

extensively in various industrial activities and consumer
products.” The prospect of unforeseen and undesirable bio-

Nanotechnology has become one of the most significant and
innovative fields of material science. Thanks to their unique
physical and chemical properties, nanoparticles (NPs) are used

“TOFWERK AG, Thun, Switzerland. E-mail: lyndsey. hendriks@tofwerk.com
bDepartment of Environmental Geosciences, University of Vienna, Vienna, Austria.
E-mail: frank.kammer@univie.ac.at

Swiss Federal Institute of Technology (ETH), Zurich, Switzerland

dCarnegie Mellon University (CMU), Pittsburgh, USA

“Ghent University, Department of Chemistry, Atomic & Mass Spectrometry — A&MS
research group, Ghent, Belgium

Tuniversity of South Carolina (USC), Columbia, USA

SFederal Institute for Materials Research and Testing (BAM) - Division 1.1 -
Inorganic Trace Analysis, Berlin, Germany

"Helmholtz-Centre for Environmental Research (UFZ), Leipzig-Halle, Germany
‘Towa State University (ISU), Ames, USA

1268 | Nanoscale, 2023, 15, 11268-11279

logical effects that may result from the enhanced reactivity and
special properties of nanomaterials (NMs) has triggered
increased attention from regulators, the public, and the scienti-
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fic community. Consequently, dedicated methods and analytical
tools are required to adequately characterize the physico-
chemical properties of NMs, their aggregates, and transform-
ation products to support the development of nanotechnology,
as well as to assess their potential toxicological effects. Different
international research programs aim to understand the impacts
of NMs and develop analytical tools and standard operation pro-
cedures (SOPs) for NM-risk assessment.

Inductively coupled plasma mass spectrometry (ICP-MS) is
a well-established analytical technique for multi-element ana-
lysis with high sensitivity and precision, and its potential for
single-particle analysis was initially outlined in 2003 by
Degueldre et al.®> Subsequently, a rapid development of the
technique, with improved hardware and dedicated software,
took place, leading to a continuously growing number of publi-
cations in the field.*"®

Today, single-particle ICP-MS (sp-ICP-MS) is a widely
accepted technique within the scientific community and is
routinely applied for the determination of particle size and
number concentration of metallic and metal-oxide NPs in
various sample types.” The methodology has already been vali-
dated through several interlaboratory comparisons (ILC) using
ICP-MS instrumentation equipped with a quadrupole-based
(QMS) or sector-field (SFMS) mass spectrometer.®° However,
in spite of their successful use in many routine applications,
the information attainable by sequential scanning-based
ICP-MS instrumentation still remains limited for NP analysis.
The ion cloud produced by a nanoparticle gives rise to a short
transient event with a duration of approximately
200-1000 ps;'"*?* and despite the development of sp-ICP-QMS
and -SFMS with dwell time <1 ms for monitoring of these fast
transient signals, sequential mass analysers can only be used
to monitor signals from one or a maximum of two nuclides
with different mass-to-charge (m/z) ratios."”” Even in these
multi-m/z approaches, a short time delay is required for ion
clearance after m/z-switching, and so a fraction of the signal is
unavoidably lost, which results in only partial detection of two
or more nuclides per particle transient event. Subsequently,
the observation of only an unknown fraction of a particle event
per nuclide hampers accurate quantification.

Although this fast-switching dual-element method is a non-
negligible step in the direction of multi-element sp-ICP-MS,
the measurement of only one or two nuclide types per NP
event is not sufficient for many applications, ranging from NPs
analysis in the environment, to nanotoxicology studies, to bio-
logical and medical applications, to NP characterization in
material sciences, to forensics. As an example, the determi-
nation of the intrinsic elemental “fingerprint” of NPs allows
one to answer the question of whether the NPs detected are of
natural or anthropogenic origin."*™'® Comparatively, for nano-
toxicology studies, in which cells are exposed to NPs and their
uptake is investigated, multi-element information is required
to shed some light onto possible assimilation mechanisms."”
For forensics and geochronology questions, the elemental and
isotopic signatures contained in the individual NPs could
provide key information regarding their origin and (trans-)for-
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mation."® The common denominator in all previous appli-
cations relies on fast and simultaneous multi-element detec-
tion. While multi-element detection is possible with single-col-
lector instruments, a long analysis time is required to repeat-
edly determine all nuclides of interest and address a sufficient
number of NP events for reliable statistics. Furthermore, this
approach provides an averaged multi-element composition for
ensembles only, and not a multi-element composition on an
individual particle basis.'® Multi-collector (MC) ICP-MS instru-
ments with Nier-Johnson geometry and an array of ion count-
ing detectors allow for simultaneous multi-element data col-
lection but only within a limited m/z range. The number of
analytes that are recordable in the specific mass range is
limited to 9-15 isotopes depending on the number of collec-
tors on the instrument.”® Wider m/z ranges can principally be
acquired using Mattauch-Herzog type MC-ICPMS>' but our
experience with the only commercial instrument currently
available indicates that the signal/noise of the Faraday-strip-
based detection system prevents the acquisition of low inten-
sity, short signals from individual NPs.

Consequently, in order to gain a more comprehensive
picture, not only is simultaneous and full multi-element detec-
tion required, but this should take place on an individual par-
ticle basis.

A fundamental solution to surmount the shortcomings of
scanning-type mass analysers is the use of (quasi-)simul-
taneous full-spectrum mass analysers, such as a time-of-flight
mass spectrometer’>*® (TOFMS). With its high-speed mass
spectral acquisition and simultaneous monitoring of all
nuclides, ICP-TOFMS is a game-changing technology in terms
of the use of ICP-MS in multi-element single-particle
analysis.”***® While the lead in sp-ICP-MS taken by QMS and
SFMS instruments can be explained by the initial limited sen-
sitivity of ICP-TOFMS instruments, current designs have
improved significantly and now provide sensitivities compar-
able to QMS instruments.”>?® The same fundamental prin-
ciples described elsewhere* apply to single-particle experi-
ments with ICP-TOFMS, in which a dilute suspension of NPs
is introduced into the plasma to generate individual ion
clouds. The difference here, as opposed to sequential mass
analysers, is that the full composition of each ion cloud is
measured, providing multi-elemental composition information
for every individual particle. Thanks to the fast and simul-
taneous detection capabilities of TOFMS instruments, the full
elemental mass range (m/z 6 to m/z 238) can be recorded at
time scales appropriate for single-particle analysis. This
feature is particularly attractive for screening purposes of NPs
mixtures, as a priori knowledge of the particle composition is
not required and the complete elemental fingerprints of the
different NPs types can be revealed. However, it should be
noted that although sp-ICP-TOFMS holds great promise, it also
brings about specific challenges, such as those regarding
thresholding, data evaluation, and accurate multi-element NP
detection. The underlying principle of multi-element particle
analysis is that, if multiple mass-channels present coincident
signals, these are assumed to stem from the same particle.
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However, although unlikely, these signals may originate from
independent particles, which are reaching the plasma at the
same time. Consequently, the particles will not be viewed as
independent particles but instead as a multi-element particle.
The probability of such events can be determined by coinci-
dence analysis and limited using adequate dilution.>®

The capabilities of sp-ICP-TOFMS have already been
demonstrated through numerous different case studies,
including multi-element NP characterization,”®*” distinguish-
ing between naturally occurring (NNPs) and engineered nano-
particles (ENPs),"®?%?° analysis of surface water**> and waste-
water samples,® soil samples,®*° gunshot residues,®’”®
microplastics,*>*® as well as more exotic samples such as polar
ice dust'’ and space-station dust particles.””> While all these
works highlighted the benefits of TOFMS for multi-element
NP analysis, the sp-ICP-TOFMS methodology has not yet been
validated. Hence, compared to previous ILCs, the ILC pre-
sented here aimed to assess the performance of sp-ICP-TOFMS
for the characterization of Pt NPs, in terms of mass, size, and
particle number concentration (PNC). An additional aim was
to assess the precision and trueness of isotope ratio determi-
nation on a single-particle basis.

2. Materials and methods

2.1. Study concept

The objectives of the ILC were to evaluate the accuracy and pre-
cision of the measurements of particle composition, mass,
size, and PNC using the dedicated particle workflow in
TOFpilot* with icpTOF instruments (TOFWERK AG,
Switzerland). As an additional point of comparison, the pre-
cision and trueness of isotope ratio determination was tar-
geted. All participating labs were asked to follow the SOP for
sp-ICP-TOFMS, which was developed within the framework of
the Horizon 2020 project ACEnano and can be found in the
ESL.T In short, the participants were asked to measure the
mass and size distribution, particle number concentration
(PNC) and isotope ratios for two Pt NPs samples.

2.2. Test materials

Dilute suspensions of commercially available monodisperse
nominal 50 nm and 70 nm Pt NPs were analysed in this ILC
(see Table 1 for manufacturer specifications). From the TEM
images of the manufacturer, the Pt NPs do not appear to
consist of solid metal but rather seem to be porous aggregates
of smaller Pt NPs.** For the determination of the transport
efficiency (TE), suspensions of 100 nm Au NPs were also pro-
vided. All NP samples were purchased from NanoComposix
(San Diego, US), divided into multiple aliquots, and supplied
to the participating laboratories.

2.3. Participants

A total of nine independent laboratories operating sp-
ICP-TOFMS participated in this ILC. Among the participat-
ing laboratories, six are situated in Europe and three in
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Table 1 Manufacturer's specifications for the samples under investi-
gation. Note that the diameter values are nominal values determined
with TEM and DLS by the manufacturer and that the PNC is calculated
from the mass concentration and the measured particle size

Nominal Nominal Nominal

50 nm Pt 70 nm Pt 100 nm Au
Diameter + STD 46 + 4 nm 70 £4 nm 97 £11 nm
(TEM)
Mass ~0.05 mg mL™"  ~0.05 mg mL™" ~0.05 mg mL™*
concentration
Particle 4.6x10" par- 1.3x10" par- 5.7 x 10° par-
concentration ticles per mL ticles per mL ticles per mL
(calculated)
Particle surface ~ Bare (citrate) Bare (citrate) Bare (citrate)
Solvent 2 mM sodium 4 mM sodium 2 mM sodium

citrate citrate citrate

North America. The analysis was performed using different
models of the icpTOF instruments (TOFWERK AG,
Switzerland); including two icpTOF S2, three icpTOF R and
four icpTOF 2R units. In short, due to the difference in
length of the flight tube, the icpTOF S2 offers the highest
sensitivity as opposed to the icpTOF 2R which offers the
highest mass resolution.”>**

2.4. Measurement procedure & particle analysis workflow

The SOP was sent to all participants. The participants were
requested to optimize their instrument to the best of their
capability and choose the dilution factor for the analysis
according to the sample introduction setup used (see Table S1
in the ESIt). No requirements for the duration of the measure-
ment were set, but a minimum of 1000 particles was to be
recorded for reliable statistics.

The NP workflow in the TOFpilot software, i.e. Single-
Particle Analysis, includes experiment setup and subsequent
data processing modules. Quantification is based on the
method developed by Pace et al.*® using liquid standards for
sensitivity calibration and the particle size method for the
determination of the TE. The TOFpilot user interface facilitates
the setup of a complete sequence, including blanks, ionic stan-
dards, NP standards, and NP samples, as well as data acqui-
sition parameters such as integration time, measurement
time, and dilution factor. At the end of the sequence, the data
is automatically processed, and the experiment output is sum-
marized in a pdf report, which includes detailed graphical
results of the calibration curves and the relevant histograms
(integrated signal intensity and mass distributions). The pro-
cessed data is all saved in the form of csv-files for further post-
processing. The SOP for this particular workflow is provided in
the ESLt A TOFpilot version of 2.8.8 or higher was rec-
ommended for data evaluation.

The major parameters to be reported were particle mass, Pt-
isotope ratios, PNC, and particle size. While the first three
parameters are determined from the raw data through data
treatment in TOFpilot, the size and standard deviation were
calculated individually by the participants. The mass can be

This journal is © The Royal Society of Chemistry 2023
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converted into an equivalent spherical size assuming the
density of the material is known (see eqn (1)):
Dp = ;w0 (1)
Pz
where Dyp is the diameter of the NP, Myp the mass of the NP
and p the density of the NP material, respectively.

It should be noted here that based on the visual infor-
mation provided by the TEM images, the Pt NPs under investi-
gation are not solid spheres but aggregates of smaller Pt NPs.
Thus, smaller sizes (respectively lighter masses) and higher
PNC can be expected as opposed to the values stated by the
manufacturer. In this regard a particle size determined by sp-
ICP-MS should rather be considered as mass equivalent spheri-
cal size (MESS) than its microscopic appearance.

2.5. Statistical evaluation

The statistical analysis of the reported results was carried out
according to the ACEnano deliverable D5.1 Guidelines for ILCs
for validation of harmonised SOPs.*”

For the individual laboratory results, the individual average
masses and standard deviations are reported and the overall
mass average and SD of all nine laboratories have been taken
as the apparent true values to calculate the individual labora-
tory z-scores according to eqn (2):

_ Miap — Mayl

‘= Sdan @

Since no suitable standard reference material for a multi-
isotope NP was available at the time, the correctness of the
particle size and particle number concentration determination
could not be assessed by comparison to the true value. Hence,
the average of all participating laboratories was considered as
the apparent true value, as long as the reported results were
not scattered too much or did not show strong systematic devi-
ations. Deviations are also
discussed.

For the isotope ratio precision, despite the lack of suitable
reference material, the natural abundances of the different Pt
isotopes can be used to calculate the true isotope ratios, with
their abundance ratios to '°°Pt spanning from 0.0004 to
0.9736. The relative abundances according to IUPAC and the
IRMM-010 certified reference material are: **°Pt = 0.01289%,
192pt = 0.7938%, '°*Pt = 32.81%, '*°Pt = 33.79%, '°°Pt =
25.29% and '°®Pt = 7.308%."® Due to the low abundance of
190pt, the measurement of its relative abundance was omitted
and only the isotope ratios of '°?Pt, **Pt, *°Pt and '°°Pt rela-
tive to '°°Pt were requested from the participating laboratories
in this study.

from manufacturer values

3. Results and discussion

All nine laboratories provided results, and none of them
reported issues with the software or the provided SOP.

This journal is © The Royal Society of Chemistry 2023
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The results regarding particle mass and size, PNC, and
isotope ratios are discussed separately in the following sec-
tions. The linearity of the method was not investigated specifi-
cally here, but has been addressed elsewhere and covers six
orders of magnitude for dissolved ionic standards,>® and >4
orders of magnitude at the single-particle level, which trans-
lates to ~1.5 orders of magnitude in terms of NP diameter.*’
Additional parameters such as repeatability and robustness
were not requested from the participants and therefore will
not be discussed here.

3.1. Particle mass and size

The average masses of the nominal 50 nm (manufacturer-
determined particle diameter (TEM): 46 nm, corresponding to
1.09 fg) and 70 nm Pt NPs (manufacturer-determined particle
diameter (TEM) 70 nm, corresponding to 3.85 fg) were deter-
mined to be 0.75 + 0.25 fg and 2.42 + 0.84 fg, respectively,
which converts into 40.4 + 7 nm and 58.8 + 8 nm, respectively,
when the density of solid bulk Pt is used in eqn (1). The par-
ticipants were requested to report average mass and standard
deviation, as well as the corresponding spherical size equi-
valent with the corresponding standard deviations. All
reported values are presented in Fig. 1. The z-scores, which
provide the number of standard deviations (SDs) that a single
result deviates from the average, are depicted in Fig. 2. All
results reported were within +2 and —2.5 SDs, seven out of
nine within +0.5 SD. For both NP samples under investigation,
seven laboratories reported sizes close to the average diameters
of 40.4 nm and 58.8 nm, while two laboratories reported
deviating values. Lab no.2 reported for both Pt NPs suspen-
sions larger sizes (55.1 nm and 71.6 nm), while smaller sizes
were reported by Lab no.8 (26.1 nm and 41.3 nm). Since per
lab, the sizes were either systematically biased high or low for
both NPs samples, something might have gone wrong with the
calibration and/or determination of the TE. Interestingly,
although similar average size diameters were obtained, very
different size SDs were reported. The magnitude of the SDs
was not found to be linked to instrument type, nor to shipping
distance, but because the corresponding sizes were calculated
by the operators, an operator bias might be possible (Fig. 1b).
Indeed, when comparing to the SDs of the masses which are
determined by the software during data processing, such large
variations are not present (Fig. 1a). Consequently, when con-
verting from mass to size, a similar pattern in terms of stan-
dard deviations should be observed. Thus the large variation
in SD for the size of the NPs can be explained by incorrect
error propagation. The size SDs were re-calculated based on
the mass data (Fig. 1c) and all the odd SD variations dis-
appeared except for one dataset (lab no. 2). This high SD
observed for both the mass and size data can potentially be
attributed to agglomeration effects and suggests an insuffi-
cient dilution of the sample or a delay between dilution and
measurement. Although the analyzed test samples were mono-
disperse samples, and thus no large size differences were
expected, it should be noted that sp-ICP-TOFMS may also
provide additional information regarding the size dispersity of

Nanoscale, 2023,15, 1268-11279 | 11271
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(a) Results for the particle mass calculated by TOFpilot and reported by the participants for the nominal 50 nm Pt NPs and the nominal

70 nm Pt NPs. (b) Results for the mass equivalent spherical size reported by the participants after conversion to corresponding spherical sizes for
the nominal 50 nm Pt NPs and nominal 70 nm Pt NPs. The two dotted lines represent the calculated average values for the nominal 50 nm and
70 nm Pt NPs, for mass and size respectively, while the shaded beige and blue rectangle represents the size range specified by the manufacturer, i.e.
46 + 4 nm and 70 + 4 nm respectively. Some artificially large standard deviations were reported due to incorrect error propagation. (c) Results for

the particle diameter after re-calculation of the size SDs based on the SDs of the mass data by applying conventional error propagation rules.
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Fig. 2 Z-Score per lab for (a) the nominal 50 nm Pt NPs and (b) the nominal 70 nm Pt NPs, for which the ILC average of 40.4 and 58.8 nm were set
as the expected values respectively. All reported results were comprised within +2 and —2.5 SDs of the average value. If the outliers (lab no.2 and
no.8) were excluded, all remaining results lie within +0.5 SD of the average value.

the samples as was demonstrated here with the observation of
potential agglomerates.

It should be emphasized here that the size value delivered
by the manufacturer was determined directly by TEM and DLS
measurements, as opposed to sp-ICP-MS, which is not an
imaging technique. In sp-ICP-MS, the counts produced by
each NP are recorded and converted to mass using adequate

1272 | Nanoscale, 2023, 15, 11268-11279

calibration®® and subsequently to particle diameter (i.e. size),
using two non-negligible assumptions. The first is that the NPs
are of spherical shape, and the second is that the density of the
NPs is equal to that of the bulk material (see eqn (1)).
Consequently, the interpretation of the analytical results regard-
ing a potential underestimation of the particle mass and size
with respect to the expected values has two implications: (1)

This journal is © The Royal Society of Chemistry 2023
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either the particles are porous, and thus the assumption that the
density of the NPs is equal to that of the bulk material does not
apply, or (2) the method under investigation, i.e. sp-ICP-TOFMS,
is not suited for mass and size determination of Pt NPs.

To explain the systematic underestimation of the Pt NP
sizes by sp-ICP-TOFMS as compared to the nominal values
reported by the manufacturer, the apparent densities of the
NPs were calculated by solving eqn (1) for p. The determined
densities were 14.5 and 12.8 g cm > for the 50 and 70 nm NPs,
respectively, as opposed to the bulk density of Pt (21.45 g
m~?). While this may appear to be unlikely at first sight, seven
out of nine laboratories reported size diameters within 0.5 SD
of the average size. The two outlying laboratories reported
values far above or far below the measured average (see Fig. 1).
The reported values were consistently different from the
nominal values, which were known to the operators, but con-
sistent among the participating laboratories. Therefore, there
is no indication of operator bias. It has been reported that
while the density assumption has been shown to be reliable
for NPs composed of gold, it may not apply for all other types
of particles.? For example, for silicon dioxide the density may
range from 1.9 g cm™> to 2.6 g cm™* depending on its crystal
structure. Previous ILCs have demonstrated that the true par-
ticle size can be calculated quite accurately from the mass
determined via sp-ICP-MS.>'° Furthermore, the relative mass
concentrations reported in the isotope ratio analysis were exact
to <1%, which would suggest that most of the calibrations in
the lab were incorrect in the same direction and magnitude,
which is very unlikely. Subsequently, the relative deviation
from the nominal value should be similar for the 50 and
70 nm Pt NPs, which is not the case.

Further inspection of the TEM images from the manufac-
turer clearly showed that the Pt NPs under investigation were
not solid, bulk-like materials but presented a rather porous
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3
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character and appeared to be formed from agglomerates of
smaller particles. Consequently, the actual density must be
lower than that of the solid particle density, and lighter
masses can be expected. The work of Sikder et al. further sup-
ports this observation as they synthesized Pt NPs of different
sizes based on the agglomeration of smaller Pt NPs.’® Bolea-
Fernandez et al. collected TEM images from the same type of
particles (same manufacturer and size, different batch) and
also concluded that in contrast to solid Ag and Au NPs these
Pt particles are aggregates composed out of much smaller
primary particles.> Consequently based on previous work, the
hypothesis of lower density has been verified and can be
explained by physicochemical properties as the particles are
formed from aggregates of smaller particles.

3.2. Particle number concentration

The determination of the PNC for both NPs samples showed
more variability between laboratories than the particle masses
or sizes. Fig. 3 shows the PNC reported by the participants for
the nominal 50 nm (subplot a) and 70 nm Pt NPs (subplot b),
where the blue line represents the value provided by the manu-
facturer, i.e. 4.6 x 10° particles per mL and 1.3 x 10° particles
per mL, respectively. The values reported by lab 8 are several
orders of magnitude lower than those reported by the other
labs and could be the raw values without taking into account
the dilution factor. Reported results vary over six orders of
magnitude and a similar pattern could be observed for both
samples, indicating a laboratory-dependent bias but no depen-
dence on instrument type. After excluding the outlier, the
between-laboratory RSD remains high at 53% (see Table 2).
This finding is yet consistent with results from previous ILCs,
where PNC values are less in line between laboratories than
particle mass or size values.* %> The average values were
determined to be 4.6 x 10'° + 2.5 x 10" particles per mL for

S

102

N
Q
o

PNC (particles/mL)
3 2

-
(@]
=

[
1 2 3 4 5 6 7 8 9
Lab no

Fig. 3 PNC reported by the participants for (a) the nominal 50 nm Pt NPs and (b) the nominal 70 nm Pt NPs, where the blue line represents the
value reported by the manufacturer, i.e. 4.6 x 10*° particles per mL and 1.3 x 10 particles per mL respectively. The values reported by lab 8 are
several orders of magnitude lower than those reported by the other labs and could be the raw values without taking into account of the dilution

factor.
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Table 2 Reported PNC for nominal 50 nm NPs and nominal 70 nm
NPs. Expected values calculated from the manufacturer data (46 nm and
70 nm, 0.05 mg L™ are 4.6 x 10'° particles per mL and 1.3 x 10%° par-
ticles per mL. Data of lab no.8 was excluded in the calculation of the
mean and SD

PNC nominal 50 nm PNC nominal 70 nm

LAB no. NPs (particles per mL) NPs (particles per mL)
1 7.20 x 10*° 1.50 x 10"°
2 1.48 x 10*° 9.54 x 10°
3 7.70 x 10"° 2.27 x 10*°
4 5.62 x 10*° 2.36 x 10*°
5 3.13x 10" 8.99 x 10°
6 1.21 x 10*° 8.68 x 10°
7 4.67 x 10*° 2.68 x 10"°
8 2.59 x 10° 2.68 x 10°
9 5.75 x 10"° 7.58 x 10°
PNC mean 4.60 x 10*° 1.54 x 10*°
PNC SD 2.45 x 10" 7.86 x 10°
PNC RSD 53% 51%

the nominal 50 nm NPs, and 1.5 x 10" + 7.9 x 10° particles
per mL for the nominal 70 nm NPs, as opposed to the
expected 4.6 x 10" particles per mL and 1.3 x 10" particles
per mL, respectively.

PNC are typically underestimated in sp-ICP-MS, and this
observation has several potential causes.”>* A prime cause is
particle loss due to the NPs sticking onto the walls of the
sample vial and the walls of the sample introduction system. A
second contributing factor is the settling of NPs over time, but
no dynamic study was performed in this case to verify this
phenomenon. The accuracy of the TE can be considered as a
third parameter as this one will substantially influence the
results. Indeed, by preparing ionic Au calibration solutions in
MilliQ water rather than stabilizing them with HCI, a loss of
ionic Au may be observed and lead to an apparent lower TE,
which subsequently results in a PNC overestimation with a
size underestimation. It should be noted that aged ionic stan-
dards may also impact the accuracy of the TE. Additionally, it
cannot be excluded that the initial PNC was altered during the
division into multiple aliquots. Last but not least, the
reliability of the expected value is questionable. NP suspen-
sions provided by commercial manufacturers such as
NanoComposix are not characterized to the same extent as
NIST materials, ie., the NP size distributions are based on
TEM measurement of roughly 100 NPs. The PNC is not
measured by counting particles, but rather calculated based
on the total mass concentration (g mL™") and the average size
determined by TEM, relying on the assumption that the NPs
have the same density as the bulk material. However, as dis-
cussed previously, this last assumption is likely not valid. If
this assumption were wrong, then the calculated average mass
per particle would be incorrect as well as the “specified” PNC.
These conclusions are consistent with results reported by
Minelli et al.,*> where PNC determination was compared
between population-averaging methods such as small angle
X-ray scattering (SAXS), centrifugal liquid sedimentation (CLS)
and ultraviolet-visible spectroscopy (UV-VIS) and particle-
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counting methods such as particle tracking analysis (PTA) and
sp-ICP-MS. Results showed that PNCs determined by particle-
counting methods, such as sp-ICP-MS, are more accurate than
population-averaging methods, which are based on a theore-
tical model with various parameters requiring additional infor-
mation (i.e., NPs morphology and density).

However, a closer look into the measured results revealed in
some cases an overestimation of the PNC. As the expected
value is determined from the mass concentration, the
observed overestimation could be explained by a higher
measured number of smaller particles or particles with a lower
density, as previously discussed. While the TEM images pro-
vided by the manufacturer, suggest that the size appears
correct, the particles show undefined edges with a “fluffy”
character. Consequently, using the previously determined den-
sities for both samples, namely 14.5 and 12.8 g cm™, new
PNCs were calculated resulting in values of 8 x 10'° and 2 x
10" particles per mL.

3.3. [Isotope ratios

Typically, high-precision isotope ratio measurements are per-
formed with TIMS (Thermal Ionization Mass Spectrometry),
which provides an isotope ratio precision down to 0.005 to
0.001%, or MC-ICP-MS, which yields a similar precision, but is
more user-friendly.>>*® These methods require long measure-
ment times and sufficient ion-beam currents to acquire data
for which the precision is not limited by counting statistics.
Hence, they are not suited for isotope ratio measurements of
short transient signals, such as those produced by NPs.
Recently, a MC-ICP-MS study showed the general applicability
of this technique for isotope ratio determinations for NPs, but
reaching a precision of 10-20% (at 2 SD) for **’0s/**®0s only.>® A
subsequent study compared the performance of three ICP-QMS,
two ICP-TOFMS and one MC-ICP-MS for multi-element/isotope
analysis in a particle/cell basis.>® The determining factor for the
acquired precision was the limited instrument sensitivity (or
small particle size) and the relatively large difference in abun-
dance of the isotopes involved. As previously discussed, ICP-MS
instrumentation equipped with a QMS or ICP-SFMS, possess a
single detector only and thus, does not allow for simultaneous
multi-element analysis at the time scale of NP events. Because of
the time delay in measuring a pair of isotopes, isotope ratio
measurements will be skewed. Since spectral intensity skew
errors can be overcome with the simultaneous analysis of
different mj/zs, rapid and simultaneous multi-element detection
capabilities are not only advantageous for multi-element finger-
printing but also for isotope ratio determination. Consequently,
ICP-TOFMS holds great promise for determining isotope ratios
on a per-particle basis. For reference, the performance of icpTOF
instruments in terms of isotope ratio precision has been investi-
gated for liquid samples,**”*® um-sized particles,*® as well as Ag
NPs and Ag-exposed cells.>®

In addition to the particle mass, size, and PNC, the partici-
pants were asked to report the isotope ratios relative to the
most abundant isotope '*°Pt (33.8%) for 4 different Pt iso-
topes. The results are presented in Table 3. While the results

This journal is © The Royal Society of Chemistry 2023
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Table 3 Particle to particle relative standard deviation (RSD) for the different isotope ratios and the two types of Pt NPs samples. Six out of the nine

laboratories provided particle-to-particle SDs and RSDs

192Pt/195Pt 194Pt/195Pt 196Pt/195Pt 198Pt/195Pt

Lab no 50 nm Pt 70 nm Pt 50 nm Pt 70 nm Pt 50 nm Pt 70 nm Pt 50 nm Pt 70 nm Pt
1 n.a n.a 48% 29% 51% 29% n.a n.a
2 n.a n.a n.a n.a n.a n.a n.a n.a
3 53% 30% 28% 23% 30% 16% 37% 29%
4 55% 38% 37% 19% 39% 21% 44% 32%
5 75% 141% 44% 27% 48% 31% 53% 44%
6 n.a n.a 43% 22% 46% 24% 47% 34%
7 n.a 46% 43% 21% 11% 21% 57% 31%
8 n.a n.a n.a n.a n.a n.a n.a n.a
9 n.a 37% 42% 24% 42% 26% 47% n.a

Table 4 Deviation of the determined isotope ratios from the true value (IRMM-010 certified reference material) in percent for the nominal 50 nm

Pt NPs and 70 nm Pt NPs

192Pt/195Pt 194Pt/195Pt 196Pt/195Pt 198Pt/195Pt
Lab no, 50 nm Pt 70 nm Pt 50 nm Pt 70 nm Pt 50 nm Pt 70 nm Pt 50 nm Pt 70 nm Pt
1 n.a n.a 38% —-0.71% —29.0% 0.09% n.a n.a
2 9.85% 67.0% 0.02% —-0.40% 0.22% 0.22% -1.70% —-2.16%
3 471% 119% 1.46% —0.40% 1.56% —0.71% 11.6% —6.29%
4 495% 205% 0.20% 0.53% —-0.77% —-1.06% 33.9% -5.79%
5 676% 180% 0.89% —-0.12% 0.30% -1.21% 29.1% —8.48%
6 n.a n.a -1.06% —-0.76% —0.44% —0.43% 49.0% -0.83%
7 252% 252% 2.39% 1.36% 1.42% 2.76% 1.06% 5.65%
8 493% 104% 0.64% —0.30% —-0.31% —0.58% 31.4% —2.62%
9 n.a n.a —-0.77% 0.46% —2.25% 4.04% —-4.11% n.a
Average 385% 162% 4.64% —0.04% —-3.25% 0.35% 18.8% —-2.93%
Stand. dev. 259% 75.1% 12.6% 0.7% 9.7% 1.8% 19.7% 4.6%

for the higher abundant isotopes '°'Pt (32.8%) and '°°Pt
(25.3%) were reported by all laboratories for both particle
sizes, the ratios involving the lower abundant isotopes '°’Pt
(0.8%) and '°®Pt (7.3%) were not reported by all laboratories.
Reporting of the single particle based SD values was not
required according to the ILC data reporting template. Seven
laboratories voluntarily provided SD data from which the RSD
was calculated and reported (see Table 3). As no reference
material was available for isotope ratio measurements, it was
assumed here that the Pt used in the production of the NPs
presents the same isotopic composition as that of the
IRMM-010 standard and that the production of the NPs does
not induce additional isotope fractionation.ff However, minor
deviations in the isotopic composition from the IRMM-010
standard cannot be excluded, as already reported for environ-
mental samples.®°

Table 4 and Fig. 4 show the deviations of the different
isotope ratios '**Pt/**°Pt, '*°Pt/"*>Pt and '°®pt/'*°Pt for the
nominal 50 nm and 70 nm Pt NPs, in percent with respect to
the corresponding values in the IRMM-010 reference material
in a graphical manner. As per the instructions, a minimum of
1000 particles was recommended to be measured, hence the

+1 The validity of this assumption was confirmed by NanoComposix.

This journal is © The Royal Society of Chemistry 2023

determined isotope ratios are based on the average of a
minimum of 1000 particles. From the reported data, the
isotope ratios were determined from ~100 events for the
198pt/19pt and up to ~4700 for the '°*Pt/***Pt and showed
good precision when averaged. Overall, the deviations of the
measured isotope ratio for the higher abundant isotopes 194
and 196 are below +1% and can be regarded as in excellent
agreement considering that the ratios were determined on
extremely short transient signals (below 1 ms) and a single
isotope mass below 1 fg. Generally, results show more vari-
ations in the measured ratios with smaller particle size and
lower relative abundance of the isotopes. These observations
can be explained by the fact that smaller mass fractions in the
particles produce signal intensities closer to the limits of
detection, making them challenging for accurate quantifi-
cation. Indeed at low count rates, the precision of the isotope
ratio measurements is governed by counting statistics as illus-
trated in Fig. 5.*° Hence, as for spherical particles the mass
scales with the third order of particle size, the precision of
single particle determinations improves accordingly with
increase of particle size: for the 50 nm NPs ratio RSDs between
28 and 48% were obtained for '**Pt/**>Pt, which decreased to
19 to 29% for the 70 nm NPs. With this in mind, the poor
results obtained for the less abundant isotopes '°>Pt and '*®Pt
(between —0.83% and +252%) are expected to improve for

Nanoscale, 2023,15, 11268-11279 | 11275
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Fig. 4 Measured °*Pt/*9°Pt, 196pt/195pt and 1°®Pt/**Pt ratios for the nominal 50 nm Pt NPs (a), (b) and (c) and hominal 70 nm Pt NPs (d), (e) and (f).
The blue line represents the expected values: 0.976, 0.746 for and 0.022. The error bars represent + 1 SD, which were reported by seven of the lab-
oratories. Since the single particle signal obtained is low in intensity (close to the detection limit) and short-lived (<1 ms) the particle-to-particle vari-
ations are of course higher, increasing with decreasing particle size and decreasing abundance of the isotope.
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Fig. 5 Overview of the **Pt/*°>Pt signal ratio from 70 nm Pt NPs with Poisson-Normal Confidence Bands (95% Cl) demonstrating that the RSD is

limited by counting statistics.

larger particle sizes, namely from at least ~100 nm for '*®pt
and ~200 nm for "*Pt.

4. Conclusion

The results obtained during this ILC demonstrate that all lab-
oratories are capable of determining the particle mass and
mass equivalent spherical size, and the PNC of the test
samples using the developed SOP and dedicated particle work-
flow within TOFpilot. Excellent data agreement among seven
of the nine independent laboratory measurements was
achieved using the developed SOP and particle workflow,
regardless of the experience of the participants with the soft-

1276 | Nanoscale, 2023,15, 1268-11279

ware or the icpTOF model used. For particle mass and MESS
determination, results showed <16% RSD within each lab and
<4% RSD among all participating labs. For PNC, results were
more scattered and yielded 53% RSD between all labs. These
findings are consistent with results obtained with convention-
al sp-ICP-QMS, where particle mass and size are determined
accurately and a larger variation is observed for PNC.
Consequently, similarly to results obtained using sp-ICP-QMS,
these results show that sp-ICP-TOFMS allows accurate charac-
terization of metal-containing NPs in simple matrices.
Furthermore, because sp-ICP-MS and sp-ICP-TOFMS deter-
mine particle masses on a particle-to-particle basis rather than
based on an average measurement, this information combined
with morphological information acquired via TEM would

This journal is © The Royal Society of Chemistry 2023
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allow the determination of the density of the particles, rather
than assuming the same density as that of the bulk material.
Indeed, from the total mass determined by bulk ICP-MS and
the PNC determined by sp-ICP-MS, combined with TEM infor-
mation on morphology, the density of the NPs can be effec-
tively determined. Moreover, sp-ICP-MS and sp-ICP-TOFMS
can be very useful in directly measuring disparity (size, compo-
sition, concentration) within and among samples by analyzing
individual nanoparticles, rather than determining the average
characteristics of a bulk sample. Additionally, accurate isotope
ratios of the test samples were determined with precisions
<1% for those involving the most abundant isotopes
194pt/19%pt which further underlines the potential of quasi-
simultaneous multi-nuclide and multi-element detection of
ICP-TOFMS instruments for NPs analysis in various applications.
It should however be noted that the particle-to-particle variations,
especially with small particles and for low abundant isotopes,
can be larger than 20% RSD. This needs to be accounted for,
when particles/isotopes close to the detection limit of the instru-
ment are analysed. Precise isotope ratio determination on an
individual particle basis is becoming particularly relevant for
toxicology and risk assessment studies, where isotope labeling of
ENPs is gaining popularity, as it provides clearer means to dis-
tinguish the effect of ENPs from NNPs and the background.® %3
Other areas of impact include material sciences and ENPs manu-
facturing, geochronology, and archaeometry, among others.
However, it should be noted that for archaeometric purposes,
where isotope ratio analysis combined with trace element ana-
lyses are a common approach to study the provenance of raw
material present in ancient objects, and to determine their
source, an isotope ratio precision better than 1% is required.

Recent work by Gundlach-Graham et al. have provided
deeper insight and comprehension into the noise of
ICP-TOFMS instrument, and have led to the development of
new tailored thresholds for sp-ICP-TOFMS particle
identification.®*™®” Consequently, future improvements to the
workflow include direct calculation of the MESSs and respect-
ive standard error, as well as the implementation of a tailored
algorithm, such as the Compound Poisson Thresholding, for
more robust particle detection.

Finally, because the data presented here demonstrate that
sp-ICP-TOFMS can successfully be employed to determine
both the NP mass and size, PNC and isotope ratios of constitu-
ent elements, it is our opinion that the developed SOP for sp-
ICP-TOFMS using the particle workflow in TOFpilot has been
validated and that the methodology of sp-ICP-TOFMS deserves
its place in the analytical toolbox for NP analysis. This ILC also
had the benefit of providing a platform to the participating
laboratories to compare and benchmark their measurement
capabilities.
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