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Introduction

Non-target analysis and characterisation of
nanoparticles in spirits via single particle
ICP-TOF-MS+

Raquel Gonzalez de Vega, 22 Thomas E. Lockwood, £ Lhiam Paton,? Lukas Schlatt®
and David Clases & *?

Nanoparticles (NPs) can be found throughout our direct environment as well as in a large range of
consumer products. However, there is a lack of data on abundances and properties, which requires
dedicated methods to identify and characterise NP entities. Single particle inductively coupled plasma-
mass spectrometry (SP ICP-MS) is becoming one of the most relevant methods for counting NPs and
studying NP composition and properties. Especially time-of-flight (TOF) technology for ICP-MS holds
the key to study single particle composition and to perform non-target particle screening. This is
achieved through the unique detection paradigm in TOF acquiring all isotopes across the periodic table
at 35 kHz and faster. Nevertheless, non-targeted screening methods face limitations due to two factors.
First, large data sets challenge data processing units and require substantial time, and second, for each
isotope/element, a decision limit to distinguish between random noise and a SP signal has to be
established. Here, we propose a novel lognormal approximation method to rapidly model background
levels and decision limits. This method was integrated in a pre-analysis tool which detected SP data
signatures of all m/z recorded via SP ICP-TOF-MS. Within seconds, particulate elements could be
pinpointed in large data files and selected for more dedicated characterisation steps. In a proof of
concept, we used this non-target screening method to identify inorganic NPs in selected samples of
whisky, vodka, gin, and liqueur. Following qualitative analyses, number concentrations, compositions,
masses, and size distributions were investigated. Besides Mn, Fe and Cu as expected NP entities, Ti, Ag,
Au and Sn-based particles were found in investigated samples.

NPs, suitable analytical methods are still a bottleneck for
expanding our knowledge on emerging nanomaterials. Tech-

Nanoparticles (NPs) have been present ubiquitously since the
beginning of the Earth and have played an important role
during its development.' They have a vast impact on our lives
and immediate surroundings,” but we are struggeling to deci-
pher all their properties and traits. Despite their first scientific
consideration going back to the 1850s,? they received only little
attention for the years to come which was at least partially
attributed to a lack of analytical capability. However nowadays,
they are driving innovation in various scientific disciplines and
are increasingly integrated in new materials. While this is
certainly inspired by our improving capability to characterise
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niques are required to detect individual NPs at high counting
rates and further characterise them regarding size, mass,
composition, structure, and stability. Several methods have
been developed to enable the characterisation of NPs such as
nanoparticle tracking analysis (NTA), dynamic light scattering
(DLS), and electron microscopy (EM).** While these techniques
are well suited to describe certain facets of NPs, they are not
capable of establishing comprehensive and accurate models on
particle number concentrations (PNC), size/mass distributions
and/or compositions.

The development of single particle inductively coupled plasma-
mass spectrometry (SP ICP-MS) was a turning point for NP anal-
yses. It combines high counting rates with elemental analysis and
can produce models on PNCs as well as on particle masses and
sizes when suitable standards are analysed concurrently. The
concept of SP ICP-MS is based on the analysis of NPs at low
number concentrations to ensure the introduction of individual
particles into the plasma. Here, single particles are atomised and
elemental cations are formed. These are subsequentially extracted
in discrete ion clouds for mass spectrometry and detected as time

This journal is © The Royal Society of Chemistry 2023
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resolved pulses. Rapid mass analysers and detectors enable the
counting of several hundreds of NPs per minute whilst recording
extracted ion clouds from SP events with several data points at
integrations times of 100 ps or below.®’

The maturation of time-of-flight (TOF) technology for ICP-
MS initiated a paradigm shift for the characterisation of indi-
vidual particles. Previous mass analysers such as quadrupoles
scanned sequentially and were limited by their speed, which
restricted acquisitions to solely one selected isotope or small
mass windows.*®> As such, non-target approaches were
depending on procedures to detect a statistically significant
number of NP signals for one element for a set period before
analysing the next. Consequently, screening procedures were
time and sample consuming, and methodologies could still
only target one isotope per detected particle.®* However, SP ICP-
TOF-MS enables the rapid and continuous recording of full
mass spectra at acquisition rates exceeding 10 kHz. While
collision/reaction cells (CRCs) are typically employed to remove
confounding ion species, the increased mass resolution of TOF
analysers can help additionally to resolve interferences from
analyte signals.*

Although SP ICP-TOF-MS may not reach the size detection
limits (sDL) of quadrupole and sector-field-based methods, its
multi-elemental capabilities permit non-target approaches and
investigations on the composition of individual particles.
However, the resulting data sets are considerably large and
screening efforts are hampered by the ability to carry out data
processing sufficiently fast. In this work, we present a rapid non-
target screening method for inorganic NPs via SP ICP-TOF-MS. We
developed an algorithm for the pre-analysis of data sets before
applying dedicated algorithms for signal accumulation, and cali-
bration processes. In this proof of concept, we selected spirits as
complex samples that are exposed to varying conditions and
materials during fermentation, distillation and storage. We
anticipated that these steps were inherent with the formation or
leaching of NP entities. Whisky, gin, vodka, and liqueur samples
were selected as a few of the most popular spirit-based drinks and
were subjected to the screening method. Identified NP entities
were subsequently analysed regarding PNCs, composition and
their distributions in mass and size. While this approach may be
relevant for toxicological considerations, multielement analysis of
ionic and particulate elements may be useful to confirm authen-
ticity as well as to trace adulterations. The production of spirits is
often connected to considerable effort and cost from the dedi-
cated ingredients, manufacturing steps and extended maturation
or storage procedures. While key components in different spirits
have been investigated in profiling efforts to confirm authenticity
and to recognise adulterations,"™® no data is available regarding
particulate analytes.

Materials and methods
Consumables and sample preparation

Element standards (1000 pg mL~', Single-Element ICP-
Standard-Solution Roti®Star) were diluted to working concen-
trations using ultra-pure water (18.2 MQ cm, Merck Millipore,

Bedford, USA). Calibrations with ionic solutions were
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Table 1 Overview and specifics of spirit samples

Sample Details

w1 Mackmyra Bjorks, Swedish single malt whisky
w2 Talisker, single malt Scotch whisky, aged 10 years
w3 Longrow, peated single malt Scotch whisky

w4 Mackmyra Destination, Swedish single malt whisky
W5 Suntory Whisky Toki, blended Japanese whisky
w6 Speyside single malt Scotch whisky, aged 14 years
w7 Dewar's, blended Scotch whisky, aged 15 years
Vi Zubrowka, Bison Grass Vodka, Poland

G1 Bombay Sapphire, dry gin, England

L1 Amaretto, Il Barone, Italy

L2 Kruska, Kravica, Croatia

performed by using a Merck IV standard (Rahway, New Jersey,
US) that was spiked with additional elements (Ti, Au and Sn)
found during the screening processes. The calibration mix was
diluted to concentrations between 1 ng ¢ ' and 20 ng g~ . A 79
+ 9 nm Au-Ag core-shell (14 nm Ag-51 nm Au-14 Ag nm) was
bought in 2 mM citrate from nanoComposix and characterised
regarding size distribution, mass concentration, optical prop-
erties, surface potential and hydrodynamic radius by the
manufacturer.

Analysed spirits are listed in Table 1 and were obtained from
local distributors. They were diluted 1 : 10 in ultra-pure water to
limit matrix effects and enable direct analysis. The effects of the
low remaining ethanol content was tested by comparing
sensitivity of screened elements in ultrapure water and in 4%
ethanol, respectively. Values deviated for the targeted elements
only slightly (in average 2.7%) rendering more dedicated matrix-
matching unnecessary.

Instrumentation and data processing

A Vitesse ICP-TOF-MS platform by Nu Instruments (Wrexham,
UK) was operated in single particle mode and recorded and
binned mass spectra from 45-210 amu every 96 us (4 spectra
binning) before saving data to disc. Each sample, blank and
calibration standard were recorded for 100 s. Cones for liquid
sample introduction were installed and the sample uptake rate
was set to 0.4 mL min ™", The plasma was operated at 1.35 kW,
helium (12 mL min~") and hydrogen (6 mL min ') were used as
cell gases. The nebuliser flow rate was tuned to provide highest
sensitivities while maintaining a CeO/Ce ratio below 5%. The
aerosol's transport efficiency using a concentric nebuliser and
a cyclonic spray chamber was determined to be 1.76% analysing
the core-shell NP standard while considering its known Au
mass.

Results and discussion

Considerations for non-target approaches via SP ICP-TOF-MS

SP ICP-TOF-MS enables the rapid acquisition of full mass
spectra, which is a prerequisite for fast non-target screenings
for particulate elements. This potential is somewhat hampered
by data files with sizes of several gigabytes per sample. Dedi-
cated processing algorithms often employ various and iterative
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data processing steps to find SP signals, fit and smooth raw
data, accumulate data points of individual SP signals, perform
calibrations (mass, size, compositions), calculate relevant
parameters (limits of detection (LOD), determine transport
efficiency, ionic response, etc.) and visualise data (histograms,
principle component analysis, charts, etc.).** These procedures
are repeated for all acquired elements in all analysed samples.
Therefore, data analysis is associated with considerable pro-
cessing power and time. However, the decision on whether a NP
signal has been detected follows relatively simple paradigms
and advanced data treatment is not required to indicate
elements with SP data signatures.

To decide whether a particle has been detected or not
requires statistical measures and is subject to two types of
errors: false positive decisions (type I error, rate «) and false
negative decision (type II error, rate 8). Here, o and 8 are used to
represent the probabilities of data being misinterpreted as a NP
or a NP detection being missed. These errors enable to set
underlying analytical limits: a decision limit based on an
a posteriori assessment whether a NP has been detected,
a detection limit to indicate the reliability of an a priori
threshold as well as the quantification limit to provide a quan-
titative estimate.?® At low background levels, the decision limit
is solely defined over the a-error and the mean of data set and
can be used to count NP detection events over the critical value
with a certainty of 1 — «. This approach requires a minimum of
processing power and can be applied to TOF data sets
efficiently.

The rapid mass spectra acquisition of m/z in SP ICP-TOF-MS
requires the application of a sub-nanosecond analogue-to-
digital conversion ion detector which somewhat complicates
the modelling of background and decision limit. For large
background values, a Gaussian-like distribution can be
assumed and therefore, Gaussian statistics are used for
thresholding. However, low background values do not follow
a normal distribution. Unlike for quadrupole-based SP ICP-MS
with secondary electron multiplier detectors, data produced by
a SP ICP-TOF-MS is also not Poisson distributed and back-
ground thresholding cannot rely on Poisson statistics.*
Different elemental ions have varying sensitivities and produce
a signal distribution which is subsequently calibrated into
“counts”. This leads to non-integer intensity values and further,
the rapid sub-nanosecond acquisition involves accumulation of
multiple spectra before writing data to the disk. For low back-
grounds, this can be modelled using a compound Poisson
distribution that considers the single ion signal area (SIA).>>>*

To enable non-target NP analysis, we propose an algorithm,
which first decides whether to use Gaussian or compound
Poisson statistics. The former was used when all data points
were above 5 cts and the decision limit was selected as u + 50.
When mean background levels were low, compound Poisson
statistics were approximated using a lognormal (LN) approxi-
mation methods as follows: a Poisson distribution with an ex-
pected rate (1) equal to the signal mean was created. Only
Poisson events k in the Poisson distribution with k> 0 and P(k) >
0.0001% were considered and approximated with the LN
approach. For each value of k a LN distribution with a mean of k
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was then approximated from the sum of k LN distributions,
each with a mean of 1 and a shape parameter determined from
a LN fit of the SIA*® This approximates the distribution
produced by sampling the SIA k times, as happens in multi-ion
events. The cumulative density function of each LN was then
weighted by the Poisson probability of k¥ and summed. The
decision limit was then determined as the first value at which
the summed cumulative distribution was greater than the
desired zero-truncated quantile. This LN approximation
method matched results produced by Poisson sampling the SIA
as shown in Fig. 1, being significantly faster and only requiring
knowledge of the shape parameter of a LN fit of the SIA (in this
case 0.47). Given that files can reach the size of several giga-
bytes, screenings were further accelerated by limiting the
number of evaluated data to the first 500 000 data points for
each element. Elements within the mass window of 45-210 amu
with at least 25 ppm of data points above the respective decision
limits were reported and were then selected for in-depth char-
acterisation. The interested reader will find the underlying
python script for this non-target approach in the ESIf and
online.

Non target analysis of nanoparticles and qualitative
evaluation

Table 2 shows an overview of analysed samples and the NPs
identified using the screening approach. Each data file had
a size of 2 GB, and the developed screening enabled an identi-
fication of relevant NP entities with data points above the 25
ppm threshold within seconds. Seven different whisky samples
(W1-7), one vodka (V1), one gin (G1) and two liqueur samples
(L1-2) were analysed. Ultra-pure water was analysed as blank
and contained only negligible amounts of NPs. Tap water was
analysed to determine which NPs would typically occur in
drinking-grade water. The non-target screening approach in
spirits returned a range of NP signals for the elements Sn, Fe, Ti,
Ag, Au, Cu, Zn and Mn.

Quantitative characterisation of spirit samples

Elements identified via the non-target screening were analysed
quantitatively and the number of detected NPs was calibrated to
PNCs as outlined previously.” Fig. 2 lists the total number of
particles detected in each sample and shows pie charts which
depict the relative contribution (in %) of the respective partic-
ulate elements to that number concentration. All detected NP
signals were analysed for coinciding element signals, but no
correlations were found. Therefore, the following consider-
ations assumed that detected NP consisted only of one metal,
with no other metals present with masses above the detection
limit. For Ti, Sn, Cu, Fe and Zn, common oxide phases (TiO,,
Sn0,, CuO, Fe,03, and ZnO) were assumed to calculate NP mass
and size distributions. PNCs ranged between 9.9 x 10* and 1.23
x 10° NP per mL. Fe containing NPs were detected in all
samples in fractions between 11.5 and 81.4%. All whisky (W1-
W?7) samples contained Ag and Au NPs at fractions between 6.7
and 31.8% and 5.8 and 30.0%, respectively. Ti-containing NPs
were found in the seven whisky samples and the two liquors

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Comparison of the log-normal approximation and data produced from Poisson sampling of the single-ion distribution. The LN distri-
butions for each Poisson event above zero are shown in red, with the sum approximating the non-zero signal. The 0.999"" quantile for the data
set and LN approximation are shown as vertical black and red (dotted) lines.

Table 2 Elements identified in single particles

Elements found at a NP detection

Sample score =25 ppm

Tap water Fe, Cu, Zn

w1 Ti, Fe, Ag, Au

w2 Ti, Fe, Ag, Sn, Au

W3 Ti, Mn, Fe, Ag, Sn, Au
W4 Ti, Mn, Fe, Ag, Au
W5 Ti, Mn, Fe, Ag, Au
W6 Ti, Fe, Ag, Au

W7 Ti, Fe, Ag, Au

Vi Fe, Sn

G1 Fe, Cu, Sn

L1 Ti, Mn, Fe, Ag, Sn, Au
L2 Ti, Mn, Fe, Ag

analysed with relative fractions between 4.8 and 36.1%. Sn- and
Mn-containing NPs were detected in 5 spirits with relative
fractions between 4.7 and 55.8% and 1.2 and 18.2%, respec-
tively. The gin sample was the only spirit containing detectable
Cu particles (39.4%).

The signals of detected particulate elements were subse-
quently evaluated for potential interferences. However, the
application of a CRC and He/H, cell gas flows enabled the
attenuation of most polyatomic interferences and significant
levels of naturally abundant isobars were ruled out following
the interrogation of isotopic abundances, as demonstrated for
Ti in Fig. 3. Fig. 3A shows the transient analysis of 4 selected
isotopes **Ti, '%’Ag, "*°Sn and "*’Au in W3 as a representative
sample. **Ti (isotopic abundance: 73.7%) is often interfered by
the isobaric *®Ca interference and sequentially operating mass

This journal is © The Royal Society of Chemistry 2023

analysers are usually set to target the less abundant *"Ti (7.4%)
to avoid confounding Ca isotopes and to ensure accurate anal-
ysis, although sensitivity decreases drastically. The use of a TOF
mass analyser enabled the simultaneous analysis of all isotopes
across the selected mass range and allowed the interrogation of
isotope ratios to indicate the presence of spectral interferences.
Fig. 3B shows the analysis of all Ti isotopes in a single NP signal
event and was used to determine relative isotopic abundances.
Fig. 3C shows the resulting *"Ti/**Ti ratios for all detected Ti
NPs and data was fitted with a linear function to return a slope
of 0.105 as experimental isotope ratio, which was in line with
the natural ratio of 0.103. As such, no *®Ca interference was
evident and *Ti was targeted to benefit from the higher sensi-
tivity. This approach was applied for all analysed polyisotopic
elements and isotope ratios were consistent with theoretical
values except for Fe, for which the experimental abundance of
3°Fe was significantly biased. Large particles especially deviated
regarding isotope ratios, which was a result from a limited
dynamic range. However, other Fe isotopic abundance were in
line with theoretical values as shown in Fig. S1 in the ESL7
Therefore, the *°Fe isotope was solely considered to determine
PNCs and *'Fe was used to determine size and mass
distributions.

The non-target screening found Sn NPs in multiple samples
and calculations considered Sn** as most common oxidation state
in an oxide phase with a mass fraction of 0.788. Considering each
particulate event allowed to model size and mass distributions in
histograms. An example is shown for sample W2, which contained
the highest number concentrations of SnO, NPs (39 500 + 1800
mL ). The SnO, mass and size distributions in this sample are
shown in Fig. 4 and data on other elements is available in Table
S1.7 For this sample, the mean SnO, NP mass was 3.5 + 4.2 fg, the

J. Anal. At. Spectrom., 2023, 38, 2656-2663 | 2659
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Fig. 2 Overview of PNCs and relative contributions of the different NP entities expressed in %

mean size was calculated to be 89 + 29 nm and the size detection
limit was 39 nm.

Across all samples, ionic background levels for Cu, Fe and Mn
were relatively high and were assumed to arise from contact with
distillation and container materials or from drinking water
sources. Detectable Fe,0; sizes were relatively variable and were
smallest in tap water (58.6 & 24.3 nm) ranging up to 300 £+ 112 nm
for sample W3. Mean TiO, sizes varied between 80.4 £+ 45.5 nm
(W4) and 148 + 54 nm (L1). Ag NPs were detectable in samples
where Au NP were detectable as well. Only sample L2 contained Ag
NPs but no Au NPs. Au and Ag NPs and exhibited relatively
consistent sizes between 30.7 and 44.4 nm and, 27.4 and 36.0 nm,
respectively. Mean SnO, NPs sizes were between 133 and 169 nm.
The mean sizes and standard deviations of Au, Ag, MnO, SnO,,
Fe,0; and TiO, across all samples are illustrated in Fig. 5. More
details on absolute PNCs, ionic background, mean masses, sizes,
standard deviations, and figures of merit are listed in Table S1.}

It is unlikely that detected NPs have toxicological implications
as absolute PNCs are in a comparably low range when for example

2660 | J Anal. At. Spectrom., 2023, 38, 2656-2663

compared against drinking (tap) water. Particles based on
elements such as Sn, Ag, Fe and Cu have previously been
described in tap water and have likely a natural or incidental
origin (e.g., plumbing or previous treatment processes).”® It is
possible that particles found in spirits originate from different
drinking water sources, are a result from leaching processes (e.g.,
from the distillation process, or during storage), or are inten-
tionally included as additive to improve organoleptic properties.>”
Knowledge on the levels and properties of ionic and particulate
elements may be useful to confirm authenticity of expensive and
elaborated spirits. While element profiles have been investigated
for this purpose in the past,'*"” distinguishing between particulate
and ionic entities as well as comparing numbers, compositions
and sizes may add additional dimensions which facilitate
discrimination between different spirits as well as to carry out
provenance analysis. However, this needs to be evaluated by tar-
geting a larger sample size consisting of different brands from
various areas and countries.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Transient raw data obtained in SP ICP-TOF-MS for “8Ti, 1%7Ag, 2°Sn and **”Au in sample W3. (B) The multi-isotopic capabilities of SP
ICP-TOF-MS enabled the determination of isotope ratios in individual particles and their comparison against theoretical values. (C) The */Ti/*®Ti
isotope ratios of all detected Ti particles is compared. The experimental ratio was 0.105.
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Fig. 4 The concurrent analysis of standards enabled mass and size
calibrations. Shown is the mass distribution of SnO, NPs detected in
sample W2 (left). The spherical size distribution was calculated
subsequently (right). This procedure was repeated for all detected NP
entities in all samples.
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Conclusions

Large SP ICP-TOF-MS data sets are currently a pitfall for non-
target screening approaches to identify relevant NP entities.
This work suggests the application of a novel screening tool
using a LN approximation to count data points above a critical
level and to indicate samples and elements with significant
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numbers of SP signals. The screening algorithm is detached
from more dedicated algorithms, calibration, and visualisation
tools to cope with large data sets and to efficiently scan through
all isotopes in the detected mass range. Using either Gaussian
or an LN approximation for compound Poisson statistics,
elements above a minimum screening threshold are reported
and may be selected for in-depth characterisation.

In a proof of concept, NPs were qualitatively and quantita-
tively interrogated in spirit samples. Samples were subjected to
the developed screening approach and found particulate
elements were calibrated to determine PNCs, figures of merit,
mass and size distributions. The simultaneous acquisition
capabilities of SP ICP-TOF-MS enabled the determination of
isotope ratios to confirm the absence of spectral interferences
and to ensure accurate calibrations. The elements Sn, Fe, Ti, Ag,
Au, Cu, Zn and Mn were found in particles in spirits and tap
water and the analysis of PNCs, sizes/masses and ionic back-
ground may have utility for profiling efforts.
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