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PTFE Microplastics

ABSTRACT: Halogen-containing microplastics such as polytetra-
fluoroethylene (PTFE) and poly(vinyl chloride) (PVC) are 0Z0¢ Y-

analytically relevant targets, yet their selective characterization by = e ) pOe
ICP-MS remains challenging, particularly for fluoropolymers due to P42 e et erE
the limited formation of F' in conventional positive-ion mode. o .
Here we introduce negative-ion single-event ICP-MS as a direct — Negative Mode Singlo-Event ICP-MS —> ™%
strategy for particle-resolved characterization of halogen-containing  Pvc Micropiastics

microplastics by monitoring F~ and CI™ on a quadrupole ICP-MS € e

without plasma modifiers or proxy-ion chemistry. PTFE and PVC € e er
particle standards were used as well-defined model systems, with O o fer
scanning electron microscopy (SEM) confirming particle morphol- .

ogy and size distributions. Key acquisition and instrumental —
conditions governing event detectability were systematically
optimized, enabling reliable transient detection at a dwell time of 100 ys. Using a conventional spray-chamber configuration, size
detection limits of 1.18 ym (PTFE) and 0.73 um (PVC) were achieved, improving to 0.68 ym (PTFE) and 0.45 ym (PVC) with a
high-efficiency sample introduction system. Quantification strategies for negative-mode operation, including external calibration and
transport-efficiency-based workflows, were further assessed. Overall, this work establishes negative-ion mode single-event ICP-MS as
a direct platform for fluorine- and chlorine-selective microplastic detection and sizing, expanding the analytical scope of particle-
resolved microplastic analysis beyond indirect fluorine detection or carbon-based approaches.
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Bl INTRODUCTION can be achieved by targeting heteroatoms intrinsic to specific
polymer types. In this context, heteroatom- and label-based
approaches have already demonstrated the value of single-
event ICP-MS for particle counting and discrimination,">'¢ yet
its extension toward direct halogen-resolved characterization
remains incomplete.

For fluorinated polymers in particular, this gap reflects a
fundamental analytical limitation. Fluorine is difficult to
determine by conventional positive-ion ICP-MS because its
first ionization potential (17.42 eV) exceeds that of argon
(15.76 eV), resulting in low ionization efficiency. As a
consequence, fluorine analysis in ICP-MS has commonly
relied on indirect strategies, most notably the detection of
reaction products or proxy ions such as BaF*.'””>' These
approaches have enabled important advances, but they also
introduce an additional layer of chemistry between analyte and

Microplastics are ubiquitous across natural and engineered
systems, but their direct chemical characterization at the level
of individual particles remains a major unresolved analytical
challenge.' ™ Existing spectroscopic approaches can provide
polymer-specific information, yet they often trade chemical
specificity for throughput, struggle with smaller particle sizes,
or are not readily suited to the direct analysis of heterogeneous
particle suspensions.”™® As a result, a critical capability remains
missing: the rapid, event-resolved chemical discrimination of
large numbers of individual microplastic particles in dispersed
samples. Time-resolved mass spectrometric particle detection
offers a promising route to close this gap as it enables high-
throughput interrogation of individual particles while preserv-
ing chemically informative elemental signatures.”

In this context, single-event inductively coupled plasma-mass
spectrometry (single-event ICP-MS) provides a powerful
analytical tool in which discrete transient signals originating Received:  April 7, 2026
from individual particles can be used to derive particle number Revised:  July 14, 2026
concentrations, size-related information, and chemical differ- Accepted:  July 20, 2026
entiation.”™"" Most ICP-MS-based strategies for microplastic Published: July 28, 2026
analysis rely on carbon as a broadly applicable polymer
marker;'”~'* however, substantially greater chemical selectivity
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measurement and are not equivalent to direct event-resolved
fluorine detection of individual particles. Establishing a direct
route to fluorine-selective single-particle analysis would
therefore address a long-standing measurement challenge and
expand the analytical scope of single-event ICP-MS.

Chlorine-containing polymers represent a related but
distinct case. Chlorine has already been explored as an
informative target in ICP-MS-based microplastic analysis,””
and prior work has shown that chlorine signals can support
selective polymer differentiation.”® Even so, a unified analytical
strategy capable of directly targeting both fluorine- and
chlorine-containing particles in an event-resolved manner
would substantially broaden the chemical scope of elemental
particle analysis. Such a strategy would be especially valuable
since it would extend direct ICP-MS-based particle analysis to
polymer types that remain difficult to access within existing
workflows.

Negative-ion ICP-MS offers such an opportunity.”*
Elements that readily form anions can, in principle, be
monitored directly in negative mode, opening an alternative
analytical window for selective particle characterization.
Despite this conceptual promise, no studies have previously
reported the use of negative-ion detection for single-event
analysis, including applications to microplastic characterization.
The central analytical question is therefore not only whether
negative-ion mode detection is feasible, but whether it can
provide sufficiently selective, sensitive, and quantitatively
interpretable event signals for chemically distinct halogen-
containing polymer particles.

In this work, we address this gap by establishing single-event
negative-ion mode ICP-MS (single-event nICP-MS) for direct
characterization of halogen-based microplastics. By targeting
F~ and CI” signals, the method enables event-resolved
detection of PTFE and PVC particles without relying on
proxy-ion chemistry. Beyond demonstrating feasibility, we
evaluate instrumental conditions that govern signal generation
and transport, compare sample introduction strategies, and
assess multiple quantification routes for converting transient
event signal intensities into particle information. The aim is to
define the analytical figures of merit, constraints, and
opportunities of this measurement concept.

To establish the method under controlled conditions,
commercially available PTFE and PVC particle standards
were first characterized independently and then used as model
systems for single-event nICP-MS. This design allows direct
assessment of signal behavior, size-dependent response, and
quantification performance for two analytically relevant
halogen-containing polymer types. More broadly, the study
positions negative-ion mode single-event ICP-MS as a new
route for direct, chemically selective particle analysis and
expands the range of accessible elements in particle-resolved
ICP-MS.

—26

B EXPERIMENTAL SECTION

Reagents and Standards

For quantitative single-event nICP-MS, four PTFE particle standards
(Polysciences, USA) with nominal diameters of 0.2 (SEM: 0.21 +
0.05 ym), 1 (SEM: 0.24 + 0.07 um), 3 (SEM: 3.35 + 1.31 ym) and 8
um (amorphous shape), and three PVC particle suspensions (Lab261,
USA) of 3 (2.62 & 0.18 um), 4 (3.69 + 0.29 um) and S (5.59 + 0.51
yum) pm were analyzed. For PTFE, for which only an estimated
particle size was provided by the manufacturer without associated
uncertainty, particle size values and their uncertainties were

determined by scanning electron microscopy (SEM). The SEM
results revealed significant deviations from the expected sizes,
particularly for the 1 and 8 ym PTFE particles. For PVC, particle
diameters and corresponding uncertainties were provided directly by
the manufacturer. All the suspensions were appropriately diluted in a
1.5% (v/v) Triton X-100 (Fisher Scientific, USA) solution prepared
with ultrapure water (18.2 MQ cm, Merck Millipore, Germany). For
ionic calibration and optimization, ion-chromatography standards of 1
g L™ F and Cl (Single-Element ICP-Standard-Solution RotiStar, Carl
ROTH, Karlsruhe, Germany) were appropriately diluted in water.

Instrumentation

All measurements were carried out using a NexION 2000 ICP-MS
(PerkinElmer Inc.,, USA) configured for operation in negative-ion
mode. To enable negative-ion mode detection, the detector and its
associated power supply boards were replaced as described
previously.”® The remaining ion-optical and mass-filter components,
such as the quadrupole drivers and electrostatic lenses, are inherently
bipolar and therefore can operate under both positive or negative
voltages as needed. To minimize the contribution of fluorine-based
contamination to the background signal, internal fluoropolymer
material (e.g., tubing, seals, vacuum grease) was replaced with other
material to the extent possible. The instrument interface was equipped
with standard nickel skimmer and hyperskimmer cone (skimmer with
a 0.6 mm aperture ID, and 1 mm for the hyperskimmer). To enhance
sensitivity for fluorine and chlorine, a custom-modified sampler cone
featuring a tapered tubular geometry was used. This design was
improved by recent mechanistic evidence indicating that negative ion
formation via electron capture or Penning ionization occurs
predominantly postsupersonic expansion behind the sampler aperture.
To optimize this process, the cone was engineered to maximize
electron cosampling and extend analyte-electron residence times
within the interface while maintaining a stable gas load. Specifically,
the modified sampler was fabricated with a 4 mm long tapered tubular
internal channel, featuring an entrance diameter of 2 mm and an exit
diameter of 1 mm. This configuration preserves standard vacuum
integrity while significantly improving ionization efficiency compared
to conventional commercial geometries. A standard Fassel-type torch
with a 1.5 mm injector ID was used. Two sample introduction
configurations were evaluated: a traditional cyclonic spray chamber
and a high-efficiency sample introduction system (Glass Expansion,
Australia). Instrument settings and operating conditions are
summarized in Table S1. For the characterization of the PTFE
particles, SEM images were obtained using an Inspect FSO (FEI
Company).

Data Processing

Single event identification and integration was performed using the
open-source python-based data processing platform “SPCal” (v1.4.9),
using Poisson statistics to distinguish the single events from the ionic
background.”” In addition, the Hyper Dimensional Image Processing
software (HDIP v1.8.4) was used to identify the average peak
proﬁles,28 and the OriginPro software (version 2021b, 9.85 OriginLab
Corporation, USA) was used for further data processing and graphics
preparation.

B RESULTS AND DISCUSSION

Optimization of the Instrument Settings and Operating
Conditions

To optimize single-event ICP-MS measurements, instrument
settings that influence both transport of entities and detection
sensitivity must be considered. Among these, gas flow rates
governing nebulization and aerosol transport are typically the
most influential parameters, while RF power and related
settings can also significantly impact sensitivity.29 In positive-
ion mode ICP-MS (pICP-MS), such optimizations are
commonly performed using ionic standard solutions, and
settings are subsequently transferred to particle suspensions.
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Figure 1. Effect of the nebulizer gas flow rate (A—C) and RF power (D—F) on the intensity and S/B ratio for a 10 mg L™
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ionic F and a 3 ym

PTFE particles suspension, as well as for the number of events, respectively. Error bars represent the standard deviation of three replicate
measurements (n = 3). Each measurement consisted of a 60 s acquisition time, using dwell times of 50 ms and 100 s for the ionic and single-event
measurements, respectively. The reported particle counts were obtained from a suspension with a particle number concentration of 4 X 10°

particles mL™".

However, due to differences in ion formation, where
postplasma electron capture has been suggested as the most
likely mechanism for negative-ion production,” the suitability
of using ionic standards for optimization rather than discrete
particles needs to be evaluated for negative-mode single-event
ICP-MS.

Prior to carrying out the above optimizations, appropriate
quadrupole ion deflector (QID) voltages were selected, as
negative-ion detection depends strongly on these parameters.”®
The QID voltages were optimized for maximum sensitivity by
monitoring a blank (0.14 M HNO;) and a solution containing
10 mg L™" F and CL Negative voltages suppressed negative-ion
transport into the quadrupole, while positive voltages enabled
optimal detection of both 'F and *Cl. Therefore, the
optimized QID settings (100, S1, 37, and 19.5 V for attractor,
box, entrance, and repellor, respectively) were applied
throughout this work (Table S1).

Subsequently, the behavior of ionic standard solutions and
particle suspensions was evaluated by monitoring a blank, a 10
mg L' F standard, and a 4 X 10° particles mL ™" suspension of
3 pm PTEFE particles at different nebulizer gas flow rates using
a cyclonic spray chamber. The results for the ionic standard
solution are shown in Figure 1A, where the best signal-to-
background ratio (S/B) is obtained at a nebulizer gas flow rate
of 0.7 L min~". The signal intensity exceeded 450,000 cps for a
10 mg L' F solution, which was approximately 1 order of
magnitude higher than that reported in a previous study.”’
This difference can be attributed to the prototype stage of
development of the negative-ion mode ICP-MS instrument
and to the instrumental modifications implemented between
the two studies. First, the use of a modified interface prolonged

22979

electron-analyte residence times and enhanced negative ion
extraction efficiency far beyond the capabilities of the
conventional commercial cones used in the previous work.
Second, the instrument was equipped with a newly replaced
electron multiplier detector, ensuring maximum detection
efficiency and response. The combination of optimized
interface fluid dynamics and pristine detector conditions fully
accounts for the pronounced boost in sensitivity.

In the case of the PTFE particles (Figure 1B), the integrated
intensity also reaches a maximum at this flow rate; however,
the S/B ratio decreases steadily as the gas flow increases. This
behavior can be explained by changes in the number of
detected events (Figure 1C). The highest particle count is
likewise observed at 0.7 L min~', while at lower flow rates,
where sensitivity is reduced, the smaller particles are not
detected, leading to a bias in the apparent optimal S/B ratio.

A similar comparison was performed for the RF power
where both the ionic standard solution (Figure 1D) and PTFE
suspension (Figure 1E) exhibited the same trend, with no
observable impact on the number of detected events (Figure
1F). Based on these results, an RF power of 1550 W provided
the highest S/B ratio and was therefore selected for all
subsequent measurements. Overall, nebulizer gas flow and RF
power affected ionic standard and particle suspensions in a
similar manner, consistent with previous observations in pICP-
MS.!

The optimizations described above were carried out using a
traditional cyclonic-type spray chamber. However, such
introduction systems are designed to filter out large droplets
from the nebulized aerosol. This low-pass filtering effect of the
spray chamber strongly discriminates against low micrometer-
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sized particles, particularly those larger than 5 um, significantly
compromising transport efficiency (TE) and, consequently, the
accuracy of the measurement results.’’ To overcome this
limitation, high-efficiency sample introduction systems are
often employed when introducing large discrete entities, such
as cells. In this work, such a system was used to enhance
micrometer-scale PTFE and PVC particle introduction. This
setup operates by combining two Ar flows: a nebulizer gas and
a makeup gas.’* Therefore, an additional optimization was
required to maximize instrument sensitivity for both '°F and
3¢l using a 10 mg L7! jonic standard solution. However, it
should be noted that these sample introduction systems were
designed to maximize the transport of micrometer-scale
entities and may therefore behave differently from conven-
tional spray chambers when introducing ionic standard
solutions. In these systems, sensitivity is primarily governed
by the total gas flow, defined as the sum of the nebulizer and
makeup gas flows. Accordingly, the nebulizer gas flow rate was
fixed at 0.5 L min~"', while the makeup gas flow was adjusted
stepwise to assess the sensitivity as a function of total gas
flow.>® The results are shown in Figure 2, where the highest S/
B ratio for F is observed at a makeup gas flow of 0.7 L min™"
(Figure 2A), while the optimal value for Cl is 0.8 L min™'
(Figure 2B); total gas flow rates of 1.2 and 1.3 L min™' for F
and ClI, respectively.

However, even under optimized conditions, the sensitivity
obtained with the high-efficiency sample introduction system
was lower than that achieved using the cyclonic spray chamber.
Differences in transport efficiency and sample uptake rate
could not fully account for this behavior, which is most likely
related to a design that favors the introduction of discrete
entities rather than ionic standard solutions. In addition, the
minimum sample uptake rate available in this work (50 uL
min~") was suboptimal for efficient transport of the nebulized
aerosol, leading to sensitivity losses due to aerosol deposition
on the spray chamber walls. This interpretation is further
supported by the different responses of the two sample
introduction systems to changes in nebulizer gas flow. While
the cyclonic spray chamber exhibited a clear maximum in
signal intensity, the high-efficiency system showed a con-
tinuous increase in signal intensity with increasing nebulizer
gas flow.

These observations suggest that optimal conditions for the
introduction of ionic standard solutions were not reached with
the high-efliciency setup, even though the selected conditions
enabled efficient transport of micrometer-scale particulate
material. Self-evidently, potential differences in the fundamen-
tal mechanisms of anion formation between ionic standard
solutions and microparticulate materials cannot be ruled out.
Such differences may have contributed, at least in part, to some
of the observations discussed above. Further work should
therefore focus on improving our understanding of the
mechanisms governing anion formation and their potential
dependence on the analyte nature.

Nevertheless, the optimization procedure allowed identi-
fication of operating conditions that provided the best
compromise between instrument sensitivity and signal-to-
background ratio. Based on this criteria, makeup gas flow rates
of 0.7 and 0.8 L min™" were selected for the subsequent
analysis of F- and Cl-containing particles, respectively.

In addition to optimizing the instrument settings for
maximum sensitivity, the characteristic fast acquisition rates
of single-event measurements often require optimization of the
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Figure 2. Effect of the makeup gas flow rate on the signal intensity
and S/B ratio for 10 mg L™ standard solutions of F (A) and Cl (B).
Error bars represent the standard deviation of three replicate
measurements (n = 3). Each measurement consisted of a 60 s
acquisition time using a dwell time of 50 ms. The nebulizer gas flow
rate and RF power were fixed at 0.5 L min™' and 1550 W,
respectively.

dwell time, which is especially important for determinations
affected by relatively high background signals. In this case, the
measurement of F is influenced by potential contamination,
the occurrence of spectral interferences (e.g, "*O'H™ at m/z
19), or electrons reaching the detector, as described else-
where.** The higher uncertainty observed for F relative to Cl
in Figure 2 is most likely attributable to these factors.

To assess the effect of the dwell time, 3 gm PTFE particles
were monitored at dwell times of 20, 50, 100, 200, 500, 1000,
and 3000 ps.>® The results are shown in Figure S1. As can be
seen, no significant differences in the average integrated
intensities were observed across the different dwell times;
however, higher uncertainties were observed at the extreme
dwell time values. This is due to the fact that the shortest dwell
times distribute the event signals over a larger number of data
points, producing very low raw counts that are indistinguish-
able from the background, and are therefore not considered
during event integration. On the other hand, longer dwell
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Figure 3. Single-event nICP-MS time-resolved signal, average duration of the individual events, and frequency versus integrated intensity

distribution for a 3 ym PTFE (A) and 3 ym PVC particles (B).

Table 1. Comparison of the LoD

size

Values Reported in Literature for the Size Characterization of Halogenated Polymer-Based

Microparticles (Microplastics) by Monitoring Different Target Nuclides

halogenated particle mass analyzer introduction system species LoDy, pm reference
PTFE Q (N, plasma) scott-type Lt ~1.0 40
PTEE Q (MS) cyclonic 1S7BaF* 0.93 17
PTFE Q (MS/MS) scott-type IS7BaF* 1.1 18
PTFE Q (MS) cyclonic—high-efficiency Y- 1.18—0.68 this work
PVC Q (MS/MS) laser ablation Bt 12 41
PVC TOF high-efficiency sl 3.0 22
PVC TOF cyclonic et 14 23
PVC TOF cyclonic ¥CIH,* 13 23
PVC Q (MS) cyclonic—high-efficiency scr- 0 73-0.45 this work

times include a larger contribution from the background signal.
Based on these results, a dwell time of 100 us was selected for
all subsequent single-event nICP-MS analysis, exhibiting the
lowest measurement uncertainty.

Figures of Merit

Following optimization of the instrument settings and
operating conditions for single-event nICP-MS analysis, Figure
3 shows the time-resolved signals, the frequency versus
integrated intensity distributions, and the average signal events
for 3 um PTFE (Figure 3A) and 3 um PVC (Figure 3B)
particles. As shown, single-event nICP-MS produces the
expected time-resolved signal comprising discrete particle
events distributed across the acquisition period, which in
turn generates the corresponding frequency—integrated
intensity distribution. These results demonstrate that neg-
ative-ion mode can be effectively implemented for single-event
ICP-MS at microsecond dwell times,> enabling the character-
ization of elements prone to anion formation or that exhibit
difficulties forming positive ions. In this context, it may
represent a significant advancement for the selective analysis of
micrometer-sized halogen-based polymeric particles (i.e.,
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microplastics), allowing both detection and size character-
ization through direct monitoring of F~ and CI™ anions.

The average peak profiles of the individual events appear
broader, with an asymmetric right-hand tail, than those
typically observed in positive mode (average duration for
individual events = 1680 + 547 ps and 1540 + 351 ps for 3 ym
PTFE and 3 ym PVC particles, respectively). The broader and
asymmetric single-event peak profiles observed in negative-ion
mode likely reflect fundamental differences in anion formation
compared to conventional positive-ion ICP-MS. While positive
ions are generated directly within the high-temperature plasma,
negative ions are predominantly formed via postplasma
electron attachment, occurring within the expanding interface
region and early ion optics. As this process is spatially
distributed rather than confined to a localized plasma zone,
anion formation is expected to proceed over an extended
region, leading to increased temporal dispersion of the
resulting ion cloud. In addition, electron attachment inherently
involves collisional processes, which have previously been
shown to induce peak broadening in single-event ICP-MS
under collision/reaction conditions.”® Together, these effects
provide a plausible explanation for the longer event durations
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Figure 4. Comparison of the results obtained for the characterization of PTFE and PVC particle standards using different quantification strategies
(A, C) and their corresponding calibration curves (B, D) obtained with the cyclonic spray chamber and the high-efficiency spray chamber for
sample introduction, respectively. The error bars of the sizes determined by single-event nICP-MS represent the combined uncertainty, calculated
as discussed elsewhere.”’ The uncertainty in the SEM results corresponds to the standard deviation (n ~ 200). The green solid lines represent the
linear range of the external calibration, while the red solid line illustrates the loss of linearity for the cyclonic spray chamber when fitting the

calibration curve including the S pm PVC particle standard.

and asymmetric peak shapes (possibly a Boltzmann distribu-
tion) observed in negative-ion single-event measurements.’’
To further assess the potential of single-event nICP-MS, the
detection capabilities were evaluated and compared with those
of single-event pICP-MS. The mass detection limits (LoD,y,.)
were calculated according to eq 1, where sy is the standard
deviation of the blank in counts (4.76 counts for ’F~, and 1.42
counts for 3°Cl7), w is the expected event duration for a
particle at the LoD (conventionally approximated as 500 us), k
is the integrated sensitivity (0.110 counts fg™' for 'F~, and
0.236 counts fg~' for **CI”) determined from a calibration
curve constructed with analyte-containing particles, and t4,, is
the dwell time in ps. Assuming sphericity, the size detection
limits (LoD
density (p, in fg um™) and elemental composition (ie., the

) were then determined for particles of known

size

molar mass of the particle, M, and the molar mass of the

analyte within each entity, M,,), as shown in eq 2.***
3spw
LODmaSS = -
2kt et 1)
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LoD 6 M .
LoD 23\/& part

size

Tp M, (2)

Using these equations, the LoDg,, obtained with the
cyclonic spray chamber was estimated to be of 1.18 um for
PTFE and 0.73 ym for PVC. As shown in Table 1, these values
are already competitive when compared to those reported for
positive-ion mode measurements. The use of the high-
efficiency sample introduction system enabled additional
improvements, yielding LoDy, values as low as 0.68 um for
PTFE and 0.45 pum for PVC.

It should be noted that the accuracy of the estimation of
these parameters is intimately affected by the selection of the
reference standards. In this context, while the PVC particles
were spherical and monodisperse, the PTFE standard was
amorphous and polydisperse, which may affect the determined
LOD,,.. However, this very same standard (or one of similar
quality) was used in the different works collected in Table 1, so
no biases are expected for the comparison. Moreover, an event
duration of 500 us was assumed, although this value likely
underestimates the actual transit time of a particle at the LoD
and may therefore influence the estimated size detection limits.
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Figure 5. Representative SEM images of the 0.2 (A), 1 (B), 3 (C), and 8 (D) um PTEE particles analyzed in this work.

However, accurately determining this signal duration is highly
challenging, and the conventionally adopted value of 500 us
was retained to enable comparison with previous studies.
While this approach was considered fit for purpose in the
present work, the use of peak height may provide a more
realistic basis for LoD estimation,”” as demonstrated
previously, and deserves further consideration in future studies.
Nevertheless, these figures of merit demonstrate that single-
event nICP-MS holds promise for the direct analysis of
micrometer to submicrometer sized halogen-based polymeric
particles.

Characterization of F- and Cl-Containing Polymer-Based
Microparticles

To convert the integrated intensity of each event into the
corresponding analyte mass per particle and subsequently
calculate the particle size and size distribution of a particle
population, appropriate calibration strategies must be estab-
lished. Single-event pICP-MS often relies on metallic nano-
particle (NP) standards, such as AuNPs, to determine a
correction factor, often referred to as TE, ., that enables
calibration with ionic standards of the target analyte.*’
However, these NP standards do not form anions suitable
for detection in single-event nICP-MS, thus necessitating
alternative calibration strategies compatible with negative-
mode operation.

In this context, existing strategies developed for single-event
pICP-MS were evaluated for their potential adaptation to
negative-ion mode, using PTFE and PVC particles as model F-
and Cl-containing particles. The approaches assessed include

methods that are independent of TE determination (ie.,
external calibration) as well as those that depend on TE (i.e.,
particle size, particle frequency, and waste collection).” The
results obtained for each strategy using both types of sample
introduction systems are summarized in Figure 4.

First, external calibration is performed using particle
standards with known analyte mass, typically derived from
the particle size, density, and chemical composition (assuming
spherical shape). Provided an adequate mass value is available
or can be derived, the integrated intensities of all events can be
directly interpolated into the calibration curve to determine the
analyte mass. This method has been shown to be more
accurate and direct than other strategies for quantitative single-
event pICP-MS analysis.** However, its applicability is limited
by the availability of suitable particle standards for calibration.

In this work, while appropriate PVC particle standards were
available for Cl, F determination relied only on the 3 ym (3.35
+ 1.31 pm; Figure SC) PTEE standard, which could be used
for external calibration of other samples but is not meaningful
for calibrating itself. The 0.2 ym (0.21 + 0.05 um; Figure SA)
and 1 pm (0.24 + 0.07 um; Figure SB) PTFE standards fell
below the detection limit (0.68 xm). In addition, the 8 ym
PTFE material consisted of large fibers that clogged the
nebulizer (Figure SD). As a result, external calibration could
only be applied to the size determination of PVC particles,
yielding highly accurate and precise results for all standards
except the S um PVC particles introduced using a cyclonic
spray chamber (Figure 4A). This bias in the sizing of these
particles can be attributed to the discrimination of the larger
particle fraction occurring in low-efficiency sample introduc-

https://doi.org/10.1021/acs.analchem.6c02321
Anal. Chem. 2026, 98, 22977-22987


https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

tion systems, which are not suitable for introducing micro-
meter-scale particles. Under these conditions, only the smaller
fraction of the particle population was efficiently transported,
resulting in fewer recorded events, an underestimation of the
integrated intensities, and therefore an underestimation of
mass and size. This effect is clearly reflected in the loss of
linearity shown in Figure 4B (R* = 0.923 when the data point
for the larger S ym PVC particles is included, and 0.997 when
it is excluded). In contrast, the use of the high-efficiency
sample introduction system (Figure 4C) maximized transport
for this particle-size range (3—5 um; R* = 0.9991), extending
the linear range and improving method accuracy, as
demonstrated in Figure 4D.

In contrast to the external calibration approach, TE-
dependent methods rely on determining the TE constant to
convert the integrated intensity of each event (Ipm, counts)
into the corresponding analyte mass (mpm, fg), according to eq
3, where Q,, is the sample flow rate in mL min™’, tg,; is the
dwell time in seconds, and S, is the analyte sensitivity in
counts mL fg_l. As indicated above, three main strategies have
typically been used to calculate this correction factor, namely
the particle size, particle frequency, and waste collection
approaches, and their suitability for the size characterization of
F- and Cl-based polymeric particles was evaluated.

IparttdweHQnebTEM part
mpart =
SionMan60 (3)

The particle size method generally determines the TE by
monitoring nanoparticle standards of well-defined size. Unlike
external calibration, this method relies on particulate material
that does not necessarily need to contain the target analyte in
its chemical composition. The TE can be calculated using eq 4,
where S, is the sensitivity of the particle standard in counts
fg™". Because metallic nanoparticle standards commonly used
in single-event pICP-MS (e.g, AuNPs) are unsuitable for
negative-ion mode, PVC standards were used to determine the
TE, .. sive for PTFE, and vice versa. The TE values obtained
were 7.56 + 0.84% and 8.94 + 0.98% for the cyclonic spray
chamber (using PVC and PTFE, respectively), and 32.7 +
1.8% and 28.7 + 1.4% for the high-efficiency sample
introduction system (using PVC and PTFE, respectively).
The slight differences between the TEs determined using PVC
or PTFE standards can be attributed to some degree of
polydispersity associated with these materials, whereas the
differences between chambers are not only due to differences
in transport itself, but also to the fact that the cyclonic spray
chamber is designed to remove the larger nebulized droplets,
leading to intensity histograms that are slightly biased toward
lower values. As shown in Figure 4, the accuracy of this
approach was comparable to that of external calibration, with
significant deviations only observed for the 5 ym PVC particles
introduced using the cyclonic spray chamber. This bias results
from the less favorable transport of larger particles in low-
efficiency sample introduction systems. The main advantage of
this strategy is that it does not require standards containing the
target analyte.
Mansion60
TEpatt.size =
MparthebSpart.stdtdwell (4)

It should be noted that, somewhat counterintuitively, the TE
obtained using the particle size method does not directly
reflect the transport of ionic solutions or suspended particles.

Instead, it serves as a proportionality constant that correlates
the intensity of single events with their corresponding particle
mass through an ionic calibration curve. By contrast, the TE
determined using the particle frequency method is a direct
indicator of how efficiently particles are transported to the
plasma. For this approach, TE, . q is also traditionally
determined using nanoparticle standards, which in this case
must be well-characterized in terms of their particle number
concentration (PNC). The correction factor is calculated by
monitoring the number of events per minute of analysis (N,
min~"), according to eq 5. Successful application of the particle
frequency method for size determination assumes identical
transport behavior for ionic standard solutions and particulate
material. While this assumption holds reasonably well for
nanoparticles (sizes <100 nm), relatively large entities, such as
those in the micrometer size range, exhibit less favorable
transport,™** even when high-efficiency sample introduction
systems are used. This leads to an underestimated TE for
sizing, although the method remains suitable for determining
the PNC of micrometer-sized particles. This explains the
significant deviations observed for all particle sizes when using
the cyclonic spray chamber (TE, feq = 0.49 + 0.11%) and
the slight underestimation obtained with the high-efficiency
sample introduction system (TE =222 + 1.1%).

N

part.freq — g~
PNCQneb (5)

In addition to the particle size and particle frequency
approaches, the waste collection method can serve as an
alternative when suitable particle standards are unavailable.
Here, TE, . (eq 6) is determined gravimetrically using an
ionic standard solution by introducing a known mass (my,,)
and weighing the fraction not transported into the plasma
collected from the waste channel (m,,.). In contrast to the
previous approaches, this method proved unsuitable for the
high-efficiency sample introduction system. Under these
conditions, a substantial portion of the untransported liquid
was not recovered in the waste outlet, most likely due to
retention and evaporation on the spray chamber walls. This
leads to an overestimation of transport (TE,.. = 61.5 +
5.4%), resulting in significant deviations for both PTFE and
PVC particles. Conversely, such drying losses are nearly
negligible in the cyclonic spray chamber (TE = 8.08 + 0.28%).
Accordingly, particle sizes derived from this approach agreed
well with the SEM reference values, with the exception of the 5
um PVC particles, where transport limitations for larger
particles, as discussed above, resulted in biased sizing.

part. freq

TE

TE _ Mine — Myagte

waste
my,e (6)

Overall, the different strategies commonly applied to single-
event pICP-MS analysis could also be implemented in
negative-ion mode. However, their applicability depends on
the availability of suitable particle standards containing the
target analyte or on the extent to which particle size and
number concentration are adequately characterized.

B CONCLUSIONS AND FUTURE PERSPECTIVES

In this work, we demonstrate, for the first time, the feasibility
and analytical potential of negative-ion mode single-event ICP-
MS for the characterization of halogen-based polymeric
particles (microplastics). Following the adaptation of the

https://doi.org/10.1021/acs.analchem.6c02321
Anal. Chem. 2026, 98, 22977-22987


pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

ICP-MS platform for negative-ion mode, optimized conditions
enabled the acquisition of time-resolved signals suitable for
single-entity analysis, allowing the use of ionic standards rather
than discrete entities for optimization. Halogen-based
polymeric particles, which are traditionally challenging to
analyze directly in positive-ion mode, were successfully
characterized, with particular emphasis on the size determi-
nation of PTFE particles through direct monitoring of F~ ions,
thereby avoiding the need to rely on F-based molecular ions as
indirect proxies. Although the peak durations of individual
events were found to be longer than those typically observed in
positive-ion mode, implementation of a high-efficiency sample
introduction system provided size detection limits of 0.68 pm
for PTFE and 0.45 pum for PVC. These results significantly
improved those previously obtained by positive-ion mode
operation and highlight the potential of negative-ion mode
single-event ICP-MS for sizing and characterization of
microparticulate material containing elements prone to anion
formation. Calibration and quantification strategies established
for positive-ion mode single-event ICP-MS were also
applicable under negative-ion mode operation. However, the
lack of sufficiently monodisperse, well-characterized particle
standards in terms of both size and number concentration
remains a limiting factor and can compromise measurement
accuracy.

Overall, negative-ion mode single-event ICP-MS provides a
direct route for halogen-specific particle characterization,
including fluorine-resolved microplastic analysis without
proxy-ion strategies. While positive-ion mode ICP-MS is
widely established, negative-ion mode is still in an early stage
of development. However, the prototype nature of the
instrumentation leaves room for further improvements in
sensitivity and F background reduction, which would
substantially enhance detection limits. In this regard, the
determination of per- and polyfluoroalkyl substances (PFAS),
for which compound-specific regulations are becoming
increasingly stringent, may also benefit from negative-ion
mode operation, opening new avenues for ICP-MS analysis.
Furthermore, an interchangeable ICP-MS platform capable of
operating in both positive and negative modes would provide a
more versatile route to exploit complementary cation and
anion monitoring, further expanding the analytical scope of
single-event ICP-MS.

B ASSOCIATED CONTENT

Data Availability Statement

Data will be available through Zenodo.
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321.

Instrument settings and operating conditions (Table
S1); evaluation of dwell time effects on the integrated
intensity of 3 ym PTFE particles (Figure S1) (PDF)

B AUTHOR INFORMATION
Corresponding Author

Raquel Gonzalez de Vega — TESLA-Analytical Chemistry,
Institute of Chemistry, University of Graz, 8010 Graz,
Austria; ©® orcid.org/0000-0002-9806-9633;

Email: Raquel.gonzalez-de-vega@uni-graz.at

Authors

Antonio Bazo — Department of Analytical Chemistry, Aragon
Institute of Engineering Research (I3A), University of
Zaragoza, 50009 Zaragoza, Spain; ® orcid.org/0000-
0003-1603-2691

Eduardo Bolea-Fernandez — Department of Analytical
Chemistry, Aragon Institute of Engineering Research (I3A),
University of Zaragoza, S0009 Zaragoza, Spain;

orcid.org/OOOO—OOOZ—1856—2058

Ana Rua-Ibarz — Department of Analytical Chemistry, Aragon
Institute of Engineering Research (I3A), University of
Zaragoza, 50009 Zaragoza, Spain; ® orcid.org/0000-
0001-9582-6283

Martin Resano — Department of Analytical Chemistry, Aragon
Institute of Engineering Research (I3A), University of
Zaragoza, 50009 Zaragoza, Spain; © orcid.org/0000-
0002-7450-8769

Hamid Badiei — PerkinElmer Scientific Canada ULC,
Woodbridge L4L 8H1 Ontario, Canada

David Clases — NanoMicroLab, Institute of Chemistry,
University of Graz, 8010 Graz, Austria; ® orcid.org/0000-
0003-3880-9385

Andrea Raab — TESLA-Analytical Chemistry, Institute of
Chemistry, University of Graz, 8010 Graz, Austria

Jorg Feldmann — TESLA-Analytical Chemistry, Institute of
Chemistry, University of Graz, 8010 Graz, Austria

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.6c02321

Author Contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

Open access funding provided by Karl-Franzens-Universitat
Graz.

Notes

The authors declare the following competing financial
interest(s): H.B. is employed by PerkinElmer.

B ACKNOWLEDGMENTS

The authors acknowledge the financial support of the
University of Graz for open access publication. The authors
are grateful to the European Regional Development Fund
(“ERDF A way of making Europe”) for financial support
through the Interreg POCTEFA Nanolyme EFA99/1, to
project PID2024-156411NB-I00 (funded by MCIN/AEI/
10.13039/501100011033 and by ERDF) and to the Aragon
Government (Grupo E43 20R and grant PROY E17 24).
A.B. acknowledges the Department of Science, University and
Knowledge Society from DGA for his predoctoral grant (2021
call). E.B.-F. acknowledges financial support from the Ramén y
Cajal programme (RYC2021-031093-I) funded by MCIN/
AEI/10.13039/501100011033 and the European Union
(NextGenerationEU/PRTR), and from the CNS2025-
165739 funded by MICIU/AEI/10.13039/501100011033.
AR-L thanks European Union’s Horizon 2020 research and
innovation program under the Marie-Sklodowska-Curie grant
agreement N° 101034288. Authors acknowledge the use of
instrumentation as well as the technical advice provided by the
National Facility ELECMI ICTS, node <Laboratorio de

https://doi.org/10.1021/acs.analchem.6c02321
Anal. Chem. 2026, 98, 22977-22987


https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c02321/suppl_file/ac6c02321_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raquel+Gonzalez+de+Vega"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9806-9633
mailto:Raquel.gonzalez-de-vega@uni-graz.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Bazo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1603-2691
https://orcid.org/0000-0003-1603-2691
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eduardo+Bolea-Fernandez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1856-2058
https://orcid.org/0000-0002-1856-2058
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Rua-Ibarz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9582-6283
https://orcid.org/0000-0001-9582-6283
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marti%CC%81n+Resano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7450-8769
https://orcid.org/0000-0002-7450-8769
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamid+Badiei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Clases"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3880-9385
https://orcid.org/0000-0003-3880-9385
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Raab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jo%CC%88rg+Feldmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02321?ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

Microscopias Avanzadas (LMA)> at <Universidad de
Zaragoza>>. We gratefully acknowledge the loan of the
NexION 2000 by PerkinElmer, Canada and their continuous
support with instrument development. The authors would like
to thank Glass Expansion for providing the high-efficiency
sample introduction system.

B REFERENCES

(1) Wright, S. L.; Thompson, R. C.; Galloway, T. S. The Physical
Impacts of Microplastics on Marine Organisms: A Review. Environ.
Pollut. 2013, 178, 483—492.

(2) Silva, A. B.; Bastos, A. S.; Justino, C. L. L.; da Costa, J. P.; Duarte,
A. C; Rocha-Santos, T. A. P. Microplastics in the Environment:
Challenges in Analytical Chemistry - A Review. Anal. Chim. Acta
2018, 1017, 1-19.

(3) Singh, C. K; Sodhi, K. K.; Saha, K; Sarma, S.; Shree, P.; Singh,
P. Insight into the Environmental Impact of Microplastics: A
Perspective on the Sources, Detection, Ecotoxicity, and Remediation.
Total Environ. Microbiol. 2025, 1 (2), No. 100009.

(4) Velimirovic, M.; Tirez, K; Verstraelen, S.; Frijns, E.; Remy, S.;
Koppen, G.; Rotander, A.; Bolea-Fernandez, E.; Vanhaecke, F. Mass
Spectrometry as a Powerful Analytical Tool for the Characterization
of Indoor Airborne Microplastics and Nanoplastics. J. Anal. At.
Spectrom. 2021, 36 (4), 695—705.

(5) Huang, Z; Hu, B; Wang, H. Analytical Methods for
Microplastics in the Environment: A Review. Environ. Chem. Lett.
2023, 21 (1), 383—401.

(6) Vasudeva, M.; Warrier, A. K; Kartha, V. B.; Unnikrishnan, V. K.
Advances in Microplastic Characterization: Spectroscopic Techniques
and Heavy Metal Adsorption Insights. TrAC Trends Anal. Chem.
2025, 183, No. 118111.

(7) Kutralam-Muniasamy, G.; Shruti, V. C.; Pérez-Guevara, F.;
Flores, J. A. The Emerging Field of Inductively Coupled Plasma Mass
Spectrometry for (Micro)Nanoplastic Analysis: “The 3As” Analysis,
Advances, and Applications. TrAC Trends Anal. Chem. 2024, 174,
No. 117673.

(8) Degueldre, C.; Favarger, P.-Y. Colloid Analysis by Single Particle
Inductively Coupled Plasma-Mass Spectroscopy: A Feasibility Study.
Colloids Surf. A Physicochem. Eng. Asp. 2003, 217 (1), 137—142.

(9) Laborda, F.; Bolea, E.; Jiménez-Lamana, ]. Single Particle
Inductively Coupled Plasma Mass Spectrometry for the Analysis of
Inorganic Engineered Nanoparticles in Environmental Samples.
Trends Environ. Anal. Chem. 2016, 9, 15—23.

(10) Mozhayeva, D.; Engelhard, C. A Critical Review of Single
Particle Inductively Coupled Plasma Mass Spectrometry — A Step
towards an Ideal Method for Nanomaterial Characterization. J. Anal.
At. Spectrom. 2020, 35 (9), 1740—1783.

(11) Resano, M.; Aramendia, M.; Garcia-Ruiz, E.; Bazo, A.; Bolea-
Fernandez, E.; Vanhaecke, F. Living in a Transient World: ICP-MS
Reinvented via Time-Resolved Analysis for Monitoring Single Events.
Chem. Sci. 2022, 13 (16), 4436—4473.

(12) Bolea-Fernandez, E.; Rua-Ibarz, A.; Velimirovic, M.; Tirez, K.;
Vanhaecke, F. Detection of Microplastics Using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) Operated in Single-Event
Mode. J. Anal. At. Spectrom. 2020, 35 (3), 455—460.

(13) Laborda, F.; Trujillo, C.; Lobinski, R. Analysis of Microplastics
in Consumer Products by Single Particle-Inductively Coupled Plasma
Mass Spectrometry Using the Carbon-13 Isotope. Talanta 2021, 221,
No. 121486.

(14) Gonzalez de Vega, R.; Goyen, S.; Lockwood, T. E.; Doble, P.
A.; Camp, E. F,; Clases, D. Characterisation of Microplastics and
Unicellular Algae in Seawater by Targeting Carbon via Single Particle
and Single Cell ICP-MS. Anal. Chim. Acta 2021, 1174, No. 338737.

(15) Jiménez-Lamana, J.; Marigliano, L.; Allouche, J.; Grassl, B;
Szpunar, J.; Reynaud, S. A Novel Strategy for the Detection and
Quantification of Nanoplastics by Single Particle Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). Anal. Chem. 2020, 92 (17),
11664—11672.

(16) Lai, Y.; Dong, L.; Li, Q.; Li, P.; Hao, Z.; Yu, S.; Liu, J. Counting
Nanoplastics in Environmental Waters by Single Particle Inductively
Coupled Plasma Mass Spectroscopy after Cloud-Point Extraction and
In Situ Labeling of Gold Nanoparticles. Environ. Sci. Technol. 2021, 55
(8), 4783—4791.

(17) Gelman, F.; Muszynska, M.; Karasinski, J.; Lev, O.; Halicz, L.
Detection of PTFE Microparticles by ICP-qMS Operated in Single-
Particle Mode. J. Anal. At. Spectrom. 2022, 37 (11), 2282—228S.

(18) Gonzalez de Vega, R.; Moro, T. T.; Griiner, B.; Maranhio, T.
A.; Huber, M. J.; Ivleva, N. P.; Skrzypek, E.; Feldmann, J.; Clases, D.
Studying the Degradation of Bulk PTFE into Microparticles via SP
ICP-MS: A Systematically Developed Method for the Detection of F-
Containing Particles. J. Anal. At. Spectrom. 2024, 39 (8), 2030—2037.

(19) Wieland, M. A. B.; Schwaminger, S. P.; Elinkmann, M.; Stiiger,
P. M,; Feldmann, J; Clases, D.; Gonzalez de Vega, R. Ozone-
Mediated Breakdown of Microplastics in Aqueous Environments. J.
Anal. At. Spectrom. 2025, 40 (10), 2870—2878.

(20) Wouters, S.; Cuyckens, F. Inductively Coupled Plasma Mass
Spectrometry as a Sensitive Non-Radioactive Alternative for
Quantitative Analysis in Drug Metabolism Studies Based on Fluorine
Detection. Anal. Bioanal. Chem. 2026, 418, 2773—2783.

(21) Scharek, V. M,; Traub, H.; Meermann, B. A Direct Solid
Sampling Approach for Fluorine Determination via ETV/ICP-QQQ-
MS. J. Anal. At. Spectrom. 2026, 41, 2005—2011.

(22) Fazzolari, S.; Hattendorf, B.; Gunther, D. Quantitative Sizing of
Microplastics up to 20 Mm Using ICP-TOEMS. J. Anal. At. Spectrom.
2025, 40 (1), 276-285.

(23) Gonzalez de Vega, R.; Huber, M. J; Jiingling, L. S.; Ivleva, N. P.;
Clases, D. Single Particle ICP-TOFMS for the Detection of Micro-
Scale Polystyrene and Polyvinyl Chloride from Artificially Aged Bulk
Plastic. J. Anal. At. Spectrom. 2025, 40 (10), 2649—2657.

(24) Chtaib, M.; Schmit, J.-P. Negative-Ion Mode in Inductively
Coupled Plasma Mass Spectrometry. J. Anal. At. Spectrom. 1988, 3
(2), 315-318.

(25) Pupyshev, A. A.; Surikov, V. T. Application of Negative Ions in
Inductively Coupled Plasma-Mass Spectrometry. Spectrochim. Acta B
At. Spectrosc. 2004, 59 (7), 1021—1031.

(26) Raab, A.; Badiei, H.; Feldmann, J. How Are Negative Ions in an
ICPMS Formed? J. Anal. At. Spectrom. 2025, 40 (7), 1689—1699.

(27) Lockwood, T. E.; Gonzalez de Vega, R; Clases, D. An
Interactive Python-Based Data Processing Platform for Single Particle
and Single Cell ICP-MS. J. Anal. At. Spectrom. 2021, 36 (11), 2536—
2544.

(28) Bolea-Fernandez, E.; Leite, D.; Rua-Ibarz, A.; Liu, T.; Woods,
G.; Aramendia, M.; Resano, M.; Vanhaecke, F. On the Effect of Using
Collision/Reaction Cell (CRC) Technology in Single-Particle ICP-
Mass Spectrometry (SP-ICP-MS). Anal. Chim. Acta 2019, 1077, 95—
106.

(29) Kélomista, 1; Kéri, A;; Galbics, G. Optimization of Plasma
Sampling Depth and Aerosol Gas Flow Rates for Single Particle
Inductively Coupled Plasma Mass Spectrometry Analysis. Talanta
2017, 172, 147—154.

(30) Fulford, J. E;; Quan, E. S. K. Negative Ions in Inductively
Coupled Plasma Mass Spectrometry. Appl. Spectrosc. 1988, 42 (3),
425—428.

(31) Priede, A. S.; Corte-Rodriguez, M.; Gédde, H.; Bayén, M. M,;
Bettmer, J. Single Particle and Single Cell Analysis by ICP-MS with
Pneumatic Nebulisation: Comparing Sample Introduction Systems.
Talanta 2025, 295, No. 128372.

(32) Liu, T.; Bolea-Fernandez, E.; Mangodt, C.; De Wever, O,;
Vanhaecke, F. Single-Event Tandem ICP-Mass Spectrometry for the
Quantification of Chemotherapeutic Drug-Derived Pt and Endoge-
nous Elements in Individual Human Cells. Anal. Chim. Acta 2021,
1177, No. 338797.

(33) Liu, T; Bolea-Fernandez, E.; Vanhaecke, F. Analysis of
Microsamples of Biological Fluids via Inductively Coupled Plasma-
Tandem Mass Spectrometry Using a Micro-Flow Injection System
Coupled to a High-Efficiency Sample Introduction Setup. Spectrochim.
Acta B At. Spectrosc. 2022, 198, No. 106546.

https://doi.org/10.1021/acs.analchem.6c02321
Anal. Chem. 2026, 98, 22977-22987


https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1016/j.aca.2018.02.043
https://doi.org/10.1016/j.aca.2018.02.043
https://doi.org/10.1016/j.temicr.2025.100009
https://doi.org/10.1016/j.temicr.2025.100009
https://doi.org/10.1039/D1JA00036E
https://doi.org/10.1039/D1JA00036E
https://doi.org/10.1039/D1JA00036E
https://doi.org/10.1007/s10311-022-01525-7
https://doi.org/10.1007/s10311-022-01525-7
https://doi.org/10.1016/j.trac.2024.118111
https://doi.org/10.1016/j.trac.2024.118111
https://doi.org/10.1016/j.trac.2024.117673
https://doi.org/10.1016/j.trac.2024.117673
https://doi.org/10.1016/j.trac.2024.117673
https://doi.org/10.1016/S0927-7757(02)00568-X
https://doi.org/10.1016/S0927-7757(02)00568-X
https://doi.org/10.1016/j.teac.2016.02.001
https://doi.org/10.1016/j.teac.2016.02.001
https://doi.org/10.1016/j.teac.2016.02.001
https://doi.org/10.1039/C9JA00206E
https://doi.org/10.1039/C9JA00206E
https://doi.org/10.1039/C9JA00206E
https://doi.org/10.1039/D1SC05452J
https://doi.org/10.1039/D1SC05452J
https://doi.org/10.1039/C9JA00379G
https://doi.org/10.1039/C9JA00379G
https://doi.org/10.1039/C9JA00379G
https://doi.org/10.1016/j.talanta.2020.121486
https://doi.org/10.1016/j.talanta.2020.121486
https://doi.org/10.1016/j.talanta.2020.121486
https://doi.org/10.1016/j.aca.2021.338737
https://doi.org/10.1016/j.aca.2021.338737
https://doi.org/10.1016/j.aca.2021.338737
https://doi.org/10.1021/acs.analchem.0c01536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2JA00215A
https://doi.org/10.1039/D2JA00215A
https://doi.org/10.1039/D4JA00101J
https://doi.org/10.1039/D4JA00101J
https://doi.org/10.1039/D4JA00101J
https://doi.org/10.1039/D5JA00226E
https://doi.org/10.1039/D5JA00226E
https://doi.org/10.1007/s00216-026-06406-4
https://doi.org/10.1007/s00216-026-06406-4
https://doi.org/10.1007/s00216-026-06406-4
https://doi.org/10.1007/s00216-026-06406-4
https://doi.org/10.1039/D6JA00014B
https://doi.org/10.1039/D6JA00014B
https://doi.org/10.1039/D6JA00014B
https://doi.org/10.1039/D4JA00323C
https://doi.org/10.1039/D4JA00323C
https://doi.org/10.1039/D5JA00213C
https://doi.org/10.1039/D5JA00213C
https://doi.org/10.1039/D5JA00213C
https://doi.org/10.1039/ja9880300315
https://doi.org/10.1039/ja9880300315
https://doi.org/10.1016/j.sab.2004.05.011
https://doi.org/10.1016/j.sab.2004.05.011
https://doi.org/10.1039/D4JA00433G
https://doi.org/10.1039/D4JA00433G
https://doi.org/10.1039/D1JA00297J
https://doi.org/10.1039/D1JA00297J
https://doi.org/10.1039/D1JA00297J
https://doi.org/10.1016/j.aca.2019.05.077
https://doi.org/10.1016/j.aca.2019.05.077
https://doi.org/10.1016/j.aca.2019.05.077
https://doi.org/10.1016/j.talanta.2017.05.051
https://doi.org/10.1016/j.talanta.2017.05.051
https://doi.org/10.1016/j.talanta.2017.05.051
https://doi.org/10.1366/0003702884428040
https://doi.org/10.1366/0003702884428040
https://doi.org/10.1016/j.talanta.2025.128372
https://doi.org/10.1016/j.talanta.2025.128372
https://doi.org/10.1016/j.aca.2021.338797
https://doi.org/10.1016/j.aca.2021.338797
https://doi.org/10.1016/j.aca.2021.338797
https://doi.org/10.1016/j.sab.2022.106546
https://doi.org/10.1016/j.sab.2022.106546
https://doi.org/10.1016/j.sab.2022.106546
https://doi.org/10.1016/j.sab.2022.106546
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(34) Vickers, G. H,; Wilson, D. A; Hieftje, G. M. Detection of
Negative Ions by Inductively Coupled Plasma Mass Spectrometry.
Anal. Chem. 1988, 60 (17), 1808—1812.

(35) Abad-Alvaro, 1; Pena-Vazquez, E.; Bolea, E.; Bermejo-Barrera,
P.; Castillo, J. R.; Laborda, F. Evaluation of Number Concentration
Quantification by Single-Particle Inductively Coupled Plasma Mass
Spectrometry: Microsecond vs. Millisecond Dwell Times. Anal
Bioanal. Chem. 2016, 408 (19), 5089—5097.

(36) Montafio, M. D.; Badiei, H. R;; Bazargan, S.; Ranville, J. F.
Improvements in the Detection and Characterization of Engineered
Nanoparticles Using spICP-MS with Microsecond Dwell Times.
Environ. Sci.: Nano 2014, 1 (4), 338—346.

(37) Huels, M. A.; Fedchak, J. A.; Champion, R. L.; Doverspike, L.
D.; Gauyacq, J. P,; Teillet-Billy, D. Electron Detachment in Low-
Energy Collisions of Halogen Anions with Atomic Hydrogen. Phys.
Rev. A 1994, 49 (1), No. 255.

(38) Laborda, F.; Gimenez-Ingalaturre, A. C.; Bolea, E.; Castillo, J.
R. About Detectability and Limits of Detection in Single Particle
Inductively Coupled Plasma Mass Spectrometry. Spectrochim. Acta B
At. Spectrosc. 2020, 169, No. 105883.

(39) Bazo, A.; Lépez-Villellas, L.; Mataloni, M.; Bolea-Fernandez, E.;
Rua-Ibarz, A,; Grotti, M.; Aramendia, M.; Resano, M. Improving
Detection and Figures of Merit in Single-Particle Inductively Coupled
Plasma-Mass Spectrometry via Transient Event Heights. Anal. Chim.
Acta 2025, 1378, No. 344694.

(40) Rua-Tbarz, A.;; Nakadi, F. V.; Bolea-Fernandez, E.; Bazo, A,;
Battistella, B.; Matiushkina, A.; Resch-Genger, U.; Abad, C.; Resano,
M. Discrete Entity Analysis via Microwave-Induced Nitrogen
Plasma—Mass Spectrometry in Single-Event Mode. Anal. Chem.
2025, 97 (43), 24065—24072.

(41) Van Acker, T.; Rua-Ibarz, A.; Vanhaecke, F.; Bolea-Fernandez,
E. Laser Ablation for Nondestructive Sampling of Microplastics in
Single-Particle ICP-Mass Spectrometry. Anal. Chem. 2023, 95 (50),
18579—18586.

(42) Pace, H. E.; Rogers, N. J; Jarolimek, C.; Coleman, V. A;
Higgins, C. P.; Ranville, J. F. Determining Transport Efficiency for the
Purpose of Counting and Sizing Nanoparticles via Single Particle
Inductively Coupled Plasma Mass Spectrometry. Anal. Chem. 2011,
83 (24), 9361-9369.

(43) Bazo, A.; Bolea-Fernandez, E.; Rua-Ibarz, A.; Aramendia, M;
Resano, M. Intensity- and Time-Based Strategies for Micro/Nano-
Sizing via Single-Particle ICP-Mass Spectrometry: A Comparative
Assessment Using Au and SiO2 as Model Particles. Anal. Chim. Acta
2024, 1331, No. 343305.

(44) Bazo, A.; Bolea-Fernandez, E.; Rua-Ibarz, A.; Aramendia, M.;
Resano, M. Ions with Ions, Entities with Entities: A Proof-of-Concept
Study Using the SELM-1 Yeast Certified Reference Material for Intra-
and Extracellular Se Quantification via Single-Cell ICP-Mass
Spectrometry. Anal. Chem. 2025, 97 (26), 13922—13929.

(4S) Caceres, G. C.; Johnson, M. E,; Molloy, J. L,; Lee, S. B;
Montoro Bustos, A. R. Extending the Linear Dynamic Range of Single
Particle ICP-MS for the Quantification of Microplastics. Anal. Chem.
2025, 97 (36), 19818—19828.

(46) Elinkmann, M.; Kronenberg, K.; Ellmeier, E.; Schwarzenberger,
E; Paton, L.; Gonzalez de Vega, R; Angiari, S.; Clases, D.
Investigation and Correction of Size-Dependent Transport Efficien-
cies of Microparticles in SP ICP-MS Analysis. Talanta 2026, 308,
No. 12983S.

22987

https://doi.org/10.1021/acs.analchem.6c02321
Anal. Chem. 2026, 98, 22977-22987


https://doi.org/10.1021/ac00168a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00168a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-016-9515-y
https://doi.org/10.1007/s00216-016-9515-y
https://doi.org/10.1007/s00216-016-9515-y
https://doi.org/10.1039/C4EN00058G
https://doi.org/10.1039/C4EN00058G
https://doi.org/10.1103/PhysRevA.49.255
https://doi.org/10.1103/PhysRevA.49.255
https://doi.org/10.1016/j.sab.2020.105883
https://doi.org/10.1016/j.sab.2020.105883
https://doi.org/10.1016/j.aca.2025.344694
https://doi.org/10.1016/j.aca.2025.344694
https://doi.org/10.1016/j.aca.2025.344694
https://doi.org/10.1021/acs.analchem.5c04341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c04341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac201952t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac201952t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac201952t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.aca.2024.343305
https://doi.org/10.1016/j.aca.2024.343305
https://doi.org/10.1016/j.aca.2024.343305
https://doi.org/10.1021/acs.analchem.5c01588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c01588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c01588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c01588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c03552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c03552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2026.129835
https://doi.org/10.1016/j.talanta.2026.129835
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

