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A B S T R A C T

Despite the availability of advanced data processing tools for single particle inductively coupled plasma mass 
spectrometry (SP-ICP-MS), users cannot fully trust on them to obtain reliable and accurate information due to 
their lack of validation. Along this work, current approaches for data processing have been evaluated in depth, 
paying special attention to the criteria and expressions used for calculation of critical values concerning the 
discrimination of baseline and particle readings, the counting of particle events and the determination of their 
total intensities, in order to promote their harmonization within the field, although focusing on quadrupole 
instruments. Baseline intensity was the most critical variable, since its magnitude determines which approach, 
Poisson or Gaussian, must be applied for discrimination of baseline and particle readings depending on its 
magnitude. Application of the corresponding approaches with a coverage factor of 5 led to the occurrence of less 
than 10 false positives (baseline readings considered as particle events) in a variety of experimental conditions 
(baseline intensities, number of readings, dwell times). The use of less demanding coverage factors (e.g., 3) led to 
increased false positives, particularly in the presence of nano- and microparticles and working at short dwell 
times, due to the higher occurrence of low-intensity particle events. Therefore, such conditions should be 
avoided.

Processing data from nano and microparticle suspensions measured at different dwell times and baseline levels 
with the free-access and open-source tool SPCal, resulted in reliable counting numbers and total intensities when 
the adequate critical values were applied. Consequently, this tool allowed the validation of a proprietary soft
ware as a proof of concept, confirming comparable results, except for the counting of particle events with high 
baseline levels or when using short dwell times, as long as the proposed approaches for the calculation of critical 
values, which were not originally implemented in such proprietary software, were applied.

1. Introduction

After ten years from the launching of the first commercial inductively 
coupled plasma mass spectrometer with single particle detection capa
bility [1] and more than twenty years of the conception of single particle 
inductively coupled plasma mass spectrometry (SP-ICP-MS) [2], the 
technique has already experienced a period of intense activity focused 
on achieving a broad view of the technique at instrumental, metrological 
and methodological levels. As a result, SP-ICP-MS methods are now 
applied to a wide range of analytical problems and the technique has 
become established as a routine tool with wide commercialization 
[3–5]. According to Horlick [6], it can be said that SP-ICP-MS has passed 
its characterization stage and it can be considered mature. However, a 

number of issues related to the metrological aspects of the technique, as 
well as to data processing, still require a higher level of harmonization to 
expand and facilitate a solid implementation of SP-ICP-MS.

The growth of SP-ICP-MS was related to the commercialization of 
fast data acquisition ICP-MS spectrometers, which allowed the use of 
dwell times down to 10 μs instead of working in the millisecond range 
[1,7]. Since the duration of the particle events is in the range of several 
hundreds of microseconds, using millisecond dwell times makes that 
events are recorded as pulses (1-reading events), whereas they are 
recorded as peaks when using microsecond dwell times, consisting of 
several readings. Thus, data processing, that could be performed by 
using spreadsheets (e.g., Single Particle Calculation (SPC) tool [8]) 
when 1-reading events are obtained, required the use of more 
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sophisticated tools. This led to the development of new programs for 
data processing that ICP-MS manufacturers incorporated as specific 
modules in their software [7]. The disadvantages of such proprietary 
software are that the algorithms implemented are not always available 
and their validation is not straightforward. The different data processing 
tools used in SP-ICP-MS have recently been summarized and reviewed 
by Chronakis et al. [9]. In this regard, open-source and free-access 
software have become available for SP-ICP-MS data processing (SPCal 
[10,11] at https://github.com/djdt/spcal and TOF-SPI [12] at htt 
ps://github.com/TOFMS-GG-Group/TOF-SPI). In the case of TOF-SPI, 
it is a software for processing data from a specific ICP-TOF instrument 
written in LabVIEW, whereas SPCal is an open-source software that 
accepts raw data from any type of ICP-MS spectrometer, also including 
mass scans recorded with ICP-TOF-MS instruments.

Metrological harmonization involves clear criteria for data process
ing and procedures for determination of the different measurands 
available in SP-ICP-MS, as well as expressions for estimation of the 
corresponding detection limits. Recently, ISO has revised a previous 
version of a technical specification on SP-ICP-MS published in 2019 
[13], covering aspects related to calibrations and experimental pro
cedures but not basic processing of raw data. Regarding detection limits, 
the approaches developed by Currie for the estimation of concentration 
detection limits for Poisson distributed data [14] were adapted to 
SP-ICP-MS, and criteria and expressions for element mass per particle, 
particle size and number concentration detection limits have been pro
posed [15,16].

The critical step of data processing in SP-ICP-MS involves the 
discrimination of readings from the baseline and those corresponding to 
the particle events. The most frequently applied approach is based on 
the application of a threshold value defined from the standard deviation 
of the baseline (z-sigma criteria), where particle readings exceeding the 
threshold are considered as outliers [17,18]. The simplest way of 
applying such approach to a dataset is averaging the entire dataset, 
removing all readings that are above their mean plus a defined multiple 
n of their standard deviation, and reprocessing iteratively the remaining 
readings until there are no more readings to remove [17]. This approach 
assumes that the baseline follows a Gaussian distribution. However, 
ICP-MS signals are governed by Poisson processes [19], which only lead 
to Gaussian distributions at high-count intensities, when flicker noise 
predominates; otherwise, shot noise prevails, which follows Poisson-like 
distributions. Laborda et al. [15] considered the Poisson nature of 
low-count baselines when working with quadrupole instruments due to 
the counting statistics of the electron multiplier detectors, while 
Gundlach-Graham et al. [20] proved that in modern time-of-flight in
struments baselines follow compound Poisson distributions, which 
present an additional noise component due to the gain statistics of the 
fast analog-to-digital conversion of the microchannel-plate detector 
currents. In both cases, baseline standard deviations are not measured 
directly but estimated as the squared root of the baseline count-intensity 
[14]. In the case of quadrupole instruments, the particular behavior of 
the baseline has led to the application of the so-called Poisson and 
Gaussian filters depending on the baseline intensity when processing 
data sets [10].

The consideration of the SP-ICP-MS baseline readings and the 
resulting distribution as a blank measurement allows to adapt the 
concept of critical value, developed by Currie to describe the detection 
capability of a conventional quantitative method [14], and to handle the 
threshold as a critical value [15,20]. A conventional critical value is 
defined as the response of the instrument above which an observed 
signal is reliably attributed to the presence of analyte, implying that 
there is a certain probability that it is falsely detected, producing a false 
positive. In SP-ICP-MS the critical value allows the control of the number 
of false positives (baseline readings considered as particle readings), 
which should be zero [21] or kept to a minimum [22], to avoid degra
dation of the number concentration detection limits. Such zero-level of 
false positives can be achieved since baseline distributions in SP-ICP-MS 

are not continuous but discrete, and can be controlled by the z factor 
discussed above. Despite a factor of 3 is widely applied [17], adopting 
the typical value involved in conventional expressions used for calcu
lation of concentration detection limits, removal of false positives is 
incomplete and the use of a factors of 5 has been demonstrated to be a 
fair compromise between avoiding false positives without degrading the 
detectability of small particles under different data acquisition condi
tions [16,21,23].

Despite all the advances on data processing and their implementa
tion in different tools, such as those described above, SP-ICP-MS users 
still seem to be unaware of its relevance or remain reluctant to harmo
nize data processing. For illustrative purposes, only half of the 88 arti
cles published in 2024 on quadrupole SP-ICP-MS reported the software/ 
tool used for data processing. Among those who reported it, half of the 
works used the software provided by the manufacturers of the in
struments, whereas 25% used in-house developed tools (spreadsheets or 
programs written in Phyton, MATLAB, GNU Octave, R). In the other 
25%, free-access tools (SPC spreadsheet or SPCal, mainly) or a software 
formerly developed for laser ablation ICP-MS (Hyper Dimensional Image 
Processing software) were used. Regarding the thresholding criteria 
applied, they were only reported in one third of the papers, with 3-sigma 
being the most commonly used (43%), closely followed by 5-sigma 
(36%). However, more than 20% reported the use of other alternative 
criteria. In any case, a Gaussian behavior of the baseline was considered 
in most of the works and less than 7% of the total publications consid
ered the Poisson behavior.

Considering the current availability of free-access, open-source and 
well-documented tools for data processing, SP-ICP-MS users have the 
opportunity to check and validate their results, as well as the tools they 
are using, in a more flexible way. However, the use of such tools requires 
an adequate knowledge of the criteria and procedures to be applied. 
Hence, the objectives of this work are the evaluation of the different 
criteria and expression available for calculation of critical values in SP- 
ICP-MS under a variety of experimental conditions by using the free- 
access software SPCal, the validation of this tools and the comparison 
of the attainable results by using a proprietary software. The ultimate 
aim is to establish robust criteria that can contribute to the harmoni
zation of data processing and the validation of data processing tools in 
SP-ICP-MS.

2. Experimental

2.1. Instrumentation

A PerkinElmer NexION 2000B mass spectrometer (Toronto, Canada) 
was used for ICP-MS measurements in single particle mode. The sample 
introduction system consisted of a glass concentric nebulizer and a 
baffled cyclonic spray chamber (Meinhard) for the introduction of 
nanoparticles. In this case, argon nebulizer gas flow of 1.02 L min− 1 and 
sample flow rate of 0.377 mL min− 1 were used. For the analysis of mi
croparticles, an Asperon™ linear pass spray chamber sample introduc
tion system (PerkinElmer, Toronto, Canada), equipped with a flow 
focusing nebulizer (Ingeniatrics, Sevilla, Spain) was used. In this case, a 
μDx Single Cell Autosampler (Elemental Scientific, Omaha, NE, USA) 
equipped with a syringe pump operating at 10 μL min− 1 was used for 
sample introduction. Argon nebulizer and make-up gas flows were 1 L 
min− 1 and 0.2 L min− 1, respectively.

2.2. Standards

Diluted suspensions of gold nanoparticles (AuNPs), silver nano
particles (AgNPs) and polystyrene (PS) microparticles were prepared 
from commercially available suspensions. Monodisperse citrate- 
stabilized gold nanoparticles of nominal diameter 51 nm were ob
tained from nanoComposix (San Diego, CA, USA). LGCQC5050 citrate- 
stabilized gold nanoparticles of nominal diameter 30 nm was obtained 
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from LGC Limited (Teddington, UK). Silver nanoparticles with a nominal 
diameter of 75 nm was obtained from NIST (NIST, Gaithersburg, USA – 
RM 8017 polyvinylpyrrolidone coated). Polystyrene microparticles 
suspensions with diameter 3.03 ± 0.09 μm were purchased from Sigma 
(Sigma Aldrich, Switzerland). Reference latex sphere suspensions of 
2.223 ± 0.013 μm diameter (RM165) were obtained from BCR (Geel, 
Belgium).

Aqueous gold and silver solutions were prepared from standard stock 
solutions of 1000 mg L− 1 (Sigma Aldrich, Switzerland) by dilution in 
ultrapure water.

2.3. Procedures

Standard suspensions. Dilutions of the stock suspension of gold and 
silver nanoparticles and polystyrene microparticles were prepared in 
ultrapure water (Milli-Q Advantage, Molsheim, France) by accurately 
weighing (±0.1 mg) aliquots after 1 min sonication. After dilution and 
before each analysis, the suspensions were bath sonicated for 1 min.

SP-ICP-MS measurements. Suspensions were measured in single par
ticle mode using the Syngistix Nano-Application module version 3.2 
(PerkinElmer Inc.) The dwell times used were in the range of 5 ms to 25 
μs with total acquisition times of 60 s, recording from 12,000 (at 5 ms) 
up to 2,400,000 (at 25 μs) readings per time scan, respectively. Sample 
flow rate was measured daily gravimetrically.

Data processing. Recorded time scan files were exported and pro
cessed with the SPCal software version 1.3.3 [24] using iterative 
thresholding and the Poisson or the Gaussian filter option, depending on 
the baseline intensity. The scans were also processed by using the soft
ware provided by the manufacturer (Syngistix Nano-Application module 
version 3.2) by applying selected thresholds in manual mode or the 
5-sigma threshold available in automatic mode.

3. Results and discussion

3.1. Discrimination of baseline/particle readings: calculation of the 
critical value

Although a number of criteria have been adopted to discriminating 
particle readings from those of the baseline, there is a consensus to adopt 
very restrictive criteria to eliminate as far as possible all baseline read
ings and thus minimize the occurrence of false positives, which would be 
considered as particles and would degrade the number concentration 
detection limits [21,22]. On the other hand, the application of too 
restrictive criteria can affect negatively the size/mass of elements per 
particle detection limits and should be avoided. The threshold for such 
discrimination is estimated as a critical value (YC), which is typically 
expressed as: 

YC =YB + z1− ασB (1) 

where YB is the mean baseline intensity, z1− α denotes the (1 − α) 
quantile of the standard normal distribution, α is the probability of false 
positives for a standard normal distribution and σB the standard devia
tion of the baseline.

The estimation of σB deserves special attention since it depends on 
the noise behavior of the instrument, as discussed in the Introduction. 
Quadrupole and double focusing instruments, equipped with electron 
multipliers, show a Poisson-distributed noise for low-count readings, 
whereas for high-count readings, flicker noise (ξ) becomes more sig
nificant and the baseline distributions tend to Gaussian profiles. For 
baselines over 10 counts, noise cannot be described solely by Poisson 
statistics and σB can be calculated directly from the standard deviation 
of the baseline readings (Gaussian filter). Application of Poisson statis
tics to baselines below 10 counts (Poisson filter) involves estimating σB 
from the square root of the baseline intensity. Although for Poisson 
distributed data σB =

̅̅̅̅̅̅
YB

√
, Currie proposed the following expression 

when handling low signals (below 5 counts) [25]: 

YC =YB + z1− α
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
YB + ε

√
(2) 

where ε is a correction factor for estimation of the baseline variance, that 
can range from 0 to 1 [25]. As discussed in the Supplementary Infor
mation, the inclusion of a ̅̅̅η√ factor (η = 2 for paired measurements) in 
the last term of the expression is not justified since YC is not handled as a 
net critical value.

Alternatively, expressions other than equation (2) have been pro
posed in the context of radiometric measurements and radiation 
counting. They are summarized in the MARLAP document Detection and 
Quantification Capabilities [26], that have been considered in several 
SP-ICP-MS publications [11,15]. All these expressions have been criti
cally evaluated in this work (Table SI1 and Figure SI1), concluding that 
their use is not justified in the context of SP-ICP-MS, as discussed in the 
Supplementary Information.

In this context, the quantile z1− α (or α) must be selected to avoid the 
occurrence of false positives arising from the baseline, as discussed 
above, and it must be considered as a coverage factor instead of a con
ventional z-score. Mehrabi et al. [27] reported a dynamic alpha 
approach to control the fraction of false positives from the baseline in 
SP-ICP-TOF-MS, while setting the critical value as low as possible to 
record low-intensity particle events. Alpha was selected for each isotope 
according to a user-defined ratio of detected particle events:predicted 
false positive events (typically 1000:1) and implemented in the work
flow of the data processing software [12]. Laborda et al. [16,21] pro
posed the use of a z1− α = 5 (α = 2.87x10− 7) to guarantee the absence of 
false positives in a wide range of experimental conditions (baseline in
tensities, number of readings, dwell times, total acquisition times) on 
empirical basis.

3.1.1. Basic evaluation considering blank baselines
As a first approach, the in-depth evaluation of equation (2) for 

calculation of critical values was based on theoretical and experimental 
baselines produced in the absence of particles.

The number of false positives for baseline intensities in the range of 
0.1-10 counts was estimated from the corresponding theoretical discrete 
Poisson distribution after applying the critical value calculated from 
equation (2) (z1− α = 5) for different ε values (Figure SI2). Although 10 
false positives or less could be obtained for baseline intensities from 1 to 
10 counts with no application of this correction factor, false positives 
could be reduced to 5 or less by applying ε = 0.5 and to 1-2 by for ε = 1. 
For baseline intensities below 1 count, such correction factor must be 
applied (ε = 0.5-1) to guarantee a low level of false positives. The choice 
of 0.5 or 1 leads to increase the critical values from 0 to 2 counts, 
depending on the baseline intensity, which does not increase severely 
size detection limits. Hence, expecting higher occurrence of false posi
tives with experimental measurements in the range of baseline in
tensities up to 10 counts, application of equation (2) with ε = 1 is 
recommended.

Fig. 1 shows theoretical baseline intensity distributions, calculated as 
described in the Supplementary Information, and experimental ones 
obtained by measuring solutions of Ag(I) of different concentrations. For 
baseline intensities of 10 counts or lower, critical values were calculated 
from equation (2) (z1− α = 5, ε = 1), whereas for baselines higher than 10 

counts equation (1) (z1− α = 5; σB =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

YB + ξ2 Y2
B

√

(equation SI.3); ξ =
0.1) was applied. Fair agreement between theoretical and experimental 
distributions was obtained, what confirms the Poisson and Gaussian 
behavior of the baselines when measured with electron multiplier de
tectors. On the other hand, the expressions and parameters selected 
allowed to minimize the occurrence of false positives.

Fig. 2 summarizes the experimental occurrence of false positives 
after calculating critical values according to the baseline mean intensity. 
Baselines of different mean intensities were obtained by measuring 
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ultrapure water (dwell time: 100 μs, acquisition time 60 s) monitoring 
different isotopes, as well as Ag(I) solutions of different concentrations. 
For baseline mean intensities over 10 counts, application of equation (1)
(Gauss filter) considering z1− α = 5 allowed to obtain less than 10 false 
positives under the conditions studied. Application of the Currie 

expression (equation (2)) with z1− α = 5 and ε = 1 allowed to obtain less 
than ca. 10 false positives for baselines below 10 counts, although 0-2 
false positives were usually measured for baselines below 1 count. 
However, for baselines lower than ca. 0.1 counts, the application of the 
selected criterion provided critical values too high (YC = 6 counts) for 
fully removing of false positives. Since theoretical baselines below 0.01 
counts mainly consist of 0 count readings and a smaller proportion of 1 
and 2 counts readings, a critical value of 3 counts could be a fair 
compromise to avoid false positives while keeping low detection limits. 
Blank baselines measured for different isotopes (dwell time: 100 μs, total 
acquisition time: 60 s, number of readings: 6x105) are summarized in 
Table SI2, confirming this approach, that can be extended up close to 0.1 
counts assuming an occurrence of less than 5 false positives. For 
extremely low intensities below 0.001 counts the critical values could 
even be reduced to 2 counts with no adverse effect on the occurrence of 
false negatives.

Hence, the broadly accepted approach of applying a threshold cri
terion based on the standard deviation of the baseline (equation (1)) is 
valid for baseline mean intensities over 10 counts, whereas for lower 
intensities the Currie expression (equation (2)) should be used. The use 
of these equation with z1− α = 5 and ε = 1 guarantees false positive 
occurrence below ca. 10. However, for intensities below 1 count the 
proposed Currie expression overestimates critical values, degrading 
attainable size detection limits, so it might be exchanged by applying a 
critical value of 3 counts, or even 2 counts for baselines below 0.001 
counts. These recommendations are based on experimental measure
ments consisting of 6x105 readings, for measurements with more or less 
readings the approach is still valid, as it can be seen in Table 1 for the 
analysis of a 0.1 μg L− 1 Ag(I) solution producing a count rate signal of 

Fig. 1. Comparison of theoretical (blue) and experimental (orange) baseline intensity distributions (0.1, 1, 10 and 37 counts) and occurrence of false positives (FP) 
after calculating critical values with equation (1) (YB >10 counts) and 2 (YB ≤10 counts), z1− α = 5, ε = 1. Experimental distributions obtained by measuring Ag(I) 
solutions of different concentrations. Dwell time: 100 μs. Acquisition time: 60 s. Number of readings: 6x105.

Fig. 2. Experimental number of false positives (FP) after calculating critical 
values according to the baseline mean intensity: YB > 10 counts,YC = YB + 5σB 

(black triangles); 1 ≤ YB ≤ 10 counts,YC = YB + 5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
YB + 1

√
(blue); YB <0.1 

counts, YC = 3 counts (orange). Dwell time: 100 μs. Acquisition time: 60 s. 
Number of readings: 6x105. Dots: individual measurements of different isotopes 
in ultrapure water. Triangles: Ag(I) solutions of different concentrations.
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2.8 cps measured at different dwell times in single particle mode.

3.1.2. Effect of nanoparticles on baselines
Whereas the presence of nanoparticles below the critical value (in 

size) will contribute to the mean intensity of the baseline, modifying the 
expected model distributions discussed above [28], larger particles 
should not affect the baseline unless dissolved forms of the element are 
present in the suspension, which would increase the mean baseline in
tensity while maintaining the distribution profile.

Fig. 3a and 3b shows the intensity distributions of 50 nm AuNPs 
measured at dwell times of 100 and 25 μs. Nanoparticle size was selected 
to yield a distribution clearly separated from that of the baseline. Raw 

data were processed applying equation (2) (z1− α = 5 and ε = 1) and 
critical values of 6 counts were obtained in both cases. A critical value of 
3 counts was also checked since it has been suggested as a fair alterna
tive for improving detectability in the previous section. The contribution 
of the nanoparticles to the baseline can be clearly seen in the distribution 
obtained at 25 μs dwell time and processed with YC = 3 counts (Fig. 3b 
orange line), where the tail of the baseline distribution was still visible 
up to 20-25 counts, when the theoretical distribution for the mean 
baseline intensity measured ended at 2 counts. Application of YC = 6 
counts (Fig. 3b blue line) allowed to avoid that tail, although a number 
of particle events up to 80-90 counts were detected in both cases. When 
using a dwell time of 100 μs both the occurrence of low intensity events 
and the tail of the baseline counts were avoided (residual false positives 
were detected for YC = 3 counts). Due to the low baseline intensity, 
application of both critical values at 100 μs dwell time produced the 
same profile for the intensity distribution of the nanoparticle (only blue 
line visible in Fig. 3a).

Fig. 3 c shows the intensity distributions of 3 μm polystyrene mi
croparticles measured at 100 μs dwell time. Polystyrene microparticles 
produce much broader distributions in comparison with nanoparticles 
[29], leading to a high proportion of low intensity events. In addition, 
baseline levels of several counts are typically measured due to the car
bon content in water and the presence of residual organic surfactants. 
Whereas the application of the recommended threshold criterion (z1− α 
= 5 with and ε = 1) allowed to avoid the occurrence of false positives 
from the baseline, the application of a less restrictive criterion (z1− α = 3) 
did not allow to remove completely the baseline distribution, which 
showed a relevant tail in comparison with the theoretical distribution. 
On the other hand, low intensity particle events between the baseline 
and the microparticle distributions were observed in any case.

Fig. 3 confirms that the particles affect the expected baseline distri
butions, in connection with data acquisitions conditions and data pro
cessing, by producing low intensity events that are incorporated to the 
baseline readings, increasing the mean intensity of the baseline and 
modifying its profile, specially at the tail of the distributions. These ef
fects are more evident at shorter dwell times, since particle events are 
smaller, the intensity of the particle readings is lower and the proportion 
of readings in the baseline range is higher. A similar effect was observed 
for highly polydisperse signal distributions, as those obtained with mi
croparticles. Hence, the application of equation (2) with z1− α = 5 and ε 
= 1 is highly recommended. For low baseline intensities (<0.1 counts), 
the minimum critical value of 6 counts obtained from this equation is 
also the best option to avoid the occurrence of false positives produced 
by particle artifacts. In relation to avoiding particle artifacts over the 
critical value (particle events at intensities below the particle distribu
tions), apart from using the appropriate critical value, long dwell times 
(over ca.100 μs) should be used, although their occurrence is favored in 
the case of microparticles.

For higher baselines and/or smaller nanoparticles the overlap of both 
distributions makes the conclusions drawn above less relevant, since 
only semi-quantitative information on nanoparticles could be obtained 
[29]. However, for the sake of harmonization, the same discrimination 
criterion should be maintained.

3.2. Processing of particle events: validation of data processing tools

Once the critical values have been calculated using the adequate 
expressions with the appropriate parameter values, the readings that do 
not correspond to the baseline must be processed to identify the recor
ded particulate events, count them and obtain their total intensities. 
Data recorded at dwell times in the millisecond range can be processed 
by considering each reading as a particle event (e.g., by using a 
spreadsheet). However, for dwell times below 3 ms the occurrence of 
split events (particle events recorded in two consecutive readings) in
creases and detection of such split events must be implemented to avoid 
overestimating the number of particles counted. Assuming the high 

Table 1 
Effect of the number of readings and the baseline mean intensity at different 
dwell times on the occurrence of false positives. Ag(I) 0.1 μg L− 1. Acquisition 
time: 60 s n = 3.

dwell time 
μs

number of readings YB
a counts YC

b counts false positivesc

50 1.2x106 0.1296 6 1
100 6.0x105 0.2726 6 1
200 3.0x105 0.5570 7 2
500 1.2x105 1.4030 10 1
1000 6.0x104 2.7657 13 0
5000 1.2x104 13.5967 33 1

a mean intensity (n = 3).
b equation (1) (YB >10 counts) and 2 (YB ≤10 counts).
c median (n = 3).

Fig. 3. Intensity distributions of 50 nm AuNPs measured at (a) 100 and (b) 25 
μs dwell times. Raw data processed considering YC = 6 counts (blue) and YC = 3 
counts (orange; same profile in (a), only blue line shown). Regions corre
sponding to YC ≤6 counts and YC ≤3 counts in light and dark grey, respectively. 
Theoretical baseline distribution in black. YB = 0.006 counts (100 μs) and 0.004 
counts (25 μs). (c) Intensity distributions of 3 μm polystyrene microparticles 
measured at 100 μs dwell times. Raw data processed considering equation (2)
with z1− α = 5 (orange) and z1− α = 3 (blue). Regions corresponding to YC ≤15 
counts and YC ≤10 counts in light and dark grey. Theoretical baseline distri
bution in black. YB = 3.47 counts.
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probability of two consecutive readings belong to the same particle 
event, such readings can be merged as a single event once detected [30]. 
This inconvenience is overcome when using tools that process particle 
events as peaks (n-reading events) since split events are 2-reading events 
in fact. However, identification of peaks as particle events can become 
problematic with these tools for low intensity events. A number of 
strategies have been proposed, that include chromatographic ap
proaches based on the searching of inflexion points around a peak 
maximum of a certain width [7] or the identification of the beginning 
and end of the events in different ways [31–33]. In any case, once the 
particle events have been identified they are counted to relate such 
counting with the number concentration of the particles, whereas the 
net readings (raw reading intensity minus the mean baseline intensity) 
corresponding to each event summed up to obtain its total intensity that 
will be related to the mass of element per particle and to the size of the 
particles if their shape, composition and density are known or assumed. 
By summing up the net readings corresponding to each particle, a signal 
(total intensity) independent of the dwell time used should be obtained.

Identification of peaks as individual particle events can be hindered 
by the dwell time applied, the size of the particles, the width of the 
events or the number of readings along the peak, making difficult a 
systematic evaluation of the different strategies reported in the litera
ture. As an alternative, the data processing software SPCal (version 
1.3.3) was evaluated and validated internally with respect to the 
counting of the number of events and the determination of their mean 
total intensity. Internal validation consisted in the measurement of a Au 
nanoparticle suspension at different dwell times under the assumption 
that both the counting of particle events and their mean total intensity is 
independent of the dwell time. In a next step, the effect of the baseline 
intensity level on both parameters was studied by measuring suspen
sions of Ag nanoparticles in the presence of different concentrations of 
dissolved silver (I), which again should not affect the counting of par
ticle events and their mean total intensities.

In SPCal, a user-defined number of consecutive readings over the 
detection threshold are identified as an individual particle event, whose 
total intensity is the sum of the net readings over a so-called accumu
lation threshold, which can be selected among the detection threshold, 
half the detection threshold and the mean intensity of the dataset (a 
value between the mean baseline intensity and half the detection 
threshold). The number of readings used to identify particle event was 
limited to 1, due to the range of dwell times evaluated, particularly the 
inclusion of millisecond dwell times, where events are predominantly 
recorded as 1-reading events. Because SPCal calculates the net in
tensities by subtracting the selected accumulation threshold, the mean 

intensity option was selected since it was the closest value to the mean 
baseline intensity.

Fig. 4 shows the result obtained from a suspension of 30 nm Au 
nanoparticles and concentration 2.8x107 L-1 to minimize the occurrence 
of 2-particle events at long dwell times, measured at dwell times from 50 
μs up to 5 ms. Fig. 4a confirms that mean number of events obtained at 
different dwell times and processed with SPCal were within the 2-sigma 
interval calculated with the individual values (403 ± 30 events), as it 
was the case for the mean total intensities (55 ± 4 counts), as it can be 
seen in Fig. 4b. Regarding the total intensity of particle events, total 
intensities were slightly higher at the longest dwell times mostly prob
ably due to the occurrence of 2-particle events.

Fig. 5 shows the effect of high baseline levels on the processing of 
particle events. Suspensions of 75 nm silver nanoparticles were analyzed 
in the presence of increasing baseline levels by adding dissolved silver. 
Measurements were performed at 100 μs dwell time. By adding 1.5 and 
7 μg L− 1 of Ag(I), baseline intensities increased from 0.03 counts to 2 
and 13 counts, respectively, without affecting the detection of the dis
tribution of silver nanoparticles (figure SI3), but requiring to apply 
different threshold equations according to the intensity. Fig. 5a confirms 
that the number of events did not show significant statistical differences 
when processed with SPCal applying the thresholds calculated from 
equation (2) for baselines below 10 counts or equation (1) when the 
baseline was higher than 10 counts. Regarding the total intensity of the 
particle events, less differences were observed for the three situations 
tested, with differences below 5% in any case.

In summary, the results obtained for counting particle events and 
determining their total intensity were in line with those expected 
considering the experimental uncertainty, and confirm that SPCal, 
under the selected conditions, processed the data conveniently for a 
variety of dwell times and baseline levels. Therefore, and taking into 
account that SPCal is an open source and free access tool, it can be used 
as a benchmark for the validation of other data processing tools to verify 
their reliability. Hence, the proprietary software Syngistix NanoModule 
v.3.2 from PerkinElmer was validated as a proof-of-concept following 
the same steps described above. Since there is no detailed information 
available about the workflow of this software, it was handled as a black- 
box, but using the critical values calculated from the approaches 
selected above, as in the case of using SPCal.

Regarding the processing of data with negligible baselines, as in the 
case of Au nanoparticle suspensions, Fig. 4a shows that data obtained for 
30 nm Au nanoparticles with a dwell time of 50 μs and YC = 6 counts 
resulted in an underestimation of the counting events by Syngistix. For 
longer dwell times, the mean number of events obtained by Syngistix or 

Fig. 4. (a) Number of particle events and (b) mean total intensity of particle events at different dwell times. Data processed with SPCal (blue) and Syngistix (orange) 
software. YC = 6 counts. 30 nm Au nanoparticle. Number concentration: 2.8x107 L-1. Line: Mean ± 2 x standard deviation (SPCal dataset). Bars: Mean ± standard 
deviation (n = 3).
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SPCal were not statistically different at the 95% confidence level, with 
mean number of events (± standard deviation) of 403 ± 15 and 397 ±
16 events for SPCal and Syngistix, respectively. Regarding the total in
tensity of particle events (Fig. 4b), the results obtained were not statis
tically different at the 95% confidence level, with mean total intensities 
(± standard deviation) of 55 ± 2 and 54 ± 1 counts for SPCal and 
Syngistix, respectively. The underestimation of the counting observed at 
50 μs under the data processing conditions applied could be related to 
the small size of the particles (30 nm) and the short dwell time, in 
combination with the effect of the proprietary algorithms implemented 
in Syngistix, since this effect was not observed when measuring bigger 
Au nanoparticle suspensions (50 nm), as it can be seen in Fig SI4.

For higher baseline levels and bigger particles Fig. 5a confirms that 
the number of events did not show significant differences when pro
cessed with the Syngistix software for baseline intensities below 10 
counts, whereas for baselines over 10 counts around 29 % of particle 
events were missed. Regarding the total intensity of the particle events, 
less differences were observed for the three situations tested, with dif
ferences below 5% in any case.

The effect of the baseline level was also studied with polystyrene 
microparticles, since relatively high baselines are expected when 
monitoring carbon isotopes due to the presence in the suspensions of 

carbon dioxide, surfactants or other carbon-containing species. In this 
case, a suspension of 3 μm polystyrene microparticles monitoring 13C 
showed a baseline intensity of 3.5 counts, whereas 14 counts were 
measured for a suspension of 2 μm polystyrene microparticles due to the 
higher surfactant content of the standard. Whereas for the 3 μm poly
styrene suspension, equation (2) was used to calculate the threshold 
value, equation (1) had to be applied for the 2 μm suspension due to the 
higher baseline. Since no external references were available, the direct 
comparison of the results obtained from processing data with both tools 
was checked. As it can be seen in Fig. 6, SPCal processed microparticle 
events in a similar way than nanoparticles, despite showing broader 
intensity distributions both at low and high baseline intensities. For 
baseline intensities below 10 counts, both tools provided similar 
microparticle counts as well as mean total intensities, whereas for 
baselines above 10 counts, Syngistix underestimated the number of 
microparticles, although the total intensity remained comparable. 
Regarding the use of 12C for monitoring plastic microparticles, the in
crease on sensitivity of almost two orders of magnitude compared to 13C, 
due to their relative abundances, required handling baselines over 10 
counts in any case and the application of equation (1) (Gauss filter) for 
calculation of critical values. As summarized in Figure SI5 and Table SI3, 
no significant differences were observed for counting and summing up 

Fig. 5. (a) Number of particle events and (b) mean total intensity of particle events at different baseline levels (0.03, 2, 13 counts by addition of dissolved silver) 
measured in the analysis of 75 nm Ag nanoparticles (number concentration: 1 x 108 L− 1). Data processed with SPCal (blue) and Syngistix (orange) software. Dwell 
time: 100 μs. Mean ± standard deviation (n = 3). Isotope monitored: 107Ag.

Fig. 6. (a) Number of particle events and (b) mean total intensity of particle events at different baseline levels (3.5, 14 counts) measured in the analysis of 3 and 2 μm 
polystyrene microparticles (number concentration: 3x108 L-1). Data processed with SPCal (blue) and Syngistix (orange) software. Dwell time: 100 μs. Mean ±
standard deviation (n = 3). Isotope monitored: 13C.
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particle events when analyzing suspensions of 3 μm polystyrene 
microparticles.

From the results presented, it can be stated that Syngistix software 
behaved in a similar way than SPCal for counting and summing up 
particle events in the presence of baseline intensities below 10 counts 
when the same threshold values (calculated with equation (1) and/or 2) 
were applied, whereas for baselines over 10 counts, lower counting were 
observed both analyzing nanoparticle and microparticle suspensions, as 
shown in Figs. 5 and 6. Regarding the thresholds calculated by the 
Syngistix software (Table SI3), when its automatic 5-sigma option was 
selected, values different to those of SPCal were obtained since a 
Gaussian approach is always applied regardless the baseline intensity. 
However, for mean baselines below 0.1 counts, despite Syngistix applied 
a threshold of 1.01 counts, the number of particles detected were in 
agreement with those obtained by SPCal applying YC = 6 counts. In the 
case of 0.1< YB <10 counts, both software also led to similar number of 
particles detected, despite the different thresholds applied. When facing 
higher baseline levels (YB > 10 counts) Syngistix software was not al
ways able to handle data in a similar way to SPCal, underestimating the 
number of particles detected. Moreover, the 5-sigma threshold values 
provided by this software considerably varied from one replicate to 
another, which in the end affected the number of particles detected.

In summary, using the Syngistix software applying the 5-sigma 
threshold option allowed to obtain similar results to SPCal, except 
when the intensity of the particle events (in fact, their height) was not 
high enough with respect to the threshold applied (e.g., 75 nm Ag 
nanoparticles in the presence of 7 μg L− 1 Ag(I) or 2 μm PS microparti
cles, Table SI3; 30 nm Au nanoparticles at dwell times below 100 μs, 
Fig. 5a and SI.4.a). Since the proprietary software applies a different 
approach to calculating thresholds, but also includes other not known 
algorithms for data processing, the observed behavior cannot be clearly 
justified and it would be advisable to use this software with the manual 
threshold option instead of the automatic ones by entering the thresh
olds calculated from equations (1) and (2).

4. Conclusions

Although SP-ICP-MS can be considered a mature technique from an 
instrumental and methodological point of view, it still has serious lim
itations in terms of data processing due to the different approaches 
available and the lack of harmonization. This means that users cannot 
fully trust on current data processing tools to obtain reliable and accu
rate information. In this context, the availability of open-source and 
free-access data processing tools can contribute to consolidate the 
metrological harmonization that is required in this field.

Regarding the calculation of critical values for discrimination of 
readings corresponding to the baseline or to particle events, the appli
cation of equations (1) and (2) has proved to be adequate when handling 
intensities over or below 10 counts, respectively. In any case, coverage 
factors of z1− α = 5 (α ≈ 10− 7) must be selected to avoid the occurrence of 
false positives (readings from the baseline identified as particles) under 
a variety of data acquisition conditions. This is especially relevant since 
SP-ICP-MS datasets can contain more than 99% of baseline readings out 
of a total of millions-hundreds of thousands, depending on the dwell 
time and the total acquisition times selected. Although this approach has 
been checked for quadrupole instruments, equipped with electron 
multiplier detectors, it is also valid for double focusing instruments 
equipped with the same type of detectors. Application of less demanding 
criteria may lead to the misidentification of baseline readings as false 
particles that would degrade the detection capability in terms of number 
concentrations, whereas application of more restrictive criteria would 
affect the detectability of smaller particles or with lower element con
tent. The suitability of the approach has been assessed with theoretical 
and experimental baselines but also in the presence of nano- and mi
croparticles, confirming in the latter cases the occurrence of low in
tensity particle events that distort baselines when low-demanding 

criteria are applied. This effect was also observed when dwell times 
shorter than 100 μs were used, which would require the application of 
highly restrictive criteria if such short dwell times were to be used.

The software SPCal has proven to be highly accessible and flexible 
for applying critical value approaches, processing the resulting particle 
events in a reliable way, as confirmed by the results obtained, both for 
event counting and determination of their total intensities, in a variety 
of conditions (dwell times, baseline levels, analysis of nano- and mi
croparticles). Consequently, SPCal can be considered a suitable refer
ence for the validation of other data processing tools.
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