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• Using peak height as the signal in SP- 
ICP-MS is evaluated by monitoring 
AuNPs.

• A new cumulative method for esti
mating the peak height accurately is 
proposed.

• Peak height correlates linearly with the 
square of the NP diameter.

• A new method for estimating a more 
reliable LoD based on peak heights is 
proposed.

• Peak height improves smaller NP sizing 
and helps in flagging incorrect 
thresholds.
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A B S T R A C T

Background: Single-particle inductively coupled plasma-mass spectrometry (SP-ICP-MS) is a powerful method for 
characterizing micro- and nanoparticulate materials. The technique primarily relies on the linear relationship 
between the integrated intensities of individual events (peak areas) and the analyte mass, though transit times 
(peak widths) have also been used for quantitative purposes. This work (1) evaluates the potential of using peak 
heights as analytical signals in SP-ICP-MS, (2) introduces a new method for determining peak heights, and (3) 
explores scenarios in which peak height offers added value over the commonly used SP-ICP-MS signals.
Results: A new method was proposed to estimate peak height values in SP-ICP-MS accurately. The cumulative 
intensity across consecutive dwell times was modeled using a third-degree polynomial, from which the adjusted 
peak height was derived. This approach reduces the uncertainty associated with using raw maximum intensity 
values, yielding NP distributions comparable to those obtained via integrated intensities. The effect of dwell time 
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on peak height was also evaluated. An optimal range (50 μs–200 μs) was identified, where a linear relationship 
was observed between the peak height and the square of the NP diameter. Within this range, peak height showed 
the lowest bias when characterizing smaller NPs, indicating the potential to improve the limit of quantification 
(LoQ). Additionally, peak heights proved helpful in determining the limit of detection (LoD) and setting 
appropriate threshold values for data processing, thereby helping to flag incorrect resultsand addressing a 
challenge in SP-ICP-MS analysis.
Significance: This is the first study to evaluate peak height as an analytical signal in SP-ICP-MS. The results 
highlight its advantages in specific applications, such as sizing NPs near the LoD, and in supporting the more 
reliable use of other signals, such as peak areas, by helping to identify incorrect threshold selection that could 
lead to biased distributions. Finally, monitoring peak heights allows for a more realistic and assumption-free 
determination of the LoD.

1. Introduction

As a result of their unique size-dependent properties that distinguish 
them from their larger-scale (bulk) counterparts, nanoparticles (NPs) 
have emerged as a critical component in a wide range of industrial, 
environmental [1–3], food [4–6], and biomedical applications [7,8]. 
The growing production and use of NPs necessitates the development of 
accurate, sensitive, and reliable methods for their appropriate charac
terization. Among other techniques, single-particle inductively coupled 
plasma-mass spectrometry (SP-ICP-MS) has become a technique of 
growing interest given its potential to provide comprehensive informa
tion on mass and size distributions, as well as particle number concen
tration (PNC), of NPs in real samples with minimal preparation [9,10]. 
In SP mode, NPs that are effectively transported into the ICP ion source 
are vaporized, atomized, and ionized in the plasma, resulting in very 
short transient ion signals (single events).

Following the seminal paper by Degueldre et al. introducing the SP- 
ICP-MS technique in 2003 [11], several data treatment strategies have 
been proposed to handle the fast, temporally resolved signals generated 
by SP-ICP-MS measurements [12–15]. The integrated intensities (areas) 
of the individual events have been predominantly used in most studies, 
as this analytical signal was found to be proportional to the NP mass. 
Subsequently, the mass could be used to determine the NP size, 
assuming a well-known shape, density, and chemical composition [10,
16].

It is important to recognize that in the early years of SP-ICP-MS, the 
ICP-MS instrumentation was limited to dwell times in the millisecond 
range, so every individual event was characterized by a single data point 
and, therefore, there was no choice on what signal parameter should be 
used for quantification. However, instrumental developments enabled 
the use of ultrafast data acquisition speeds, with dwell times down to the 
micro- and even nano-second range [17,18]. In principle, this allows for 
the accurate monitoring of the transit time (width) of the events [19,20], 
which, in contrast to the peak area, is directly proportional to the NP 
size. The use of the transit time significantly simplifies the calculations 
and, far from assuming NP sphericity, it provides some nano
morphological information [21]. However, this approach has been 
applied only occasionally and is still not widely adopted, which can be 
attributed to the difficulties associated with accurately identifying the 
temporal boundaries of the events, given that they are not recorded 
continuously but rather through successive dwell times during which 
the instrument accumulates signal intensity [22].

The use of dwell times in the microsecond range also enables the 
selection of the peak height as the analytical signal in SP-ICP-MS, but 
this possibility has been overlooked in this context so far. However, the 
need to evaluate transient signals is by no means exclusive to this 
technique. Other techniques, such as chromatographic approaches or 
graphite furnace-based techniques, to name just two mature ones, pro
duce time-resolved peak signal outputs. For these techniques, all 
possible strategies to obtain quantitative information (peak areas, peak 
widths, but also peak heights) have been investigated, all of them 
showing specific advantages. For instance, peak height is less affected by 
the partial overlap of consecutive events than peak area [23–25], and it 

can also provide greater accuracy when the signal-to-noise ratio (S/N) is 
low [26]. Obviously, the use of peak height also shows some disad
vantages. Specifically, it may be less representative of the analyte con
tent than the peak area when the mechanism of signal formation for the 
sample and the calibration standard differs.

Returning to SP-ICP-MS, it is important to realize that the peak 
height is already the parameter of choice for setting the threshold above 
which the intensity spikes are considered to correspond to an NP. The 
current data processing SP-ICP-MS software programs rely on the se
lection of critical integration limits (Ic) to distinguish between those 
intensity peaks originating from suspended NPs and those stemming 
from the continuum background (BG) [20,27–29]. Therefore, any in
tensity event with a maximum exceeding this threshold is considered 
part of the NP distribution, whereas those below the limit are used for 
background correction. The selection of this critical value is of major 
importance to avoid misestimating both the number of detected events 
(related to the PNC) and the intensity distribution (which affects the 
determined particle size). In other words, height-based criteria are relied 
upon for the identification of NP events and the subsequent determi
nation of peak areas.

Additionally, this threshold is used for calculating the limit of 
detection (LoD), but several assumptions are required to correlate the 
height-based criterion with its corresponding area [30]. Consequently, 
the monitoring of the peak heights could not only withdraw such as
sumptions but also simplify the calculations, as no conversion between 
analytical signals is required. It is therefore surprising that, to the best of 
the authors’ knowledge, the potential of peak height as an analytical 
signal for quantitative purposes has not yet been explored in SP-ICP-MS, 
especially given the relative ease of identifying the maximum intensity 
(height) compared to the integrated intensity (area) or temporal 
boundaries (width).

In this work, the potential use of peak heights as analytical signals in 
SP-ICP-MS has been evaluated for the first time. Using AuNPs as a 
model, data acquisition parameters and data processing methods have 
been optimized for the simultaneous determination of the integrated 
intensity (area), transit time (width), and maximum intensity (heights) 
of the detected events. The performance of all three analytical signals 
has been assessed for characterizing AuNPs across a wide mass range 
(0.1–9.9 fg). The SP-ICP-MS results obtained using the different strate
gies have been compared with each other and with the reference values 
provided by the manufacturer, allowing for conclusions to be drawn on 
the selection of the preferred signal quantification strategy in various 
analytical situations.

2. Materials and methods

2.1. Reagents, standards, and samples

Analytical purity grade reagents were used throughout this work. 
Ultra-pure water (resistivity >18.2 MΩ cm) was obtained from a Milli-Q 
water purification system (Millipore, France).

All experiments were conducted by analyzing aqueous suspensions 
of highly monodisperse (Ultra Uniform™) AuNPs with nominal 
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diameters of 10 (9.6 ± 0.4 nm), 20 (20.8 ± 0.5 nm), 30 (28.2 ± 0.6 nm), 
50 (51.0 ± 1.9 nm), and 100 nm (99.4 ± 3.1 nm) (Nanocomposix 
Europe, Czech Republic). All NP suspensions were appropriately diluted 
with ultra-pure water until a PNC of approximately 5 × 104 NPs mL− 1, 
so that the probability of facing double events was kept below 0.1 %.

For quantitative SP-ICP-MS analysis (size determination), external 
calibration was performed by establishing linear correlations between 
the analytical signals and NP-specific properties: integrated intensity vs. 
NP mass (∝d3), signal width vs. NP diameter (∝d), and signal height vs. 
the square of the NP diameter (∝d2). The specific NP property to which 
the signal is linearly proportional is described in detail below.

2.2. Instrumentation

All measurements were carried out using a NexION 5000 (Perki
nElmer, USA) ICP-MS/MS instrument. The sample introduction system 
comprised a concentric quartz nebulizer (0.4 mL min− 1) and a quartz 
cyclonic-type spray chamber. The triple cone interface with OmniRing™ 
was operated in extraction mode to achieve maximum sensitivity. The 
instrument is equipped with a quadrupole ion deflector (QID, Q0) that 
selectively focuses the ion beam over a 90-degree angle, prior to its 
introduction into the mass spectrometer (MS). The MS consists of two 
additional quadrupole mass analyzers (Q1 and Q3) and a quadrupole 
collision/reaction cell (CRC; Q2) located in between. In this work, the 
instrument was operated in single-quadrupole or “Q3 Only” mode, so 
that the first full-sized resolving quadrupole (Q1) was fully open. The 
CRC was pressurized with an optimized NH3 gas flow rate (0.45 mL 
min− 1) and operated in Reaction mode. This mode enhances sensitivity 
compared to the non-Reaction mode, due to a collisional focusing effect. 
For SP-ICP-MS analysis and preliminary data visualization, the instru
ment is equipped with the Syngystix Nano Application module (v3.5).

Daily performance checks were carried out to ensure optimum in
strument performance. The torch position, QID, and gas settings were 
optimized accordingly to achieve maximum sensitivity for Au while 
maintaining the Ce++(70)/Ce+(140) and CeO+(156)/Ce+(140) ratios 
equal to or under 0.03 and 0.025, respectively. Instrument settings and 
data acquisition parameters are summarized in Table 1.

2.3. Data processing

To process the data exported from the Syngystix Nano Application 
module, a previously developed in-house Phyton script was modified, 
using the scipy. optimize library for polynomial fittings and 

derivatizations to provide all three analytical signals of interest: peak 
area, peak width, and peak height [20]. For further details on deter
mining peak heights, readers are referred to the corresponding discus
sions in section 3. The processed datasets were fitted to Gaussian 
distributions to calculate their central values using the OriginPro soft
ware (version 2021b, 9.85 OriginLab Corporation, USA), which was also 
used for plotting, interpolation, and statistical analysis throughout the 
study.

3. Results and discussion

3.1. Determination of the peak height

To evaluate the potential of using the maximum signal intensity 
(peak height) as an alternative analytical signal to the integrated in
tensity (peak area) and transit time (peak width) in SP-ICP-MS, AuNPs 
across a wide mass range (0.1–9.9 fg) were analyzed. For appropriate 
assessment, it was first necessary to modify a previously developed data 
processing script [20]. This new home-made script version allows for the 
simultaneous calculation of the peak height, peak area, and peak width 
of each individual event, thus allowing for a fair comparison of the 
SP-ICP-MS results [20].

A priori, heights can easily be determined as the maximum signal 
intensity reading registered for each individual event detected. Ideally, 
continuous monitoring would correspond to an infinitesimally short 
dwell time, effectively enabling real-time, uninterrupted signal detec
tion. However, ICP-MS detection accumulates signal over discrete, user- 
defined dwell times, resulting in a temporally averaged measurement 
rather than a truly continuous intensity trace. In other words, if the 
duration of a transient event is longer than a single dwell time, its signal 
is distributed across multiple adjacent readings. The use of relatively 
long dwell times jeopardizes the accuracy with which heights can be 
determined, as the very same event can lead to different maximum in
tensities (IMAX) depending on how the signal intensities corresponding to 
the NP ion cloud are fractioned within the time window, as represented 
in Fig. 1A–D. This new source of imprecision, caused by the fractioning 
of events into multiple data points, where the number of data points 
depends on both the event duration and the selected dwell time, results 
in the broadening of the recorded distribution compared to that of the 
integrated intensities (peak areas), as can be seen in Fig. 1E and F.

To circumvent this issue, this work proposes a new strategy to 
determine the peak height in SP-ICP-MS. This approach is based on the 
representation of the evolution of the cumulative intensity (the sum of 
the individual signals of the events; y-axis) versus the readings 
(consecutive dwell times; x-axis), as illustrated in Fig. 1G and H. The 
cumulative intensity corresponds to the integrated intensity (area), and 
is thus proportional to the NP mass and, consequently, to the cube of the 
NP diameter (d3

NP). The number of readings is a measurement of the peak 
width, and is therefore proportional to the NP diameter (dNP) [19–21]. 
As a result, the evolution can be adjusted to a third-degree polynomial 
function (R2 = 0.99 ± 0.01), from which the adjusted height is calcu
lated as the point where the first derivative reaches its maximum (δMAX). 
The use of this approach minimizes the effect of event fragmentation 
and, therefore, the widening of the overall NP distributions (Fig. 1I). As 
an illustrative example, the difference in peak height of the two events of 
equal peak area, and therefore mass, represented in Fig. 1, was reduced 
from values of 52 (Figs. 1C) and 68 counts (Fig. 1D) for IMAX to values of 
44 and 47 counts, respectively, for δMAX.

The new approach clearly minimizes the source of imprecision in the 
determination of the peak height and significantly overcomes the 
broadening of the peak height distributions as compared to those relying 
on the peak areas (as can be observed by comparing Fig. 1E and I). Still, 
the distributions tend to exhibit some degree of asymmetry in the form 
of positive tails, which can probably be attributed to NPs whose ion 
clouds expanded less and led to abnormally short and highly intense 
events [21,31].

Table 1 
Instrument settings and data acquisition parameters for the NexION 5000 ICP- 
MS/MS instrument.

Measurement conditions

RF Power, W 1600
Nebulizer gas flow, L min− 1 1.01
Plasma gas flow, L min− 1 16
Auxiliary gas flow, L min− 1 1.2
Detection mode Q3 Only
Q3 mass, amu 197
Dwell time, μs 10–3000
Acquisition time, s 60
Reaction mode 0.45 mL min− 1 NH3

RPq 0.25
QID, V − 9.0

Instrumental setup

Spray chamber Quartz cyclonic spray chamber
Nebulizer Type A concentric nebulizer
Introduction system Peristaltic pump
Uptake rate, mL min− 1 0.4

NP parameters for calculations

AuNP density, g cm− 3 19.32
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It is also relevant to clarify that for smaller NPs, where the limited 
number of detectable readings may be insufficient to fit a third-degree 
polynomial function, as will be shown in section 3.3., the maximum 
intensity can still be used as predictor of the peak height.

3.2. Effect of dwell time on the peak height

In addition to the data processing, selecting an adequate dwell time 
has also been reported to significantly impact the accuracy and precision 
with which both peak areas and peak widths are determined [20]. To 
assess the effect of the dwell time on the peak height determination 
compared to the other analytical signals, all the available AuNP sus
pensions were analyzed in quintuplicate at different dwell times: 10, 20, 
50, 100, 200, 500, 1000, and 3000 μs. Fig. 2 shows the results obtained 
for the 50 nm AuNPs, which were similar to those obtained for other NP 
sizes. As can be seen, the same average peak area was registered for all 
the dwell times within the 50–3000 μs dwell time range. However, the 
average intensity starts to decrease for the low dwell time values, as 
some of the readings fall under the limit of detection (LoD). In contrast, 
the determined average peak width was found to be stable for dwell 
times under 200 μs only, whereas for higher values, due to the lack of 
sufficient temporal resolution, all the intensity starts to be accumulated 
within a single reading until, eventually, the determined peak width 
matches the dwell time. As to the average peak height, the intensity 
increases proportionally with the dwell time, as more ions are detected 
during each reading. However, similarly to the peak width, the signal 

starts to be registered within a single reading for dwell times above 200 
μs and, thus, the peak heights asymptotically tend to the peak area. In 
conclusion, peak height measurements must be determined within the 
range of dwell times where the peak width remains stable, and all three 
analytical signals can be precisely determined within the 50–200 μs 
range for the 50 nm AuNPs. Nevertheless, it is worth mentioning that 
this dwell time range is shortened for smaller NPs (50 μs for 20 nm 
AuNPs, 50–100 μs for 30 nm, and 50–200 μs for 100 nm AuNPs), as they 
render lower transit times. Therefore, 50 μs was selected as the dwell 
time for implementing the proposed approach, as it was found suitable 
for every NP size.

3.3. Impact of analytical signal type on the linear response

After developing a suitable approach for determining the event 
heights and selecting an appropriate dwell time for further evaluation, 
the linear response range was evaluated for the three analytical signals: 
peak area, peak width, and peak height. For this purpose, all four 
monodisperse AuNP standards and a blank solution (ultra-pure water) 
were analyzed in quintuplicate, and their corresponding average values 
were used to construct the calibration curves displayed in Fig. 3. Sub
sequently, the experimental sizes (dexp) were determined by interpo
lating each analytical signal in its corresponding curve. The results were 
compared to those provided by the manufacturer (reference value; dref) 
in the certificate of analysis of the standards, according to Eq. (1). 

Fig. 1. Scheme illustrating the data processing of two events with identical integrated intensity (A,B), but differing in how the total intensity signal is distributed 
across dwell times (C,D). From these, the maximum and integrated intensities are used to derive the NP height (E) and area (F) distributions, respectively. Each event 
is then fitted with a third-degree polynomial function, from which the maximum first derivative (δMAX) is extracted (G,H) to calculate the corrected height distri
bution (I).
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Bias (%)=

⃒
⃒dexp − dref

⃒
⃒

dref
100 (1) 

A good linearity (R2 = 0.99993) was obtained when using the peak 
area as the analytical signal, as shown in Fig. 3A. However, significant 
deviations from the calibration curve were observed for the 20 nm and 
30 nm NPs, resulting in biases of 14.9 % and 4.9 % respectively. In the 
case of the peak width measurements, the relationship remained linear 
until the point corresponding to the 50 nm AuNPs, beyond which the use 
of the peak width no longer followed a linear trend, as can be seen for 
the 100 nm AuNPs (Fig. 3B).

The observation of abnormally short transit times for the larger NPs 
was previously reported in an earlier study [20]. This was attributed to 
particle digestion occurring further downstream in the plasma (i.e., 
closer to the sampling cone), where diffusion and mixing processes 
responsible for the expansion of the ion cloud are less effective 
compared to those affecting smaller NPs [20]. Consequently, the 100 nm 
AuNPs were not included for the construction of the peak width-based 
calibration curve.

As to the accuracy for size determination, larger biases were 
observed again for the two smaller NPs (17.9 % and 17.4 % for the 20 
nm and 30 nm AuNPs, respectively). Nevertheless, the difference with 
the 50 nm AuNPs was not significant, given the high level of imprecision 
inherent to the determination of the transit time, which was also 
responsible for the relatively poor linearity obtained for the peak width- 
based method (R2 = 0.986).

Finally, the performance of the peak height as the analytical signal in 
SP-ICP-MS was evaluated. As previously indicated, the peak height in
tensities were found to be proportional to the squared NP diameter 
(d2

NP), which is a parameter related to the NP surface area. This obser
vation can be understood by the dimensional analysis of the three types 
of analytical signals. In this regard, the peak area and peak width are 
known to be proportional to the d3

NP (particle mass) and dNP (particle 
size), respectively. Therefore, provided that the peak area is propor
tional to the product of the other two analytical signals (peak width and 
peak height) [30], peak heights need to be a function of d2

NP to guarantee 

dimensional homogeneity. Regarding the figures of merit for calibration 
using the peak height, the linear response range does not include the 
100 nm AuNPs because, as previously discussed, this analytical signal 
requires both the peak area and peak width to be proportional to d3

NP and 
dNP, respectively. Consequently, since the peak width no longer followed 
a linear trend for the 100 nm AuNPs – while the peak area, virtually 

Fig. 2. Effect of the dwell time on the determined average peak area, peak 
width, and peak height of a 50 nm AuNP suspension (n = 5). Uncertainties 
expressed as standard deviations are included but overshadowed by the data
points. The region shaded in yellow and green (≤200 μs) represents the opti
mum dwell times for the monitoring of both peak widths and peak heights, 
whereas the optimum range for the determination of the peak areas is high
lighted in green and blue (≥50 μs). The green colored region (50–200 μs) is the 
result of combining yellow and blue, and it represents the dwell time range for 
which all three analytical signals can be precisely calculated. (For interpreta
tion of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 3. Calibration curves (left y-axis) obtained with four different NP sus
pensions (20 nm, 30 nm, 50 nm, and 100 nm AuNPs) and a blank solution 
(ultra-pure water), using the peak area (A), peak width (B), and peak height (C) 
as analytical signals. Moreover, the bias observed when interpolating each 
different signal in its corresponding calibration curve is reported (right y-axis).
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unaffected by the mixing and diffusion processes experienced by the ion 
cloud, still did – the peak height was found to be abnormally high for the 
larger AuNPs (Fig. 3C), likely as compensatory effect for the narrowing 
of the events. The linearity for the rest of the datapoints (excluding the 
100 nm AuNP) was comparable to that of the peak areas (R2 = 0.99971). 
Importantly, no deviation from the adjusted linear fitting was found for 
the smaller entities, with biases of only 1.9 % for both the 20 nm and 30 
nm AuNPs.

Therefore, the peak heights offer greater accuracy for the processing 
of SP-ICP-MS intensity peaks from small NPs characterized by a low S/N 
ratio. This finding aligns well with observations made using other 
analytical techniques, such as chromatography [26]. In the case of 
SP-ICP-MS analysis, a precise determination of both the peak area and 
peak width requires all the intensity readings triggered by the NP 
detection to be accounted for, while accurate determination of the peak 
height only requires the maximum intensity reading to be detected over 
the threshold above which signals are considered to belong to NPs (Ic). 
This different situation is illustrated in Fig. 4, in which two events 
registered for a 30 nm and a 20 nm AuNP are represented. As can be 
seen, all the readings are above Ic for the 30 nm AuNP (Fig. 4A), allowing 
for the accurate determination of all three analytical signals. However, 
for the 20 nm AuNP event (Fig. 4B), the relatively poor S/N ratio causes 
some readings to appear below Ic. In this case, more than 50 % of the 
event readings are excluded from the determination of the peak area or 
peak width, but this does not affect the identification of the peak height, 
allowing for the accurate characterization of small NPs that are closer to 
the LoD.

Similarly, the S/N ratio can be worsened when NPs are in the pres
ence of the analyte in ionic form, as is often the case for real samples. To 
evaluate the performance of the peak heights in comparison to the other 
analytical signals for these analyses, the NP standards were spiked with 
an ionic Au solution until concentrations of 1 (BG of 7.3 ± 2.8 counts) 
and 2 μg L− 1 (BG of 14.5 ± 4.3 counts) were achieved. These suspen
sions were then analyzed in quintuplicate, and the determined analytical 
signals were interpolated in their corresponding calibration curve, 
obtaining the experimental particle sizes collected in Fig. 5. Results 
ratify the improved performance of peak heights for processing low S/N 
events, observing smaller deviations from the reference values than for 
the alternative analytical signals when in the presence of 1 μg L− 1 ionic 
Au for the 20 (Fig. 5A) and 30 nm AuNPs (Fig. 5B). However, when the 
BG is further increased (2 μg L− 1 of ionic Au), the noise is too high for the 
proper identification and processing of the events, leading to biased 
results regardless of the analytical signal of choice. For these cases, there 
is always the option to further dilute the sample (as long as it is 
concentrated enough) and increase the time of analysis, mitigating the 
impact of the background. Finally, it should be noted that the ionic 
content affected the results for the 50 nm AuNP standard much less 
(Fig. 5C), given that their events were in all cases well-resolved from the 
BG.

3.4. Peak heights for flagging incorrect integration thresholds

Selecting an appropriate peak identification threshold is crucial for 
SP-ICP-MS analysis. However, there is currently no consensus on the 
optimal strategy, with thresholds ranging from 3σ to 8σ based on the 
baseline noise [29,30,32]. Furthermore, no clear indicator exists to 
assess the adequacy of a chosen threshold, as its impact on the peak area 
distribution is not always obvious. This is partly because peak-height 
criteria are typically used to identify true NP events when determining 
peak areas. To exemplify the impact of the threshold value (Ic) on both 
the peak area and peak height, Fig. 6A shows a representative fragment 
of the real-time analysis of 30 nm AuNPs with three potential critical 
values: 2.0 (5σ criterion), 3.0 (8σ criterion), and 6.0 counts (maximum 
baseline reading).

The application of three different peak identification thresholds 
yields three distinct peak area (Fig. 6B–D) and peak height (Fig. 6E–G) 

distributions. An a priori optimum critical value (Ic = 3.0 counts) results 
in the detection of 789 events, with both the peak area (Fig. 6C) and 
peak height (Fig. 6F) distributions showing well-defined Gaussian-like 
fits centered at 27.4 and 8.8 counts, respectively. A reduction of the 
threshold value (Ic = 2.0 counts) results in an increase in the number of 
detected events (1305), which can be attributed to the counting of 
background spikes.

In this specific case, provided that the true NP distributions are 
known to be Gaussian and fully resolved, it is straightforward to identify 
and discard the background signals (Fig. 6B–E), thereby avoiding their 
impact on the determined PNC. However, this data purification 
approach lacks feasibility for complex samples with high concentrations 
of the analyte in ionic form, or when there is no previous information on 

Fig. 4. Signal intensity readings monitored for a 30 nm AuNP event (A) and a 
20 nm AuNP event (B). The green dashed line indicates the maximum intensity, 
while the red dashed line represents Ic (set with an 8σ criterion, as discussed in 
Section 3.4). Data points associated with the NP are shown in blue when above 
Ic, and in red when below it. Orange data points represent background signals 
and are, a priori, not related to the NP event. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.)
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the shape of the NP distribution. Additionally, data processing scripts 
use the intensity readings that are not identified as belonging to any NP 
to subtract the baseline contribution from the true event signals. 
Therefore, when the critical value is too low, the most intense back
ground readings are not averaged for noise correction, as they are 
considered to be part of the NP distribution, leading to biases in the NP 
signal distribution due to the underestimation of the baseline 
contribution.

It should be noted that peak areas are more affected by this issue than 
peak heights, as the former involves the contribution of multiple read
ings. Accordingly, whereas the peak area distribution curve is slightly 
biased high and centered at approximately 28.0 counts (Fig. 6B), the 
peak height distribution remains unaffected and centered at 8.8 counts 
(Fig. 6E).

Finally, for the higher threshold value (Ic = 6.0 counts), the number 
of registered events was reduced to 697, which would result in a 12 % 
underestimation of the PNC. Surprisingly, the shape of the peak area 
distribution was barely affected by the selected threshold (Fig. 6D), 
while that of the peak heights was clearly incomplete (Fig. 6G). The 
reason behind this observation is that, as previously mentioned, the 
threshold value relies on a height-based criterion, so that the distribu
tions only show those events with heights above the new threshold, 
leading to incomplete height histograms when the critical value divides 
the NP distribution. However, this is not the case for the peak areas 
because high-intensity events do not necessarily entail higher peak 
areas, since this also depends on the peak width. Therefore, regardless of 
the selected threshold, the peak area distribution always shows an 
apparent complete curve that is slightly shifted to higher intensities 
(27.7 counts in the case represented), which could lead to the deceptive 
conclusion that the threshold value is well selected.

Based on these results, peak height distributions can be used not only 
for direct quantification but also as a promising tool to evaluate the 
appropriate selection of the threshold value, thus supporting the effec
tive use of peak areas in quantitative SP-ICP-MS analysis.

This addresses an important issue for SP-ICP-MS, and for single-event 
ICP-MS in general, a field in which it is not simple to validate the results 
of the distribution obtained, as different techniques may offer variations 
in this regard [33]. Therefore, it becomes essential to have tools that can 
flag incorrect results.

3.5. Peak heights for the accurate determination of the LoD

The determination of the LoD in SP-ICP-MS (i.e., the minimum 
detectable NP size) remains challenging nowadays, as there is no fully 
established strategy for its estimation. In principle, an NP can be 
detected as long as one of its triggered readings is more intense than the 
integration threshold Ic. However, the challenge lies in the correlation of 
such a signal with its corresponding particle size, since, as previously 
discussed, most of the readings are undetected when the maximum in
tensity of an NP is close to Ic. Therefore, to determine the LoD, it seems 
necessary to estimate the area of an event with peak height equal to Ic for 
its interpolation in the peak area calibration curve.

For this purpose, Laborda et al. [30] proposed the approximation of 
the NP events to triangles so that their theoretical areas can be 
geometrically calculated as a function of their height (Ic), width (w) and 
the dwell time (tdwell), after correcting for the contribution of the 
average intensity of the BG (IBG). Then, this calculated area can be 
interpolated in a peak area calibration curve of sensitivity Karea for the 
determination of the minimum detectable NP mass (LoDmass), according 
to Eq. (2). 

LoDmass =
(Ic − IBG) w
2 tdwell karea

(2) 

Similarly, the minimum detectable size (LoDsize) can be obtained by 
assuming NP sphericity and as a function of its density (ρ), in accordance 

Fig. 5. Experimental sizes determined for the 20 (A), 30 (B), and 50 (C) AuNP 
standards in the presence of different ionic Au concentrations, using the 
different analytical signals. The reference range of sizes provided by the 
manufacturer is shaded in green. The error bars represent the standard devia
tion (n = 5). Some error bars in (C) are smaller than the symbols and, thus, 
cannot be appreciated. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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with Eq. (3). 

LoDsize =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3 (Ic − IBG) w
tdwell karea π ρ

3

√

(3) 

This approach can be considered the most widely used today, and it 
is certainly useful to compare different SP-ICP-MS methods. However, it 
is limited by the necessity of assuming triangular peak profiles. Also, 
estimating the peak width results in an additional source of imprecision, 
given the limitations inherent to the estimation of the transit times [20]. 
As a result, in our experience, it tends to overestimate the detection 
power of SP-ICP-MS.

To circumvent all these issues, this work proposes the direct inter
polation of the BG-corrected integration threshold (Ic- IBG) in a peak 
height calibration curve of sensitivity kheight so that the LoDsize can be 
calculated as the square root of the resulting value, according with Eq. 
(4). This approach is only possible provided that, as previously dis
cussed, the detection criterion in SP-ICP-MS is based on heights, leading 
to a new strategy that is not only more straightforward, but also more 
accurate and free from assumptions, for the determination of the LoD. 

LoDsize =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Ic − IBG)

kheight

√

(4) 

In this work, the LoDsize determined with this new, peak height-based 
approach for AuNPs was calculated to be 16.6 nm, whereas the 

precedent strategy discussed above [30] underestimated the LoD down 
to 9.9 nm. According to the peak height calibration, this latter particle 
size would in reality correspond to a peak height of only 1.07 counts, 
which is clearly under Ic. Moreover, to validate the accuracy of the new 
method, a suspension of 10 nm AuNPs was introduced in the system, and 
no event was found over the integration threshold under our working 
conditions, while as shown in section 3.3., 20 nm AuNPs can be clearly 
detected. Consequently, we believe that monitoring peak heights offers a 
more realistic approach to estimating the true detection power in 
SP-ICP-MS.

4. Conclusions

In this work, the potential of using peak height as an analytical signal 
in SP-ICP-MS measurements was evaluated for the first time. Its per
formance was compared with that of peak area (most widely used 
nowadays) and peak width. Direct determination of peak height 
(maximum signal) provides a straightforward approach for processing 
complex SP-ICP-MS datasets. However, the signal accumulation over 
user-defined dwell times introduces uncertainty that broadens the NP 
size distributions. To address this, a new method was proposed that 
represents cumulative intensity across consecutive dwell times using a 
third-degree polynomial, so the adjusted peak height is determined as its 
maximum derivative, reducing the uncertainty and producing narrow 
NP distributions, comparable to those obtained via integrated in
tensities. The effect of dwell time on peak height determination was also 

Fig. 6. Signal output of a 30 nm AuNP suspension when selecting three different threshold values (A), resulting in three different peak area (B–D) and peak height 
(E–G) distributions for the low, optimum, and high critical values, respectively.
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evaluated. The optimal value was established to be 50 μs, as commonly 
used in current SP-ICP-MS methods.

Linear relationships were observed for all three analytical signals: 
integrated intensity correlated to the cube of NP diameter (NP mass), 
peak width with NP diameter, and peak height with the square of the NP 
diameter. Although peak height showed deviations from linearity for 
larger particles (100 nm AuNPs), it demonstrated greater accuracy 
(lower bias) for smaller NPs (20 nm and 30 nm), indicating its potential 
to improve the LoQ in SP-ICP-MS.

Furthermore, peak height proved valuable in setting appropriate 
threshold values, as integrated intensity is more susceptible to bias, 
particularly in complex sample matrices where threshold selection is less 
straightforward. Additionally, the monitoring of peak height can 
significantly improve the estimation of the LoD in SP-ICP-MS, providing 
a more realistic value, not hampered by geometrical assumptions.

Overall, peak height should not be overlooked and deserves further 
investigation as a complementary or alternative signal to enhance the 
quality of SP-ICP-MS results, and of single-event ICP-MS in general.
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