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ABSTRACT

Background: Single-particle ICP-mass spectrometry (SP-ICP-MS) is a powerful method for micro/nano-particle
(MNP) sizing. Despite the outstanding evolution of the technique in the last decade, most studies still rely on
traditional approaches based on (1) the use of integrated intensity as the analytical signal and (2) the calculation
of the transport efficiency (TE). However, the increasing availability of MNP standards and advancements in
hardware and software have unveiled new venues for MNP sizing, including TE-independent and time-based
approaches. This work systematically examines these different methodologies to identify and summarize their
strengths and weaknesses, thus helping to determine their preferred application areas.

Results: Different SP-ICP-MS methods for MNP sizing were assessed using AuNPs (20-70 nm) and SiO;MNPs
(100-1000 nm). Among TE-dependent approaches, the particle frequency method was characterized by larger
uncertainties than the particle size method. The results of the latter were dependent on the appropriate selection
of the reference MNP, making the use of multiple reference MNPs recommended. TE-independent methods were
based on external (linear and polynomial) calibrations and a relative approach. These methods exhibited the
lowest uncertainties of all the strategies evaluated. External calibrations benefited from simpler calculations, but
their application could be hindered by a lack of reference MNPs within the desired size range or by the need for
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interpolations outside the calibration range. Finally, transit time signals are directly proportional to the MNP size
rather than its mass. The time-based method demonstrated adequate performance for sizing AuNPs but failed
when sizing the largest SiO;MNPs (1000 nm).

Significance and novelty: This work provides further insights into the application of different SP-ICP-MS meth-
odologies for MNP sizing. Both TE-independent approaches and the monitoring of the transit time as the
analytical signal are underused strategies; in this context, a Python script was developed for accurate transit time
measurement. After 20 years of development, a quantitative comparison of the different methodologies,
including the most novel approaches, is deemed necessary for further growth on solid theoretical ground.

1. Introduction

Micro- and nano-particles (MNPs) exhibit distinct size-dependent
properties as compared to their larger-scale counterparts. Therefore,
obtaining reliable information on the size of MNP populations is crucial
for various fields, including environmental monitoring [1-3], food [4,
5], and life sciences [6], among others. While several analytical tech-
niques have already been used for the size determination of MNPs,
single-particle inductively coupled plasma-mass spectrometry
(SP-ICP-MS) has been identified as an emerging technology that can
provide comprehensive information on thousands of MNPs in a short
timeframe, even at the very low concentration levels at which these are
often found in real samples [7,8]. When operated in SP mode, every
individual particle introduced into the ICP ion source gives rise to a very
short transient signal. Adequate calibration and data processing provide
information on the elemental composition, the dissolved analyte con-
centration, the particle number concentration (PNC), and the mass and
size distributions [9-12].

Since the first application of SP-ICP-MS in 2003 [9], the popularity of
this technique has grown very rapidly. However, the data treatment of
fast temporally resolved signals remains challenging. To address this,
various strategies are being proposed to convert the individual signal
spikes generated by MNPs, the so-called single events, into mass. The
mass can then be used to determine the size, on the condition of
well-known MNP density, shape, and chemical composition. These
strategies typically make use of the integrated intensity of every indi-
vidual event as the analytical signal. On the other hand, recent advances
in the instrumentation have opened new possibilities by acquiring ul-
trafast temporally resolved information (up to 100,000 read-outs per
second), allowing for the accurate monitoring of the transit time (tem-
poral width) of the events [13,14]. It should be noted that Duffin et al.
[15] and Schardt et al. [16] proposed using external data acquisition
units to obtain temporal information even faster (ns temporal resolu-
tion), but the present work only relates to the approaches that can be
used with commercially available state-of-the-art ICP-MS instrumenta-
tion. Overall, SP-ICP-MS methods can currently be classified into
based-on-intensity and based-on-time approaches, depending on the
selected analytical signal.

Time-based methods have been used to obtain information on the
aspect ratio of anisotropic nanostructures (nanorods) [13] and the
elemental distribution of bimetallic NPs [14], but their application to
MNP size determination is still in its infancy. It is important to note that,
for time-based methods, the analytical signal (time) is directly related to
the MNP size rather than its mass, making it a direct approach for
determining MNP size. In short, the procedure is based on the linear
relationship between transit time and MNP size, which allows for the
interpolation of the duration of sample events in a calibration curve
constructed from MNP standards of well-known size and of the same
density and chemical composition as that of the target MNPs. Moreover,
time-based approaches do not rely on the calculation of a transport ef-
ficiency factor (TE) for MNP size determination. On the other hand,
intensity-based approaches can be subcategorized depending on
whether they require the determination of the TE or not.

Transport efficiency-dependent approaches use a calculable pro-
portionality constant (TE) that correlates the intensity of MNP events

with their mass [17,18]. Several methods have been proposed to
determine this factor [19,20], but the most commonly used ones (which
will be evaluated in this work) rely on using an MNP standard with a
well-known property that can be mathematically correlated to a meas-
urand through the TE. Depending on the standardized property, two
different approaches can be distinguished: the particle size method,
which correlates the mass of the MNP standard (calculated from its
reference size) to the mean intensity of the events detected for such a
standard, and the particle frequency method, which associates the PNC
of the MNP standard with the number of events detected. Further details
of these calculations can be found in Section 2.3.1.

On the other hand, there are other intensity-based methods that do
not require the calculation of the TE, but that still require the analysis of
MNP standards of well-known size. The first approach to mention is
probably the most intuitive one and simply consists of constructing a
calibration curve with MNP standards by plotting their mean intensity
versus their particle mass (lineal relationship) or size (third-degree
relationship) so the intensity of the sample events can be interpolated in
the respective calibration curve to derive their mass or size [21]. Sur-
prisingly, this approach is only rarely used, although perhaps this can be
explained based on the rather limited availability of MNP standards at
the time when the technique was developed. This approach will be
referred to as direct external calibration, indicating that no TE needs to
be estimated.

The second method was recently proposed by Moreira-Alvarez et al.
[22], and is based on analyzing an ionic standard solution, an MNP
standard, and a sample under different instrument sensitivity conditions
so that the mass of the MNP sample can be correlated to their relative
variations of intensity. This method is further described in Section 2.3.1.
and will be referred to as relative approach, following the nomenclature
introduced in Ref. [22].

All methods described above exhibit different analytical features,
and distinct advantages and disadvantages that need to be carefully
evaluated prior to appropriate selection. Therefore, this work system-
atically examines all the methodologies discussed above for sizing
MNPs, some very common and some very seldom reported before, in
order to identify and summarize their strengths and weaknesses, thus
helping to identify their preferred areas of application. After approx. 20
years of development of SP-ICP-MS, such comparison is still missing, and
it is deemed necessary for further growth on solid theoretical ground.
For this purpose, the performance of the abovementioned different
methods was experimentally evaluated. As model MNPs, both small
(20-70 nm), metallic, and high-density AuNPs, as well as big (80-1000
nm), non-metallic, and low-density SiO;MNPs, were targeted.

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 MQ cm) was obtained from a Milli-Q
water purification system (Millipore, Molsheim, France). The perfor-
mance of the methods for size determination was evaluated using the
following aqueous suspensions: 30 and 50 nm Ultra Uniform™ AuNPs
(Nanocomposix Europe, Praque, Czech Republic), 20, 40, 60, and 70 nm
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Table 1
ICP-MS operating conditions.

Measurement conditions

RF Power, W 1600

Nebulizer gas flow, L min~? 1.01

Plasma gas flow, L min~? 16

Auxiliary gas flow, L min~! 1.2

Detection mode Q3 Only

Dwell time, ps 100 *

Acquisition time, s 100

CRC Mode No gas (Au), 0.9 mL min ™' Hy (Si)

Rpq 0.25
Instrumental setup
Sample introduction system Quartz cyclonic spray chamber
Type A concentric nebulizer
Sampling tube internal diameter, mm 0.38

Uptake rate, mL min 0.21

Introduction system Peristaltic pump

NP parameters for calculations

AuNP density, g cm 3 19.32

SiO,MNP density, g cm™> 2.65

# Except for time-based methods, for which different dwell times were eval-
uated as discussed in section 3.2.

AuNPs (HiQ-Nano, Arnesano, Italy), and 100, 120, 200, 500, and 1000
nm SiO;MNPs (Nanocomposix Europe). The reference material Colloid
gold nanoparticles - nominal diameter 30 nm (Quality Control Material
LGCQC5050; 32.7 + 2.0 nm), also available as an aqueous suspension,
was measured as well. Appropriate dilutions of the original MNP sus-
pensions were prepared in ultra-pure water.

For method development and calibration purposes, 1 g L™! single-
element standard solutions of Au and Si (Merck, Darmstadt, Germany)
were respectively diluted in 0.6 M HCI and 0.14 M HNOs solutions
prepared from 12 M HCl and 14 M HNOj stock standard solutions
(Merck, Darmstadt, Germany). To overcome the occurrence of spectral
interferences originating from (}2C*%0)* and (**N'*N)* on 28si™, the
collision/reaction cell (CRC) was pressurized with Hy gas (Nippon
Gases, Madrid, Spain).

2.2. Instrumentation

All measurements were carried out using a NexION 5000 (Perki-
nElmer, Waltham, MA, USA) ICP-MS/MS instrument. The sample
introduction system comprises a concentric quartz nebulizer (0.4 mL
min~!) and a quartz cyclonic-type spray chamber. The triple cone
interface with OmniRing™ was operated in extraction mode to achieve
the maximum sensitivity. The instrument is equipped with a quadrupole
ion deflector (QID; QO) that selectively focuses the ion beam over a 90-
degree angle, prior to introduction into the mass spectrometer (MS). The
MS consists of two additional quadrupole mass analyzers (Q1 and Q3;
<0.7 amu mass resolution) and a quadrupole collision/reaction cell
(CRC; Q2) mounted 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. Daily performance
checks were carried out to optimize the torch position, QID, and nebu-
lizer gas settings, so that the instrument sensitivity was maximized while
keeping the Ce™(70)/Ce™(140) and CeO™(156)/Ce™(140) ratios equal
or under 0.03 and 0.025, respectively. Additional instrument settings
and data acquisition parameters are summarized in Table 1. For SP-ICP-
MS analysis and preliminary data visualization, the instrument is
equipped with the Syngystix Nano Application module (v3.5). For sta-
tistical evaluation, interpolations, plots, and fittings, the OriginPro
software (version 2021b, 9.85) was used. Intensity signals were fitted to
Gaussian distributions, and their central value (I.) was chosen as the
analytical signal, whereas the mean value was selected for the time
signals, for which not every distribution could be fitted to a Gaussian
function, as will be discussed in Section 3.2.
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2.3. Measurement protocol

2.3.1. Analysis and calibration

To ensure a proper comparison of the different methods and avoid
bias from measurement uncertainty, the SP-ICP-MS dataset was
collected within a single measurement session. During this session, all
MNP dispersions were analyzed once to be able to perform the mea-
surements in the shortest period of time for the fairest possible com-
parison, and both their intensity and transit time distributions were
obtained. Nevertheless, it has to be understood that each and every
replicate represents the quantification of more than 2000 individual
MNPs. Each MNP standard was treated both as a sample and as a stan-
dard for determining the size of the other MNPs, as will be discussed
later. Consequently, the same dataset was used for inter-method com-
parison, and all calculations were performed using the same intensity
and transit time distributions.

The results obtained for the different methods (same dataset) were
compared based on the mean (time method) or central values of
Gaussian fitting distributions (intensity methods). However, the stan-
dard deviation (or width) of every individual MNP distribution was not
considered for this comparison, as this parameter is mostly affected by
the dispersity of the MNP population and the measurement uncertainty,
and thus, is independent of the method of choice for the same dataset
[23,24]. Instead, uncertainties associated to the mean or central values
of Gaussian fitting distributions were used for such comparison. For the
calculation of these uncertainty values, an approach similar to that
proposed by Yamashita et al., who evaluated the size uncertainty in
SP-ICP-MS by identifying the sources of uncertainty related to the par-
ticle size method, was used [25]. In the present work, the major con-
tributors to the uncertainty of each method were also identified and
combined. This combination resulted in the equations described in the
sections below, which are introduced along with a brief explanation of
the measurement protocol used in each case. For more detailed infor-
mation on the working principles of every approach, please refer to
Section 3.

2.3.1.1. Based-on-intensity approaches

2.3.1.1.1. TE-dependent methods. As indicated above, TE-dependent
methods require the prior determination of the TE for appropriate MNP
sizing via SP-ICP-MS. Various approaches can be used for this purpose,
but the most frequent ones are the particle size method and the particle
frequency method, which are both based on the monitoring of MNP
standards, instead of on indirect waste measurements [12].

Regarding the particle size method, MNP standards of well-known
size (and, therefore, mass (mgyq)) are monitored. The signal intensities
thus obtained can be processed to determine the central intensity of the
Gaussian fitted distribution (I sq mnp)- Therefore, the sensitivity of the
MNP standards (Sgq) in counts fg_l can be calculated as the slope of a
calibration curve constructed by plotting the I.sq mnp Versus the mygyg,
with one or multiple standard(s) (in this case AuNPs and SiO;MNPs).
Subsequently, calibration curves prepared using appropriate concen-
trations of ionic standard solutions of the same target analyte as that of
the MNP standards (from 0 to 5 pg L™" for Au and from 0 to 10 pg L™! for
Si) are constructed to calculate their slope in mL fg~! counts™! (Sion).
Finally, the TE4r. size can be obtained in accordance with Equation (1),
where Mg vnp and Mjo, are the molar mass of the standard MNP ma-
terial and the ionic standard monitored, respectively, Q,}, is the sample
uptake rate in mL min~!, and tgyey is the dwell time in seconds.

Mion Sion 60
TEpart. s Mstd MNP Qneb Sstd Tawell (1)

Alternatively, the particle frequency method compares the total
number of events detected for an MNP standard (Ngq wne) of well-known
PNCinmL ! during a set acquisition time in seconds (t,.q ). These values
can then be introduced in Equation (2) to determine the TE.
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TEpart.freqv = Pﬂsggiliiiq (2)

After determining the TE and regardless of the method selected
(particle size or particle frequency), the integrated intensity values in
counts registered for the MNP sample (Iynp) can be converted to fg
(mynp) according to Equation (3). In this work, the TE calculation for
both the particle size and particle frequency methods was performed
using all MNP standards individually (7 AuNPs and 5 SiO;MNPs). The
mass of each MNP sample was determined with an average TE calculated
from the values obtained for the remaining MNPs (n = 6 for AuNPs and
n = 4 for SiO3MNPs). In other words, 7 and 5 different average TE values
were calculated, excluding the TE of the MNP considered as the sample
for these calculations. For the particle size method, an alternative
approach was evaluated, also resulting in 7 and 5 different TE values for
AuNPs and SiO;MNPs, respectively. In this case, the difference was
based on using all MNP standards except the MNP sample (n =6 and n =
4) to calculate the slope of the calibration line required for TE calcula-
tion in the particle size method.

_ Duwe tawen Qnep TE Myne

(3)
Sion Mion 60

Mynp

The uncertainty of the results was calculated according to Equation
(4). The uptake rate was experimentally determined to estimate the
u(Q,ep) as the standard deviation (n = 5). Similarly, u(TE) was deter-
mined as the standard deviation (n = 6 for AuNPs and n = 4 for
SiOoMNPs). For u(Sion) and u(Iynp), the standard error calculated by
OriginPro for those parameters after the Gaussian fittings was used.

o (mye) \/ (u(TE))Z . (u(Siw))z R (uaMNp))z R <u<Qneb>>2 @
Mye TE Sion Iyne Qneb

2.3.1.1.2. TE-independent methods. TE-independent methods were
based on direct external calibrations and on the adaptation of the
method developed by Moreira-Alvarez et al. (relative approach) [22].

The methods based on direct external calibrations rely on (i) the
linear correlation between intensity and mass and (ii) the third-degree
polynomial correlation between intensity and diameter exhibited by
MNPs [26]. In these approaches, the measurement protocol consists of
using standard dispersions of MNPs that are well-characterized in mass
and size to construct a calibration curve. In such a calibration curve, the
intensities monitored for the events of MNP samples can be interpolated
for determining their corresponding mass (Migerpo)) and diameter
(dinterpol)- Analogously to the particle size and particle frequency
methods, the intensities of all MNP standards were registered, but the
signal of each MNP sample was always excluded for constructing the
corresponding calibration curve used for its characterization. In these
methods, the two main contributions to the uncertainty of the results
were identified to be the interpolation of the MNP intensities in the
calibration curves and the Gaussian fitting of the signal intensity dis-
tributions. For the linear approach, the uncertainty can be estimated in
accordance with Equation (5), where both u(mimerpol) and u(l;) are
provided by OriginPro when performing the interpolation and Gaussian
fitting of sample intensities, respectively.

2 2
u (mMNP) _ (U (minterpol)) + (u(lc)) (5)
mynp mimerpol Ic
For the polynomial approach, the uncertainty can be estimated ac-

cording to Equation (6), where u(dime,pol) is provided by the polynomial
fitting performed with OriginPro.

din erpol 2 Ic 2
u (mye) (Bu( terp 1)> 4 (u( )) 6)
Muyne dinterpol L
The relative approach is based on monitoring the signals obtained for
AuNP and SiO,MNP standards and those for 5 pg L™} ionic standard
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solutions of Au and Si using the optimum voltage of the QID (set by the
instrument after the daily tune). Subsequently, the instrument sensi-
tivity was lowered by a stepwise modification of the QID value (from
—10to —18V for Au and from —12 to —6 V for Si), registering the central
intensities of the MNP fitted distributions and the average intensities of
the ionic standards at every condition. Then, the method consists of
plotting the relative drop in intensity for the ionic standard versus the
shift of the central value in the MNP Gaussian curves (both using the
optimum QID as reference). The slope of the calibration curve con-
structed with a standard suspension of MNPs (Sgq mnp) Of well-known
size and mass (mgq mnp) and that of the MNP sample for which the size
is to be determined (Synp) can be used to calculate the mass, according
to Equation (7). Again, the calibration curve was constructed using all
MNP standards, and the mass of each particle was calculated using the
average of the product mgq vnp Ssa mnp Obtained for the rest of the MNPs.
Mynp = M @
MNP

The uncertainty of the results obtained using the relative SP-ICP-MS
method can be estimated using Equation (8), where u(ms mnp Sstd mnp)
was determined as the standard deviation (n = 6 for AuNPs and n = 4 for
SiO2MNPs) and u(Synp) was provided by the linear fitting of the sample
data points performed with OriginPro. For a detailed discussion on the
relative approach measurement protocol, please refer to section 3.1.2.

u (myyp) \/ (u(mstd MNP Ssid MNP)) 2 " (u(SMNp)) : (8)

myinp Mtq MNP Sstd MNP Snmnp

2.3.1.2. Based-on-time approach. Lastly, the analytical protocol for the
based-on-time method relies on the linear correlation between the
transit time (t) of the events and the MNP diameter [13]. The uncer-
tainty of this method is primarily attributed to the interpolation on the
calibration line (dinterpol), as indicated by Equation (9). The value for
u(dinterpo1) Was provided by the linear fitting performed with OriginPro.

u (mMNP) _ <3 u (dinterpol) > 2 (9)

Mmynp dinterpol

It should be noted that all the equations described in this section are
given as a function of the particle mass. However, this work aims to
compare different methodologies for MNP sizing, and thus, mass results
need to be converted into size for appropriate comparison with reference
values, such as those typically provided by transmission electron mi-
croscopy (TEM). For this purpose, the mass can be converted into
diameter (dynp) according to Equation (10), where pynp is the particle
density in g mL™L,

dyp = 2 T2 4 10
T Pumnp

Following Equation (10), the relative uncertainty of MNP sizes can
be estimated as a third of that calculated for the mass, given the cubic
root correlation between both parameters. Then, the accuracy of each
result was evaluated by comparing the experimental results with the
average reference value via the Student’s t-test at a 95 % confidence
level. Please note that uncertainties of TEM analysis were not included
in the statistical evaluation, as they measure the dispersity of the MNP
samples and, therefore, are not comparable to those calculated in this
work, where the aim was to evaluate the accuracy and uncertainty of the
method for determining the central diameter of the size distribution.

2.3.2. Data processing

For processing the data exported from the Syngystix Nano Applica-
tion module, the Hyper Dimensional Image Processing (HDIP v1.8.4)
software was used to obtain the integrated signal intensity (peak area) of
every MNP event. This software was originally designed for
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Fig. 1. Comparison between the raw data obtained for 20 nm AuNPs with
dwell times of 10 and 50 ps.

postprocessing of spectral data and images in the context of laser abla-
tion (LA) — ICP-MS and is meanwhile commercially available from Tel-
edyne Cetac Technologies for this purpose, but was adapted to identify
the MNP signal events during SP-ICP-MS analysis. However, please note
that most of the software packages available to date have been devel-
oped for based-on-intensity analysis [23,27-29], and most of them
operate in a similar way: identifying the individual MNP events by
searching for their maxima and, after that, selecting the range of inte-
gration either by looking for surrounding minima or using a fixed range
in the case of well-known signal duration. These approaches are deemed
suitable for based-on-intensity approaches, where small differences in
the selection of the integration range barely exhibit any impact on the
final intensity, as the signals of the first and last points of the event are
almost negligible. Notwithstanding, those differences can be truly sig-
nificant for based-on-time measurements. Consequently, an in-house
Python script was developed and used throughout this work to mea-
sure the time of every individual event.

The script goes through the raw data point-by-point, searching for
values above a critical one that was calculated as X + 2s, where X is the
mean intensity of the background, and s is the corresponding standard
deviation. The 2s threshold was selected as a prefilter, followed by a
second step of data depuration (see below). The script considers every
data point above this threshold to be the beginning of the event. Un-
fortunately, identifying the end of the event is not always as simple as
searching for the nearest point below the critical value. This is because
when working with low dwell times (under 20 ps), as is preferable for
time measurements (higher temporal resolution), the smaller MNPs
whose intensity falls close to the limit of detection (LoDsi.) may render
split intensity peaks, and this would cause the underestimation of both
the total intensity and duration of the event. As illustrated in Fig. 1, the
total intensity of the events (sum of all of their data points: 26 and 27
counts for 50 and 10 ps, respectively) is not significantly affected by the
dwell time, but split peaks are observed when increasing the data
acquisition speed. On the other hand, it can also be observed that higher
dwell times (lower temporal resolution) can cause a slight over-
estimation of the event duration.

To overcome this issue, the script only considers a point below the
critical value to be the end of the MNP event if there is no other point
above the threshold for the next 30 ps of signal monitoring. This selec-
tion is not random, but the result of a study carried out on more than
2000 split events. It was found that in more than 99 % of the cases,
signals with intensity above the critical value corresponding to the same
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Fig. 2. Percentage of split events affected by different spacing times (N
= 2233).

event were not separated by more than 30 ps, as shown in Fig. 2. Please
note that it was of utmost importance not to overestimate the separation
time because increasing such threshold would have caused different
MNPs being detected within a narrow time window to be considered as a
single event, leading to pseudo-double events.

Once the script has identified the beginning and end of the MNP
event, it calculates the transit time as the product of the dwell time and
the number of points belonging to that event, while the integrated in-
tensity is calculated as the sum of the signal intensity of the points
considered. As a result, the script returns a list of signal durations for
each event detected, along with its corresponding integrated intensity.
However, these results need to be depurated in order to eliminate data
coming from double events and background signals that arise above the
critical value. For this purpose, histograms were constructed from in-
tegrated intensity results, and the MNP signal distribution was fitted to a
Gaussian function, so that only the event duration results associated
with integrated intensities belonging to that distribution were used for
the based-on-time method. The reason behind using integrated in-
tensities (peak areas) for this depuration is that, as will be discussed
later, transit time data does not always fit a Gaussian distribution and,
moreover, it is feasible to obtain more information on integrated in-
tensity distributions because the results from the in-house developed
Python script can be compared with those obtained with the HDIP
software.

3. Results and discussion

Before discussing the results, it is important to stress that this article
is focused on sizing MNPs. The uncertainty values that will be presented
and discussed throughout this work (calculated as described in 2.3.1)
refer to the uncertainty in estimating the MNP size, expressed either as
absolute uncertainty (u) or as relative uncertainty percentage (u%). This
should not be confused with the dispersity of the MNPs, which is a
different parameter.

3.1. Based-on-intensity approaches

3.1.1. TE-dependent methods

The determination of the TE values can generally be performed with
one MNP standard only, but this might lead to biased conclusions when
comparing these approaches with other methods for which multiple
standard MNPs are measured, such as those based on direct external
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Fig. 3. Contour plot representing the relative error recorded for the particle
size method when using one reference AuNP only. The dashed line corresponds
to the use of the same AuNP both as sample and standard to determine the TE,
leading to a null relative error regardless of the AuNP of choice.

calibration using MNP standards. Furthermore, such an MNP standard
should ideally be as similar as possible to the MNP sample, both in terms
of size and nature, in order to improve the accuracy of MNP sizing. As
can be seen in Fig. 3, the relative error (%) in sizing AuNPs using the
particle size method increased up to 8 % if the reference AuNP standard
selected showed a significantly different size. However, relative errors as
low as 1 % were observed when the sample-standard AuNP pairs had
very similar sizes.

To overcome this limitation and to ensure a fair comparison with

Particle size (multipoint TE)
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other methods, a TE value can be calculated using multiple MNP stan-
dards, allowing for improved size results for MNP samples of different
sizes or polydisperse MNPs. Depending on the method selected, different
strategies may be used, such as (i) calculating an average TE for both the
particle frequency and particle size methods, or (i) using a multipoint
calibration of MNPs for the particle size method (see Fig. 4).

In this work, the results obtained for AuNPs and SiO;MNPs using
different TE calculation methods associated with the particle size
method (average TE and multipoint MNP calibration TE) and the par-
ticle frequency method (average TE) were evaluated. The results are
illustrated in Fig. 5, and the values obtained are also provided in
Tables S1 and S2 for AuNPs and SiO,MNPs, respectively. Please note
that TE calculations were performed using 7 and 5 MNP standards for
AuNPs and SiO;MNPs, respectively. However, this approach involves
using the TEs calculated for all MNP standards except that of the MNP
whose size is to be determined (n-1).

As can be seen, all the approaches led to MNP sizes that were not
significantly different (p > 0.05) from the reference sizes for both AuNPs
and SiO;MNPs. However, the particle frequency method provided re-
sults that, on average, were affected by larger uncertainties than the
particle size approaches. In this regard, the average relative uncertainty
(u%=SD) for the particle frequency method was 8.6 + 0.8 % for AuNPs
and 8.1 £ 1.1 % for SiO,MNPs. In comparison, the particle size methods
using an average TE or a multipoint MNP calibration TE, respectively
showed an average relative uncertainty of 3.6 + 0.4 % and 3.4 + 0.2 %
for AuNPs and 5.8 + 0.7 % and 6.2 + 0.5 % for SiO;MNPs. In this
context, it is also worth noting that, whereas the average relative un-
certainties calculated for the particle frequency method did not signifi-
cantly vary between AuNPs and SiO;MPs, the results obtained with the
particle size methods for SiO;MNPs were affected by larger uncertainties
than those obtained for AuNPs. This can be attributed to the high in-
tensity of the Si baseline, which hinders the integration of the single
events generated by SiO,MNPs [30]. Notice that, even though the

Particle size (average TE)

P ———— ——
I 700 : 400 I :- 7 600 s I
1 c28 2 1 Sstd,20
Ic7o € 400 10 ¢ TE
] 20

I 600l | 350 | é 200 355 oo "ain”oba"shn > 1
IﬁSOO— | -~ 300+ I ~ 93 ; 3 T |
| Sstd | £ [ AUNP mass (fg) |
I § 400 3 250120 7 600 - |

) 30

= 300 ¢ < % § 400 b AB

|~ 500 L:f 200+ g 200 1% 05 0% o,: 020 025 ) Tz |
| | % 150 - I <% 7 2 3 I
I 100 | 8 I AUNP mass (fg) |

L 100 | % 600 w

0 ‘ : . ' ) b3
| 0 1 2 3 4 5 | | Eawo pr| § |

2] td,35 TEss
I AuNP mass (fg) I 50+ | §200 R e > |
| 1 ol I pivemderg '
I I 200 400 600 800 1000I AUNP mass (fg) I
Intensity (counts’ @ 600
I -— — e — _tY(__)_ _I g400- >TE I
A\ 4 I | \ 4 I 3 200 Sstd,50 %0 "
! Multipoint TE I | N2 Nz Nss Nso  Neo No | I %o 5 p ; 3
L | I ¢¢ ¢ 4/ ¢ | [ AUNP mass (fg) |
I [ 7 600 |
: ITE20 TE28TE3s TEso TEeo TE70 A [ g ‘;‘gg Sstd,60 = TEeo |
I | o |
| — 1 2 3
I I I e AUNP mass (fg) |
Average TE I I € 400 Sstd,70 > TE70 I
Particle frequency = 0 I
0 1 2 3

: AUNP mass (fg) i I
> < i Average TE |

Fig. 4. Schematic representation of the different methods employed to determine the MNP diameters, exemplified for the sizing of the 32.7 nm AuNP dispersion.
Please note that even though the intensity distribution was obtained for the seven AuNPs available, only the six that are not being characterized are used to determine

the average or multipoint TE.
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Fig. 5. Comparison of the diameters determined for different AuNPs (A) and
SiO,MNPs (B) using various TE-dependent methods with the reference values.
The error bars for the three different methods compared represent the com-
bined uncertainties (calculated as discussed in section 2.3.1.1.1.), while for the
reference values the uncertainty stated in the certificate of analysis is shown.

background signal ultimately conditions both the particle size method
and the particle frequency method, when it comes to determining the TE
(which is the factor that governs the combined uncertainty) only the
former approach relies on the monitoring of the integrated intensities of
the MNP standards, and thus, it makes sense that it would be more
affected by the baseline variations.

3.1.2. TE-independent methods

Among the different TE-independent methodologies, constructing a
calibration curve with standard dispersions of MNPs of well-known
mass, taking advantage of the linear correlation between the recorded
integrated intensity and the MNP mass could be seen as the most
straightforward approach for MNP sizing [26]. Once such a calibration
curve is obtained, the intensity of any MNP event can be simply inter-
polated in the calibration curve to determine the corresponding MNP
mass. However, this direct external calibration approach shows two
main limitations: (i) it relies on the availability of multiple MNP stan-
dards of different sizes and, (ii) those standards should ideally be
distributed evenly along the curve, so that all of them have the same
weight on the calibration, thus minimizing biased results [31]. The first
limitation is becoming progressively less important since the MNP
market grows in response to the growing interest in the field, although
the relatively high purchase cost may still limit access to such standards,
and, thus, jeopardize the applicability of this methodology. Moreover,
the purchase of MNPs of evenly distributed masses is not an easy task
because the cubic relationship between mass and size entails that MNPs
of relatively close sizes are, in reality, very different in terms of MNP
mass. Furthermore, MNPs are typically produced to achieve a certain
size, not a certain mass.

The impact of this limitation is clearly observed when comparing the

Analytica Chimica Acta 1331 (2024) 343305

A

80 @ Direct External Calibration (Linear)

@ Direct External Calibration (Polynomial)
704 () Relative Approach

@ Reference

60

50

40-

30

Diameter (nm)

20+

20 nm 28 nm 33 nm 35 nm 50 nm 60 nm 75 nm
AuNP standards

1200

@ Direct External Calibration (Linear)
11001 @ Direct External Calibration (Polynomial)
1000 () Relative Approach

900 @ Reference

£ 800+
£ 700
8 5004
g 600
£ 5004
0 400
300+
200+
100

100 nm

120 nm 200 nm

SiO,MNP standards

500 nm 1000 nm

Fig. 6. Comparison of the diameters determined for the different AuNPs (A)
and SiO,MNPs (B) using various TE-independent methods with the reference
values. The error bars for the three different methods compared represent the
combined uncertainties (calculated as discussed in section 2.3.1.1.2.), while for
the reference values the uncertainty stated in the certificate of analysis
is shown.

size results obtained for AuNPs and those for SiOoMNPs (see Fig. 6 and
Tables S3 and S4).

In this context, no significant differences at the 95 % confidence level
were observed for AuNPs when comparing the experimental sizes with
the reference values, whereas the linear calibration did not succeed for
sizing the smaller SiO,MNPs, displaying significant differences at the 95
% confidence level for results obtained with the standards of 100 nm and
120 nm. This can be attributed to the more evenly scattered AuNP
standards, given the greater commercial availability and the smaller
range of sizes to be covered. Conversely, SiOoMNPs standards show vast
differences in terms of mass between them, as illustrated in Fig. 7.
Therefore, the integrated signal intensities obtained for the larger
SiO2MNPs governed the calibration, jeopardizing both the accuracy and
precision at the lower range of the curve. An average relative uncer-
tainty of 2.3 + 2.5 % and 1.6 + 1.0 % (u%=SD) was calculated for the
AuNPs (n = 7) and the SiO;MNPs (n = 5), respectively. It is noteworthy
that, while the average relative uncertainty is lower than that of other
methods, it exhibits higher dispersity (expressed as SD). The reason for
this observation is that the uncertainty linked to calibration through a
linear regression is enhanced from the center of the curve to the edges
[311, being especially boosted when the I. value falls outside the cali-
bration range, as shown in Fig. 7. In this context, the average relative
uncertainty was decreased to 1.4 + 1.2 % for AuNPs (n = 5) and 0.9 +
0.7 % (n = 3) for SiO;MNPs upon excluding the extreme data points.
Therefore, this technique seems to be more adequate when pursuing the
analysis of MNP samples of mass within the range covered by the MNP
standards, as typically occurs with all external calibration approaches.

To circumvent the dispersed distribution of MNP standards that
characterize linear regressions, it is possible to take advantage of the
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cubic relationship between the recorded integrated intensity and the
MNP size, which allows for the calibration with a third-degree poly-
nomial function. As previously discussed, differences in MNP size are
less sharp than for MNP mass, so it should be easier to find evenly
distributed standards while using this calibration strategy. Therefore,
the same MNP standards that were very dispersed for the linear cali-
bration are more equally spread with the polynomial approach, as
illustrated in Fig. 8. As a result, no significant differences at the 95 %
confidence level were found for the results obtained using this approach
as compared to the reference values for both kinds of MNPs. An average
relative uncertainty of 3.1 £ 3.5 % and 2.5 + 1.2 % (u%=+SD) was
calculated for AuNPs (n = 7) and SiO,MNPs (n = 5), respectively. Again,
extreme points, whose I values fall outside the calibration range, exhibit
abnormally high u%, causing the overestimation of the average uncer-
tainty, as shown in Fig. 8. However, for MNP samples whose sizes fall
within the calibration range, the u%=+SD improved down to 1.7 + 1.2 %
and 1.6 £ 0.6 % for AuNPs (n = 5) and SiO;MNPs (n = 3), achieving size
results that are equivalent to those obtained with the linear relationship
in terms of uncertainty, but with improved accuracy. Finally, it should
be acknowledged that, whereas at least two data points are required for
a linear fitting, no less than four data points must be represented to
identify the third-degree polynomial function that adjusts well to the
experimental data, which reveals the main limitation of this methodol-
ogy. In this context, five different SiOoMNP standards were monitored in
this work, so that calibration curves were constructed with only four
MNP standards, given that the MNP to characterize (sample) was not
included in the calibrations. This is enough to identify the fitting func-
tion for the interpolation; however, analogously to linear fittings con-
structed with two data points only, it is not possible to estimate the
uncertainty of the third-degree polynomial interpolation if only four
MNP standards are used, as the regression coefficient R? is equal to 1.

Therefore, the intercept of the function was fixed to 0, given that an
MNP of no size would theoretically render no intensity, to determine the
uncertainty of the interpolations (u(dinterpol))-

Similarly to the polynomial calibration strategy, the relative
approach developed by Moreira-Alvarez et al. [22] also achieves cali-
bration curves with evenly distributed data points. Additionally, it re-
quires a single MNP standard only, circumventing the two restrictions of
the linear particle calibration method. As previously introduced, this
method consists of analyzing an ionic standard, an MNP standard of
well-known mass, and the MNP sample at different instrumental con-
ditions providing different sensitivity. In the original article [22], the
lens voltages were the parameters tuned to modify the sensitivity.
However, the ICP-MS instrument used in this work is not fitted with a
lens interface but with a quadrupole ion deflector (QID), and thus, the
QID voltages were modified to implement this approach. After
measuring every standard at each QID voltage, a calibration curve was
constructed with every MNP standard by plotting the relative drop of
ionic intensity versus the shift of the mean intensity for the MNP stan-
dard distributions, as it is schematized in Fig. 9. Therefore, this meth-
odology assumes that the same relative drop of intensity is occurring
both for MNP standards and for ionic standard solutions so that, by
plotting one against the other, data points should align to a curve with a
slope of 1. However, since we are not plotting the relative drop for MNPs
but the intensity shift (which represents the numerator of the relative
drop equation), the slope of the curve (Synp) corresponds to the recip-
rocal of the MNP intensity at the optimum conditions (I;), which is the
denominator of the relative drop equation. Therefore, this approach
determines the optimum intensity of both the MNP standard and the
sample through the construction of a calibration curve with the mea-
surements performed at different sensitivity conditions, rather than with
a single measurement. Then, the particle mass of the MNP sample can be
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calculated given that the ratio mynp/I; (i.e., mynpSnp) is constant for
every MNP, as discussed in Section 2.3.1.1.2. As to the results, no sig-
nificant difference in terms of size was observed for any MNP, and the
average uncertainty (u%=+SD) was calculated to be 2.0 + 0.2 % and 1.3

+ 0.2 % for AuNPs (n = 7) and SiO2MNPs (n = 5), respectively, which
represents an uncertainty level comparable to the rest of the
TE-independent approaches, but with less dispersion. However, it
should be noted that the main drawback of this approach is inherent to
the necessity of monitoring MNPs under progressively less sensitive
conditions, which jeopardizes its applicability to MNPs of sizes close to
the LoDsj,e (as calculated when operating under optimum conditions).

3.2. Based-on-time approach

As previously mentioned, the application of transit time measure-
ments on the characterization of MNP sizes is very similar to the linear

external calibration discussed among the based-on-intensity ap-
proaches. However, by monitoring the duration of individual events,
analytical signals can be linearly correlated with the MNP size directly,
rather than with the MNP mass, a priori circumventing the limitation of
MNP standards not being uniformly distributed along the calibration
curve, as in polynomial calibrations. Additionally, monitoring the time
offers the advantage of being unaffected by sensitivity fluctuations of the
instrument during the working session (as long as the method is not
applied to sizes close to the LoDgj,.), which could be very significant
given the fact that internal standards are not usually deployed during
SP-ICP-MS analysis due to obvious duty cycle limitations [24].
Self-evidently, selecting an adequate dwell time is of the utmost
importance when pursuing the determination of the transit time of
single events. In this regard, the use of lower dwell times (i.e., faster data
acquisition speeds) should increase the accuracy with which the
beginning and end of each event can be identified. However, lowering
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Fig. 11. Comparison between intensity (A and B) and transit time (C and D) distributions for 30 nm AuNPs (A and C) and 1000 nm SiO,MNPs (B and D).

the dwell time also lowers the intensity of each data point, as the same
integrated signal intensity is being split into more data points, which
negatively impacts the LoDsj,e. Therefore, there is a compromise be-
tween accuracy and LoDy, that needs to be considered before selecting
the dwell time for any given application. In this case, all the evaluated
MNPs were analyzed at five different dwell times (10, 20, 30, 50, and
100 ps) to identify the optimum value for each MNP type. Since the
method relies on high temporal resolution, the use of longer dwell times
would strongly compromise its applicability. Fig. 10 shows how the
uncertainty for the results obtained with this method for the AuNPs was
affected both by the size of the NP to be characterized (A) and by the

10

dwell time selected (B). As to the effect of the MNP size, the accuracy of
the method (expressed as u%) significantly improves as the MNP size
increases for all dwell times (Fig. 10A). This can be attributed to the
higher intensities, increasing the contrast between the background and
the event data points and lowering the uncertainty associated with the
identification of the beginning and end points. However, for large
enough particles (MNP diameters above 35 nm), the accuracy of the
method remains fairly constant. On the other hand, the lowest and least
dispersed average u% value was obtained with a dwell time of 20 ps
(Fig. 10B). Thus, this dwell time was selected for the analysis of AuNPs.
In contrast, the results obtained with a dwell time of 10 ps clearly
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exemplify how further lowering the dwell time below the optimum
value, far from improving the accuracy as a result of a higher temporal
resolution, hinders the determination of the transit time for small MNPs,
and negatively impacts the calibration and, as a result, the overall un-
certainty for sizing. Turning to SiOoMNPs, given the lower sensitivity
and the presence of an intense background that jeopardizes the identi-
fication of the boundaries of the MNP events, enough signal-to-noise
contrast to detect all the five MNPs available could only be achieved
with a dwell time of 100 ps, which was selected for further analysis of
SiO;MNPs.

For the based-on-intensity approaches, data processing consisted of
fitting the signal intensity distributions into Gaussian functions, and the
adjusted central value was used to construct the MNP calibrations
(Fig. 11A and B). However, when the transit time is tracked, the smaller
MNPs adjust to Gaussians (Fig. 11C), whereas the bigger ones exhibit a
positive-tailed distribution (Fig. 11D). Therefore, different data points of
the same calibration adjust to different functions. As a result, the
average transit time was the parameter chosen to build the calibration
curves, thus avoiding making assumptions about the function to which
the distributions were adjusted. The apparition of the tail only for bigger
MNPs can most likely be attributed to different diffusion and mixing
processes of the ion clouds generated upon MNP digestion during their
passage through the plasma, which results in the extension of the transit
times [13,21]. In this context, big MNPs need more time to be fully
digested, and thus, only some of them have enough time to fully expand.
This variation in the expansion of MNPs will result in several distribu-
tions (e.g., various Gaussian distributions centered on different transit
times), appearing overall as a convoluted distribution showing a marked
tail (see Fig. 11D). This phenomenon represents one of the main
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downsides of the time method, which is the inability to obtain the ac-
curate mass or size distributions of relatively big MNPs, rendering the
average size the only achievable information.

The results obtained for AuNPs and SiO;MNPs with the dwell times
selected are shown in Fig. 12 and Tables S5 and S6. For AuNPs, no
significantly different sizes at a 95 % confidence level were determined
for any MNP in comparison to the reference values, and an average
uncertainty of 6.5 + 3.7 % (u%=+SD, n = 7) was obtained. Analogously
to the based-on-intensity linear calibration, this average u% can be
improved down to 5.2 + 2.0 % if the results of the extreme points (which
are obtained for transit time values that fall outside the calibration
range) are not considered, which is comparable to the values obtained
with the particle size method. However, a significantly different size was
obtained for the SiO,MNP standard of 1000 nm. As evidenced in Fig. 13,
the data point corresponding to the MNPs of 1000 nm SiOy, is clearly out
of the linear range, which explains the difference as compared to the
reference value. One may think that this observation indicates that
bigger SiO,MNPs are not being completely digested in the plasma, but, if
that were the case, the same effect should have been evidenced for the
intensity calibration. Nevertheless, it is also true that a quasi-complete
digestion may have a negligible impact on the intensity, but a more
significant one on the transit time, so this phenomenon could indeed
contribute to this outlier behavior. Another explanation is related to the
different diffusion and mixing processes that expand the transit time, as
already discussed before: large MNPs need more time to be fully
digested, and thus, those processes do not occur to the same extent as for
smaller MNPs, leading to abnormally narrow events. Therefore, the
SiO,MNPs of 1000 nm were not introduced in any calibration to avoid
biasing the results. As to the accuracy, an average uncertainty of 17.2 +
6.0 % (u%=+SD, n = 4) was found, which represents the worst value
among the different methods evaluated in this work. This relatively high
uncertainty as compared to that observed for AuNPs can probably be
related to the presence of a high background signal and to the fact that a
relatively high dwell time of 100 ps (low temporal resolution) had to be
used. Additionally, it should be mentioned that H, was introduced into
the CRC to overcome the spectral interference of *2c'®0)* and
“NMN)* on 28sit, which has been reported to entail the broadening of
the duration of the events [32,33], and that might also be negatively
affecting the overall uncertainty values. Notwithstanding, the impact of
this effect is not expected to be very important given the small size of the
Hj molecule and the relatively low gas flow rate used (0.9 mL min~ ).
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Table 2
Summary of the conclusions and results achieved for each one of the methods
evaluated.

Method u% + SD Observations
AuNPs SiO,MNPs
Particle size (average 3.6 + 5.8 +£0.7 + Only a single MNP standard is
TE) 0.4 required (as similar as possible to
the sample)
- Uncertainty affected by the
background
Particle size 3.4+ 6.2 +£ 0.5 - Uncertainty affected by the
(multipoint TE) 0.2 background
Particle frequency 8.6 = 81+1.1 + Uncertainty is less affected by
0.8 the background
- Higher uncertainty than other
approaches
Direct external 1.4+ 0.9 +0.7 + Simpler calculations
calibration (linear 1.2 - Optimum accuracy only for
fit) events that fall inside of the
calibration range
- Multiple MNP standards are
required
Direct external 1.7 + 1.6 + 0.6 + Simpler calculations
calibration 1.2 - At least four MNP standards are
(polynomial fit) required
Relative approach 2.0 £ 1.3+0.2 + Only one MNP standard is
0.2 required
- Sizing of MNPs close to the LoD
is compromised
Time method 52+ 17.2 + + Signal directly related to size,
2.0 6.0 not to mass

+ Less affected by sensitivity
fluctuations of the instrument

+ It opens possibilities to
differentiate among
nanomaterials of different shapes
and compositions [10,11]

- For optimum results,
instruments with low dwell times
are required

- Size distribution possible only
for small MNPs

- Shorter linear range

4. Conclusions

In this work, the performance of different based-on-intensity and
based-on-time methods for sizing AuNPs and SiO;MNPs was evaluated,
comparing the accuracy of the size results obtained with the different
methods and their applicability. In general, all the methods that were
evaluated succeeded in sizing the different MNP standards, which rat-
ifies that more than one approach can be evaluated for any application
intended. Therefore, carefully considering the different strengths and
weaknesses of the different methods may greatly improve the quality of
the SP-ICP-MS measurement results.

The main conclusions obtained for each approach are summarized in
Table 2. In short, the best accuracy is achieved with TE-independent
based-on-intensity methods (i.e., direct external calibration and the
relative approach developed by Moreira-Alvarez et al. [22]), although
they are associated with other limitations such as the need for multiple
MNP standards or greater inaccuracy in characterizing MNPs whose .
falls outside the calibration range. In contrast, other approaches, such as
the particle frequency method and the based-on-time method, might
provide results affected by larger uncertainties, but they offer other
benefits such as being unaffected by the background or by sensitivity
fluctuations during the working session. Finally, the particle size method
offers the most accurate results, provided that an appropriate single
MNP standard is selected or multiple MNP standards are used. This
justifies why this is currently the most widely implemented approach for
sizing MNPs via SP-ICP-MS. Nevertheless, as instruments displaying
more sensitivity and higher temporal resolution are released, and highly
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monodispersed MNPs standards become readily available, the advan-
tages offered by other approaches should also be considered.

Finally, it is deemed important to stress that the current work is
focused only on sizing MNPs. Determining the particle number con-
centration is certainly also possible using SP-ICP-MS, but it requires
different considerations [12].
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