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A B S T R A C T   

Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) has led ICP-MS into a new dimension, 
turning an ensemble technique for elemental and isotope ratio analysis into a particle counting technique and 
well beyond. SP-ICP-MS allows the detection of particles, their size characterization and the quantification of 
their number and mass concentrations, as well as the dissolved forms of the target element(s). Although the 
technique is mostly applied to metal- and metalloid-based nanoparticles, its application to microparticles and 
carbon-based particles are emerging. After twenty years since the first publications and more than ten years of 
ongoing development, SP-ICP-MS has reached a high degree of maturity, with an increasing number of appli
cations in a wide range of fields. Despite this trend, there are aspects related to the fundamentals of the technique 
that still require further studies. This review is organized around the fundamentals of the technique along with 
the different steps and processes involved, from the sample introduction to the signal processing, offering an 
updated view of these topics, focusing on the benefits and current limitations of the technique, as well as its 
future perspectives.   

1. Introduction 

The relevance of nanomaterials and nanoparticles has attracted 
attention from all scientific fields, and analytical chemistry and spec
troscopy are no exception. In this case, nanoparticles have emerged as a 
new type of analytes with very particular features due to their physico- 
chemical nature. Whereas for conventional analytes, the information 
demanded can be quantitative (e.g., mass concentration), as well as 
qualitative (including the identification of the chemical species), the 
situation is more complex for nanoparticles: the quantitative informa
tion can be demanded as mass but also as number concentration, and the 
qualitative information can involve not just the detection of the nano
particle as such, but also include both chemical and physical charac
terization (e.g. size, shape, aggregation/agglomeration) [1]. Atomic 
spectrometry in general and particularly inductively coupled plasma 
mass spectrometry (ICP-MS) were not expected to have a relevant role in 
the analysis of nanomaterials or samples containing nanoparticles, other 
than providing element compositions and element mass concentrations, 
or being used as element specific detectors coupled to nanoparticle 
separation techniques (e.g., flow field flow fractionation, hydrodynamic 
chromatography). However, ICP-MS was able to reinvent itself as a 

particle counting technique, just by using very high data acquisition 
frequencies for measuring suspensions of nanoparticles sufficiently 
diluted. Under such conditions, ICP-MS is able to provide information on 
a particle-by-particle basis, giving rise to the so-called single particle 
ICP-MS (SP-ICP-MS) [2]. 

Handling particles is not new in ICP-MS. Although different ap
proaches have been developed for the introduction of powdered samples 
into plasmas (e.g., fluidized bed chambers, direct sample injection de
vices, electrothermal vaporization), slurry nebulization is the approach 
that has received major consideration in the field [3]. The main differ
ence between the analysis of solid samples by slurry nebulization and 
the analysis of samples containing nanoparticles is that in slurry nebu
lization the suspensions of particles are prepared ad-hoc, by grinding the 
solid sample to particles of the adequate size (in the micrometer range) 
and dispersing them into the adequate liquid medium at the adequate 
particle concentration. When analyzing samples originally containing 
particles, we might just modify their concentration because the analyte 
is the particles themselves instead of the element/s present in the par
ticles. In spite of these differences, some of the strategies followed for the 
analysis of powdered solids by slurry nebulization can be useful in SP- 
ICP-MS. In a similar way, Poisson statistics are at the core of ICP-MS 
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in relation with ion counting; however, SP-ICP-MS, as both ion and 
particle counting technique, has had to revisit Poisson approaches [4] to 
deal with data processing [5], metrology [6] and modelling [7,8]. 

The basics and applications of SP-ICP-MS have been shown and 
summarized in several reviews [6,9–14] and they will not be discussed 
here. SP-ICP-MS is gaining recognition as a mature technique because 
their methods are being applied to a wide range of analytical problems 
and determinations, and it is becoming established as a routine tool with 
broad commercialization. This maturity is reflected in the increasing 
number of publications related to applications, whereas those related to 
the basics of the technique and the development of methods are fewer 
and not growing [13]. Despite this trend, the fundamentals of the 
technique are far from being completely developed and there is still 
room for further studies and discussion. The aim of this review is to focus 
on the fundamental aspects of the technique along with the different 
steps and processes involved, from the sample introduction to the signal 
processing, showing the limitations and benefits of the technique, as 
well as its future perspectives. 

2. Sample introduction 

Most of the work in SP-ICP-MS involves working with nanoparticle 
suspensions, which are introduced into the instruments as liquid aero
sols by nebulization. However, in recent years, laser ablation, a well- 
stablished method for the introduction of solid samples in ICP-MS has 
been adapted to deal with nanoparticles. Both sample introduction ap
proaches will be discussed in the context of SP-ICP-MS. 

2.1. Nebulization 

Nanoparticles, defined as nano-objects with their three external di
mensions in the range of 1–100 nm, behave like dissolved species from 
the point of view of their nebulization. Typical nebulization systems 
consist of pneumatic nebulizers in combination with spray chambers 
with reported transport efficiencies in the range of 1–10% by applying 
sample flow rates of 0.1–1 mL min− 1. In this review transport efficiency 
is a synonymous of nebulization efficiency, being only related to the 
sample introduction process up to the plasma. 

The relevance of the transport efficiency in SP-ICP-MS lies in the fact 
that, together with the sample flow rate, is a parameter required for 
calculation of the mass of element per particle, and hence the size of the 
particles (if their composition, shape and density are known), when 
using the calibration with dissolved standards of the monitored element. 
This size calibration approach is an alternative to the use of size 

standards of the particles analyzed, as it will be also discussed in the next 
section. The determination of analyte transport efficiency in atomic 
spectrometry has been traditionally performed by using direct (aerosol 
collection) and indirect (waste collection) methods with dissolved 
standards [15], although the use of nanoparticle standards has allowed 
the development of alternative methods, namely the frequency and the 
size methods [16]. More recently, a dynamic mass flow (DMF) method 
has been proposed [17]. Although the DMF method does not rely on the 
use of any analyte standard, the transport efficiency determined corre
sponds to the solvent transport, which can be equated with the analyte 
transport under conditions that make the solvent vaporization negligible 
[18]. On the other hand, the frequency method requires number con
centration standards of an easily detectable nanoparticle, which has just 
become available recently [19], or, alternatively, size standards of 
monodispersed metallic nanoparticles with known metal mass concen
tration. Finally, the size method is based on the use of nanoparticle size 
standards as well as dissolved standards of the element present in the 
nanoparticles, assuming that the element, both in the nanoparticle and 
dissolved standards, behave in the same way in the plasma, which is not 
always the case. Details about the procedures and calculations of 
transport efficiencies by these methods can be found elsewhere [16,17]. 
The three methods have been evaluated through an interlaboratory 
comparison study [18]. 

In view of so many conditioning factors, the use of high throughput 
sample introduction systems with 100% of transport efficiency has been 
proposed to remove this source of uncertainty in SP-ICP-MS. Nowadays, 
100% transport efficiencies can be achieved by using direct injection 
nebulization or microdroplet generation (MDG). 

Microdroplet generation was firstly applied for sample introduction 
to plasmas in optical emission spectrometry [20–22], being further 
adapted to ICP-MS [23]. Microdroplet generators used in SP-ICP-MS are 
based on a dispenser head consisting of a piezoelectrically actuated 
quartz capillary that delivers discrete well-defined volumes of liquids as 
individual droplets of 25–50 μm at a frequency of 100 Hz [24]. The 
droplets are carried by a flow of helium, being desolvated in their way to 
the plasma and producing dry particles that further contributes to 
improve transport efficiency up to practically 100%, as well as their 
vaporization and ionization [25]. Finally, matrix effects caused by high 
salt or organic contents are limited as a result of the low sample uptake 
used (50–400 nL min− 1). An additional advantage of MDG is that cali
bration can be performed with dissolved standards because the amount 
of element per droplet can be known due to the low dispersion of the 
droplet diameters. MDG has been evaluated in combination with 
quadrupole [23], double focusing [25,26] and time-of-flight instruments 

Fig. 1. Schematic diagram of a microdroplet generator for sample introduction in an ICP-TOF-MS instrument. Adapted from [30] with permission from the Royal 
Chemical Society. 
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[27–29]. A schematic diagram of the setup coupled to a time-of-flight 
instrument is shown in Fig. 1. 

The second option to obtain 100% analyte transport efficiency is the 
use of direct injection devices, working with micro-flows below 10 μL 
min− 1 and removing the spray chamber [31,32]. Tharaud et al. [32] 
have reported a micro-flow sample introduction system consisting of a 
demountable direct injection high-efficiency nebulizer (dDIHEN) hy
phenated to a flow-injection valve and a gas displacement pump. 
Alternatively, nebulization setups consisting of micro-flow nebulizer 
and specially designed spray chamber have been reported. Sun et al. 
[33] achieved transport efficiencies over 90% at 5 μL min− 1 by using an 
in-house cyclonic spray chamber without baffle. Miyashita et al., by 
using a setup consisting of a high performance concentric nebulizer and 
a custom-made small-volume on-axis spray chamber equipped with an 
additional sheath gas [34], reported transport efficiencies of 93% at 8.6 
μL min− 1 [35] and 99% at 9.8 μL min− 1 [36]. The same nebulizer was 
used in combination with an APEX system, consisting of a heated 
cyclonic spray chamber (140 ◦C) and a three-stage Peltier-cooled des
olvation system (2 ◦C), reporting a 104% transport efficiency at 10-times 
higher flow rates of 103 μL min− 1 [36]. 

The basic assumption behind SP-ICP-MS is that each particle event 
recorded is produced by a single particle, which requires the use of 
suspensions sufficiently diluted so that the flux of particles reaching the 
plasma is sufficiently low (<100 s− 1) [37]. Under such conditions, some 
aerosol droplets will contain one particle and most of them none. 
Whereas the transport of aerosol droplets with diameters of tens of mi
crometers is not affected by the presence of a particle of nanometers, this 
might not be the case when the size of the particles is also in the 
micrometer range. Fundamental studies with slurries have shown that 
nebulization and transport of microparticles is affected by their size and 
density, as well as the nebulization system used, although in general 
terms transport efficiency for particles over 5–20 μm drops significantly 
and particles in the upper end may even not reach the plasma [38]. The 
single particle occupancy (SPO) model, developed by Goodall et al. [39] 
allows estimating a maximum allowable particle diameter (the single 
occupancy diameter) for which every single droplet of the aerosol 

contains one solid particle, at a specific slurry concentration. Under such 
conditions, the density of particle-loaded aerosol droplets do not deviate 
appreciably from that of vacant aerosol droplets, and the presence of a 
solid particle within an aerosol droplet does not modify itself the 
transport behavior of the original aerosol. They predicted maximum 
diameters from 3 to 1.5 μm for particles with densities from 1 to 7 g 
mL− 1 and a slurry concentration of 1% (m/v), for a specific nebulization 
setup [39]. The experience from slurry nebulization and other recent 
studies [40,41], suggest that number concentration determinations 
involving microparticles can be severely biased in SP-ICP-MS otherwise 
the effect of the size of the particles on their transport is considered. This 
is a matter of concern in single cell ICP-MS, where soft bioparticles in the 
micrometer range must be nebulized as intact entities [42]. 

2.2. Laser ablation 

Laser ablation (LA) is widely used as solid sample introduction 
technique for ICP-MS, being LA-ICP-MS a well-established technique for 
quantitative elemental analysis and mapping [43]. LA is inherently 
based on the formation of aerosols of nano and micrometer sized par
ticles upon laser exposure of the sample [44]. Donard et al. [45] 
determined the particle size distribution of aerosols produced by 
femtosecond lasers using a methodology based on SP-ICP-MS, confirm
ing that particles larger than 159 nm represented <1% of the aerosol 
whole distribution. However, the application of LA to the analysis of 
samples originally containing nanoparticles requires a different 
approach not solely based on the increase of the time resolution, as it is 
summarized in Fig. 2. Until now, the use of LA as sample introduction 
technique in combination with SP-ICP-MS has allowed the direct anal
ysis of solid materials containing nanoparticles [46] as well as particu
late materials [47], avoiding the extraction of nanoparticles to liquid 
phases, but also adding spatial resolution and imaging features [48–51]. 

Laser ablation was firstly used in combination with SP-ICP-MS as 
substrate-assisted laser desorption (SALD) [52], being applied to the 
direct analysis of gold nanoparticles from dried droplets deposited on 
polyethylene terephthalate glycol (PETG) plates. Desorption of 

Fig. 2. Comparison of conventional LA-ICP-MS (low time resolution) and multimodal LA-SP-ICP-MS (high time resolution) mapping upon simulated laser ablation of 
a sample containing homogeneously distributed Ag+ and Ag nanoparticles. (a) Laser ablation line scanning; (b) total silver surface distribution map; (c) raw high time 
resolution data for one pixel; (d) Ag+ surface distribution map; (e) combined Ag nanoparticle surface distribution and size map. The light blue squares and columns 
show the information contained in a single pixel [51]. With permission from the Royal Society of Chemistry. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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individual gold nanoparticles by SALD was based on the use of a Nd:YAG 
laser operated at low laser fluence (<1 J cm− 2). A 100 μm diameter laser 
beam spot, at 20 Hz frequency and 200 μm s− 1 scan rate were selected as 
optimum scanning conditions to irradiate the whole spot of a droplet dry 
residue and desorbing the Au nanoparticles. Helium provided better 
results than argon as carrier gas, achieving transport efficiencies of 61% 
for nanoparticles. 

The use of low fluences (0.1–1 J cm− 2) to avoid the degradation of 
the particles is reported in most publications regarding LA-SP-ICP-MS 
[46,48–54]. Metarapi et al. [50,53], by using custom-made gelatin 
standards doped with Au nanoparticles, confirmed the requirement of 
low fluences for releasing the nanoparticles from the matrix, minimizing 
their degradation and retrieving the correct mean particle size. They 
showed that higher fluences not only led to an increase in the total 
number of nanoparticles detected but also in smaller ones, distorting the 
original size distributions. The use of the lowest laser fluence the sample 
ablation threshold allowed was recommended. However, even under 
low fluence conditions the authors also reported a significant broad
ening of the size distributions measured by LA-SP-ICP-MS in comparison 
with the manufacturer data, which they considered to arise due to 
Poisson noise [53]. 

The type of laser also influences the size distribution of nanoparticles 
measured by LA-SP-ICP-MS. Yamashita et al. [49] studied the effect of 
femto- and nanosecond lasers on Au and Ag nanoparticles. They 
observed that femtosecond lasers produced broader size distributions, 
with an increase of smaller nanoparticles, suggesting a significant 
degradation of the original nanoparticles due to the higher ablation ef
ficiencies of femtosecond laser for metallic materials and recommending 
the use of nanosecond lasers for obtaining reliable size distributions. 

In a similar way that the dissolved element in a suspension con
tributes to increase the intensity of the continuous baseline in nebuli
zation SP-ICP-MS, the presence of non-particulate element in the solid 
matrix leads upon ablation to the generation of matrix-related particles 
containing low amounts of the target element, producing low intensity 
spikes with a width of 50–500 ms per LA pulse, which lead to a 
continuous signal, as in conventional LA-ICP-MS, as it can be seen in 
Fig. 2. 

Tuoriniemi et al. [46] proposed to couple the plasma torch via a T- 
section to both the laser ablation and the nebulization systems for matrix 
matching of the calibration standards by simultaneously ablating a 
control solid matrix (a non-spiked soil). By using this arrangement, the 
authors demonstrated that size and number concentration of Au nano
particles in soils were determined accurately by following the same 
calibration procedure than for nebulization SP-ICP-MS, by using 

dissolved standards and size-certified particles. 
By combining laser ablation with a time-of-flight instrument (LA-SP- 

ICP-TOF-MS), Holbrook et al. [47] investigated the direct analysis of 
multi-elemental particles in sediments. When compared with the anal
ysis of the particles isolated by cloud point extraction and nebulizer SP- 
ICP-TOF-MS, both methods produced comparable results for elemental 
ratios and single-particle fingerprinting. However, LA-SP-ICP-TOF-MS 
revealed a more complex picture of the composition of the multi- 
elemental particles, detecting more complex single and aggregated 
particle distributions for rare earth and platinum group elements. 

3. Plasma processes 

Once a particle reaches the plasma, previously desolvated if in an 
aerosol droplet, the particle must be volatilized/atomized and their 
atoms ionized to produce a cloud of ions that will be sampled through 
the interface into the mass spectrometer. All these processes (Fig. 3) take 
place during the residence time of the particles in the plasma, which 
depends on the central gas flow rate, the inner diameter of the injector, 
the sampling position and the power used to generate the plasma [55]. 

Before the emergence of SP-ICP-MS, fundamental studies about 
plasma processes by considering individual droplets and particles had 
been carried out both experimental and computationally. These studies 
were pioneered by Olesik [20] and have been summarized in [56]. 
Those interested in these fundamental studies can refer to the references 
therein, since we will only focus here on those aspects that are most 
relevant in the context of SP-ICP-MS. 

The intensity of the signal produced by a single particle does not 
depend on its nebulization, but on its degree of volatilization/atomiza
tion/ionization in combination with the diffusion of the ions in the 
plasma [57] and their subsequent extraction through the interface. 
Focusing on the volatilization, atomization and ionization processes, the 
efficiency of these processes depends on the particle properties (size, 
density, composition, boiling point of its component/s), the ionization 
potential of the monitored element and the ICP operating parameters 
(ICP forward power, injector inner diameter and central channel gas 
flow rate) [57], whereas diffusion depends on isotope mass and the time 
that the ions spend in the plasma prior to extraction [55]. 

Fuchs et al. [58] modeled the behavior of Au nanoparticles in the 
plasma with respect to their size. They showed that the extent of the ion 
cloud depends on the particle diameter, in agreement with the experi
mental data, ranging from 300 μs for 15 nm up to 1000 μs for 80 nm 
under the conditions tested. Whereas the Au+ number density for the 
different particle diameters showed the maxima at the same point along 

Fig. 3. Processes from particle in a droplet to ions detected by SP-ICP-MS. (Particle, droplet and ion cloud are not drawn to scale). Adapted from [10] with 
permission from Springer Nature. 
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the central axis of the plasma, it remained at higher levels over a longer 
distance downstream for larger particles, increasing the duration of the 
recorded particle events. The summed-up intensity of the particle events 
was proportional to the Au mass in the size range studied, which was not 
the case for larger particles due to their incomplete volatilization using 
the selected plasma conditions. In line with these studies, Ho et al. [57] 
developed a mathematical model to calculate the degree of particle 
vaporization, which predicts that larger particles with low boiling 
points, densities and molecular masses are more easily volatilized. 
Whereas the boiling point of the particle determines the starting position 
of vaporization in the plasma, the vaporization rate depends on its 
molecular mass and density. Considering all these factors in combina
tion with the residence time of the particles in the plasma and selecting a 
specific set of plasma conditions (ICP forward power, central channel 
gas flow rate and sampling position), Lee et al. [59] calculated that SiO2 
and PbO particles up to 250 nm would be completely vaporized, 
whereas Au and Yb2O3 particles should have sizes below 150 and 100 
nm, because of their higher density and boiling point, respectively. 
Considering that the degree of ionization depends on the plasma con
ditions and the ionization potential of the element, incomplete vapor
ization of large particles has been reported by a number of authors even 
under optimized conditions. This has been the case for Au particles of 
250 nm [59] or for SiO2 particles over 1.8 μm [55]. In the case of 
polystyrene microparticles, it has been confirmed that particles up to 5 
μm were totally vaporized [40]. 

The size of the ion cloud, and hence the time-width of the signal 
produced from a particle, arises mainly from the extent of diffusion of 
the ion cloud. Once a particle is completely vaporized, the width of the 
signal will increase with the residence time, due to more time for 
diffusion, if the center gas flow rate or the sampling position are 
decreased [55]. Thus, smaller particles are subjected to diffusion to a 
greater extent because they are completely vaporized early in the 
plasma. Because only ions that are sampled near the center of the 
sampling orifice will be extracted and detected, diffusion of ions off-axis 
will reduce the fraction of ions detected per particle [55]. Ho et al. [57] 
studied the effect of boiling points and diffusion coefficients on the 
particle signals, predicting that particles with higher boiling points and 
high-mass/slow-diffusion elements will show higher sensitivity. 

In their travel through the plasma, droplets follow different trajec
tories (and hence different residence times) depending on the entrance 
radial position, which affects the volatilization of particles and the 
diffusion of ions [60]. A computational study confirmed the advantages 
of on-axis introduction of particles to achieve higher transport effi
ciencies and signals [56]. On the other hand, samples are typically 
introduced as polydisperse aerosols, which means that the complete 
desolvation of droplets with different initial diameters occurs at 
different times/locations in the plasma. Smaller droplets are desolvated 
before than larger ones; therefore, particles will be completely vaporized 
before, and the resulting ion clouds will have more time for diffusion 
before being extracted through the interface. In the end, all these factors 
can produce variations in the intensity and duration of the signals from 
particles of the same size and therefore resulting in the broadening of the 
original size distribution of the particles [10]. This broadening effect has 
been reported for Au nanoparticles [5,61] and it has been specially 
significant for polystyrene microparticles [40]. 

In view of the processes discussed above, the location in the plasma 
of maximum ion density involves that particles are fully vaporized and 
highly ionized, and needs to be similar for both the particle in the sample 
and the standard used for size/mass per particle calibration. This sug
gests that size calibration should be done with particles of the same 
composition and known size, rather than dissolved standards, which 
probably would exhibit different behavior in the plasma [58,59]. 
However, standard monodisperse particles may not always be available, 
and dissolved standards of the monitored element are routinely used. In 
this case, the analyte transport efficiency and the sample flow rate must 
be known, assuming that the transport and the overall ionization 

efficiency is the same for dissolved and particulate forms, producing the 
same signal intensity per unit mass of element. In this regards, Ho et al. 
[62] reported a shift in the maximum sensitivity location for 80 nm ZrO2 
nanoparticles in comparison with a Zr dissolved standard. This was also 
the case for 250 nm Au nanoparticles, whereas for 150 nm nanoparticle 
the location was similar to the dissolved standard, suggesting that 
sampling position profiles must be optimized to obtain accurate results 
when using dissolved standards. Kinnunen et al. [63] performed an 
experimental design to study the effect of the nebulizer gas flow rate, 
plasma power and sampling position on Au sensitivity by using Au(III) 
and 50 nm Au nanoparticles. Although some differences in the behavior 
of the particles and the dissolved element were observed as regard to 
sampling position, similar optimal conditions could be selected to use Au 
(III) as standard in SP-ICP-MS analysis. 

Accurate sizing of Au nanoparticles has been demonstrated by using 
dissolved standards for a wide range of diameters from 20 to 200 nm 
[61,64]. In a similar way, an interlaboratory study involving the sizing 
of Au nanoparticle reference materials (RM 8012 and RM 8013) also 
showed the reliability of this calibration mode in SP-ICP-MS [65]. 
Alternatively, if a monodisperse droplet generator is used [23,66], so
lutions containing known concentrations of the dissolved element could 
be used for calibration if the particle formed after droplet desolvation 
behaves in a similar way than the nano or microparticles, as discussed 
above. 

4. Collision/reaction cells 

While ICP-MS has proven to be a powerful technique in the analysis 
of nanomaterials, it suffers from some limitations, which are hence 
applicable to SP-ICP-MS. As in ICP-MS, the presence of spectral in
terferences coming from the sample matrix but also from the plasma 
itself should be carefully considered and studied to give reliable results. 
Spectral interferences are produced by atomic and/or polyatomic ions 
with the same mass-to-charge (m/z) ratio as the target element. Isobaric 
and matrix/plasma polyatomic interferences contribute to a higher 
background signal, which usually hampers the feasibility of SP-ICP-MS 
to identify smaller particles, and therefore increasing the size detec
tion limits [37]. The use of double focusing mass analyzers which will be 
discussed in the following section, is a good approach to avoid spectral 
interferences due to their higher spectral resolution [67]. Alternatively, 
this problem has usually been overcome in quadrupole ICP-MS by 
selecting less-interfered isotopes or using mathematical corrections, 
although the use of collision/reaction cells alone [68] or in combination 
with a previous quadrupole (ICP-MS/MS) has become widely used 
[69,70,71] . Collision/reaction cells consist of a multipole placed before 
the quadrupole mass analyzer, pressurized with a gas in which poly
atomic interferences collide with an inert gas (He) followed by kinetic 
energy discrimination (KED) or with a reaction gas (H2, O2, CH4, NH3, 
CH3F) which reacts with either the target element (mass-shift approach 
in ICP-MS/MS) or the interference (on-mass approach in ICP-MS/MS). 
Although the use of collision/reaction cells is well established in con
ventional ICP-MS, the number of works dealing with spectral in
terferences in SP-ICP-MS is still scarce. The majority of SP-ICP-MS 
studies are based on elements mostly free of spectral interferences, as it 
is the case of Au and Ag nanoparticles. However, the increasing interest 
in different sorts of nanomaterials containing elements that suffer from 
spectral interferences in ICP-MS, has opened new challenges for SP-ICP- 
MS analysis. The use of He as collision gas has been reported in the 
determination of Al2O3 [72], Fe3O4 [73], TiO2 [74] and ZnO nano
particles [75,76] in different kind of samples. On the other hand, O2 has 
been studied in the detection of SiO2 [77] or TiO2 nanoparticles [78], 
whereas mixtures of O2 and H2 have been used in the successful deter
mination of TiO2 nanoparticles [17,75,79]. H2 has been proposed in the 
study of Fe [80], Se [81] or SiO2 nanoparticles [75,77,82] and NH3 has 
been used in the analysis of Cr [75], Cu [75,83], ZnO [83], SiO2 
[75,77,84], Fe [75,85,86] or TiO2 nanoparticles [83,87]. The 
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applicability of cell gases for “on-mass” (H2 for 12C and 13C) and “mass 
shifting” (H2 (m/z to m/z + 1), O2 (m/z to m/z + 16) and NH3 (m/z to m/ 
z + 15, 16, 17, 18) analysis via SP-ICP-MS/MS in polystyrene-based 
microplastics detection in ultra-pure water and seawater has been also 
explored [88]. In general, ion transmission was lower for mass shifting 
MS/MS methods compared to both C isotopes on-mass with or without 
gas, with H2 as the cell gas with the highest ion transmission and best 
size detection limit monitoring 12C. If higher selectivity is required, O2 
as cell gas achieved the highest ion transmission and best size limit of 
detection monitoring a to m/z + 16 mass shift. As much appealing as the 
use of collision/reaction cells might be found, thorough evaluation and 
considerations of the effect of the gases on the nanoparticle signals 
should be taken into account. Ion clouds from nanoparticles behave in 
the cell quite differently from dissolved analytes, being the ion cloud 
enhancement from metallic nanoparticles much larger than that 
observed for dissolved analytes. Comparison with conventional ICP-MS 
led to the need for lower reaction gas (NH3) flow rates for the analysis of 
nanoparticles than for dissolved metallic ions [68,83]. Not only a careful 
optimization of the gas flow rate and the different parameters in the cell 
should be considered, but also the dwell time and/or nanoparticles size 
and nature, given that they might have an impact on the duration of the 
nanoparticles signals too [83,86]. Different works show how the use of 
gases led to a significant broadening of the nanoparticles signal 
[83,86,89,90], being this effect more significant in the case of heavier 
and more reactive gases (e.g., NH3 or O2) than for lighter ones (e.g., H2 
or He). Bolea-Fernandez et al. [86] reported Au nanoparticles transient 
signals widths of 600 μs in “no gas” and H2 modes, with a slight increase 
to 700 μs in He mode and a drastic change to 2590 μs and 1840 μs in the 
case of NH3 (on-mass and mass-shift approaches, respectively), and for 
which a significant peak tailing was also observed. In this same work, 
200 nm Fe3O4 nanoparticles experienced a signal duration of 940 μs 
when using H2 while this duration was 6000 μs for NH3. More recently, 
Suárez-Oubiña et al. [83] reported broader signals when measuring 
TiO2, Cu, CuO and ZnO nanoparticles with NH3 as reaction gas, 
observing that peak widths were strongly dependent on the ion product 
selected (broader peaks obtained for the largest ion products). The sig
nificant differences observed between the use of NH3 and the other gases 
was attributed to the larger size of NH3 molecules compared to H2 
molecules and/or He atoms. The larger size would increase the proba
bility of collision/interaction with the ion cloud of each nanoparticle 
event, making some of the ions lose kinetic energy and hence, being 
detected at different moments. In order to accelerate the product ions 
generated in the collision/reaction cells an axial acceleration feature has 
been incorporated in some instruments to increase the kinetic energy of 
these reaction product ions, enhancing their transport out of the cell into 
the quadrupole mass analyzer. Axial acceleration has been used in the 
determination of Cr, Cu, Fe, Si, Ti and Zn nanoparticles [75] and was 
found to be crucial to resolve TiO2 signals from the background [17]; 
however, an improvement in signal width was not observed when 
applied to the analysis of Fe3O4 nanoparticles [86]. Special attention 
should be paid to this broadening effect, since it could make it difficult to 
discriminate particle events from the baseline, compromising their 
detection [75] and/or leading to a biased determination of the particle 
number concentration and size. 

Although the increase in the signal peak width of nanoparticle events 
using collision/reaction cells might be seen as an important drawback if 
not carefully considered, it also opens new possibilities to monitor 
multiple elements in single particles using quadrupole ICP-MS instru
mentation, as it will be discussed in the following section. This approach 
has been used successfully for the simultaneous quantification of two 
elements by SP-ICP-MS using a quadrupole-based system [89,91]. In 
these cases, the use of gases with larger collisional cross-sections (e.g. 
NH3) is favored since they induce a larger peak broadening, as discussed 
by Bolea-Fernandez et al. [86]. 

5. Mass analyzers 

The mass analyzers used in commercial ICP-MS instruments are 
quadrupole, double focusing (DF) or time-of-flight (TOF). Among all of 
them, quadrupole-based instruments (ICP-Q-MS) are the most 
commonly reported in literature for single particle detection as they are 
widely used due to their lower cost and higher robustness. However, 
since quadrupoles are sequential analyzers, only one m/z can be moni
tored at a time. Switching between different m/z requires a settling time 
for stabilization of the motion of ions once quadrupole voltages change 
when moving from one m/z to another, meaning integration windows 
are not continuous and implying a fraction of signal/ions being lost [92]. 
Despite these limitations, it is possible to monitor two m/z during the 
duration of each individual particle event, implementing a higher data 
acquisition frequency capability, working at dwell times in the micro
second range, and improving the capability for transmission and storage 
of data [93]. Under such conditions, dual-element detection of Au core/ 
Ag shell nanoparticles was successfully reported by Montaño et al. [92] 
using 100 μs dwell time and 100 μs settling time (shorter settling times 
caused a drop in signal intensities since mass analyzer electronics 
switched faster than ions to clear the analyzer). More recently, peak 
broadening obtained by the use of O2 collision gas was used for dual m/z 
measurement of Ag nanoparticles, and further applied to determine 
isotope ratios of individual particles [89]. For this purpose, a model for 
the selection of optimal peak width based on the sampling period of the 
spectrometer (settling time and dwell time) was proposed. These authors 
recommended elements with atomic mass >90 for dual m/z measure
ment and a difference in m/z between two isotopes smaller than 20. In 
this work, limitations regarding high size limit of detection and number 
of isotopes monitored were a consequence of the longer settling time 
(500 μs) the quadrupole required. In any case, these dual-monitoring 
capabilities are still not commercially available in ICP-Q-MS instru
ment. On another front, since only a small fraction of the generated ions 
reaches the detector, efforts have been put in improving ion trans
mission through the mass spectrometer to decrease size detection limits. 
Optimization of ion lenses parameters and manipulation of the mass 
bandwidth of the quadrupole have been studied for this purpose. 
Increasing the mass bandwidth of the quadrupole mass filter resulted in 
a decreased mass resolution and an increased ion transmission, 
providing equivalent size detection limits of 4.2 nm for Au nano
particles, and 5.7 nm, 20.1 nm, and 12.2 nm for Gd, Er, and Yb present in 
lanthanide-doped up-conversion nanoparticles [94]. 

As in the case of quadrupoles, double focusing are also sequential 
analyzers. Although this kind of instrumentation has not been so widely 
used in the analysis of nanomaterials, its highest sensitivity and mass 
resolution, as well as the recent feasibility of using dwell times down to 
10 μs with instruments of last generation [95], have made ICP-DF-MS a 
competitive option for the detection of nanoparticles [96–100]. When 
comparing the performance of double focusing and quadrupole in
struments, it was observed that the increased sensitivity of the former 
resulted in a decrease in the size detection limit from 17.8 nm to 4.9 nm 
for Ag nanoparticles, which were further improved using dry aerosols, 
which led to a higher efficiency of the ion extraction from the plasma, 
resulting in size detection limits of 3.5 nm for Ag and 12.1 nm TiO2 
nanoparticles [101]. Similarly, a 200-fold improved sensitivity and 4- 
fold decreased size detection limits were reported for Ce, when 
compared to the use of ICP-Q-MS, leading to size detection limits below 
4.0 nm for CeO2 nanoparticles [102]. Furthermore, ICP-DF-MS has 
proven to be an extraordinary approach for removing spectral in
terferences. To deal with the spectral overlap of Ar-based polyatomic 
interferences with Fe, pseudo-medium resolution mode was selected in a 
last generation double focusing instrument working at dwell times of 50 
μs for the successful characterization of iron oxide nanoparticles, Fe3O4. 
Size detection limits of 19 nm were obtained, which were comparable to 
the ones obtained by using H2 (on-mass) in ICP-MS/MS [85]. Addi
tionally, TiO2 nanoparticles were detected in calcium rich matrices, as 
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typical for natural waters, by using the most abundant isotope 48Ti and 
high-resolution mode in an ICP-DF-MS instrument [87]. Size detection 
limit of 10 nm in ultrapure water was achieved with this instrumenta
tion working at millisecond dwell times, in comparison to the 64 nm 
obtained when using NH3 and ICP-MS/MS. Moreover, this high resolu
tion ICP-DF-MS allowed measuring TiO2 nanoparticles at Ca concen
tration up to 100 mg L− 1. 

To overcome the multi-element limitations of quadrupole and double 
focusing instruments, the use of time-of-flight mass analyzers has found 
its way in the analysis of nanomaterials [103,104] in part due to specific 
improvements developed within the last decade. All currently 
commercially available ICP-TOF-MS instruments have shown their 
feasibility in SP-ICP-MS analysis [102,105–108] . Although these in
struments have similar TOF designs, they differ in terms of mass range, 
sensitivity, and mass resolution. For further comparison and figures of 
merit of the different commercially available ICP-TOF-MS instruments 
that have been used for SP analysis, the reader is referred elsewhere 
[104]. When compared to other mass analyzers, equivalent (or even 
smaller) size detection limits have been observed between ICP-Q-MS and 
ICP-TOF-MS [105]; whereas higher sensitivity of double-focusing in
struments resulted in a lowering of the size detection limits from 34 nm 
to 15 nm for TiO2 nanoparticles in ICP-TOF-MS and ICP-DF-MS, 
respectively [108]. In this line, size detection limits of 16.8 nm, 11 nm 
and below 4 nm were reported for CeO2 nanoparticles using ICP-Q-MS, 
ICP-TOF-MS and ICP-DF-MS, respectively [102]. Undoubtedly, the main 
advantage of this kind of instrumentation lies in the simultaneous multi- 
element capability, being able to register nearly the whole mass spec
trum within each reading [109]. However, considerations should be 
taken if an element is not detected in a multielement particle, such 
particles could be falsely identified as single-element ones [107]. SP- 
ICP-TOF-MS has shown to be a useful technique for classification of 
nanoparticles containing the same major element based on their multi- 
element fingerprint. In this sense, engineered CeO2 nanoparticles have 
been successfully distinguished from natural [110] and incidental [107] 
Ce-containing nanoparticles. In the engineered CeO2 nanoparticles only 
Ce was detected, whereas in the naturally occurring ones other ele
ments, typically other rare earth elements (La, Pr, Nd, Th), were present. 
Distinction between natural and incidental nanoparticles was based on 
the different Ce:Nd mass ratios. Multi-elemental analysis revealed that 
natural TiO2 particles in surface waters are often associated with at least 
one other element (Al, Fe, Ce, Si, La, Zr, Nb, Pb, Ba, Th, Ta, W or U) 
[106], although no specific multi-element signatures were confirmed for 
engineered TiO2 nanoparticles [103]. Industrial relevant nanoparticles 
such as Ti and Nb carbonitride particles from microalloyed steels [111], 
bismuth vanadate (BiVO4, used as pigment), sodium titanate 
((Bi0.5Na0.5)TiO3, used as ceramic materials) and steel platelets (con
taining Fe, Cr, Ni, Mo) [105] have also been studied by SP-ICP-TOF-MS. 
Because of its multi-elemental character, the large amount of data 
generated by SP-ICP-TOF-MS requires automated and robust data 

processing strategies to reduce the inherent complex datasets to inter
pretable data. For this purpose, machine learning and clustering analysis 
have been proposed [112] to better understand and classify the origins 
of various particle types present in environmental samples. 

6. Detection 

Secondary electron multipliers (SEM) are the most common de
tectors used for ICP-MS with quadrupole and double focusing mass an
alyzers. In standard ICP-MS, these fast and sensitive detectors are 
designed to work in dual mode, switching from pulse counting to analog 
mode when ion currents larger than a certain threshold are detected 
[113]. In analogue mode, the SEM is operated in a medium amplifica
tion range and the resulting current is measured using conventional low- 
current amplification techniques. Working at higher amplification 
range, individual electron pulses can be readily detected and counted 
using sensitive pulse counting electronics. In SP-ICP-MS, data are nor
mally collected in pulse counting mode as the time required for the pulse 
to analog conversion would result in unrecorded signal, especially when 
working at microsecond dwell times [84]. The counting stage of this 
kind of detectors is limited due to the non-linear response caused by the 
overlapped arrival of ions at the detector within the dead time of the 
multiplier detector and pulse counting electronics (i.e. pulse pile-up) 
[59], which results in relevant count losses. The deviation of the de
tector response can be estimated using Poisson statistics and the true 
count rates calculated according to the dead time and the characteristics 
of the counting circuitry [114]. A correction procedure is commonly 
implemented by the data processing software of commercial ICP-MS 
instruments, although in the case of SP-ICP-MS some particularities 
should be considered in addition. Whereas in standard ICP-MS the sig
nals managed hold constant count rates along the reading time, when 
ICP-MS is operated in single particle mode, the count rate varies along 
the particle event and it can exceed the pulse counting range within the 
dwell time in spite of the average count rate being lower [55,59]. Under 
such conditions the conventional dead time correction will underesti
mate the true counts of the reading, underestimating the content of the 
element and hence the particle size. This non-linear response in SP-ICP- 
MS analysis has been predicted to occur for Au nanoparticles larger than 
70 nm [64]. Lee et al. [59] observed a deviation from linearity of 250 nm 
Au nanoparticles, being limited up to 150 nm. However, larger size 
linear ranges have been reported for Au nanoparticles, up to 250 nm 
working at lower sensitivities [115]. Strenge and Engelhard [114] 
pointed out the relevance of the dead time correction by using a custom 
data acquisition system working at milli- and microsecond dwell times. 
Moreover, they reported larger linear dynamic ranges when applying 
dead time correction using microsecond than millisecond dwell times. 

Alternatively, and in view of the limited dynamic range of pulse 
counting SEM detectors reported so far, different approaches to reduce 
the overall sensitivity without modifying the detector parameters have 

Fig. 4. SP-ICP-MS time scan (a) and intensity histogram (b) of a suspension containing nanoparticles and dissolved forms of the same element. The time scale of the 
(nano)particle event recorded at microseconds dwell times x100. 
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been proposed. They include the use of less abundant isotopes [40], the 
attenuation of the signals by defocusing the ion beam [114] or the use of 
collision gases under kinetic energy discrimination [64,90] to extend the 
upper dynamic range of particle size. 

On the other hand, detectors based on microchannel-plate detectors, 
commonly used in time-of-flight instruments, can be optimized for the 
dynamic range required, allowing short periods of significantly higher 
count rates, as it may happen with nanoparticle signals [95]. Signals 
equivalent to 3 × 107 cps have been reported without detrimental effects 
with this kind of detectors with data acquisition frequencies up to 105 Hz 
and low dead times (10 ns), using an attenuation grid prior to the 
entrance to the detector, which can produce attenuation factors between 
120 and 400 depending on the grid. 

Faraday detectors, present in multicollector instruments, have also 
been used in single particle mode to measure isotope ratios of individual 
erbium oxide particles in the range from 130 nm to 3 μm [116], as well 
as silver nanoparticles with sizes between 40 and 200 nm [117]. With 
these type of detectors, wide dynamic ranges are possible because of 
their capability to monitor high-count rates signals larger than 108 cps. 
Besides, they are free from counting losses due to dead time in contrast 
to electron multipliers. However, the response of the Faraday detectors 
is much longer, because of the time constant used in the dc amplification 
process to measure the ion current (integration times of 0.1 s have been 
reported), which implies longer total acquisition times (as long as 30 
min) and requires working at lower number particle concentrations (e. 
g., 70 particles per mL) to avoid the overlapping of two or more particle 
events. 

7. Data acquisition 

SP-ICP-MS measurements are performed in time resolved mode, 
producing bidimensional signals (Fig. 4a), where the intensity of indi
vidual readings is recorded versus time. The output is a time scan in 
which a number of particle events are shown above a continuous 
baseline, which is due to the background at the m/z recorded or the 
presence of dissolved forms of the element measured. The data acqui
sition frequency is at the core of single particle detection, always in 
combination with the analysis of suspensions at low number concen
trations. If the duration of a typical particle event is in the range of 
300–1000 μs [58], suitable dwell times must be short enough to detect 
particle events individually. At the beginning, commercial quadrupole 
instruments could only work with dwell times in the millisecond range, 
being recommended 3–10 ms. Under such conditions, individual particle 
events are detected within a dwell time period and recorded as pulses (or 
1-reading events), minimizing the recording of events involving two or 
more particles when using longer dwell times, or the partial detection of 
particles when shorter ones are used. The following generation of 
commercial instruments was specifically designed to support the single 
particle detection capability, increasing the data acquisition rate by 
shortening the applicable dwell times down to 10 μs with quadrupole 
[93] and double focusing [95] instruments. By using microsecond dwell 
times, particle events are recorded as peaks consisting of a number of 
readings (maximum dwell times of 100–200 μs are recommended to 
obtain at least ca. 3 readings along the peak). Although the development 
of data acquisition systems with dwell times down to 5 μs have been 
reported [118], modelling of size detection limits with respect to dwell 
time has shown that best size detection limits are achieved when using 
microsecond dwell times in the upper range of 100–200 μs [6,119], as 
discussed below. 

The advantages of using microsecond dwell times have been high
lighted in a number of papers [6,37,92,93,95,119]. By using micro
second dwell times, higher fluxes of particles, and hence higher particle 
number concentrations, can be used while maintaining the low occur
rence of 2-particle events [37]. The option of working at higher number 
concentrations t allows to improve the precision due to counting sta
tistics, to reduce the bias due to 2-particle events and hence to increase 

the number concentration dynamic range [37,92,119]. On the other 
hand, dwell times have a drastic effect on the baseline count-intensity 
and its associated noise that affect size (and mass per particle) detec
tion limits. This is especially important for high baselines due to poly
atomics or the presence of dissolved species of the element measured 
[37,95]. 

The effect of dwell times on size (and mass per particle) detection 
limits is not straightforward. When using millisecond dwell times, the 
intensity of the particle events, which are recorded as pulses, is inde
pendent of the dwell time; thus, size (and mass per particle) detection 
limits only depend on the baseline noise (equal to the square root 
baseline intensity), which are reduced proportionally to the square root 
of the dwell time. However, for microsecond dwell times, the maximum 
intensity of recorded peaks decreases with the dwell time, which means 
that size (and mass per particle) detection limits increase with the square 
root of the dwell time used [6]. Despite this inverted behavior of the size 
(and mass per particle) detection limits when using milli and micro
second dwell times, lower detection limits are achieved when using 
microsecond dwell times [6,92,119]. On the other hand, the use of short 
microsecond dwell times offers a novel feature to quadrupole SP-ICP- 
MS, providing sequential detection of two elements in the same parti
cle, although the quadrupole mass analyzer settling time has to be still 
considered in this case [92], as it has been discussed in a previous 
section. 

Moving one step forward, Duffin et al. [120] have proposed a new 
strategy for single particle detection by acquiring data with dwell times 
below 10 μs. Instead of detecting the particle events through the signal 
intensity rising over the baseline, discrimination of particle events is 
accomplished by analyzing the difference in the arrival time between 
successive ions. The closely spaced arrival of ions from the particles 
differs from the Poisson ion arrival distribution of background ions or 
ions resulting from continuous sample introduction, enabling the iden
tification of the particles. This novel approach has proven its capability 
for detection of small nanoparticles over a high background, although it 
still requires further investigation. 

8. Signal processing 

Raw time scans (Fig. 4a) can be processed by plotting the particle 
event intensity (the sum of the individual readings along the particle 
event) against their frequency, obtaining histograms as shown in Fig. 4b, 
where the first distribution is due to the background and/or the presence 
of dissolved forms of the element measured and the second one to the 
particles themselves. 

The differentiation between baseline and particles may not be so 
evident as in Fig. 4b, and more robust criteria for discrimination of 
baseline and particle events must be applied, as those based on thresh
olds related to the baseline noise. Although a 3-sigma criterion was 
initially proposed by Pace et al. [16], and coefficients up to 8 have been 
applied, Laborda et al. [6] have demonstrated that a 5-sigma criterion 
avoid the occurrence of false positives in most acquisition conditions. 
These widely-used criteria are based on the Poisson or Poisson-normal 
behavior of baseline signals measured in quadrupole and double 
focusing instruments, which are equipped with electron multiplier de
tectors; however, they must be adapted in the case of time-of-flight in
struments, because of the compound Poisson behavior shown with 
microchannel plate detectors [121]. On the other hand, when particle 
events are recorded as peaks, approaches similar to those applied to the 
detection of chromatographic peaks have been used [95,122]. Whereas 
particle events detected as pulses are easily handled by using simple 
algorithms implemented in spreadsheets [123], processing of peaks in
volves more complex algorithms and software [95]. ICP-MS manufac
turers have developed their own proprietary software for data 
processing and a number of authors have also reported the development 
of different custom scripts, although not always freely available. To the 
best of our knowledge, only the free-software SPCal is currently 
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available [124]. In any case, the accuracy of current SP-ICP-MS analysis, 
as in chromatography, relies on the software used, which should also be 
conveniently validated [125]. 

Additional methods for data treatment to cope with specific prob
lems have also been developed. Cornelis and Hassellöv [126] proposed a 
signal deconvolution method to improve the detection capability of 
small nanoparticles when overlapping between baseline and particle 
signals occurs. Cornelis and Rauch reported an algorithm based on a 
moving average to correct the drift of the baseline [127]. Specific al
gorithms for peak recognition of particle events recorded at microsecond 
dwell times have also been proposed [119,128]. 

Whereas in nebulization SP-ICP-MS the baseline signal is constant, 
this is not the case in LA-SP-ICP-MS because of the heterogeneous dis
tribution of the dissolved forms of the target element in the ablated 
matrices [51,124]. Lockwood et al. [124] proposed the use of a dynamic 
(rolling median) threshold criterion, instead of the conventional static 
one, for detection of microplastics dispersed in a soil matrix. For imaging 
and mapping of biological tissues, Metarapy et al. [51] developed an 
algorithm for processing the individual data of each pixel measured in 
combination with a visualization application to show the spatial distri
bution of dissolved and nanoparticulate silver, as well as the size and 
number concentration of the nanoparticles, in sunflower root sections. 

9. A summary of benefits and limitations 

ICP-MS is a well-established ensemble technique that provides 
elemental and isotope ratio information in a wide variety of samples 
within a broad range of concentrations, down to the parts per trillion. By 
incorporating the capability of performing continuous measurements at 
frequencies over 100 Hz to commercial instruments, ICP-MS also 
became a particle counting technique, expanding its performance, and 
making SP-ICP-MS accessible to any laboratory with ICP-MS instru
mentation. The interest shown by ICP-MS manufacturers in single par
ticle detection has been key to its success and further development. 
Hence, the technique has moved into new analytical dimensions not 
foreseen years ago. Nowadays, the use of an ICP-MS instrument in single 
particle mode allows the detection, characterization and quantification 
of nano and microparticles, mostly inorganic but also organic, in 
different types of samples. In a relatively quick way, information about 
the different forms of the element (dissolved, nano, and/or micro), as 
well as mass/size distributions can be obtained. Moreover, it is also 
useful when it comes to detect or monitor changes of the nanomaterials 
(e.g., agglomeration, aggregation, dissolution) or even to establish the 
natural or anthropogenic origin of some nanomaterials with instruments 
of simultaneous multi-element capability. A recent revision [13] has 
shown that the number of analytical applications of the technique is 
steadily growing, being frequently applied in laboratory studies about 
fate and (eco)toxicity of nanoparticles, as well as to the analysis of 
samples originally containing nanoparticles, namely foods, environ
mental and biological samples. In any case, the increasing relevance of 
the technique lies in its outstanding performance, that covers particle 
size ranges from few nanometers to several micrometers at concentra
tions down to hundreds of particles per milliliter. 

Like any other analytical technique, SP-ICP-MS not only offers ben
efits, but also suffers from limitations. Although some of them are 
intrinsic to the technique itself, there is still room for improving others in 
the future. Definitely, the element-specific nature of ICP-MS constitutes 
the main intrinsic limitation of SP-ICP-MS, because, in principle, the 
technique provides only information about the mass of the element(s) in 
each particle, but not about its morphology (size and shape) or 
composition. This means that SP-ICP-MS must rely on the information 
from other techniques to transform the element mass into size once the 
shape, composition and density of the particles are known; otherwise, 
these characteristics must be assumed and hence only equivalent sizes 
can be reported (e.g., equivalent diameters if spherical shape is 
assumed). However, this limitation has not prevented the differentiation 

of pristine nanoparticles with different shapes (spheres and rods) by 
analyzing the time profiles of the particle events [129]. 

Although SP-ICP-MS mostly involves the analysis of liquid suspen
sions, its combination with laser ablation has opened the way to the 
direct analysis of solid samples. However, the main limitation of LA-SP- 
ICP-MS lies in the risk of particle degradation during the ablation pro
cess, which must be prevented by using low laser fluences, below the 
ablation threshold of the matrix involved. With this constraint, the 
analysis of solid samples is restricted to biological matrices, whose 
ablation thresholds are generally lower than 1 J cm− 2. With regard to 
inorganic matrices, its application is restricted to the analysis of pow
ered samples (e.g., sediments, soils), where the laser irradiation is used 
as a way of introducing into the plasma target particles dispersed into 
the sample or the sample particles themselves with minimal 
degradation. 

Minimum size attainable is given by the detection efficiency of the 
instrument (the ratio between the number of ions detected and the 
number of atoms introduced into the plasma), which depends, in turn, 
on the transmission of the ions through the spectrometer. In this regard, 
double focusing spectrometers offer the best size detection limits under 
low resolution conditions because of their higher transmission, so future 
improvements in this feature will result in the further reduction of these 
detection limits. Improvements on the minimum detectable number 
concentration implies an increment on the number of particles entering 
the plasma through the sample introduction system per time unit, which 
depends on the nebulization efficiency and the sample flow rate. 
Although 100% nebulization efficiencies can be achieved, these systems 
require very low sample flow rates and the ultimate reduction of these 
detection limits lies in extending the measuring times. 

While most efforts are usually focused on lowering detection limits, 
the upper dynamic ranges cannot be ignored. Incomplete volatilization 
can cause the underestimation of the size of large particles if the plasma 
conditions (ICP power, central channel gas flow rate and sampling po
sition) are not adequate to the nature of the nanoparticles, in particular 
to their density and boiling point of their components. Even in the case 
of the complete volatilization of the nanoparticles, the rapid increase of 
the count rates within the duration of the particle events can exceed the 
pulse counting range of conventional detectors, leading to the under
estimation of their size as well. In spite of these limitations, large par
ticles made of low density/boiling point substances (e.g., plastics, silica/ 
silicates) can be analyzed by selecting the adequate isotope to control 
the sensitivity required. In such cases, the maximum feasible sizes are 
still in the range of several micrometers, because of the lower efficiency 
of current nebulization systems for larger particles. Similarly to what 
happens with size, the analysis of suspensions with high number con
centrations is prone to biased results because of the particles coinci
dence, which involves that two or more particles may be recorded as a 
single one of larger size, distorting the original size distribution and 
underestimating the number concentration. When liquid suspensions 
are analyzed by SP-ICP-MS, dilution can be used to modify the con
centration of nanoparticles and hence control the recording of 2-particle 
events. However, in LA-SP-ICP-MS this limitation must be circumvented 
through instrumental control [50]. In this respect, regarding the laser- 
beam size, as the number of particles detected is proportional to the 
area ablated per laser pulse, the reduction of the beam size can serve for 
“dilution” and it is a straightforward way to avoid detection of 2-particle 
events. The same effect can be obtained by reducing the repetition rate. 

A limitation that is not exclusive to SP-ICP-MS but concerns the 
analysis of nanoparticles in general is the lack of standards of most of the 
particles analyzed, especially in relation with size and composition. This 
limitation is circumvented in SP-ICP-MS by the determination of the 
nebulization efficiency and the calibration with dissolved standards of 
the element monitored, assuming the same behavior than in particulate 
forms. The reliability of the methods available for the determination of 
the nebulization efficiency has been evaluated recently [18] and ele
ments typically analyzed by SP-ICP-MS (Ag, Au, Ti, Cu…) show similar 
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sensitivities regardless of their physicochemical forms, although it 
should be checked for larger particles, as well as for more refractory 
elements. 

A last limitation that cannot be disregarded is the need of harmo
nized criteria and tools for signal processing. This lack of agreement is 
evidenced in the diverse criteria adopted by the different authors across 
publications for handling baselines and identification of particle events, 
which also affects to the evaluation of detection limits. In turn, this has a 
direct implication on the computer programs developed for signal pro
cessing, which are now supplied primarily by the manufacturers as part 
of their specific software for single particle analysis. These programs are 
utilized by users in a similar way than those for chromatography, 
although with less flexibility and without the possibility of comparing 
results between programs. In this regard, it would be highly recom
mended the availability of validated open-source software that could 
incorporate different data processing strategies and that would be 
accessible to any user regardless of the instrument employed. 

10. Future perspectives 

Although SP-ICP-MS has focused on the analysis of inorganic nano
particles, with external dimensions below 100 nm, there is a recent trend 
toward the analysis of bigger particles such as plastic particles 
[40,88,124,130] by monitoring carbon isotopes or carbon polyatomics. 
Due to the higher limits of detection attainable for carbon in ICP-MS, the 
current range of detectable particles is over ca. 1 μm [40], which re
quires the utilization of high throughput sample introduction systems. 
This has led to the substitution of conventional nebulization systems, 
based on cyclonic or double-pass spray chambers, by linear-pass spray 
chambers equipped with microflow nebulizers, which were originally 
designed for single-cell ICP-MS analysis. 

The incorporation of microplastics to the catalogue of particles that 
can be analyzed by SP-ICP-MS opens new challenges and perspectives in 
the field, because of the inherent difficulties for nebulizing and vapor
izing such large particles but also for the unbiased detection of the 
clouds of ions that are generated. In this regard, it has been shown that 
polystyrene microparticles up to ca. 2 μm were nebulized with the same 
efficiency than Au nanoparticles by using of a microflow nebulizer in 
combination with a linear-pass spray chamber, whereas the transport 
efficiency dropped by half for 5 μm microparticles [40]. On the other 
hand, the use of the less abundant isotope 13C allowed to keep signals 
under the working range of the pulse count detector up to ca. 5 μm [40]. 

Whereas microplastics have their three dimensions in the microscale, 

other particles with one or two dimensions in the nanoscale and the 
others in the microscale (nanotubes/nanorods/nanowires or nanoplates, 
respectively) can be handled also in SP-ICP-MS following a similar 
approach to that of microplastics. In fact, silver nanowires [131], 
nanoclays (monitoring Al) [132] and carbon nanotubes (monitoring Y 
impurities) [133–135] have been analyzed by SP-ICP-MS using con
ventional nebulization systems, although only providing qualitative or 
semiquantitative information. More recently, the validated quantitative 
analysis of nanoclays with lateral dimensions below 1 μm, has been 
reported by combining the use of a high transport efficiency nebuliza
tion system and modulating the 27Al sensitivity to cover the whole size 
range of the nanoclays analyzed [41]. 

The analysis of particles with micrometer dimensions may not pro
duce quantitative results with all types of particles in spite of the 
application of different approaches cited above. However, SP-ICP-MS 
can always be used for the rapid screening of samples to detect the 
presence of particles over a certain size at low number concentrations, 
which should be submitted to further analysis by more demanding but 
also more selective techniques. 

Regarding microparticle nebulization, the commercialization of high 
transport efficiency nebulization systems by a number of manufacturers 
will contribute to further development in the area, as should also happen 
with the microdroplet generator, which has recently been commercially 
available. In this respect, the sustained research on sample introduction 
by microdroplet generation has led also to the development of down
ward-pointing vertical ICP-MS instruments for their combined use with 
this sample introduction systems [136,137], as it is shown in Fig. 5. This 
novel approach allows the gravity-assisted introduction of the sample 
from the top, expanding the sample transport capabilities of large 
droplets and particles regardless of their size. Although primarily 
intended for single cell analysis, its application to the analysis of single 
nano- and microparticles may be also promising. 

The analysis of organic particles as well as of large particles can be 
considered next challenges and future steps in SP-ICP-MS. However, 
these difficult tasks are closely linked to the introduction of such par
ticles into the spectrometers, which in the end is the everlasting Achilles 
heel of atomic spectrometry. SP-ICP-MS is not free from this “curse” and 
the development of new sample introduction approaches or the adaption 
of existing old ones, both for liquid and solid samples, is without a doubt 
an underlying and crucial issue also for SP-ICP-MS. 

Fig. 5. Schematic drawing of a downward-pointing ICP-MS prototype in combination with a microdroplet generator [136]. With permission from the American 
Chemical Society. 
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[76] I. Kálomista, A. Kéri, G. Galbács, On the applicability and performance of the 
single particle ICP-MS nano-dispersion characterization method in cases 
complicated by spectral interferences, J. Anal. At. Spectrom. 31 (2016) 
1112–1122, https://doi.org/10.1039/c5ja00501a. 

[77] E. Bolea-Fernandez, D. Leite, A. Rua-Ibarz, L. Balcaen, M. Aramendía, M. Resano, 
F. Vanhaecke, Characterization of SiO2 nanoparticles by single particle- 
inductively coupled plasma-tandem mass spectrometry (SP-ICP-MS/MS), J. Anal. 
At. Spectrom. 32 (2017) 2140–2152, https://doi.org/10.1039/c7ja00138j. 

[78] S. Candás-Zapico, D.J. Kutscher, M. Montes-Bayón, J. Bettmer, Single particle 
analysis of TiO2 in candy products using triple quadrupole ICP-MS, Talanta. 180 
(2018) 309–315, https://doi.org/10.1016/j.talanta.2017.12.041. 
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