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While splCP-MS has been used mainly to measure nanoparticles, it can also be used to measure
microparticles. The transport efficiency of nanoparticles is typically independent of their size. However,
the transport efficiency of microparticles can be particle size (mass) dependent as well as being
dependent on the sample uptake rate and sample introduction system used. To measure both
nanoparticles and microparticles a very large linear dynamic range (where signal intensity is linearly
proportional to the measured analyte(s) mass within a very short measurement time (~300 to 500 ps,
the width of signals produced by an individual particle)) is needed. Deviations from linearity could occur
due to incomplete particle vaporization or from signals that are beyond the instrument's ion detection
system linear dynamic range. To characterize and determine the cause of nonlinearity we measured sets
of nearly monodisperse engineered SiO, particles with diameters from 500 to 5000 nm and Au particles
with diameters from 60 to 1500 nm. We found that by reducing the sensitivity (up to a factor of 269x)
the upper end of the linear dynamic range, in particle size that produced signal intensities that were
linearly proportional to the particle (analyte) mass, could be greatly extended. Not surprisingly, reducing
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DOI: 10.1039/d4ja00425f the sensitivity increased the minimum size detectable particle. The results are consistent with SiO,

rsc.li/jaas particles as large as 5000 nm being completely vaporized in the ICP.

When measuring engineered nanoparticles (diameters =

1 Introduction —
100 nm): (1) the transport efficiency into the ICP does not

The use of single particle Inductively Coupled Plasma-Mass
Spectrometry (spICP-MS) to determine particle number concen-
tration, size (mass equivalent diameter) and elemental chemical
composition continues to grow rapidly.”* However, the vast
majority of the applications reported to date using spICP-MS have
focused on engineered nanoparticles, sometimes including their
fate in the environment®* and biological®* systems.
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depend on size; (2) typically the elemental composition of the
particles is known and includes only one or two elements; (3) it
is reasonable to assume that the nanoparticles are completely
vaporized in the plasma under optimum conditions for analysis
of solutions; and (4) the required linear dynamic range (for
signal intensities), while wide, is typically within the range
provided by most modern ICP-MS instruments capable of single
particle detection (especially if analog rather than pulse
counting measurements are used).

Measuring both polydisperse nanoparticles and microparti-
cles with a wide range of unknown, highly variable elemental
compositions is much more challenging. The transport efficiency
from the sample to the nebulizer through the spray chamber and
into the ICP may be dependent on the microparticle mass and/or
size, complicating measurement of particle number concentra-
tions as a function of size. For example, Ebdon et al.**?>* showed
that refractive particles larger than about 2000 nm may not be
transported through a nebulizer/spray chamber into an ICP-OES.
Using a high efficiency single cell spICP-MS introduction
system? with an uptake rate of 10 uL min ™" resulted in 100%

This journal is © The Royal Society of Chemistry 2025
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transport efficiency of cells up to ~3000 nm and but lower
transport efficiency for ~6400 nm cells.”® However, cells have
a lower density than most particles.

If the microparticles are too large, they may not be
completely vaporized, atomized, and ionized in the plasma
which would lead to an underestimate of the total mass and size
of the particle.?** Olesik and Gray reported® that ICP-MS Si*
signal intensity was linearly related to the mass of Si in SiO,
particles with diameters only up to about 1 um, consistent with
particles larger than 1 pm not being completely vaporized in the
plasma. However, Ebdon and Collier* provided evidence that
refractory particles as large as 8 um were completely vaporized
in ICP-OES when using a 3 mm inner diameter (i.d.) injector
(center tube of the ICP torch).

Measurement of both nanoparticles (diameter = 100 nm)
and fine microparticles (100 nm =< d < 2500 nm or more)
requires a huge signal intensity dynamic range. The mass of
a particle depends on the cube of its diameter. Therefore, the
dynamic range (in mass or signal intensity) to measure particles
with diameters from 10 nm to 2500 nm is at least 1.6 x 107
(250°). To measure particles with diameters from 10 nm to
5000 nm the dynamic range needs to be at least 1.3 x 10 (500%).
In addition, because the sensitivity (counts per fg) is element
dependent, an even larger linear dynamic range may be
required. Furthermore, although some current ICP-Quadupole
MS instruments are said to have a linear dynamic range up to
~10'° (~10" on some instruments) it is important to remember
that is for a measurement time of at least one second.** For
spICP-MS, typically dwell times of 2 ms or less are used, and the
signal from ions produced from a single particle typically lasts
for only ~0.3 to 0.5 ms.>*

The linear dynamic range provided by ICP-TOFMS instruments
is typically®> ~10° (for a 1 second measurement time). Therefore,
the dynamic range for 2 ms may be ~2000 (and that assumes
a constant intensity during the 2 ms). In reality, the signal from
a vaporized, ionized particle typically has a roughly Gaussian
shape (with a somewhat longer trailing tail due to diffusion of the
ion cloud as it travels in the ICP to the sampling cone**) so the
peak intensity will be larger than the average intensity.

Data illustrating the challenges due to particle size depen-
dent transport efficiencies and a limited dynamic range, where
signal intensity is linearly proportional to the particle analyte
mass when measuring nanoparticles and microparticles, are
discussed below. Sets of nearly monodisperse engineered
particles (SiO, with diameters from 500 to 5000 nm and Au
particles with diameters from 60 to 1500 nm) were used to
explore particle transport efficiency from the nebulizer to the
ICP and the linear dynamic range. Measurements at optimum
and reduced sensitivity were used to distinguish nonlinearity
due to incomplete particle vaporization from limited ion
detection system linear dynamic range.

2 Experimental
2.1 Engineered nanoparticle and microparticle suspensions

Commercially available citrate-capped engineered Au and bare

SiO, nanoparticle and microparticle suspensions were
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purchased from BBI Solutions (Crumlin, United Kingdom),
Nancomposix (California, USA), ThermoFisher Scientific (Wal-
tham, Massachusetts, USA), or Bangs Laboratories (Indiana,
USA) (details including densities of the engineered Au and SiO,
(ref. 36 and 37) particles are in Table S1%). Suspensions were
prepared by serial dilution (Table S17) in deionized water (18.2
MQ cm, produced by a ThermoFisher Scientific/Barnstead
Smart2Pure Pro UV/UF 16 LPH system). Stock suspensions
were placed in an ultrasonic bath for 10 minutes before dilution
and then repeatedly inverted until settled particles were resus-
pended in an attempt ensure a homogeneous and agglomerate-
free suspension. Each suspension was diluted 12x to 7 640
000x to contain a known number of particles (~100 000 to
~250 000 particles per mL). The mean particle diameter and the
mass concentration of Au or Si in the original stock suspension
(provided by each manufacturer) or the particle number
concentration (provided by the manufacturer) were used to
calculate the number of particles per mL in the diluted particle
suspensions. All particle suspensions were made gravimetri-
cally using an electronic analytical balance (Mettler-Toledo
XSR304, Greifensee, Switzerland).

2.2 Single particle inductively coupled plasma-mass
spectrometers

Three commercially available spICP-MS instruments were used
in this study: a PerkinElmer NexION 350D spICP-QMS (Thorn-
hill, Ontario, Canada), a TOFWERK icpTOF-R spICP-TOFMS
(Thun, Switzerland), and a Nu Instruments Vitesse spICP-
TOFMS (Wrexham, United Kingdom). The NexION 350D and
TOFWERK icpTOF-R used a 1.8 mm i.d. Meinhard (Golden,
Colorado, USA) sapphire injector, an Elemental Scientific Inc.
(Omaha, Nebraska, USA) 47 mm PFA barrel spray chamber with
O-ring-free endcap, and an Elemental Scientific Inc. self-
aspirating PFA-50 nebulizer without probe to deliver freely
aspirated solutions and suspensions to the instrument with
minimal joints in which particles may become stuck. An
Elemental Scientific Inc. self-aspirating PFA-20 nebulizer
without probe was also used for some measurements during
spICP-QMS analysis. In one set of NexION 350D measurements,
an Elemental Scientific Inc. PFA-ST nebulizer was used at an
uptake rate of 340 uL min~" with the suspension delivered to
the nebulizer using a peristaltic pump. The Nu Instruments
Vitesse used a cyclonic spray chamber and a glass, concentric
nebulizer with sample pumped at 400 uL min~". Sample uptake
rates on the NexION 350D and icpTOF-R were measured gravi-
metrically. Instrument parameters are listed in Table 1.

The nebulizer gas flow rate on each spICP-MS instrument
was optimized to achieve maximum ''°In* sensitivity while
maintaining a cerium oxide to cerium (**°Ce'®0"/**°Ce") ratio
less than 3% using a multi-element solution standard con-
taining 1 pg L™" each of Be, Co, Ce, In, and U (on the NexION
350D) or 1 ug L™ " each of Co, In, Ce and U (on the TOFWERK icp
TOF-R and Nu Instruments Vitesse). Decreasing the nebulizer
gas flow rate and/or increasing the sampling depth would
increase the time the sample spends in the hot plasma prior to
the reaching the sampling orifice, potentially increasing the
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Table 1 splCP-MS instrument parameters used in this study
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PerkinElmer NexION 350D

Nu instruments Vitesse TOFWERK icpTOF-R

Instrument type spICP-QMS spICP-TOFMS spICP-TOFMS
Plasma power (W) 1600 1300 1500

Plasma gas (L min™ ") 18 13 17

Auxiliary gas (L min™?) 1.2 2.0 1.0

Injector i.d. (mm) 1.8 1.8 1.8

Nebulizer gas flow (L min™) 1.09 1.00 1.00

Sample uptake rate (uL min~") 22, 60, or 340 ~400 60

Sampling depth (mm) 11 12 5

Integration time, single particle (ps) 100 80 2000“
Sensitivity Optimized® Reduced” Optimized? Reduced? Optimized® Reduced®
Sensitivity reduction factor 1x 13 X%, 269x%, or 182x 1x 30% 1x 11x
Mass resolution® (Am, amu) 0.7 0.5,0.2 or 0.15°

Beam attenuator? 1 30

Extraction lens® 2 (V) —290 -95

@ Mass spectrum collected every 30 us and then spectra summed over each 2000 ps. ” Peak shape may be distorted at mass resolution of 0.2 or 0.15;
as a result, the sensitivity reduction factor may be smaller for what is estimated to provide a smaller mass resolution. ¢ PerkinElmer NexION 350D.

4 Nu Instruments Vitesse. © TOFWERK icpTOF-R.

maximum particle size that could be completely vaporized in
the plasma. However, the data discussed in this paper were
always acquired at the optimum nebulizer gas flow rate for
analysis of solutions (using the sampling depth listed in Table
1). No changes in the nebulizer gas flow rate or sampling depth
were made to increase the time particles spent in the plasma.

The NexION 350D Quadrupole Ion Deflector (QID) was
optimized for maximum sensitivity at low-, mid-, and high-
masses. The Autolens function was then used for measure-
ments. The icpTOF-R Extraction Lens 2 was optimized daily for
maximum "**In" sensitivity.

Si" intensity produced by SiO, particles was determined
using mj/z 28. The Au’ intensity produced by Au particles was
determined using m/z 197.

2.2.1 Threshold used to identify signals produced by
particles. spICP-QMS or spICP-TOFMS can measure individual
particles by differentiating the burst of signal produced by
a particle (a “particle event”) from the quasi-continuous back-
ground. The signal from each particle must be greater than
a threshold which uses the average quasi-continuous back-
ground signal (1) which is determined using an iterative proce-
dure to remove signals produced by particles®® and the square
root of the quasi-continuous background (1,) (eqn (1)).*>**

Particle signal detection limit = p +3.29v/7, +2.72 (1)

While a mass dependent compound Poisson distribution
may be more appropriate for spICP-TOFMS measurements,**
the instrument software version we had did not include it.

2.2.2 Mass/size dependent transport efficiency of nano-
particles and fine microparticles. The transport efficiency is the
fraction of particles in the sampled volume that are delivered to
the nebulizer, pass through the spray chamber, and enter the
plasma.* It is possible in some cases for particle losses to occur
in the sample tubing or joints as the sample travels from the

850 | J Anal At Spectrom., 2025, 40, 848-859

sample to the nebulizer. The transport efficiency must be
known or measured to calculate the particle number concen-
tration (particles per volume of sample delivered to the ICP) and
mass equivalent diameter of particles in each suspension
(signal intensity in counts during calibration using solutions
must be converted to sensitivity in counts per femtogram using
the transport efficiency and volume of sample delivered to the
nebulizer).

Transport efficiency is commonly determined using the
Particle Frequency (Particle Number) method or the Particle
Size (Solution/Nanoparticle) method, described in detail by
Pace et al*® The Particle Number method is the ratio of the
number of detected particles to the number delivered to the
nebulizer (known # per mL in engineered particle suspension x
uptake rate x measurement time). The Solution/Nanoparticle
method estimates transport efficiency from the ratio of the
solution sensitivity (in counts per fg delivered to the nebulizer)
to the particle sensitivity (not affected by transport efficiency) in
average counts per fg of analyte in the particle. The Solution/
Nanoparticle method cannot be used to determine the size (or
mass) dependent transport efficiency because it determines the
transport efficiency of elements dissolved in the solution, not of
the particles. Therefore, the Particle Frequency (Particle
Number) method was used here.

2.2.3 Optimized and reduced sensitivities. The silicon
(*®si") sensitivity (in counts per femtogram (fg)) was determined
for each instrument using engineered SiO, particles measured
in analog mode under optimized conditions and then, using the
same plasma conditions, with reduced sensitivity. Sensitivity
was reduced by factors of 13x, 269x, or 182X on the NexION
350D spICP-QMS by changing the resolution (Am) from 0.7 amu
to 0.5, 0.2, or 0.15 amu, respectively, for some measurements.
Sensitivity was reduced by a factor of 11 during some
measurements using the TOFWERK icpTOF-R spICP-TOFMS by
changing the Extraction Lens 2 voltage from —290 V to —95 V.

This journal is © The Royal Society of Chemistry 2025
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Sensitivity was reduced by a factor of 30 using the beam atten-
uator during some measurements on the Nu Instruments
Vitesse spICP-TOFMS* (Table 1).

3 Results and discussion

3.1 Mass/size-dependent transport efficiency of
nanoparticles and microparticles

Engineered Au and SiO, particles with masses between 2 and 33
358 fg (diameters between 60 and 3170 nm) were measured by
spICP-QMS using uptake rates of 27 and 60 uL min . Fig. 1
shows the particle transport efficiencies as a function of particle
mass; the efficiencies are plotted as a function of particle
diameter in Fig. S1.7

Au particles with diameters up to at least 200 nm and SiO,
particles with diameters up to about 730 nm had similar
transport efficiencies (~30%) when an uptake rate of 27
uL min~" was used. The particle transport efficiency decreased
dramatically for SiO, particles with diameters of 990 nm (~1100
fg) or more. The transport efficiency for SiO, particles with
diameters larger than 2000 nm was more than five times smaller
than for SiO, particles with diameters of 730 nm or smaller.

The particle transport efficiencies measured with an uptake
rate of 60 pL. min " are consistently lower than at 27 pL min .
This is likely because aerosol droplets can evaporate more
extensively during their travel through the spray chamber when
a lower uptake rate is used (resulting in smaller, more efficiently
transported droplets) and the probability of droplet-droplet
collisions/coagulation (resulting in larger, less efficiently
transported droplets) is less likely at the lower uptake rate.** At
an uptake rate of 60 uL. min ", the decrease in particle transport
efficiency also appears to begin for particles with a smaller mass
(diameter). For example, the transport efficiency of 690 nm SiO,
particles was about half of the transport efficiency of 150 nm Au
particle at an uptake rate of 60 uL min~* while the transport
efficiency of 730 nm SiO, particles was similar to the transport
efficiency of 200 nm Au particles or 480 nm SiO, when the

45% 1
540% 3 27 pl/min
8 3co, ] 60 100 200
&LE, ° 7 é 480 730nm
0, P
gaoa 3 +; A
S 25% 3
22% 3 @ O o AN
E 159 ] 60 80 150 690 A
w . 3 60 pl/min & 15705060 nm
S 10% 3 ABsos A L0,
5 5% 3 A Aé) 13170
0% F——rrrrrm——rrrrrr—rrr 220 1570 2060 T 1500
10 100 1,000 10,000 100,000

Mass (fg) of each particle

Fig. 1 Transport efficiency of engineered Au (@), and SiO, (A) NPs
and pPs as a function of the mass (fg) of each particle measured by
spICP-QMS at using an uptake rate of 27 uL. min~* (filled symbols) and
60 puL min~* (open symbols). Nominal particle size (nm) is shown next
to each point. Error bars indicate + one standard deviation of three
measurements of transport efficiency.
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uptake rate was 27 uL min . The particle transport efficiencies
will also be dependent on the sample introduction system used.

The implication of the behavior shown in Fig. 1 is that to
measure both nanoparticles and microparticles in a sample, it
is necessary to determine the particle size/mass-dependent
transport efficiencies over the particle size/mass range of
interest. A transport efficiency determined using nanoparticles
(e.g- 60 nm Au) cannot be used to calculate the particle number
concentration of particles larger than some uptake rate
dependent mass or size. For example, using the 60 nm Au
particle transport efficiency at sample uptake rates of 60 or 27
uL min~, 22% and 31% respectively, to determine the number
concentration of 3170 nm SiO, particles (transport efficiencies
of ~4%) of would result in an underestimation of the particle
number concentration by more than 80%.

The particle transport efficiency is also dependent on the
particle mass (or size) when a much higher sample uptake rate
(340 pL min~") is used (Fig. S27). As expected, the transport
efficiency when the higher sample uptake rate is used is lower
for all particle sizes than when lower sample uptake rates (such
as 27 or 60 uL min ') are used.

3.2 Signal intensity versus particle (analyte) mass

There are at least two possible causes of a deviations from
a linear relationship between signal intensity and particle
analyte mass. Signal intensities would not be proportional to
particle analyte mass if the particles are too large to be
completely vaporized, atomized, and ionized in the plasma
prior to reaching the sampling orifice.?******® Another possi-
bility is that particles larger than some size (which may depend
on the instrument, analyte element, and isotopic abundance)
produce a signal outside of the instrument's ion detection
system linear dynamic range (i.e. the analyte signal is not line-
arly related to the number of analyte ions produced in the
plasma or the number of ions that reach the detector).

Typically, for nanoparticles (diameter = 100 um), the signal
intensity is proportional to the mass of an analyte element,
especially when using analog detection.”*-** Non-linear behavior
has been reported when measuring Au particles larger than
200 nm using an analog detector™® and silica (SiO,)
microparticles®?**~*® Jarger than about 1 um.

3.2.1 Pulse counting detection. Pulse counting is often
used to maximize the signal-to-noise ratio when measuring
small signal intensities. However, the maximum intensity (in
counts per s) that can be accurately measured in pulse counting
mode by spICP-QMS (typically ~2 million count per s, ~2000
counts per ms, ~200 counts per 0.1 ms) is limited by “pulse-
pileup”.*>** When using pulse counting, the maximum accu-
rately measurable Au nanoparticle can be as small as 40 nm.*>

It is possible to somewhat extend the pulse-counting linear
dynamic range by applying a “dead-time” correction.** In this
case, the maximum accurately detectable Au particle size was
increased from 40 nm to 60 nm.** An alternative way to extend
the largest size (mass) particle that can be accurately measured
is to use another ion that contains the analyte element but that
produces a smaller signal (e.g. a minor isotope of the element or
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a polyatomic ion containing the analyte element). For example,
measuring AuAr' instead of Au' can also enable the measure-
ment of larger Au particles (increasing from the maximum size
within the linear dynamic range from 100 nm to 400 nm*) in
pulse counting mode. The signal intensity of AuAr’ ions
produced by particles was four orders of magnitude smaller
than the intensity of Au* elemental ions from the same size
particle. These results show that Au particles as large as 400 nm
in diameter are completely vaporized in the ICP so that the
initially observed 40 nm limit was due a decrease in the ratio of
analyte ions detected (counts) to analyte ions reaching the
detector, not incomplete vaporization of 40 nm Au particles.
However, when the sensitivity is reduced (by using AuAr® or
a minor isotope of an element that is not monoisotopic) means
that smaller particles may not be detectable, thus increasing the
low-end of the linear dynamic range.

3.2.2 Analog detection on spICP-QMS. Many current
generation instruments (including the NexION 350D spICP-
QMS), can measure particle signals using the analog mode of
the detector to avoid problems due to “pulse-pileup” and
thereby allow accurate measurement of signals that are too
large to measure using pulse counting. spICP-TOFMS instru-
ments detect an analog signal (current) which is converted to
a digital number by an analog-to-digital converter. However,
non-linear behavior was still observed for particles larger than
~895 nm (Fig. 2) when using analog mode detection.

Using optimized sensitivity (e.g., obtained by optimizing the
nebulizer gas flow rate to produce the maximum **°In"* signal
intensity from a solution standard containing In and Ce while
keeping the CeO'/Ce" signal ratio below 3%), 500, 690, and
895 nm SiO, particles produce a signal that increases propor-
tionally (linearly) with the mass of Si in those particles, as
shown in Fig. 2a, while the signal produced from 1050 nm SiO,
particles was slightly less than linearly proportional to the mass
of Si. Signals produced from SiO, particles with average diam-
eters of 1050, 2060, and 3170 nm were about 15%, 35%, and
51%, respectively, smaller than expected from the linear
regression line based on the signals produced by the 500, 690,
and 895 nm SiO, particles (Fig. 2b). The ratio of Si* intensities
produced by 2060 nm and 895 nm SiO, particles (8100 counts/
1100 counts = 7.36) is smaller than the ratio of Si mass in each
particle standard (4270 fg/350 fg = 12.2).
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T 2,000 § @ 7,000,000 7
- ] NexION W E 6,000,000 3
£ 1,500 0 1050 nmf 5,000,000 :::
S ] £ 4,000,000 @
§ 1,000 3 E 3,000,000 £
< 4 E ;_
= 500 ] 2,000,000

1 o0 E 1,000,000
0 ¥+t 0
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Mass (fg) of Si in particle
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Interestingly, Olesik and Gray also reported* a linear rela-
tionship between signal intensity and the particle mass for SiO,
particles smaller than 1 um using an analog current amplifier
and a digital oscilloscope for analog to digital conversion and
similar deviations from linearity for particles as large as
~2000 nm. They concluded that SiO, particles larger than 1 pm
diameter may be incompletely vaporized in the plasma prior to
reaching the sampling orifice. They did not consider the
possibility of nonlinearity due to the ion detection system.

Because very short dwell times (0.1 ms) were used with the
NexION 350D, the signal in units of counts per second is very
large even when the total number of counts in the dwell times
summed across the “particle event” may only be 2000 counts, as
shown in the right y-axes of Fig. 2a and b. The approximate
signals in units of counts per second were estimated by dividing
the average Si' intensity (summed across the peak in signal
versus time for each detected particle) by the width of the
particle event (~300 pus), not the maximum counts per second
during the particle event signal. The Si" signal produced from
a 3170 nm SiO, particle would be about 160 million counts per s
if the signal was on the same linear regression line as the 500,
690, and 895 nm SiO, particles.

Subsequently, we made another set of measurements with
SiO, particles from 690 to 5000 nm (Fig. S3t). The results are
consistent with those shown in Fig. 2; particles with diameters
of 1050 nm or more produce signals that are less than propor-
tional to the mass of Si in the particle. The deviation from
linearity increases for 2060 nm, 3170 nm, and 5010 nm SiO,
particles.

3.2.3 spICP-TOFMS. Both the TOFWERK icpTOF-R spICP-
TOFMS (Fig. 3a and b) and Nu Instrument Vitesse spICP-
TOFMS (Fig. 3c and d) also exhibited deviations from a linear
relationship between Si" analog signal intensity and Si mass for
SiO, particles larger than ~730 nm using the icpTOF-R (Fig. 3a)
and ~895 nm using the Vitesse (Fig. 3c) measured using opti-
mized conditions. Signal intensities began to deviate from
linearity on all three instruments when the sum of counts due to
a particle were higher than around 1000 counts: starting
somewhere between about 1100 and 1400 counts on the NexION
350D (Fig. 2a), between about 1000 and 1400 counts on the
TOFWERK icpTOF-R (Fig. 3a), and between about 700 and 800
counts on the Vitesse (Fig. 3c).

50,000 = 160,000,000
- E 140,000,000 2
%) E 2
§4°'°°° £ 120,000,000 5
830,000 E 100,000,000 £
Z E 80,000,000 ‘;E,
§20,000 E 60,000,000 £
c E =
= E 40,000,000 :
510,000 © 2060 20,000,000 4

0 r—p—r—r—r—r——r——r—r——1—F 0 =

0 5,000 10,000
Mass (fg) of Si in particle

15,000

Fig.2 28Si* signalin counts (left y-axis) and estimated counts per s (right y-axis) as a function of Si mass in particle produced by engineered SiO-
particles measured by spICP-QMS using optimized sensitivity for particles with: (a) masses less than 800 fg and (b) masses less than 17 000 fg.
The nominal particle diameter is shown next to each point. Filled symbols indicate particles used to calculate the linear regression line while open
symbols indicate particles not used to calculate the linear regression line.
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When particles produce signal outside of the linear dynamic
range of the instrument, it is impossible to accurately deter-
mine the particle mass equivalent diameter using a linear
calibration. For example, the mass equivalent diameter of
3170 nm SiO, particles would be underestimated by 25%, 61%,
and 51%, respectively, on the NexION (Fig. 2b), icpTOF-R
(Fig. 3b), and Vitesse (Fig. 3d) when the optimized sensitivity
is used. Furthermore, different sized particles that produce
signals outside of the instrument linear dynamic range may
produce similar signals. For example, the average Si" signal
produced by 3170 nm SiO, particles (~3200 counts) using the
Vitesse was smaller than the average Si' signal produced by
smaller (2060 nm) SiO, particles (~3300 counts) (Fig. 3d).

3.2.4 Reduced spICP-QMS sensitivity. Deviations from
linearity of particle signal intensity versus the mass of the ana-
lyte element in each particle are often attributed to incomplete
particle vaporization.*»** However, as was the case discussed
above when pulse counting was used to measure Au particles
larger than 40 nm, another possibility is that the deviations are
due to a decrease in the average measured signal per ion
reaching the detector. To assess if the deviations from linearity
seen in Fig. 2 and 3 could be due the ion detection system,
rather than incomplete particle vaporization, measurements
were made with reduced sensitivities.

By reducing the NexION 350D Si'" sensitivity by 269 (using
Am = 0.2 amu instead of 0.7 amu) the 2060 nm and 3170 nm
SiO, particles produce Si* signals (47 counts and 169 counts,
respectively) that are linear and proportional to the average
mass of Si (4272 fg and 15567 fg of Si, respectively) in those
particles (Fig. 4). The ratio of the average Si" signal produced by
3170 nm patrticles to the average Si* signal produced by 2060 nm
SiO, particles (169 counts/47 counts = 3.60) is almost the same
as the ratio of the Si masses in 3170 nm and 2060 nm SiO,

This journal is © The Royal Society of Chemistry 2025

particles (15567 fg/4272 fg = 3.62). This is consistent with
complete vaporization of the particles.

Reducing the sensitivity to measure larger particles within
the linear dynamic range of the ion detection system increases
the minimum size particle that can be accurately measured. As
a result, the average Si' intensities produced by the 895 and
1050 nm SiO, particles (Fig. 4) were larger than expected (based
on the linear regression line fit to the 2060 and 3170 nm
particles). The average Si* signals of 895 nm (~18.7 counts) and
1050 nm (~19.4 counts) SiO, particles are above the linear
regression line using 269 x reduced sensitivity because many of
the particles in the suspensions produce signals that are below
the detection limit. The manufacturer specifies® the relative
standard deviation (RSD) of the particle diameters to be 10%

200 1 - 600,000
T o s & F 500,000 &
€ 150 1 : E
27 1 NexION 422" 3170 E 400,000 8
8 1 nm [
2100 1 £ 300,000 3
%) : L [
é 1895 256x  F 200,000 £
£ 50 1/ 1050 : 5
3 ¥ - £050 reduced £ 100,000 2
. Y o] (2]
5 ©® sensitivity F 5 ]
0 5,000 10,000 15,000

Mass (fg) of Si in particle

Fig. 4 25Si* signal in counts (left y-axis) and estimated counts per s
(right y-axis) produced by engineered SiO, particle suspensions
measured by a PerkinElmer NexION 350D splCP-QMS with highly
reduced sensitivity (269 x compared to optimized sensitivity). Nominal
particle diameter is shown next to each point. Filled symbols indicate
particles used to calculate the linear regression line while open
symbols indicate particles not used to calculate the linear regression
line.
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particles measured by spICP-QMS with reduced sensitivity (269x compared to optimized sensitivity). The expected average Si* intensity
produced by 895 nm and 1050 nm particles (=====) (based on their size and the sensitivity calculated from the 3170 nm average intensity) is

shown on plots (a and b). The measured average Si* intensity (
(

detected using the optimized sensitivity.

(corresponding to a 33% RSD in the particle masses). Fig. 5
shows the detected distribution of Si" intensities produced from
the particles with four different average diameters. As shown in
Fig. 5a, the expected average Si* signal intensity produced by
895 nm SiO, (based on the counts per fg calculated from the
sensitivity (counts per s) determined from the 3170 nm average
intensity) is below the detection limit. As a result, only particles
on the very upper end of the particle size distribution were
detected, resulting in a higher than expected average signal.***®
Only 1% as many 895 nm SiO, particles were detected when the
sensitivity was reduced 269x as when the optimum sensitivity
was used. Only 14% as many 1050 nm particles were measured
when the sensitivity was reduced 269x as when the optimized
sensitivity was used. For the 2060 nm particles, less than 20% of
the particles on the lower end of the particle size were below the
detection limit, having little effect on the average signal
intensity.

SiO, particles with an average diameter greater than about
895 nm were beyond the linear dynamic range when the
optimum sensitivity was used (Fig. 2) while SiO, particles
smaller than around 2000 nm were too small to be accurately
measured when the sensitivity was reduced by 269 x. Therefore,
an intermediate sensitivity is needed to accurately measure
these particles. Fig. S31 shows the measured Si* signal inten-
sities as a function of the mass of Si in the particles when the
sensitivity is reduced by 13 x. SiO, particles with diameters from
690 to 990 nm are linearly related to the Si mass in the particle.
Average Si* signals produced by SiO, particles larger than
990 nm are smaller than expected for a linear, proportional
relationship between signal and mass of Si in the particle.

854 | J Anal. At. Spectrom., 2025, 40, 848-859

) is shown on plots (c and d). The signal threshold to detect a particle event
) is shown on each plot. Nrequced is the number of particles detected using 256 x reduced sensitivity. Nopim is the number of particles

Therefore, the sensitivity must be reduced by more than 13x to
extend the linear dynamic range to particles up to 2000 nm.

It is possible to extend the linear dynamic range of the
instrument by combining measurements made with different
sensitivities. The sensitivity reduction factors (determined from
the ratio of the slopes of each linear regression line) can be used
to transform the signals made at reduced sensitivity to the same
scale as the optimized sensitivity so that all the measured
intensities can be plotted on a single line (Fig. 6). This approach
is analogous to the dual detector calibration used to produce
a single calibration line from signals measured following the
final dynode (resulting in the highest gain) by pulse counting
and by analog measurement of the detector current about mid-
way through the set of dynodes (resulting in a lower gain).

The data in Fig. 4 and 6 are consistent with SiO, particles
with diameters of 3170 nm or less being completely vaporized in
the ICP. In a subsequent set of measurements, we investigated
SiO, particles as large as 5010 nm in diameter (Fig. S31 shows
data with optimized sensitivity, Am = 0.7 amu). When the
sensitivity was reduced, the largest SiO, particle that still
produced a signal that was linearly proportional to the mass of
Si in the particle increased. Reducing the sensitivity by 13x
(using Am = 0.5), SiO, particles as large as 990 nm produced
signals that were linearly proportional to the mass of Si in the
particle (Fig. S4f). Larger particles (diameters = 1570 nm)
produced smaller signals than expected.

Reducing the sensitivity by 182 x (using Am = 0.15), provides
results that are consistent with SiO, particles nearly as large as
5010 nm being completely vaporized in the ICP (Fig. 7).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 28Si* signal in counts produced by engineered SiO, particles
measured by splCP-QMS using 182 reduced sensitivity. The nominal
particle diameter is shown next to each point. Filled symbols indicate
particles used to calculate the linear regression line while open
symbols indicate particles not used to calculate the linear regression
line.

However, SiO, particles with diameters < 1050 nm produced
signals that were too small to accurately measure.

3.2.5 Reduced spICP-TOFMS sensitivity. SiO, particles
were also measured with reduced sensitivity using the icpTOF-R
and the Vitesse (Fig. 8). Using optimized conditions on the
icpTOF-R, only 690 nm, and 730 nm SiO, particles produced Si"
signals linearly proportional to the mass of Si in each particle
(Fig. 3a). Using 11x reduced sensitivity, the 690 nm, 730 nm,
895 nm, 990 nm, and 1570 nm SiO, particles produced Si"
signals that were linearly proportional to the mass of Si in each
particle (Fig. 6a and b). The average Si* intensity of 480 nm SiO,
particles is higher than expected for the same reasons as dis-
cussed above (see Fig. 5).

The Nu Instruments Vitesse spICP-TOFMS has an ion beam
attenuator®® that uses grids to attenuate the ion beam current by
~30x or ~1000x, independent of m/z. Using optimized condi-
tions (no attenuation), only the 500 nm, 690 nm, and 895 nm
SiO, particles produced Si" signals that were linearly proportional
to the mass of each particle (Fig. 3c and d). Using reduced
sensitivity, the 895 nm, 1050 nm, and 2060 nm SiO, particles

This journal is © The Royal Society of Chemistry 2025

) was calculated using the Si* intensity x

produced average Si" signals within the linear dynamic range of
the instrument (Fig. 8c and d). The average Si" intensities of the
500 nm and 690 nm SiO, particles were overestimated due to the
threshold cutting off lower intensity particle signals from the
average intensity (similar to the data shown in Fig. 4). Using the
ratio of particle number concentration measured using reduced
sensitivity to optimized sensitivity, ~96% and 66% of 500 nm and
690 nm SiO, particles, respectively, were below the threshold.
Further reducing sensitivity of both the icpTOF-R and Vitesse
could ensure that all large SiO, particles that are completely
vaporized produce Si" signal within the linear dynamic range.
However, using reduced sensitivity, smaller SiO, particles may
not produce enough signal above the threshold to be accurately
measured. It may be necessary to measure particle suspensions
using both optimized sensitivity (for smaller particles) and one or
more reduced sensitivities.

Au particles with diameters from 60 nm to 1500 nm were also
measured with optimized sensitivity (Fig. S5a and b¥) and 22 x
reduced sensitivity (Fig. S5c¢ and df) using the TOFWERK
icpTOF-R. With optimized sensitivity only particles up to
150 nm in diameter produced signals that were linearly
proportional to the Au mass in the particles (Fig S5a and bf¥).
The signals for Au particles with diameters from 150 nm to
1000 nm increase nonlinearly. Even though the ion detection
system could measure more than 14 000 counts, the relation-
ship between Au mass and signal intensity became nonlinear at
around 1400 counts. Perhaps a non-linear calibration function
could be used to measure particles that produced signals
greater than ~1400 counts but less than ~10 000 counts; this
requires further investigation. The average signal intensity from
1000 nm Au particles was larger than the signal produced from
1500 nm Au particles. The largest Au particle within the linear
range was 300 nm when the sensitivity was reduced by 22 x. The
signals produced from 400 to 1500 nm Au particles were smaller
than expected (Fig. S2b and S3d+t) but closer to the expected
signals than when optimized sensitivity was used. Further
reduction in sensitivity, or perhaps a nonlinear calibration,
would be needed to obtain the correct Au particle diameter
based on the measured signal intensities.
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Fig.8 28Si* signalin counts (left y-axis) and estimated counts per s (right y-axis) produced by SiO, particle suspensions measured using: (a and b)
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4 Conclusions

The particle transport efficiency may be dependent on the
particle size when a nebulizer/spray chamber sample intro-
duction system is used. For the sample introduction system
used in this study, the transport efficiency for SiO, particles
larger than 700 to 800 nm fell off dramatically as the particle
diameter increased. The transport efficiency cannot be
measured using nanoparticles (such as 60 nm Au) to accurate
estimate the transport efficiency of particles larger than 700 to
800 nm. Therefore, the transport efficiency of larger particles
must be experimentally determined as a function of particle size
(mass). Furthermore, the Particle Frequency (Particle Number)
based method must be used. The Particle Size (Solution/
Nanoparticle) method measures the particle transport effi-
ciency of elements dissolved in the solution and therefore
cannot be used to determine the particle transport efficiency as
a function of particle size (mass). The particle transport effi-
ciency is also strongly dependent on the sample uptake rate
when a nebulizer/spray chamber sample introduction system is
used.**

We have presented evidence that SiO, particles as large as
5000 nm in diameter are completely vaporized in the ICP. The
linear dynamic range for particle measurement using spICP-
QMS or spICP-TOFMS is limited more by the ion detection
system than by incomplete particle vaporization for SiO, parti-
cles. Reducing instrument sensitivity (while keeping plasma
conditions the same) can extend the upper end of the linear
dynamic range enough to accurately measure engineered SiO,

856 | J. Anal At. Spectrom., 2025, 40, 848-859

particles at least large as 5000 nm (the largest size tested in this
study).

The development of commercial spICP-TOFMS instruments
is an important step forward in single particle analysis. This
technique has the potential to, with important considerations
and limitations, quickly measure the elemental compositions,
mass equivalent size distributions, and number concentrations
of thousands of individual nanoparticles and microparticles in
minutes using small (less than 10 mL) sample volumes in
a variety of environmental and industrial suspensions con-
taining polydisperse, multi-element nanoparticles and micro-
particles. However, the particle size (mass) dependent particle
transport efficiency of microparticles and the limited linear
dynamic range of spICP-QMS and spICP-TOFMS must be
accounted for to obtain accurate microparticle number
concentrations, sizes, and elemental compositions.

Other considerations, including element and sample
dependent detection limits and the effect of sample dependent
background signal intensities (the quasi-continuous back-
ground that particle signals need to be distinguished from)
must also be considered to accurately measure and compare
measured particle number concentrations, the elemental
compositions of particles, and the particle mass equivalent
diameters. Some of these considerations will be the subject of
a future publication.

Data availability

The data supporting this article have been included as part of
the ESLt
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