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Abstract From its early beginnings in characterizing aerosol
particles to its recent applications for investigating natural
waters and waste streams, single particle inductively coupled
plasma-mass spectrometry (spICP-MS) has proven to be a
powerful technique for the detection and characterization of
aqueous dispersions of metal-containing nanomaterials.
Combining the high-throughput of an ensemble technique
with the specificity of a single particle counting technique
and the elemental specificity of ICP-MS, spICP-MS is capable
of rapidly providing researchers with information pertaining
to size, size distribution, particle number concentration, and
major elemental composition with minimal sample perturba-
tion. Recently, advances in data acquisition, signal processing,
and the implementation of alternative mass analyzers (e.g.,
time-of-flight) has resulted in a wider breadth of particle anal-
yses and made significant progress toward overcoming many
of the challenges in the quantitative analysis of nanoparticles.
This review provides an overview of spICP-MS development
from a niche technique to application for routine analysis, a
discussion of the key issues for quantitative analysis, and
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examples of its further advancement for analysis of increas-
ingly complex environmental and biological samples.
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Need for advanced metrology and historical context

Nanotechnology represents a 21st century enabling technolo-
gy which, through the control of matter between the scale of
molecular dimensions to a few tens of nanometers, possesses
the potential to make great advances in materials engineering.
The continued development of nanotechnology requires in-
creasingly sophisticated nanometrology capable of providing
accurate and robust quantitation and characterization of nano-
particles (NPs) and nanoscale features. Instrumentation and
standardized methods are well developed for examining
nano-scale features on surfaces and have been commercially
available for decades. Among the numerous approaches, key
examples are electron and atomic force microscopy, the results
of which can be rigorously traceable back to reference stan-
dards. The condition is somewhat different for nano-scale dis-
persed materials (i.e., NPs) where complications arise due to
(1) the need to make measurements in potentially complex
matrices, (2) obtain information on multiple measurands
(e.g., size distribution, chemical composition, shape, etc.),
and (3) account for the fact that NP characteristics are
matrix-dependent and dynamic, responding to various pro-
cesses such as aggregation, dissolution, and surface modifica-
tion. Well-developed and validated NP characterization tech-
niques such as light-scattering (dynamic and static) are chal-
lenged when samples contain background NPs that interfere
with the measurement of the properties of interest for the
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target NPs (e.g., particle size distribution). Even in simple
matrices, some methods such as light scattering are simply
unsuitable for measuring NP concentrations.

In response to these challenges, the sensitivity and the
elemental specificity of inductively coupled plasma-mass
spectrometry (ICP-MS) has been adapted to the analysis
of NPs on a particle-by-particle basis, a technique com-
monly referred to in the literature as single particle ICP-
MS (SP-ICPMS or spICP-MS depending on the author).
This method is based on the generation of discrete pulses
of ions that arise from single particles sequentially intro-
duced into the ICP-MS. The recent explosive growth of this
method for aqueous dispersions of NPs is in part a result of
new developments in commercial ICP-MS hardware and soft-
ware. Both the response of the instrument manufacturers and
the increasing adoption of the method by the scientific com-
munity have been largely driven by concerns for the environ-
mental health and safety of NPs as a consequence of their
growing use in nanotechnology. The applicability of single
particle ICP-MS to nanomaterials synthesis and manufactur-
ing is obvious, but is as of yet largely unexplored. Growth in
the use of single particle ICP-MS for measurement of aqueous
dispersions of colloids and NPs is clearly demonstrated both
by the fact that a bibliographic search found more than 45
relevant publications since the beginning of 2015, compared
with the single seminal paper by Degueldre and Favarger in
2003 [1], and by the publication of this ABC themed issue.

Prior to describing spICP-MS methodology and
discussing recent work, it is illustrative to examine its
path of development and the driving forces behind it.
For over 150 years, the fields of colloid chemistry and
materials science have demonstrated a need for analysis
tools applicable to inorganic NPs. In actuality, it is argu-
ably the recognition of the importance of fine particles
and colloids in the environment that led to the initial de-
velopments in single particle analysis by element-specific
methods. While key needs arose regarding colloid and
particle characterization in soil science [2, 3] and ocean-
ography [4—6], atmospheric sciences was the most direct
driver for the development of techniques for individual
particle (i.e., aerosol) analysis. Earlier methods applied
to aerosols utilized trapping particles on filters, impactors,
or electrostatic precipitators [7]. However, an early report
by Edwards [8], demonstrated that Agl particles, used for
cloud seeding, could be directly measured in air by atomic
adsorption spectroscopy (AAS). Although the concentra-
tion of Ag was determined, this was not a single particle
method and no information on the nature of the Agl par-
ticles was obtained. Particle size and concentration analy-
sis by a somewhat similar approach was the topic of
Crider’s [9] work on the development of an aerosol ana-
lyzer that detected the spectrochemical emission of indi-
vidual particles as they passed through a hydrogen-
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acetylene flame, with the purpose of determining the par-
ticle number concentration. A 1974 US Patent [10]
granted to Sartorius-Membranfilter (GmbH) described
the development of an instrument where particles are in-
troduced “singly in succession into the evaporating zone
of an atomic absorption spectrometer...said zone being
small enough to be completely filled by a single evapo-
rated particle.”

These works are among the first to exploit analysis of the
frequency of “flashes,” observed by an element-specific mea-
surement, to potentially determine particle number concentra-
tions. The introduction of inductively coupled plasma-atomic
emission spectroscopy [11, 12] allowed for the analysis of
refractory elements that were not observable by flame AA.
The work of Kawaguchi et al. [11] utilized generation of
monodisperse aerosols containing the dissolved element of
interest. Further work from this group, in which aerosols con-
taining Zn and Pb were examined, introduced the use of ICP-
MS [13-16] to improve detection limits. It should be noted
that throughout the 1970s and 1980s, numerous other re-
searchers had initiated work that lead to the method of real-
time single particle mass spectrometry (RTSPMS), also called
continuous aerosol mass spectrometry [17].

Recent decades of research have demonstrated the possi-
bility that low solubility contaminants could be transported
through groundwater as a result of their adsorption to mobile
colloids [18]. This concern stimulated the initial adoption of
spICP-MS analysis to aqueous dispersions of colloids and
NPs. Of particular concern was the potential for transport of
radionuclides in groundwaters associated with underground
nuclear weapons testing [19] and proposed nuclear waste re-
positories [20]. The application of spICP-MS as a possible
means to characterize these materials was first proposed by
McCarthy and Degueldre, who cite the prior aerosol literature
as well as a personal communication with B. Wernli [21]. This
led a decade later to a series of key papers by Degueldre et al.
[1, 22-25] that established the basic methodology of the
spICP-MS technique as we know it now. It was some years
between the publication of these papers and the renewed in-
terest in spICP-MS as a stand-alone method for characterizing
NPs [26] and as a powerful means to further characterize size
fractionated NPs [27]. The continual and rapid increase in the
use of nanomaterials and the environmental health and safety
concerns regarding implementation of nanotechnology have
contributed to the significant increase in interest in this ap-
proach to complement other available techniques [28, 29]. It
is not the purpose of this article to review all the work per-
formed since the publication of a 2014 review article by
Laborda et al. [30]. Rather it is the rapid adoption of this
technique, with the goal of making single particle analysis
routine, which leads us to review recent work that has identi-
fied and, in some case, addressed the challenges as well as the
opportunities of the method.
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Considerations for the application of single particle
ICP-MS for routine nanomaterial analysis

Works of Kawaguchi [11], and of Degueldre [1, 22-24], dem-
onstrated the feasibility of using ICP-MS for the analysis of
colloids, but more work was needed to develop a technique
that could provide additional meaningful information about
the particles analyzed. In order to characterize and quantify
unknown particles samples, several aspects of signal acquisi-
tion, data processing, and calibration must be addressed. The
complexity of biological and environmental matrices also re-
quires robust data processing to quantify particle signals
amidst a high background of dissolved analyte and molecular
interferences. The following discussion addresses the compo-
nents of single particle analysis, and the many improvements
in data acquisition and automated analysis that have been
made in recent years that may lead to the potential of making
single particle analysis possible in any lab equipped with an
ICP-MS.

Calibration and optimization

There are a number of approaches to quantitatively determine
nanoparticle size and number concentration by single particle
ICP-MS. Though most ICP-MS instruments are capable of
single particle analysis, steps need to be taken prior to analysis
to ensure accurate results. Most importantly, it is generally
necessary to account for the incomplete transport of nanopar-
ticles in suspensions and elements in solution from the nebu-
lizer into the plasma, and the implications this holds for equat-
ing ion signal to analyte mass accurately equating the number
of detected NP events to the original NP number concentration
in suspension. The following approaches have different re-
quirements of what information is needed for calibration.

Size calibration by nanoparticle standards
and microdroplets

The most intuitive way to size NPs in an unknown sample via
spICP-MS is to generate a calibration curve of signal intensity
versus particle diameter (i.e., mass). This utilizes different
sizes of standard NPs, containing the same element as the
target analyte nanoparticle. If the geometry and density is also
the same for both standard and target nanoparticle, a direct
relationship between particle size and instrument response
can be generated [26, 31]. Recently, Lee and Chan [32], and
Olesik and Gray [31] have demonstrated the potential for non-
linearity in the calibration curves as a result of incomplete
vaporization of larger NPs. This incomplete vaporization de-
pends on the particle density, atomic weight, and melting
point, which impact the particle’s heat of vaporization.
Though the use of standard NPs is arguably the most

straightforward approach for calibration and subject to fewer
analysis variables, the relative scarcity of monodisperse, well-
characterized nanoparticle standards for most elements limits
the type of particles that can be analyzed using this approach.

In the absence of particle standards, microdroplet genera-
tors (MDG) have garnered significant interest as an alternative
to conventional nebulizers and spray chambers. Microdroplet
generators are capable of introducing individual, monodis-
perse droplet into the plasma with 100 % efficiency, each of
which produce a signal pulse that is identical to that produced
by a particle of equivalent analyte element mass. In principal,
if the solution concentration and droplet size are accurately
known, the analyte mass entering the plasma is known and
can be used to compute the relationship between analyte mass
and instrument response (counts/element mass) for any ele-
ment [33, 34]. Recently, these MDGs have been applied to the
analysis of nanomaterials by ICP-OES [35], ICP-MS [36], and
ICP-TOFMS [37]. The signal generated from droplets con-
taining analyte elements show considerable precision, with
relative standard deviations below 5 % in most cases. The
signal generated from monodisperse droplets is dependent
on their size, but the time integrated average signal is compa-
rable to that of conventional nebulization [36, 38] at the typ-
ically used droplet generation frequency. The continued de-
velopment of this technology may lead to more accurate and
precise spICP-MS analysis than is afforded by conventional
sample introduction systems.

Size calibration using standard solutions and analyte
transport efficiency

The more common calibration route for single particle size
analysis relates the intensity of dissolved standards, generated
by conventional nebulization, to the mass of the particle
(Fig. 1). In order to obtain this relationship, an experimental
approach through which a dissolved calibration curve can be
used to determine the mass of analyte generated from a particle
event is required. There are several approaches to obtaining this
relationship. These have been described in detail in NIST
Special Publication 1200-21 (Murphy et al, 2015).

The most common sample introduction system for [CP-MS
is a pneumatic nebulizer that nebulizes the liquid sample into a
spray chamber at typical flow rates of 0.1-1.0 mL/min. The
number of droplets that reach the plasma represent a small
(<20 %) fraction of the total volume of sample introduced;
this fraction is termed the transport efficiency (1,¢,). This term
is significant within the context of calibration using dissolved
samples as the signal generated represents only a fraction of
the volume delivered by the peristaltic pump. Thus, the mass
of dissolved isotope that generates a given signal is less than
what would be predicted from sample concentration and sam-
ple flow rate to the nebulizer. In contrast, changes in transport
efficiency affect the number of nanoparticle signal pulses per
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second, but not the signal produced by each nanoparticle that
does enter the plasma.

Pace et al. [39] describe a method of sizing analysis using
analysis of a nanoparticle standard to generate a mass flux
curve from a dissolved standards calibration. In this approach,
the concentration calibration curve is used to generate the
element mass delivery to the plasma by normalization to a
known measurement time. The mass flux term is given in
Equation 1.

W= CSTD*nneb *Qsample*tdWEU ( 1 )
where

W mass delivered per dwell time

Cgrp  mass concentration (mass * volume ')

Tneb nebulization (transport) efficiency

Qgampte  sample flow rate (volume * time 1)

tdwell dwell time (time)

By relating the measured intensity to the mass delivered by
the dissolved standards, the mass of the analyte in the NP can
be determined. Concentration, sample flow rate and dwell
time are all user-defined, but the transport efficiency must be
determined experimentally, unless it is known to be 100 %.
The three methods for determining this value, shown in Fig. 1
were examined by Pace et al. [39].

Method 1 for determining the transport efficiency is termed
the waste collection method. The method that employs the
simplest measurement, but least accurate results, is an indirect
measurement of the transport efficiency via waste collection
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(Fig. 1A). Knowledge of the sample flow rate and waste col-
lection time allows the user to calculate the total volume of
sample that entered the plasma by subtracting the volume of
waste collected from the volume of solution delivered to the
nebulizer. The ratio of this difference to the total delivered to
the nebulizer gives the transport efficiency. This method
should not be used as it is subject to a number of uncertainties
(chief among them being evaporation), including that which
arises from the need to subtract two large numbers (volume
delivered to nebulizer and volume to waste) when the trans-
port efficiency is low (typical when the sample uptake rate is
greater than about 0.1 mL/min), and the inconsistency in
waste drainage from the spray chamber [40, 41]. Recently,
an attempt to reduce these sources of inaccuracy by measuring
the ICP-MS signal from the sample and from the collected
waste has been described [42] but not yet widely tested. The
aerosol exiting the spray chamber can be measured directly by
a filter collection method [41], but it is quite time-consuming
and can be challenging to obtain RSDs better than 20 %.
Method 2 uses particle number concentration to determine
the transport efficiency. The underlying assumption in spICP-
MS is that each nanoparticle that enters the plasma will pro-
duce an ICP-MS signal pulse. If a standard particle suspension
of known particle number concentration is delivered to the
nebulizer at a known sample uptake rate, the number of nano-
particles delivered to the nebulizer per second can be calculat-
ed. The number of ICP-MS signal peaks per second is equal to
the number of NPs that entered the plasma per second. The
ratio of the measured number of signal particle peaks per
second to the number of nanoparticles delivered to the
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nebulizer per second is the transport efficiency. (Fig. 1b) as
computed by Equation 2.

NNP aerosol (2)

Mheb = NNP

where

nebulization (transport) efficiency
number of NPs reaching the plasma
number of NPs delivered to the nebulizer

Mheb

NNP aerosol
NNP

If the standard particle number concentration is not known,
it can be estimated if the mass concentration, particle density,
size, and shape are known (the same parameters as needed for
the particle size method described below). Conceptually, this is
the most direct means of establishing the transport efficiency,
requiring none of the assumptions used in method 3. However,
it can be experimentally challenging to implement. This ap-
proach requires that the actual NP number concentration at
the time of analysis must be the same as the reported number
value or, if computed, the mass concentration value must be as
the stated value. If this assumption is not valid, the mass con-
centration of the standard should be verified at the time of
analysis or the number concentrations must be determined by
an independent method. Colloidal suspensions are inherently
dynamic, where their stability is a balance of the electrostatic
repulsion and the attractive van der Waals forces between par-
ticles [43, 44]. Collisions between particles may result in ag-
gregation and settling, thereby artificially reducing the particle
number concentration in the standard. Additionally, particles
may adhere to the stock containers during storage, which could
also result in particle losses. Particle loss in the standard would
underestimate the particle number introduced into the ICP-MS
and thus lead to underestimation of the transport efficiency.
Errors in particle number are directly related to the particle
mass computed by Equation 1. Thus, if 50 % of the particles
in the standard are lost due to sorption, an extreme example, the
computed particle mass will be larger by a factor of 2. The
reported diameter will be increased by 25 % (the cube root of
2). Finally, this approach for size analysis requires that losses
during transport from the sample container to the plasma are
identical for both the NP standard and any dissolved standards
that may be used for calibration.

Method 3 is the particle size method, which utilizes the ratio
of solution sensitivity and NP sensitivity to determine the trans-
port efficiency. The signal from a solution is directly dependent
on the transport efficiency, while the signal from an individual
NP is not (only the number of detected NP events depends on
the transport efficiency). Therefore, the ratio of the solution
sensitivity (counts per ng of analyte delivered to the nebulizer)
to the NP sensitivity (counts per ng of analyte in a single nano-
particle) is equal to the transport efficiency. This can be repre-
sented by Equation 3, which shows that the transport efficiency

is the quotient of the signal-to-mass ratios of both the dissolved
standard solution and the nanoparticle standard,

ISTD
MSTD
Theb = 1§V P (3)
MNP
where
Mneb nebulization (transport) efficiency
Istp  signal from standard solution
Mgtp mass of standard solution delivered to the nebulizer

Inp signal from nanoparticle
Mynp  mass of nanoparticle

This method requires the size, density, and shape of the stan-
dard nanoparticle to be known. Nanoparticle standards are gen-
erally spherical and a measured diameter is always reported by
the manufacturer, although the uncertainty in this information
may vary among suppliers. To use this approach, the density is
usually assumed to be equal to the materials bulk density. There
are reports that this is not always true, with measured values
being less than the bulk value [45]. A 2-fold error in density,
perhaps larger than expected for bulk versus nanoparticle, has the
same effect on diameter calculation as a 50 % loss of NPs in the
standard solution when using method 2 (i.e., a 25 % overestimate
of diameter). Finally, the other assumption is that the generation
and transport of ions from the particle and the dissolved ions in a
droplet is identical and that the sensitivities (counts/fg) are the
same for both. If this later condition is not met, then 1., deter-
mined by method 3 is really a term that combines the actual
transport efficiency (directly obtained from method 2) with a
correction factor (CF). Thus one could consider:

n;’l@b = ThhepX' CF (4)

With respect to size analysis, using a transport efficiency
obtained by this method should be more accurate if all NPs,
regardless of composition, have similar CFs. Further work is
needed to determine if the CF varies among NPs containing
elements with differing volatilization and ionization behavior.
If the value of CF is sufficiently large, use of 77;16,, to determine
particle number concentrations, instead of that obtained by
method 2, could lead to errors. The magnitude of this error
is directly related to how different CF is from a value of one.

Sample analysis considerations
Particle coincidence and dissolved analyte interference
A significant advantage in using spICP-MS is the ability to

analyze particles in complex matrices without significant sam-
ple preparation. Where conventional ICP-MS analysis
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requires samples to be acidified and possibly filtered prior to
analysis, spICP-MS forgoes these preparation steps when pos-
sible, so long as the samples are capable of being aerosolized
by the pneumatic nebulizer. While other analytical techniques
may introduce analysis artifacts such as aggregation, dissolu-
tion, and other changes to nanoparticle stability and structure,
spICP-MS analyses are able to characterize and quantify the
nanoparticle analyte in its native media, although dilution is
often utilized. This allows for a direct examination of trans-
formation processes such as the aggregation state of the
nanomaterial, and other physicochemical properties such as
size, shape, and elemental distribution of the particles.
However, there are some key aspects to consider in spICP-
MS in order to achieve accurate and meaningful results.

The number of NP/mL in a sample can be determined by
dividing the measured number of detected particle events per
second by the transport efficiency and then dividing that result
by the sample flow rate to the nebulizer (mL/s). However, the
transport efficiencies measured by methods 2 and 3 are often
not the same. The value obtained by method 2 contains no
assumptions about the generation of ions from the NP and the
dissolved standards being identical. However, having confi-
dence in the “true” particle number can be difficult. In instances
where the particle number concentration is too high relative to
the selected dwell time, ‘coincidence’ can occur, where more
than one particle is detected within a single dwell. This results
in the apparent detection of fewer and larger particles, which
both misrepresents the size distribution of the particle and un-
derestimates the particle number concentration. In the early
stages of single particle method development, when 3—20 ms
dwell times were used, coincidence was prevented by working
at low particle number concentration (i.e., 5 % of total readings
are NPs) [39, 46-48].

As dwell times have become shorter, higher particle number
concentrations can be analyzed as multiple particle events can
be resolved. This is particularly evident at microsecond dwell
times, where the breadth of each individual particle event can
be quantified [49—51]. Though moving to shorter dwell times
generally results in apparent ‘split events’, where a particle
event is distributed among consecutive dwells [52], current data
processing schemes account for this distribution of particle in-
tensity and are capable of fully integrating the particle signal.

Even for sub-millisecond dwell times, in order to minimize
the possibility of signals from two nanoparticles occurring
within a single dwell time, it may be necessary to dilute the
sample. The probabilities of the measured signal having con-
tributions from zero nanoparticles, one nanoparticle, two
nanoparticles, etc., depends on the number of nanoparticles
per mL, the transport efficiency into the ICP, the dwell time,
and the NP signal duration. The probabilities can be easily
calculated from: P, = ;\C—: e, where x is the number of nano-
particles that will contribute to the measured signal and A is
the number of nanoparticles entering the plasma per second

@ Springer

times the larger of the dwell time or the signal width in time. It
is generally observed that the duration of a pulse generated by
each NP, regardless of its size, is on the order of 200-500 ps.
Thus, a practical upper limit is to have no more than one NP
detected per 1-5 ms.

In addition to particle coincidence, the presence of dis-
solved analyte at sufficiently high concentrations can also af-
fect the accuracy of spICP-MS measurements. Though spICP-
MS is capable of distinguishing the pseudo-constant signal of
dissolved analyte from the intermittent pulses of nanoparticle
events, too high of a background signal from dissolved analyte
or spectral overlap can mask particle events. The use of 100 ps
or shorter dwell times has improved this situation over that
seen for millisecond dwell times, as the background signal is
divided up proportionally into a greater number of dwell
times. When the dwell time is reduced to less than the NP-
generated pulse duration, which is contained in 2—6 dwell
times, the only background contribution comes from that be-
neath the pulse, and not from dwell times between the pulses,
as was the case for millisecond dwell times. This approach is
also effective at reducing the effects of isotopic overlap with
the analyte. Alternatively, the signal from dissolved analyte
can be reduced or possibly eliminated by coupling ion ex-
change chromatography to spICP-MS in order to remove the
dissolved analyte [53].

Matrix effects and matrix matching for calibration

One of the most pressing issues with regard to spICP-MS is
the effect of the sample matrix on the analysis of NPs.
Moreover, how the matrix affects the conversion of NPs to
signal relative to the conversion of dissolved analyte to signal
has significant implications for spICP-MS accuracy. This is
immediately relevant to the determination of the transport ef-
ficiency, where sample matrix (high concentrations of dis-
solved solids, acid(s), or organic solvents) can differently im-
pact the sensitivity from elements that are dissolved and ele-
ments present in nanoparticles. Montoro Bustos et al. [54]
reported large, matrix-dependent changes in Au sensitivities
from solutions and from nanoparticles that were often differ-
ent from Au present in a NP compared with Au in solution
(Table 1). In an extreme case, solutions that contained 0.05 %
Dulbecco’s Eagle medium (DEM) suffered a 90 % decrease in
the Au solution sensitivity but had little effect on the nanopar-
ticle sensitivity. This is consistent with instability of dissolved
Au in DEM, resulting in loss of dissolved Au.

If calibration solutions are not matched to the sample ma-
trix, this may result in an error in the measured nanoparticle
diameter corresponding to the cubed root of the relative sen-
sitivity, as mass is related to particle volume (Equation 3).
Montoro Bustos et al. [54] demonstrated that when calibration
solutions and nanoparticle suspensions were matrix matched,
they were able to obtain accurate nanoparticle diameters using
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Table 1 Effect of different
sample matrices on Au solution
and nanoparticle sensitivities [54]

Matrix

Change in nanoparticle
sensitivity due to matrix
(relative to DI H,O matrix)

Change in solution
sensitivity due to matrix
(relative to DI H,O matrix)

10 mM Phosphate buffered saline
1 % Methanol

10 mM Sodium lauryl sulfate
100 mg/L Natural organic matter
0.05 % Dulbeco’s Eagle medium

70 % =75%
+45 % +30 %
5% -30 %
-15% <£1 %
—90 % <£1 %

method 3 (“particle size” method) to determine the transport
efficiency. However, the transport efficiencies measured using
method 3 were often very different than those using method 2
(particle number method) in the matrix matched calibration
solutions and nanoparticle suspensions. This discrepancy be-
tween transport efficiencies determined by methods 2 and 3
was a systematic problem through analyses and led to errone-
ous results in sizing and counting when the transport efficien-
Cy was in error.

In addition to the complications arising from complex bio-
logical and environmental matrices, some analyte elements
may not be stable in deionized water so that solutions used
for calibration using method 3 (“particle size”) may need to
contain acid when the nanoparticle suspensions do not. The
sensitivities (counts/ng of analyte element entering the plas-
ma) in solutions or suspensions with acid will likely not be the
same as in solutions or suspensions without acid.

Olesik et al. [2016 WC] found that Au solution sensitivities
increased by a factor of 200 % as the HCI concentration was
increased from 0 to 2 % v/v while the nanoparticle sensitivities
changed by less than 3 %. (Si coated Ag NP were used and did
not dissolve in 2 % v/v HCI). If the transport efficiency deter-
mined by method 3 was used in combination with the sensi-
tivity determined from solutions, the correct nanoparticle di-
ameter was obtained, even if the solutions contained 2 % v/v
HCI and the NP suspensions did not. However, if method 2
was used to determine the transport efficiency and Au solu-
tions were used to measure the sensitivity, the nanoparticle
size results were about 20 % too low. Furthermore, when
matrix matched solutions and suspensions that both contained
2 % v/v HCI, erroneous results were still obtained using meth-
od 3 to determine the transport efficiency together with Au
calibration solutions to determine sensitivity.

In conjunction with errors in sizing, measured nanoparticle
number concentrations were correct only if the transport effi-
ciency measured using the particle number method (method 2)
was used. When the particle size method (method 3) was used
to determine transport efficiency, the NP number concentra-
tions were too low by almost a factor of 2. When an internal
standard, added to both the solutions and nanoparticle suspen-
sions was used, matrix induced changes in the measured

nanoparticle size were reduced to less than 4 % and matrix
induced changes in the particle number concentration were
reduced to less than 10 % even when the solutions contained
2 % v/v HCI and the nanoparticle suspensions did not. An
internal standard has also been used to account for drift in
instrument sensitivity during spICP-MS [55, 56]. Clearly fur-
ther work in assessing the effects of matrix-matching of dis-
solved and NP-containing solutions is needed to assess their
effect on the accuracy of sizing and counting NPs.

Data acquisition and processing
Peak identification and integration

Prior to calculation of the particle size distribution and number
concentration from the NP pulse intensity and frequency, re-
spectively, the NP events (i.e., signal peaks) must be separated
from the background signal (i.e., instrument noise and signal
from dissolved analyte elements). Two data processing
methods exist to distinguish NP events from the background:
(1) a well-established iterative approach using a background
threshold value above which signal intensities are identified as
NP events, as presented by Pace et al. [39], and (2) a more
recent signal deconvolution method developed by Cornelis
and Hassellov [57].

ICP-MS manufacturer nano-application software mod-
ules are at this point typically based on the iterative ap-
proach. As described by Pace et al. [39], when 3-20 ms
dwell times are used and a NP event is represented by only
one intensity (contained in one dwell time), data points
above the mean plus 30 of the entire data set are identified
as NP pulses and removed. The averaging process and
peak removal process is iterated until there are no more
data points above the threshold. The mean of the data set
plus 30 is typically chosen as the threshold because it is
the same method commonly used to remove outliers from a
normally distributed data set (it is assumed that the back-
ground data points have a normal or near-normal distribu-
tion), although other threshold values, such as the mean
plus 50, have been used [46, 51]. Following the iterative
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removal of all NP events from the raw data set, the remain-
ing data represent the background signal from which a
dissolved metal concentration can be determined. The sum
of the number of NP pulses above the threshold is the total
number of detected particle events.

When using microsecond dwell times, most commonly
less than or equal to 100 us, for which a NP event is
composed of multiple consecutive readings above the
background, a similar process is used. However, an addi-
tional requirement is that following NP event identifica-
tion, the consecutive signal intensities that constitute a
single NP event must be summed to obtain a total NP
intensity. The iterative method works well for large NPs
for which the signal intensities are clearly above the
threshold; however, for small NPs and/or samples with a
high ionic background, useful particle detection and char-
acterization are more difficult, and in some cases impossi-
ble. Alternative methods may be used to better discrimi-
nate (small) NPs from a (high) dissolved background sig-
nal. Cornelis and Hassellov [57] developed a signal
deconvolution method using Polygaussian probability mass
functions to separate the contribution of ion signals attrib-
utable to NPs from the signal intensity due to particle ions
and dissolved ions within the given dwell time.

When signals from NPs measured with dwell times
<100 s are very small (with little or no background), shot
noise can result in the signal from a single nanoparticle going
above, below, back above, and then below the threshold. This
can result in an overestimate of the total number of NP events
and an underestimate of the size of NPs require more sophis-
ticated data processing tools in order to distinguish NP signal
from noise.

Conversion of spICP-MS signal to NP size

The signal intensities collected from the ICP-MS are convert-
ed to mass using the aforementioned mass flux calibration
curve (Equation 1). The slope of the curve is used to convert
the signal intensity to a mass as shown in Equation 4. If the
particle analyzed consists of more than one element, the mass
fraction is used to convert the signal from the singular element
to an overall mass of particle [30, 39],

1, [Inp—Igkep)
AT (5)

where

M,

M, mass of the particle

fa mass fraction (fraction of particle mass due to the
analyte element)

Inp Signal intensity from nanoparticle event

Igkgp Signal intensity of the background

m slope of the mass flux curve
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The mass can then be converted to a diameter for NPs if the
density of the material is known (Equation 4) [39],

. [M,*6

prm

(6)

Dyp =

where

Dnp  diameter of the particle
M,  mass of the particle
p particle density

This conversion from nanoparticle mass to size conversion
is not limited to spherical particles, however, as the length of
silver nanowires has been calculated if the diameter of the
cylinder is known [58], using the appropriate equation to re-
late the nanoparticle mass to volume.

In many cases, the particle density has been assumed to be
the bulk density of the material being analyzed. Recent studies
have shown that the density of some particle compositions
may be size-dependent [59, 60]. Falabella et al. demonstrate
through analytical ultracentrifugation that as the size of gold
NPs decrease, the density also decreases [45]. The potential
for size-dependent particle density is an emerging aspect of
spICP-MS that needs further consideration as it continues to
develop into a routine analysis technique.

Influence of instrument components on spICP-MS
signal and data quality

In order to discuss spICP-MS as a powerful analytical tech-
nique, as well as consider its limitations, it is worthwhile to
examine the operational aspects of [CP-MS [61-65]. Many of
the components of an ICP-MS analysis will affect
nanomaterial measurements including the transport of nano-
particles into the plasma, the intensity and duration of ICP-MS
signals, and the percentage of ions transmitted from the plas-
ma to the detector [66].

Sample introduction

Samples to be analyzed by ICP-MS are typically introduced as
an aerosol into the plasma via a nebulizer. Pneumatic nebu-
lizers, operated at sonic gas velocities, are typically used to
generate the sample aerosol, with a range of droplet sizes from
<1 pum to more than 20 um in diameter [67]. If all of the
sample were to enter the plasma, the solution load would be
too high to maintain the plasma temperature in the central
channel through which it travels. Furthermore, under com-
monly used plasma conditions, 20 um droplets are not
completely vaporized in the ICP [34]. Therefore, a spray
chamber is used to limit the amount and reduce the size of
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the droplets that enter the plasma, both of which have impacts
on the analysis of NP size and number.

The key processes in the spray chamber that determine
whether or not a droplet enters the plasma are droplet evapo-
ration, droplet impact on the walls, and droplet—droplet coag-
ulation. The more extensive the droplet evaporation, the
smaller the droplet becomes and the more likely it is to be
retained in the fraction of gas entering the plasma. Larger
droplets are more likely to impact on the walls of the spray
chamber and thereby be removed. Droplet—droplet collisions
can result in their coalescence into a larger droplet, which
favors impact on the walls. While the largest droplets are
removed in the spray chamber, the aerosol exiting the spray
chamber remains polydisperse.

The analyte transport efficiency, discussed previously with
respect to calibration, decreases as the sample uptake rate is
increased. Typical transport efficiencies decrease from around
15 % at a sample uptake rate of 0.1 mL/min to around 1.5 % at
1 mL/min [68, 69]. At sample uptake rates <10 pL/min, trans-
port efficiency can be as high as 100 %, with typical transport
efficiencies in open, conical spray chambers or double pass
spray chambers of 60 to 80 % [68—70]. Transport efficiencies
near 100 % are possible for flow rates up to 0.5 mL/min when
using some spray chamber designs, including heated spray
chambers with solvent vapor removal [71] and unheated spray
chambers used with low (~10 puL/min) sample uptake rates
[72]. At sample uptake rates <10 pL/min, evaporation of the
droplets in the spray chamber is more extensive (up to
25 mg L' of water vapor per L of Ar at room temperature)
and the probability of droplet—droplet collisions/coagulation
decreases rapidly as the number of droplets generated per
second decreases. Baffled cyclonic spray chambers typically
have lower transport efficiencies (~30 %) at sample uptake
rates <10 pL/min because the spray is directed at the wall of
the spray chamber, in contrast to open conical or double pass
spray chambers. Furthermore, if the sample matrix affects the
surface tension of the solution, in turn affecting the droplet
size distribution or the rate of droplet evaporation in the spray
chamber (methanol addition for example), the transport effi-
ciency could be different than for pure, deionized water.

Micro-droplet generators have also been used to generate
aerosols from nanoparticle suspensions with nearly 100 %
efficiency. This provides for an approach to measure spICP-
MS sensitivity (counts/fg analyte element) without the need
for nanoparticle standards of known size [36, 73, 74].
Monodisperse droplet generators typically produce droplets
(30 to 60 pm in diameter, depending on the generator design
and voltages applied) that are too large to be completely va-
porized in the ICP under typical plasma conditions. Therefore,
a desolvation system is often used prior to introduction of the
droplets into the ICP. One example uses He in a long tube to
allow droplets to evaporate at a much higher rate than in Ar
without the need for heating [36, 75]. Monodisperse droplet

generator designs include a capillary surrounded by a piezo-
electric tube that ejects a droplet when a voltage pulse is ap-
plied, a microfluidics based droplet dispenser [76], and ther-
mal ink jet printer-like designs [77].

Conversion of droplets and nanoparticles
into elemental ions in the plasma

The properties of the plasma dictate how much sample can be
introduced into the plasma without excessively cooling or
extinguishing it [78]. Heat transfer from the outer “energy
addition” region of the plasma to the sample-carrying center
channel, the kinetics of droplet evaporation, and the kinetics
of nanoparticle vaporization determine what size aerosol drop-
lets and what size NPs will be fully vaporized and converted to
elemental ions.

Each aerosol droplet undergoes a sequence of processes dur-
ing the ~1 to 3 ms it travels through the ICP, including droplet
desolvation, vaporization of the remaining particle (nanoparticle
and any other dissolved solids in the sample), atomization, ion-
ization, and diffusion of ions in the plasma prior to being sam-
pled by the mass spectrometer [66], as shown in Fig. 2.

The polydispersity of droplets entering the plasma affects
desolvation and production of signals from NPs. Large drop-
lets will complete desolvation farther downstream in the plas-
ma than small droplets. Therefore, nanoparticle vaporization
will begin farther downstream and the resulting ion cloud will
have less time to diffuse before reaching the sampling orifice
compared with ions produced from a nanoparticle that was
carried into the plasma in a smaller droplet. This could intro-
duce some variation in the intensity and duration of ICP-MS
signals from NPs of the same size and therefore result in NP
size distributions that are broadened. Fluctuations in the plas-
ma gas velocity could also introduce similar variations.

The local plasma surrounding each vaporizing droplet and
particle is cooled by the desolvating droplet and vaporizing
particle [79, 80]. Sufficient time is required in the hot ICP to
completely vaporize the nanoparticles [31, 81, 82]. After va-
porization, atomization, and ionization, a cloud of mainly el-
emental ions (for the majority of elements in the Periodic
Table) is produced [83, 84]. The location along the center
channel where vaporization and ionization are complete can
depend on the chemical composition and size of the particles,
particularly for particles that are much greater than 100 nm in
diameter [32].

Ion diffusion in the plasma: impact on ion cloud
diameter and ICP-MS signal duration

When operating conditions of the sample introduction system
are optimized for maximum ICP-MS signal creating
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Fig. 2 Droplet desolvation, atomization, and ionization in the plasma. Figure courtesy of H. Badiei, Perkin Elmer Inc.

monodisperse droplet injection into the radial center of the
center channel of the plasma, the ion cloud is approximately
4 to 10 mm wide when it reaches the sampling orifice [84, 85].
Ata typical plasma gas velocity of ~20 m/s, the duration of the
particle-generated signal peak is therefore typically 200 to
500 ps. More typically, signals from nanoparticles introduced
using a pneumatic nebulizer have been reported to be from
100 to 1000 ps in duration [42]. The duration of the NP event
is important in that longer times spread the generated counts
out among more dwell times, resulting in a lower signal above
background. Signal duration is also important for the devel-
opment of dual element detection capabilities using a fast peak
hopping quadrupole mass spectrometer as described in a sub-
sequent section.

The width (in time) of the ICP-MS signal produced from
each nanoparticle arises mainly from the extent of diffusion of
the ion cloud, which depends on isotope mass and the time
that the ions spend in the plasma prior to passing through to
the sampling orifice [31, 84, 85]. At a particular location along
the center axis of the plasma there is a sharp transition from
cold (<500 K) to hot (~6000 to 8000 K) plasma gas [31, 71,
86]. The time that the sample spends in the hot plasma de-
pends on the location of the transition point, the distance from
that point to the sampling orifice (sampling depth), and the
plasma gas velocity. The rapid sequence of processes, starting
with droplet desolvation, begins when the droplets enter the
hot plasma. While the nanoparticle is vaporizing, the nanopar-
ticle is a local source of ions and the full width at half maxi-
mum of the ICP-MS signal will be narrow [31]. Once the
nanoparticle has been completely vaporized and converted
to elemental ions, the full width at half maximum of the ion
cloud will increase with time spent in the plasma [31].

At a fixed plasma power and a particular torch injector
inner diameter, the key experimental parameter that deter-
mines the location of the transition from cold to hot plasma
in the center channel of the plasma is the center gas flow rate
(nebulizer gas plus any additional “make-up” gas that passes
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through the torch injector tube) [71, 86]. When the center gas
flow rate is increased, the location where the transition from
“cold” to “hot” occurs along the center channel (axis) moves
downstream (closer to the sampling orifice), resulting in a
shorter time that the sample spends in the hot plasma. As a
result, if a nanoparticle is completely vaporized, the width
(duration) of the ICP-MS signal will increase, due to more
time for diffusion, as the center gas flow rate decreases [31,
85]. Perhaps somewhat non-intuitively, increasing the center
gas flow rate has only a small effect on the hot plasma gas
velocity and temperature downstream of the transition loca-
tion. The ratio of a molecular oxide ion signal to the elemental
ion signal (e.g., CeO"/Ce" or UO/U") typically does not
change dramatically as the center gas flow rate is increased
until the location of the transition from “cold” to “hot” gets
too close to the sampling orifice. Therefore, the main effect of
changing the center gas flow rate is to shift the location of the
transition from cold gas to hot plasma upstream or down-
stream relative to the sampling orifice. In some cases, the
travel time through the hot plasma can also depend on the path
that sample takes through the plasma, which may not be along
a straight line [87, 88]. For elements of different volatility, this
can affect the arrival time of their ion clouds at the sampling
orifice [89].

Background reduction using collision/reaction cells

Collision/reaction cells are widely used for solution ICP-MS
to overcome spectral overlaps. However, collision/reaction
cells have only recently been used for spICP-MS measure-
ment of nanoparticles [52, 90-92]. The need for removal of
spectral overlap by collision/reactions cells is somewhat less-
ened by the use of short signal integration times, which in-
creases the ratio of NP analyte signal to the spectral overlap
signal. Unless the spectral overlap ion is originating from el-
ements in the NP, the spectral overlap background signal will
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decrease as the dwell time approaches or becomes less than
the NP signal peak duration. Measurement of elements (such
as iron) that suffer from intense spectral overlap ion signals
(such as *°Ar'®0" at the same nominal mass of *°Fe") could
still benefit from the use of a collision/reaction cell [93].

Ion transmission to the mass spectrometer: effect
on ICP-MS sensitivity

While most or all of the ion cloud passes through the sampling
orifice [94], only a small fraction of the ions and plasma gas
pass through the skimmer orifice into the lower pressure re-
gion (~10~* Torr). The transport of ions through the interface
is thought to be dictated mainly by the flow of neutral Ar
atoms [95, 96] although recent research suggests that this
may not be entirely true. The ICP-MS signal intensity arising
from a given mass of analyte and, thus, the size detection limit
of single particle ICP-MS, will depend on the ion transmission
efficiency from the sampling orifice to the mass analyzer.

Downstream of the skimmer orifice, a positive ion beam is
formed. The positive ions in the beam repel each other. The
number of ions in the beam is large enough so that many of the
ions in the positive ion beam are lost because of space-charge
repulsion or shielding [97]. Space-charge effects explain the
mass-dependent ion transmission efficiencies to the mass an-
alyzer. The ion transmission efficiencies can be greatly re-
duced by high concentrations of concomitant elements in the
sample (i.e., mass dependent matrix effects) [98], likely due to
space-charge effects. Therefore, the sample matrix may affect
the relationship between nanoparticle signal peak area and the
nanoparticle size.

Signal measurement

The spICP-MS technique relies on NPs creating short-
duration pulses with intensities greater than the background
signal. Identification and measurement of signals arising from
individual NPs, especially in the presence of dissolved analyte
element or polyatomic interferences, is best done by making
multiple measurements during the duration of the 100 to
1000 us wide signal generated by individual NPs [42].

Continuous measurement with <100 ps dwell times

Continuous, rapid measurement of signals with dwell times of
100 ps or less is ideal. Most current commercial [CP-MS
instruments using quadrupole mass spectrometers provide this
capability, although it is also possible to make measurements
using instruments with slower detection systems common on
previous generations of ICP-MS instruments.

Non-continuous measurement with 3—20 ms dwell times

Traditionally (in previous generations of ICP-MS instru-
ments), detection electronics on commercial ICP-MS instru-
ments were not designed to make continuous measurements
on the tens of microseconds time scale because signals from
solutions were typically integrated for 10 to 1000 ms.
Minimum dwell times of 1 or 10 ms were common.
Furthermore, many commercial instruments required time to
process each measurement during which signal was not mea-
sured (or had a built-in delay after each measurement intended
to allow settling of the fields in the quadrupole mass analyzer
after peak hopping from one mass to another), so the measure-
ments were not continuous.

In that case, a long enough dwell time is needed to mini-
mize the possibility of detecting only a portion of the 0.2 to
0.5 ms wide signal from an individual nanoparticle (more
likely for a dwell time of 1 ms than for a dwell time of
20 ms) while maximizing the ratio of signal of an individual
nanoparticle to the signal from the element in solution (better
for shorter dwell times).

The signal from elements in solution is quasi-steady state
(although with significant variation on the ms or sub-ms time
scale). Therefore, the average number of counts from an ele-
ment in solution will increase linearly with dwell time while
the signal (counts) from an individual nanoparticle will not
change as the dwell time is decreased from 1000 ms to 1 ms
(assuming there is only signal from only one nanoparticle
during the dwell time).

External electronics for continuous, rapid
(microsecond) pulse counting signal detection

In order to provide high speed (<100 ps per measurement)
pulse counting measurements using older generation ICP-
MS instruments, external electronics have been used by some
researchers. Strenge and Engelhard [99] used a home-built
data acquisition system with dwell times as small as 5 us
and a large buffer memory to acquire data continuously over
long times. Details on the specific electronic components used
were not provided. Miyashita et al [100] used commercially
available National Instruments components to process and
store the pulse counting signals with dwell times as short as

1 ps.

Limited dynamic range of pulse counting detection
of individual nanoparticles

The dynamic range of pulse counting detection is limited on

the high end by the ~10-50 ns detector dead time because of
the width of the pulse of electrons produced from each ion that
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strikes the secondary electron multiplier detector and any sub-
sequent electronics (amplifiers, comparators, etc.) prior to the
counting electronics. This results in a nonlinear response for
intense signals from individual nanoparticles [81]. For a de-
tector and processing electronics with a dead time of 50 ns, a
peak signal of 2,000,000 c/s, corresponding to just 100 counts
in 50 us, would on average result in a measured signal of 90
counts (i.e., a 10 % error). As Strenge and Engelhard point out
[99], the error attributable to this detector “pulse pileup”
would be worst at the peak of the signal from an individual
nanoparticle when the signal is largest and less severe for the
signals before and after the peak of the signal. If the signals
from individual nanoparticles are too large to be within the
dynamic range of the pulse counting system, the sensitivity
(counts/fg) could be reduced by increasing the resolution pro-
vided by the quadrupole mass analyzer, detuning the ion beam
focusing optics, or using a collision gas at a high enough
pressure (flow rate) to cause ion scattering losses [52].

When dwell times of 100 ps or less are used and the sample
contains a low concentration of dissolved analyte, the blank
signal can be zero counts. In that case the smallest, reliably
detectable signal is not limited by the fluctuations in the blank
signal but rather by the instrument sensitivity and shot noise.

Analog measurement of nanoparticle signals

If the signal is too large to be measured by pulse counting,
electronics analog measurement could be used. However, the
analog detection electronics on most of the commercial ICP-
MS instruments cannot accurately measure and convert analog
signals to digital values within 100 ps or lesser measurement
times. The current to voltage amplifier in the ICP-MS may re-
spond fast enough but the digitizer may not be capable of short
enough conversion times. If the current to voltage amplifier in
the ICP-MS is fast enough, an external digital oscilloscope or
fast analog to digital computer board can be used to digitize the
signal from the current to voltage amplifier in the ICP-MS.
Alternatively, the analog output of the detector could be directly
connected to a digital oscilloscope [36, 101] or to a fast external
current to voltage amplifier followed by a digital oscilloscope
[31, 79, 85]. The digital oscilloscope can be connected to a
computer for data processing. Analog detection will not be able
to measure signals from as small NPs as pulse counting detec-
tion systems but can easily provide time resolution to 1 ps in
order to investigate the shape of the signal versus time in detail.

Recent Advances in Instrumentation and Data
Processing

In the past decade, spICP-MS has developed from a niche
technique to a powerful tool for the analysis of nanomaterials
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[30]. Though it still suffers from a number of limitations, a
great deal of research has been performed in the last 5 years in
order to overcome some of these initial hindrances. Continued
research on both the hardware and software aspects of ICP-
MS, and specifically spICP-MS, will further improve the ap-
plicability of this technique toward a wider array of research
problems.

Progress toward automated data processing

One of the largest contributors to the growing use of spICP-
MS in recent years has been the development of automated
data processing software provided by many of the major ICP-
MS suppliers [102—105]. These software packages automate
many of the processes in single particle analysis, from deter-
mining the transport efficiency, calculating the diameter of the
analyzed particles, and creating histograms to show the size
distribution. As many of the inputs are user-defined (e.g.,
dwell time, mass fraction, particle density), a wide breadth
of nanomaterials can be analyzed without the need to manu-
ally perform the data analysis. In addition to particle sizing,
these application modules also automatically calculate metrics
such as particle number concentration and dissolved analyte
concentration, further adding to the wealth of information
gleaned from spICP-MS analysis.

Hyphenation: a route toward data enrichment

In environmental and biological samples, the presence of
naturally-occurring colloids and complex matrices can com-
plicate the detection and characterization of engineered NPs
[28]. A front-end size fractionation technique such as field-
flow fractionation or hydrodynamic chromatography may be
useful in allowing for spICP-MS analysis on a size basis.
Loeschner et al. investigated the applicability of using asym-
metrical flow-field flow fractionation (AF4) to overcome chal-
lenges in analyzing silver NPs in enzymatically digested
chicken meat [106]. By comparing both the total size distri-
bution of NPs before and after size fractionation, they were
able to demonstrate approximately 80 % recovery. This tech-
nique has also been used to characterize metal wear particles
in serum samples that were released from hip aspirates. In
doing so, the size distribution and particle number concentra-
tion of chromium, cobalt, and molybdenum containing parti-
cles were determined [107]. In addition to flow-FFF,
sedimentation-FFF has also been used to separate polydis-
perse nanoparticle distribution, specifically titanium dioxide
NPs [108]. This technique may be particularly useful in in-
stances where particles may share the same size and compo-
sition but possess different masses (i.e., core-shell particles,
porous versus non-porous particles).

Hydrodynamic chromatography (HDC) has also been ap-
plied to separate particles prior to analysis by spI[CP-MS.
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Though this technique does not have the level of resolution
that FFF possess, it is not subject to the same analysis artifacts
(membrane interactions) that can lead to low recoveries. Using
HDC, Roman et al. investigated the presence of silver NPs in
human serum samples obtained after treatment with nano-
enabled medical dressing [109]. This method was also applied
to environmental samples, where the presence of naturally
occurring particles may either directly (same composition) or
indirectly (aggregation, dissolved analyte) interfere with the
detection of NPs [110].

Other environmental complications such as dissolved ana-
lyte may also obscure the detection of engineered NPs. To
overcome this, Hadioui et al. coupled ion exchange chroma-
tography (IEC) prior to analysis by spICP-MS in order to
remove signal from dissolved analyte [53, 111]. For NPs that
have shown a propensity to dissolve readily in environmental
samples such as silver [112] and zinc oxide [113], IEC is used
to greatly improve the resolution of nanoparticle signals from
an elevated background signal emanating from dissolved an-
alyte, thereby improving size detection limits. With these fur-
ther advances in the development of front-end fractionation
techniques, the applicability of spICP-MS to environmental
and biological samples can be greatly improved.

Particle-by-particle multi-element detection

Many applications of spICP-MS highlight the power of this
technique to characterize engineered nanomaterials in a vari-
ety of complex matrices, though most spICP-MS work to date
has focused on detecting particles by focusing on a single
mass. However, in environmental samples, the concentration
of naturally occurring nanomaterials is much greater than the
expected environmental release concentrations of ENPs.
Furthermore, many of these natural particles are comprised
of these same elements the ENPs contain. In order to differ-
entiate these two particle populations, it will be necessary to
examine other delineating properties that differentiate
engineered and naturally occurring nanomaterials [28].

A promising method is to examine the elemental ratios on a
particle-by-particle basis, as engineered particles are typically
enriched in a set proportion of elements, contrasting with the
heterogeneous composition of naturally occurring
nanominerals. To quantify these elemental ratios, two differ-
ent modifications can be applied to spICP-MS methodology
in order to observe multiple elements within a nanoparticle
event.

One way is to shorten the settling time on the quadrupole of
the ICP-MS to allow two elements to be monitored within a
nanoparticle event (~500 ps). At short dwell times and settling
times (100 ps or shorter), this allows at least two points of
intensity to be detected on a particle-by-particle basis. This is
shown in Fig. 3a, where dwell time A depicts the passage of
ions for the first monitored mass. The settling time required to

switch from one mass to another results in losses of both ions.
Dwell time B then allows for the passage of the second mon-
itored mass. This results in nanoparticle events that exhibit
some intensity of both masses as shown in Fig. 3c. On a
qualitative basis, this may be used to differentiate between
engineered particles that may contain only one element from
their naturally occurring counterparts that contain multiple
elements. Quantitatively, the total sum of intensities can be
used to calculate the isotopic/elemental ratio of the samples
as has been shown with silver NPs, core-shell NPs, and river
samples containing ceria NPs [28, 50].

Another emerging technique is ICP-time of flight-MS
(ICP-TOF-MS) (Fig. 3B) [37, 74]. By using a time-of-flight
mass analyzer, nearly all elements can be detected quasi-
simultaneously on a particle-by-particle basis and with short
detection dwell times (~33 us). As shown in Fig. 3d, this
technique is able to differentiate between single metal and
core-shell materials.

Single particle ICP-MS applications

As an analytical technique, spICP-MS has proven to be a
powerful tool with a number of potential applications in in-
dustrial, biological, and environmental fields of study. As a
high-throughput ensemble technique with the specificity of a
single particle technique, spICP-MS has the ability to over-
come many of the sampling artifacts and provide a wealth of
information regarding particle size, size distribution, and con-
centration of dissolved analyte present in the sample. As this
technique continues to develop, a greater number of questions
regarding nanomaterial transformation and interaction with
environmental particles can be answered.

Environmental detection and characterization

Diverging from its origins in atmospheric chemistry [11, 14],
recent spICP-MS studies have mostly focused on its applica-
tion to aqueous environmental samples [48, 114, 115]. The
continued market growth of nanotechnology [116, 117] in-
creases the potential for NP release into the environment
through accidental industrial release [118, 119], purposeful
application (e.g., nanopesticides) [120, 121], or release from
consumer products into waste streams [115, 122, 123]. Studies
investigating wastewater treatment plants (WWTPs) have
used spICP-MS to detect a number of different nanoparticles
(e.g., Ag, Ti, and Ce-containing NPs) in wastewater effluent,
demonstrating some of the potential deficiencies in current
treatment structures to completely eliminate nanoparticulate
contaminants [48, 114]. A recent study investigating drinking
water treatment facilities (DWTFs) on the Missouri River
show the presence of titanium dioxide NPs in the influent
waters; however, this method demonstrated the removal
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Fig. 3 Dual element spICP-Q-MS and ICP-TOF-MS. (a) Operation of
fast-switching quadropole allowing the passage of two different masses
separated by a settling time. (b) Schematic of ICP-TOF-MS, where ions
generated from a particle event are detected by a microchannel plate
detecter typically operated at 33 ps dwell time. (¢) Data from spICP-Q-

exceeding 93 % of NPs, resulting in levels safe for human
consumption [124].

Recent studies have focused on the release of engineered
nanoparticles (ENPs), specifically silver nanoparticles and ti-
tanium, from consumer products such as textiles, food pack-
aging, sunscreens, and washing machine effluents [92, 115,
123, 125-131]. The prevalent use of titanium dioxide (TiO,)
in sunscreens ensures a high potential for release into the
environment. The analysis of TiO, NPs in natural systems
highlights some current deficiencies of spICP-MS in quanti-
fying ENPs in the environment. In pristine environments, the
size detection limit of TiO, NPs has been approximated at
100 nm. However, high **Ca content interferes with the de-
tection of **Ti, resulting in a larger minimum size detection
limit of approximately 130 nm. In addition, the high concen-
tration of naturally occurring nanoparticles (NNPs) in
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MS in dual element mode showing signal from two elements per particle
[50], reproduced by permission of The Royal Society of Chemistry. (d)
Data from ICP-TOF-MS showing signal distribution in gold, gold/silver,
and silver nanoparticle events [adapted from Borovinskaya et al. [37]
Copyright 2014 American Chemical Society

environmental systems requires a more sophisticated ap-
proach (elemental ratios) to distinguish ENPs from NNPs
[28, 50, 115]. Though spICP-MS currently lacks the capability
to distinguish between these particle populations, develop-
ment of multi-element spICP-MS particle analysis (ICP-
TOF-MS, dual element spICP-Q-MS) may result in method-
ology capable of detecting ENPs amidst NNPs.

One of the key strengths of spICP-MS is its ability to si-
multaneously detect particulate and dissolved signal at envi-
ronmentally relevant concentrations [47, 50, 57]. The high
reactivity of nanomaterials afforded by their increased surface
area also makes them more susceptible to transformation pro-
cesses such as dissolution and aggregation. Exploiting this
capability to study particle transformation in their native en-
vironmental media is important as any additional sample prep-
aration may alter the chemistry of the media, resulting in a
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misrepresentation of particle behavior. Silver nanoparticle ag-
gregation has been studied in simulated sea water, demonstrat-
ing the rapid aggregation these particles are subject to in high
salinity solutions [132]. Dissolution of Ag NPs in different
aqueous compositions has also been studied, quantifying the
rate of dissolution of three types of Ag NPs with different
surface coatings [112]. Using spICP-MS, the rate at which
the diameter decreases can also be correlated to an increase
in dissolved signal, allowing a mass balance to be calculated
to ensure an accurate depiction of Ag NP transformation
[112]. These dissolution processes have also been demonstrat-
ed in natural systems where Ag NPs were dosed into a littoral
lake mesocosm [133]. This capability is also important for
monitoring transformation of nanomaterials in consumer
products. Figure 4 demonstrates the capability of spICP-MS
to track the dissolution of silver nanoparticles in different
types of detergent throughout the wash cycle [134]. The pro-
pensity for Ag NPs to both dissolve in the environment and be
subject to alteration of their surface coatings, key transforma-
tion processes to consider when assessing the ecotoxicologic
risk of these materials, were observed.

Biological uptake/medical applications

Another growing area of spICP-MS application is the study of
nanomaterial exposure and transformation in biological sys-
tems. The use of NPs in food products, bioimaging, and med-
ical treatments permits a feasible route for NP biological up-
take and transformation. A frequent impediment in the analy-
sis of nanomaterial in biological matrix is extracting the NPs
into a phase where they can be analyzed. Conventional anal-
yses would perform a complete digestion of tissue, thereby
removing any capability to characterize the nano properties
of the material (e.g., size, aggregation state, etc.). To study
Ag and Au NP uptake into model aquatic organisms
(Lumbriculus variegatus, Daphnia magna), Coleman et al.
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Fig. 4 Size distribution of 100 nm silver nanoparticles in different dry
power laundry detergents before and after wash cycles. (a) Silver
nanoparticle size distributions before and after wash cycle in color

[135] utilized sonication as a means to extract the metallic
NPs from the organismal tissue. FFF-ICP-MS and spICP-
MS were then used to characterize the size of the NPs
suspended in the solution, showing a minimal size change
but a considerable decrease in particle number concentration
attributed to losses in particles attaching to the tissue.

Gray et al. [136] utilized tetramethyl ammonium hydroxide
(TMAH) as a means to extract NPs without acidification.
Silver and gold NPs were spiked into ground beef, D. magna,
and L. variegatus, and extracted with TMAH, demonstrating
high extraction efficiency (recoveries between 75 and 125 %).
Using this method, it was demonstrated that different particle
sizes could be resolved and that minimal size changes were
observed over the time period investigated. Enzymatic diges-
tion methods have also been used; proteinase K was used to
extract silver NPs that had been spiked into chicken meat. The
recovery of Ag NPs was high (80 %) and minimal size chang-
es were observed during residence in the tissue [106, 126].
Enzymatic digestion has also been used to extract NPs from
plant tissue. Tomato plants exposed to 40 and 100 nm gold
NPs were digested and NPs extracted using macerozyme R-10
with good recovery, and results demonstrated no significant
size transformation over the 4-d exposure period [137].

In some cases, NPs may be analyzed directly in their native
media without the need for digestion. Figure 5 shows the
distribution of sizes of Ag nanowires that had been extracted
from D. magna hemolymph. The analysis of the hemolymph
required only dilution and bath sonication, forgoing the need
for a total tissue digestion. This study also is a rare demonstra-
tion of how spICP-MS can be used to characterize different
NP morphologies, as when the diameter of the tube is known,
the length of the nanowire can be calculated from the mass
response signal of the NP event [58]. Other studies have
shown the capability of spICP-MS to detect metal wear parti-
cles in hip aspirates from metal-on-metal arthroplasty [107]
and serum samples [109]. spICP-MS may also have the
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detergent. (b) Silver nanoparticle size distributions before and after
wash cycle in all-purpose detergent. Adapted from Mitrano et al. [134]
Copyright (2015) American Chemical Society
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Fig. 5 Silver nanowire uptake into D. magna hemolymph. (A) Raw
signal from Ag NWs. (B) Frequency distribution of Ag NW data,
showing the intensity cut-off used to separate NP signal from dissolved.

potential to be used in highly selective immunoassay, as NPs
can be functionalized with a number of different biomarkers,
and the sensitivity of spICP-MS can be exploited to detect
these bioconjugated particles [138—140].

Industrial materials characterization

Nanomaterials used in industrial processes also possess a high
likelihood for release into the environment. Current estimates
place the production of certain metal oxide nanoparticles (zinc
oxide, titanium dioxide, silica) in the tens of thousands of tons
per year [141]. These materials are used in a variety of appli-
cations from pigments and coatings, filler materials in com-
posites, and abrasive particles used in planarization processes
for microchip fabrication [119]. In these industries, the size of
the NPs has a significant effect on their desired properties. As
such, having a high-throughput technique capable of assessing
particle size and aggregation state is an attractive prospect for
these applications. There are many techniques currently avail-
able, both ensemble and single particle, which are capable of
sizing these particles, but many lack the specificity and sensi-
tivity of spICP-MS.

A recent review by Speed et al. [119] compares different
sizing techniques for nanoparticles used in chemical-
mechanical polishing slurries, namely CeO,, Al,O3, and two
different types of SiO, NPs (alkaline and fumed). It should be
noted that the colloidal silica size could not be determined by
spICP-MS because of its small size and the high background.
This is a limitation of ICP-Q-MS, which lacks the requisite
resolution to differentiate atomic species from molecular spe-
cies that possess the same nominal mass. This is particularly
prevalent from elements such as “°Fe" and *®Si", the detection
of which are impeded by prevalent concentrations for **ArO™
and 2*N, ", respectively [142]. Other masses of these elements
may be used in some cases, such as 57Fe and 3°Si, but these
isotopes are present at much lower abundances, which limit
their size detection limit [92, 143]. The advent of microsecond
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dwell times may allow for the detection of the most abundant
isotope, as the constant interference from the molecular spe-
cies will be reduced in proportion to dwell time [144].
Alternatively, an ICP-MS with a reaction cell could be used
to reduce or eliminate spectral overlaps from many polyatom-
ic ions (such as ArO").

Nanoparticle sizes measured by different techniques are
compared in Fig. 6, where it can be shown that some tech-
niques such as dynamic light scattering (DLS) and
nanotracking analysis (NTA) may overestimate particle sizes
(likely due to light scattering principles), while sizes measured
by electron microscopy are lower sizes, smaller due to its
ability to accurately discern the primary particle sizes. The
data collected from spICP-MS reside within these two size
regimes. CeO, and Al,Oj; particle sizes measured by spICP-
MS were closer to the values provided by SEM and TEM.
Fumed silica NP sizes measured by spICP-MS were closer
to that reported by light scattering techniques. This is likely
due to the prevalent molecular interferences that inhibit the
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detection of silicon ions resulting in undetectable signals for
small particles.

Figure 6 is also illustrative of the current status of the ac-
curacy and comparability of NP sizing of complex materials
using multiple methodologies. Each technique tends to give a
different result for mean size and distribution width. In the
case of monodisperse standards, TEM/SEM is the technique
by which all other approaches are compared. However, as is
illustrated for the CMP example, if aggregation or complex
morphology is involved, the “correct” particle size may be
difficult to define even for TEM/SEM.

Remaining challenges and future directions

A number of challenges remain for spICP-MS to obtain con-
sistently accurate average NP size, NP size distributions, and
NP number concentrations as indicated by the results of a
round robin study [38]. A number of key issues require further
study.

Challenges for spICP-MS development can be particularly
difficult to overcome if standard reference materials with very
carefully determined NP sizes, NP distributions, and NP num-
ber concentrations are not available, such as those provided by
the National Institute of Standards and Technology (NIST)
(NIST RM 8011, 8012, 8013). Many of the commercially
available NP suspensions are not characterized to the extent
of the NIST materials. For example, NP size distributions are
often based on scanning electron microscopy (SEM) or trans-
mission electron microscopy (TEM) measurement of just 100
or so NP. Furthermore, the density and shape of the NPs must
be known in order to relate spICP-MS signal, which depends
on the total mass of analyte in the NP, to the NP diameter. This
is true for both the analyte NP and the standard NP used for
calibration. In spICP-MS publications to date, the density of
the nanoparticle is typically assumed to be independent of
particle size and equal to the density of the bulk material.
However, this may not be true. By comparing the size of
NPs determined by spICP-MS and other size fractionation
techniques, such as flow and sedimentation-FFF, it may be
possible to determine the density (porosity) of the NPs.

Despite showing considerable promise as a sensitive and
selective technique for nanomaterial characterization, the size
detection limit for most elements is still too high (>10 nm) for
most nanomaterials that are generated for commerical pur-
poses [92]. Some ICP-MS instruments, including ICP-Sector
Field MS (ICP-SFMS) instruments used at a resolving power
of 300 and at least one commercial quadrupole based ICP-
MS, can provide sensitivities greater than 1 million counts s~
"ppb ! from analytes in solution (up to 10x higher than most
quadrupole instruments. As a result of the higher sensitivity,
these instruments can detect Au NPs as small as 8 nm [51].
Special high sensitivity interfaces, with specially shaped

sampler and skimmer cones and additional pumping can pro-
vide further enhanced sensitivities. Although for reasons not
fully understood, the highest sensitivities (up to about 50 mil-
lion counts s 'ppb ') [145] have only been obtained when a
desolvation system was used.

If the spICP-MS measurements are based on one element,
it is impossible to distinguish between two different particles
and a particle that contains two or more elements. ICP-
TOFMS can measure multiple elements simultaneously so
that major elements can be measured and the chemical com-
position determined on a particle-by-particle basis if the par-
ticle has a large enough mass of each element and if the in-
strument can store all of the measurement without prior aver-
aging. Multi-collector-inductively coupled plasma-mass spec-
trometry (MC-ICP-MS) is capable of measuring multiple iso-
topes (over a narrow range of masses) simultaneously and has
been used to determine isotope ratios from individual nano-
particles [146]. Fast-scanning quadrupole MS may allow mea-
surement of two isotopes in a particle. Combinations of sp-
ICP-MS and separation techniques, such as field flow frac-
tionation (FFF) or capillary electrophoresis, may also be able
to answer the question if an impurity is in the NPs or if the
impurity is due to small numbers of nanoparticles of another
element. Development of multi-element spICP-MS will be a
significant advancement in its application to more compex
NPs.

spICP-MS may be useful in investigating nanoparticle ag-
gregation, particularly if the size or total mass of the individual
nanoparticles is known. However, because colloids are dy-
namic, changes in aggregation due to the sample preparation
(often including sonication), sample storage, and nebulization
processes must be considered. Furthermore, the degree to
which loose aggregates are maintained during spICP-MS
analysis must be quantified.

Accurate measurement of NP number concentrations may
be possible by spICP-MS and would be one of its most pow-
erful attributes. The transport efficiency of NP from the sam-
ple vessel to the nebulizer and then through the spray chamber
into the plasma must be known or determined in order to
compute the number concentrations of the sample. In order
to use transport efficiency to make this calculation, any loss of
nanoparticles during transport from the sample container to
the plasma must be the same for the NP standards and the
sample. The use of sample introduction systems with virtually
100 % transport efficiency could alleviate some of these po-
tential problems.

The effect of the sample matrix on the ICP-MS sensitivities
(counts/fg) from nanoparticles and solution needs further in-
vestigation. The sample matrix could affect either the trans-
port efficiency, the sensitivity, or both. Matrix matching or
internal standardization may provide a means to compensate
for matrix effects. However, if both the transport efficiency
and the sensitivity are affected by the matrix, a single internal
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standard will not be sufficient. Questions even remain about
whether or not ICP-MS sensitivities (counts/fg) are the same
for NP as solutions (even when matrix-matched).

Although spICP-MS is able to quantify the signal from
dissolved analyte, if that signal is too large, the minimum
detectable nanoparticle size will increase [52, 51. 58]. This
is a particular issue for NPs with a tendency to dissolve in
the environment such as silver, zinc oxide, and copper oxide
nanoparticles. In addition, as the signal of dissolved analyte
becomes larger, noise of that signal could result in misidenti-
fication of signal fluctuations as signals from nanoparticles.
The simplest solution is to select a conservative background
cut-off (>50 above the average) that attempts to ensure that
any signal detected above this threshold originates from an NP
event [46, 113]. Most recently, this method was used to accu-
rately detect copper containing sediment particles from soil
extracts that had been spiked with copper oxide nanoparticles
[147]. Though utilizing a conservative 7o threshold cut-off for
the background, this research demonstrated a low presence of
NNPs with a detectable copper signal, concluding the
nanoparticulate signal registered must originate from copper
ENPs or copper NPs and ions adsorbed to soil particulate.
However, this will also increase the minimum size nanoparti-
cle that can be accurately detected.

spICP-MS seems to be ideally suited to investigate NP
biological uptake, but there are still facets of the technique
that need to be addressed. It is still unknown to what degree
the biological matrix affects the signal produced from a NP,
and if this change is consistent with that of corresponding
dissolved analyte. Additionally, extraction methods for NPs
from biological tissues are still underdeveloped, as different
tissues and different NPs may require more sophisticated
means of extraction than those described here. Despite these
challenges, there are many questions that spICP-MS is ideally
suited to address, such as the transformation processes in bio-
logical tissues, tracking the uptake of NPs through plant trans-
location, and potentially the study for the formation of protein
coronas on nanoparticles, which are shown to significantly
impact their potential toxicity.

The continued production of nanomaterials necessitates the
ongoing development of sensitive and specific techniques ca-
pable of monitoring nanomaterial release and transformation at
environmentally relevant concentrations. Though there are
many questions still remaining regarding the performance of
spICP-MS, it has quickly been established as a premiere tech-
nique for the element specific analysis of nanomaterials in
complex matrices. Efforts made to improve various aspects of
the technique, such as sensitivity and data processing, will help
considerably in broadening the number of materials and matri-
ces that are capable of being assessed for nanomaterial risk.
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