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Improved methodology for the analysis of
polydisperse engineered and natural colloids by
single particle inductively coupled plasma mass
spectrometry (spICP-MS)†

Shaun G. Bevers, a Casey Smith, b Stephanie Brown,b Nathan Malone,b
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Although nanomaterials (NMs), both natural (clays, mineral dust aerosols, etc.) and anthropogenic

(nanoplastics, tire wear particles, etc.) have been recognized as a key component of environmental

processes, their characterization and quantification in environmental matrices remains difficult. In contrast

to monodisperse NM standards, environmentally-sampled NMs can contain a broad, continuous,

polydisperse particle size distribution which creates analytical difficulties for many single particle counting

techniques, including single particle inductively coupled plasma mass spectrometry (spICP-MS). By

employing environmentally relevant, nanoplastics tagged with metals, as well as Al-bearing stream mineral

colloids, we demonstrate the deleterious effects of particle-based backgrounds caused by coincident small

particles on spICP-MS analysis of particle number concentration (PNC) and particle size distribution (PSD).

A novel methodology is presented that successfully minimizes the effects of particle coincidence using

serial dilutions to identify distortion-free segments of the PSD, which are combined and modeled using a

power law distribution. The physical relevance of the parameters derived from power law modeling are

demonstrated using suspensions of two different nanoplastics tagged with metals. Finally, this new

methodology is applied to analysis of Al-bearing colloids sampled during a storm event in order to highlight

the possible distortions present in a single dilution analysis. This comparison demonstrates the value of our

proposed methodology for environmental NM and colloid analysis.

Introduction

Nanomaterials (NMs) are operationally defined by their size
(1–100 nm in one dimension), and display unique size-based
properties that collectively govern the reactions which they
participate in and to what degree.1 The enhanced reactivity of
NMs, as compared to their macroscopic counterparts, has led

to the rapidly expanding field of nanotechnology, although
some NMs (e.g. gold) have been used for millennia.2

Nanomedicine utilizes NMs with defined size and surface
functionality to target specific cells/tissues for imaging3 or
drug-delivery.4 Nanoencapsulation of nutrients and pesticides
to control release rates increases crop productivity compared
to application of their dissolved counterparts, creating the
burgeoning field of nano-agriculture.5 Natural NMs and
incidental NMs (generated as a byproduct of human activity)
are ubiquitous in the natural world.6 The size-based reactivity
of NMs makes them potent substrates in a wide variety of
environmental processes despite their low mass
concentrations relative to their macroscale and dissolved
counterparts.6
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Environmental significance

Broad size distributions are the norm for environmental nanoparticles and colloids. Although determining particle number concentration (PNC) and
particle size distribution (PSD) is recognized as an important component of investigating the cycling and potential environmental impacts of nanoparticles
and colloids, making these measurements is challenging for materials that can span the nanometer to micron size range in each sample. Particle counting
techniques, notably single particle ICP-MS, must address the issue of extreme polydispersity to avoid possible artifacts. We examined how PSD and PNC
can be successfully measured through the use of serial dilutions and data processing. We present two case studies to show the value of the technique for
accurate measurements of PSD and PNC when studying nanoplastic behavior and interpreting hydrologic influences on aquatic colloids.
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The size-dependent reactivity of engineered, incidental
and natural NMs can lead to undesired environmental
consequences. The oxidation state and speciation of both
inorganic and organic dissolved species can be tied to the
high specific surface area of NMs, which is a function of
size.7,8 Smaller, more mobile NMs can facilitate the
environmental transport of both organic and inorganic
contaminants,8–10 and micronutrients.11 Nanoplastics (NPs:
1–1000 nm), generated from weathering of microplastics (<5
mm), are a distinct and newly recognized class of incidental
NM12 that have greater environmental mobility and higher
bioavailability than microplastics.13 Additionally, as a
consequence of their high specific surface area, colloidal
particles up to several microns are also a key component of
environmental particle populations. Thus, to fully understand
particle-mediated environmental processes, it is critical that
accurate particle analysis and quantification be able to span
orders of magnitude (nm–μm).

Particle toxicology14 is intimately tied to size, which is the
principal determinant of particle ingestion15 and cellular
uptake.4 Ultrafine aerosol particles (PM 0.1) are more toxic
and persistent in human cells than their coarser counterparts
(PM 2.5).16,17 As a consequence of how reactive surface area
scales with size, mass-based regulatory standards (mass/
volume) for chemical exposures, which are generally applied
for the preservation of aquatic life and aerosol particle
exposure,18 are inadequate when describing the dosage of
NMs. Rather, particle number or surface area may be better
descriptors of dose. Indeed, measurements of mass
concentration can equate to vastly different particle number
concentrations (PNC) depending on their size and
polydispersity.17 For these reasons, accurate measurement of
PNC and particle size distribution (PSD) is essential to fully
understand the ecological hazards and human health risks of
NM exposure.

For monodisperse NMs, which often have Gaussian
size distributions of particle numbers, determination of
PSD and PNC is relatively trivial using techniques such
as dynamic light scattering,19 analytical
ultracentrifugation,20 field flow fractionation,21 or single-
particle techniques such as nanoparticle tracking analysis
(NTA)22 and single particle optical sizing (SPOS).23

However, both natural and incidental NMs, as well as
colloids, are generated through a wide variety of
physicochemical reactions that typically produce broad,
continuous PSDs that range over orders of magnitude.6

Environmental particles have been shown to demonstrate
size-dependent particle number distributions that often
follow Pareto's Law (power law):24–26

ΔN
ΔDp

¼ αDp
−β (1)

where ΔN/ΔDp is the change in particle number with size,
α and β are constants, and Dp is particle diameter. The
constant α is a reflection of the magnitude of particle
concentration and β describes the proportion of small to

large particles (i.e. the PSD), and has been found to vary
and reflect the mechanical, chemical and biological
processes responsible for particle formation.26,27 Many of
the aforementioned techniques are suitable for
monodisperse particles but struggle to accurately size
and/or count particles present in these continuous,
polydisperse size distributions. Consequently, there is a
need to develop new robust analytical approaches capable
of accurately determining PSDs and PNCs for
environmentally relevant NMs and polydisperse NPs.

Single particle inductively coupled plasma mass
spectroscopy (spICP-MS) has seen increasing usage as a tool
to characterize the PSD and PNC of metal-containing NMs
and colloids.28–31 This technique takes advantage of the high
elemental sensitivity and specificity of ICP-MS combined with
a spray chamber that allows for the introduction of intact,
individual particles into the plasma. Instrument response is
near-continuously monitored, with 100 μs dwell times (i.e.,
integration time) commonly being employed. Particles are
ionized, and the resulting ion clouds register as discrete
bursts of signal on the MS detector, which when resolved
from the constant background signal, enable the counting
and sizing of individual, submicron particles. However,
discrimination between background and particle signals is
not simple and involves setting a threshold value, with
signals above this value being counted and sized as particles.
Threshold values are generally set as the mean (μ) plus a
multiple of the standard deviation (σ) for all measured
signals. A threshold of μ + 3σ is widely used28 and
implemented in commercial analysis software, but other
methods involving a variation of μ + xσ (ref. 32 and 33) or
modeling of background signal as a Poisson distribution
have also been suggested.34,35

The smallest detectable mass of the element of interest is
fundamentally determined by instrument sensitivity and the
threshold. Conversion of this minimum mass to particle size
requires assumptions about the mass fraction of the element
in the individual particle, the particle density, and its
shape.36 High background signal, arising from dissolved
elemental species, isobaric/polyatomic interference, or
instrumental noise, increases the particle detection
threshold, raising the lower limit of detectable particle size.37

The upper limit of measurable particle mass
fundamentally depends on two factors, ablation efficiency
(AE), the ability of the plasma to completely ionize the
particle, and transport efficiency (TE), the ability of the spray
chamber to successfully aerosolize and transport the particle
into the plasma. Both parameters decrease as a function of
increasing particle size, leading to approximate upper limits
of about 500 nm for recalcitrant silica particles38 and 5 μm
for polymeric microplastic particles.39

Possible analytical artifacts in spICP-MS arise from
particle coincidence and aggregation,34,40,41 both of which
lead to overestimates of particle size and underestimates of
PNC. Coincidence arises when two or more individual
particles are introduced in the plasma within the same dwell
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time, whereas aggregation represents the physical association
of multiple particles. Both are related to total particle
concentration, and thus increasing dilution directly reduces
the probability of coincidence while also making aggregation
less favorable.

Despite the increasing number of applications of spICP-
MS for NM characterization, polydisperse samples by their
nature remain difficult to characterize by spICP-MS. Given a
possible power law distribution of particle numbers by
particle size, there can be exponentially more small particles
for every large particle present. High concentrations of the
very smallest particles can form a high background of
coincident particles, with the consequence that the detection
threshold is increased, effectively obscuring the smaller size
range of the PSD. Addressing the challenge of accurate PNC
and PSD measurement for polydisperse samples in the
presence of a particle-based background is the central focus
of this work. We propose an approach of analyzing
polydisperse samples using spICP-MS, where PSDs from
multiple dilutions are compared to determine particle size
ranges that contain analyzable data in which artifacts due to
coincidence are absent. As our results demonstrate, data
from coincidence-free regions can be combined across a
series of dilutions to model the entire, broad PSD using a
power law. The results generated by power law modeling of
the PSDs using this new serial dilution approach are
contrasted with a commonly used, single dilution spICP-MS
data analysis.42–46 To illustrate the benefits of this approach,
we analyzed two types of environmentally relevant NMs:
polydisperse, metal-doped NPs which were used for method
development; and Al-bearing NMs and colloids (i.e., silicate
minerals) sampled during a storm event in the Denver Metro
Area, CO USA.

Materials/methods
Nanoplastic synthesis

We have prepared a broad library of metal-tagged model NPs
for use in experiments to probe the effect of size on
environmental behavior of NPs (C. Smith et al., JHU
manuscript in prep). We have utilized two NPs from this
library to develop the spICP-MS methodology reported
herein. Polydisperse, model NPs composed of
polyvinylpyrrolidone (PVP) or polymethylmethacrylate
(PMMA) containing 0.1 and 1% Ta by mass were
manufactured for quantification by spICP-MS. To create these
metal-doped NPs, a known mass of neat polymer and
organometallic additive (e.g. Ta(OC2H5)5) were dissolved in
an organic co-solvent (methanol and toluene for PVP and
PMMA, respectively) to create a solution which was cast in an
aluminum dish. The organic solvent was then evaporated,
leaving a metal-tagged composite. MicroXRF (Bruker M4),
performed in the Minerals and Materials Characterization
facility (MMC) at the Colorado School of Mines demonstrated
that this approach leads to a uniform distribution of metal
within the composite (C. Smith et al., manuscript in prep).

This uniformity enables the metal signal in spICP-MS to be
used to compute the size of NPs produced by cryo-milling the
composites (calculation details in ESI†). Aqueous
suspensions of NPs were prepared through addition of dry
powder to nano-pure water; the suspensions were sonicated
and then sieved (<32 μm), producing stock solutions of
polydisperse metal-tagged MPs.

Environmental NMs (colloids)

Cherry Creek, a tributary of the South Platte River, originates
southeast of Denver near Castlewood Canyon, CO, and is
impounded in Cherry Creek Reservoir. Daily grab sampling
(5/19/22–5/23/22) of Cherry Creek surface water was
performed to capture a major precipitation event (5/20/22–5/
22/22). The sampling site in Denver CO was roughly
equidistant from the confluence with the South Platte River
and Cherry Creek Reservoir (39°41′43.7″N 104°55′14.3″W).
Continuous discharge data (Q, cubic feet per second, ESI†
Fig. S1) was obtained from the USGS (gauge: USGS 06713500
CHERRY CREEK AT DENVER, CO). Further details can be
found in ESI.†

Nanoanalysis

Model NPs were imaged by scanning electron microscopy
(TESCAN MIRA3 LMH Schottky field emission-scanning
electron microscope (FE-SEM)) in the Minerals and Materials
Characterization facility (MMC) at the Colorado School of
Mines. Both model NPs and environmental NMs and colloids
were analyzed by quadrupole spICP-MS (Perkin Elmer
NexION 300D, Waltham, MA, USA) for 181Ta or 27Al content,
respectively. Measurements employed 100 microsecond dwell
times, a total measurement time of sixty seconds and size
analysis utilized the mass-based approach to determine
transport efficiency.28 TE was generally 5–8% throughout the
study. Particle size was computed from the mass of 181Ta or
27Al detected in each particle, the mass percentage of this
element in the particle, and the particle density. The low
loading of Ta additive would not create an observable effect
in the size calculation when using the polymer density, 1.18
g cm−3 and 1.20 g cm−3 for PMMA and PVP respectively.
Similarly XPS and FTIR showed no effect of the additive on
the bonding within the polymer, also supporting the use of
the polymer bulk density (Smith et al., in prep). The 27Al
content of K-Feldspar, a common detrital mineral, was used
to estimate particle size for the river NMs and colloids.
Additional details of data collection and analysis are provided
in the ESI.†

Results and discussion
Particle-generated background in polydisperse samples

As previously noted, accurately measuring sample PSD by
spICP-MS revolves around finding a dilution that successfully
minimizes particle coincidence. For monodisperse samples
whose mean size is well above the threshold, the effects of
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particle coincidence on experimentally determined size and
number can be easily identified across the measured PSD
(see example in ESI† Fig. S2). Using monodisperse standards
as a basis, Abad-Álvaro et al.34 has suggested that
nanoparticle and colloidal samples can be characterized at a
single dilution that depends on the spICP-MS measurement
conditions (nebulization efficiency, sample flow rate, dwell
time, total acquisition time). For the conditions used in this
study, this equates to ≈4000 particle events counted per
analysis. Such an approach works well for relatively
monodisperse (normally distributed) samples.

Polydisperse samples such as our model NPs and natural
stream particles, with particle numbers distributed over a
broad continuum of sizes, pose a much greater challenge to
accurate PSD/PNC measurement via a single dilution. For
example, PSDs measured over serial 10× dilutions (ranging
from undiluted to 103×) for a dispersion of 0.1% (w/w) Ta-
Ethoxide doped PVP plastic NPs are shown in Fig. 1. Clearly
the reported PSD is influenced by dilution. The clearest
indication of a coincidence-induced artifact is the change in
the minimum observable size of the PSD. The threshold
particle size (μ + 3σ) of the undiluted sample was 1.32 μm. At
the maximum dilution this is reduced to 0.21 μm. This value
was calculated based on the amount of Ta mass present in 1
count/dwell time, the smallest signal measurable by the ICP-
MS. The dissolved Ta calibration curve was used to calculate
the amount of Ta mass represented by 1 count, which was
converted into an equivalent mass of PVP (see eqn (S1) in
ESI†) given the 0.1% (w/w) content of Ta-Ethoxide present in
the PVP plastic.

PNCs are affected by dilution as well, with increasing PNC
as dilution is increased. In the undiluted and 10× dilutions,
2390 and 1760 particles were counted respectively,
demonstrating that an additional 1521 particles were
measured over the 239 that were expected to result from the
10× dilution. Thus, total particle number did not decrease
proportionally with a 10× dilution, and subsequent dilutions
follow this same trend of showing “excess” particles at each
step. Clearly not all of the particles are being counted in the
more concentrated samples. In a well-behaved system bereft
of coincidence, particle numbers should scale linearly with
dilution and the PSD should remain constant. In the case of
these polydisperse Ta-PVP NPs, the reason for the non-linear
scaling in particle numbers can be attributed to
experimentally determined threshold values being greater
than the theoretical value of 0.21 μm. This artifact is a result
of coincident small particles that elevate the thresholds. As
the dilution increases, the probability of coincidence
decreases and the threshold drops. Consequently, smaller
particles become observable, and are now counted as
individual particles, causing the experimentally observed
PNC to increase. Additional evidence of an elevated
background arising from coincidence is the absence of a
detectable 181Ta signal following 0.02 μm filtration of the
undiluted sample. This observation supports the conclusion
that the thresholds greater than 0.21 μm are generated by
coincident nanoparticles and not a consequence of ionic
181Ta or small, undetectable NPs (<0.02 μm).

The observation of increasing particle numbers and
changing observable particle size as a function of dilution-
induced threshold reduction is characteristic of a particle-
based background. In contrast, for a threshold derived from
dissolved ions, it should be possible to find a dilution
where the background is reduced to a point where pulses
generated by the smallest particles can be resolved and
quantified. For this Ta-doped PVP suspension, proportional
dilution of total particle number never occurs, as shown by
the nearly equal particle numbers (906 and 929) measured
in the two highest dilutions: 102× and 103× respectively.
This observation indicates that coincident particles smaller
than the theoretical value of 0.21 μm are present. Further
dilution may achieve proportional dilution, but PNCs would
be very low. Numerous studies have been dedicated to the
resolution of particle signals from a background composed
of dissolved ions, but few have discussed the presence of a
background composed of coincident particles.47 Although
each dilution (Fig. 1) comfortably has <4000 events, a
criterion that has been suggested in the past34,48 as
necessary for avoiding coincidence in mono-dispersed
samples, our results suggest that this criterion may not
extend to highly polydisperse samples.

Our results (Fig. 1) highlight that while dilution can
successfully lower the threshold, it concurrently reduces
counting statistics for the largest particles, drastically
limiting the upper range of observable particle size,
particularly at the high dilutions needed to quantify the

Fig. 1 PSDs of 10-fold serial dilutions of a 0.1% Ta-Ethoxide
polyvinylpyrrolidone (PVP) suspension (undiluted nominal
concentration: 10.1 mg mL−1 PVP). Threshold size (dashed line) and the
particle number. detected (bold number) for each dilution is indicated.
Detected particle number was not corrected for dilution. Particle
diameters reflect a conversion of the measured mass of 181Ta to an
equivalent diameter of a PVP particle based on the (0.1%) loading of
Ta-Ethoxide and the polymer density (1.2 gm cm−3).
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smallest particles. Finding a single, perfect dilution that
maximizes measurement range while minimizing the particle
coincidence may not be feasible in highly polydisperse
samples. Techniques such as hydrodynamic chromatography
(HDC)49 or field flow fractionation (FFF)50 have been used in
combination with spICP-MS to provide physical separation by
particle size. Feasibly, this would allow for the separation
and quantification of any particle-based background, but in
practice both techniques greatly dilute the injected sample,
resulting in insufficient particles to count during spICP-MS.

Making use of imperfect data: partial, proportional sample
dilution and power law modeling

As demonstrated by Fig. 1, coincidence is a major
concentration-induced cause of PSD distortion in spICP-MS
that results in PNC undercounting and an erroneously larger
PSD due to the summation of coincident particle masses.
Furthermore, these distortions are more likely to occur in the
lower region of the PSD (Fig. 1) as the smaller particles are
found at much greater concentrations than large particles in
polydisperse samples. Moreover, the effect on the measured
particle mass is increased proportionately more when two
small particles are coincident than when one or more small
particles are coincident with a much larger particle.

Fig. 2A shows the PSD of three different dilutions of a 0.1%
Ta Ethoxide PVP suspension where the particle numbers of the
two higher dilutions are normalized to the lowest (102×)
dilution factor. With each dilution, increasingly smaller
particles are uncovered because the threshold decreases,
showing that the functional form of the PSD is sensitive to the
dilution. Examining the PSD of the three dilutions, it is
apparent that there are, however, regions of disproportional
and proportional dilution. For example, between particle
diameters of 0.9–1.5 μm, the dilution-corrected particle
numbers of all three dilutions agree, demonstrating that in this
size regime there is proportional dilution of particle number.
In contrast, at particle diameters 0.75–0.9 μm, the dilution

corrected particle numbers of the 103× dilution do not agree
with those of the 102× dilution, which is attributable to the
combined effects of the coincidence in the smaller size range
of the 102× dilution PSD and the higher threshold. Agreement
is seen between the 103× and 104× dilutions above 0.5 μm, but
a lower detectable size limit of about 0.4 μm in the 103×
dilution is apparent.

The dilution-corrected PSD for an Al-bearing colloid
sampled from Cherry Creek, Denver CO USA (Fig. 2B)
illustrates another facet of this type of analysis. Unlike the
previous example, no portion of the dilution-corrected PSD of
the 101× and 102× dilutions overlap with the undiluted
sample, suggesting that the entire PSD measured for the
undiluted sample is coincident. This conclusion is supported
by similar effects seen in monodisperse samples at high
concentrations where coincidence and aggregation distort
the entire PSD (ESI† Fig. S2). In contrast, over a range of
particle sizes spanning 0.2–0.5 μm, the dilution-corrected
particle numbers of the 101× and 102× dilution of this Al-
bearing colloid agree, suggesting the absence of
concentration-dependent effects within this region. In other
words, these overlapping regions between different dilutions
where the dilution-corrected particle size distributions are
coincident can be considered “artifact-free” and undistorted
either partially or wholly by coincidence and/or aggregation.
The identification of these regions is the essence of our new
approach and is the necessary step towards finding the
“artifact-free” PSD and PNC for a polydisperse sample.

Using this approach, we can use multiple dilutions to
identify regions of the PSD in each dilution where particle
numbers are proportionally diluted and thus are free of
coincidence. As shown in Fig. 1 and 2, this results in each
dilution representing a different viewing window into the
“artifact-free” PSD. Ideally these windows can be combined
into a larger picture of the “artifact-free” PSD over all
measured particle size ranges across all dilutions.

The power law model of particle number versus particle
size (eqn (1)) has been successfully used in the past to model

Fig. 2 Dilutions of a 0.1% Ta-Ethoxide PVP suspension (nominal initial concentration of 8.8 mg mL−1 PVP) (panel A) and an Al-containing
environmental colloid (panel B) sampled from Cherry Creek, Denver CO on May 20th 2022. Particle diameters reflect the equivalent size of PVP
particles given the loading of Ta-Ethoxide (panel A) or the equivalent size of K-feldspar given the percent composition of Al (panel B). For each
dilution the particle numbers were normalized to lowest dilution (100×), denoted by (dc: dilution corrected).
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polydisperse PSDs in natural samples.24,25 In this model,
particle number is a function of particle diameter raised to a
constant β, which itself is related to the distribution of
particle numbers across the measured PSD (i.e. the
proportion of small to large particles). The constant α is
related to the total number of particles in the sample (i.e.
PNC). Although power law models have been applied to data
from other particle sizing techniques25,51,52 it was only
recently applied to modeling spICP-MS measurements of
mineral dust aerosols.47 In the current case of the metal-
tagged NPs, we use the power law to model polydisperse
PSDs across a range of dilutions so that its shape and PNC
can be compared independent of particle-generated
thresholds at each dilution (Fig. 1) and particle coincidence
(Fig. 2B).

The power law relationship (eqn (1)) is linearized by log
transformation, resulting in:

log
ΔN
ΔDp

¼ logα − β logDp (2)

A plot of spICP-MS data as the log of particle number, N,
versus the log of particle diameter, D, will therefore have a
slope of β and a y-intercept of logα. The value of α increases
in response to increasing PNC. For these spICP-MS datasets,
bin size was consistently 1 nm so the term ΔDp from eqn (1)
can effectively be ignored.

Determining the “artifact-free” size distribution of metal-
tagged NPs. We employed the power law analysis approach
for spICP-MS data of metal tagged NPs. A log–log plot for a
dilution series of 0.1% Ta-Ethoxide PVP suspended NPs
(Fig. 3) shows both rapid change in particle number near the
threshold as well as regions of proportional dilution, the
latter being the regions of each dilution's PSD that is free of
distortion (i.e., “artifact-free” PSD regions). The “artifact-free”
PSD regions specifically identified for dilutions of 105×, 104×,
103×, and 102× were: 0.31–0.76 μm, 0.76–1.13 μm, 1.13–1.57

μm, and 1.57–2.8 μm, respectively. The PSDs from each of
these dilutions were combined, creating a “artifact-free” PSD
spanning particle diameters of 0.31–2.8 μm. The lower limit
of PSD used from the 105× dilution, 0.31 μm, was derived
from the overlap in dilution corrected PSD between the 105×
dilution and a 106× dilution. No data from the 106× dilution
was incorporated into the power law fit as there was no
higher dilution with which to compare.

Given the fidelity of the linear relationship between
particle number and size on the log–log plot for particle sizes
ranging from 0.31–2.8 μm across the dilution series (R2 =
0.982), it suggests that the power law should continue beyond
2.8 μm in particle diameter. However, this regime cannot be
quantified by spICP-MS because decreasing particle transport
efficiency into the spICP-MS results in undercounting at sizes
>2.8 μm. The specific particle size at which transport
efficiency begins to affect the PSD measured by spICP-MS
depends on the particle's physical properties such as density
and surface hydrophobicity. Previously, a transport efficiency
of 0.04% was reported for more hydrophobic 2.5 μm-
diameter PS beads using a cyclonic spray chamber53 but in
the present study the linear relationship between particle
number and diameter continues from 2.5–2.8 μm, suggesting
somewhat efficient transport of hydrophilic PVP particles
<2.8 μm in diameter. It should be noted that ablation
efficiency is not expected to affect the PSD measured in this
experiment as previous studies have shown complete ablation
of plastic microspheres up to 5 μm in diameter,39

significantly larger than any of the particles analyzed in the
present study.

Linear regression of the combined PSDs presented in
Fig. 3 resulted in values of 4.956 and −4.5638 for logα and β,
respectively, and a power law model relating particle number
to particle diameter of:

N = 104.956D−4.5638 (3)

Residuals of the linear regression of the log–log plot fit (ESI†
Fig. S3) show no systematic, size-dependent deviation,
suggesting that a log–log plot of the combined dataset is well
modeled by linear regression. The high – β value reflects a
broad size distribution with a high proportion of small to
large NPs. Using eqn (3) to replot the power law model over
the original PSD data set for three dilutions shows good
agreement (ESI† Fig. S4 and 5). Given these results, we believe
that the power law successfully models the relationship
between particle number and particle diameter for this
suspension of mechanically generated, metal-tagged PVP NPs.

β values reflect physical characteristics of the measured
PSDs. A central question regarding the β value is whether it
reflects a difference in physical properties between two
sample populations, as measured through the shape of their
PSDs. Both the PVP (1% (w/w) Ta-Ethoxide) and PMMA (0.1%
(w/w) Ta-Ethoxide loading) model NPs were created through
the same casting, cryo-milling, and sieving processes, but
due to their different mechanical properties, the resulting

Fig. 3 log–log plot of PSD for 10-fold dilutions (102–106×) of a 0.1%
Ta-Ethoxide PVP suspension using spICP-MS (nominal undiluted
concentration: 8.8 mg mL−1). Higher dilutions were normalized to the
original 102× dilution. The model (black dashed line) is the linear
regression of the power law model of particle number vs. particle
diameter (see text for details).
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NPs were expected to have different PSDs.54,55 The results of
four dilutions of a 1% Ta-Ethoxide PVP suspension, and two
dilutions of a 0.1% Ta-Ethoxide PMMA suspension are
presented in the left and right sides of Fig. 4, respectively.

Utilizing the overlapping PSD regions from three dilutions
(102–104×) of the PVP suspension, linear regression of logN
versus logD yielded values of −4.06 ± 0.09 and 3.45 ± 0.02 for
β and logα, respectively (R2 = 0.974). From the overlapping
PSD regions of the two PMMA dilutions, values of −1.55 ±
0.06 and 2.17 ± 0.02 for β and logα, respectively, were
obtained (R2 = 0.916). The more negative value of β for the
PVP (−4.06) compared to the PMMA (−1.55) indicates that
particle numbers increase more rapidly with decreasing size
for the PVP suspension. This lower β (i.e. a lesser increase in
the proportion of small to large particles) for the PMMA is
consistent with near complete overlap between the dilution
corrected 103× and 102× PSDs across the entire particle size
regime. Further dilution of the PMMA was not possible due
to low overall PNC in the undiluted suspension, although the
overlap between the two dilutions suggested no further
dilution was necessary. SEM micrographs qualitatively
support the inference from spICP-MS that the PVP sample
shows proportionally greater numbers of smaller particles as
compared to the PMMA sample. Thus, the average size of
particles in the SEM micrographs is clearly larger for the
PMMA compared to the PVP NPs. It should be noted that the
SEM images depict particles larger than the upper

measurement range of the spICP-MS, but the relative trend
in particle number as a function of particle size can
reasonably be expected to extend to larger particle sizes given
the success of the power law in modelling the PSD for PVP
and PMMA in the size regime accessible to spICP-MS.

logα values for the PVP and PMMA, 3.45 and 2.17
respectively, suggest that there are roughly 10 times the
number of PVP particles in solution compared to the PMMA.
This is supported by the observation that the spICP-MS data
for both the 102× and 103× dilutions of the PMMA have the
minimum threshold of 1 count (threshold size: 0.22 μm),
suggesting that there is no particle-based background
present. In contrast, the dilutions PVP suspension has
threshold sizes ranging from 0.54–0.1 μm that decrease with
the level of dilution, suggesting the presence of a particle-
based threshold. The presence of this particle-based
background supports the observed differences in α that
indicate the PVP suspension has a higher number of particles
in solution than the PMMA. Thus the “artifact-free” PNC may
be approached at the higher dilutions, but low counting
statistics make the results less certain. Moreover, our results
suggest that β and α values reflect real, physical differences
between these two NP samples and may be used to compare
their PSDs and PNCs.

Overall, we have shown that for these metal-tagged NPs in
a series of serial dilutions, regions of usable, non-coincident
(“artifact-free”) data from each concentration-dependent PSD

Fig. 4 log–log plots of (102–105×) dilutions of a 1% Ta-Ethoxide PVP (left), and 102× and 103× dilutions of a 0.1% Ta-Ethoxide PMMA suspension
(right). For each dilution the particle numbers were normalized to lowest dilution. SEM micrographs of the dry 1% Ta-Ethoxide PVP (left) and 0.1%
Ta-Ethoxide PMMA powder (right) mounted on carbon tape and sputter coated with Au.
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can be identified, combined, and modeled to create a global
fit of the overall PSD. In this manner, a polydisperse sample
can be analyzed, preserving information about the number
distribution at larger sizes while simultaneously using higher
dilutions to reduce threshold and accurately measure the
lower end of the total size distribution. Functionally, this
extends the size range of spICP-MS analysis roughly 10-fold
compared to that measured in a single dilution. Furthermore,
the method produces both β, describing the shape of the PSD
across the entire measured size range, and α representing
the total particle concentration distributed across all sizes.

Monitoring changes in PSD/PNC as a function of discharge
for Al-bearing stream particles during a storm event

Having demonstrated the utility of serial dilutions to determine
“artifact-free” PSDs for metal-tagged NPs, we show how this
improved methodology can change our interpretation of data
acquired on the resident particle populations in stream water
during a hydrological event. The power law observed in natural
colloids24 and our results for the metal-tagged NPs support our
view that unless a careful dilution study is made, background
size cut-offs at any single dilution are likely impacted by the
coincidence created by large numbers of small particles present
in natural waters. As a result of this high concentration of
small particles, coincidence effects will distort the PSD and
PNC determined by spICP-MS, which will go undetected in a
more conventional, single dilution spICP-MS approach. To
demonstrate the existence of this issue, we illustrate how
conclusions regarding environmental processes in our stream
study can be very different when using the comprehensive
multiple dilution and single-dilution spICP-MS42–46

approaches. In our example, Al-containing NMs and colloids
were sampled from Cherry Creek, Denver CO USA (5/19/22–5/

23/22) where storm discharge (Q, cfs) increased by as much as
10-fold (ESI† Fig. S1). Fig. 5 shows spICP-MS PSD analysis of
the different samples collected across this major storm event
and measured at a single dilution (102×). Particle size detection
thresholds are displayed in a table below the figure. Two of the
samples, 5/20 and 5/21, show particularly high thresholds
compared to the other samples, suggesting the presence of a
coincident particle background at this dilution (Fig. 1). As a
point of comparison, we also measured PSDs at different
dilutions to create overlapping size-distributions (example
given in Fig. 6), thereby generating “artifact-free” PSDs and
power law models that avoid distortion by particle coincidence.

Analysis of storm-influenced stream particle populations

(i) Using serial dilutions. Log-transformed PSDs from a
dilution series of each of the five dates (Fig. S6†) were
modeled to determine β and logα values for each sample
collected during the event. Data from two dilutions (5/19, 5/22
and 5/23 samples), or three dilutions (5/20 and 5/21 samples)
were combined to generate a power law model for each
sample (ESI† Table S4, Fig. S6 and S7). An example of this
analysis is shown in Fig. 6. Only two dilutions were used for
the 5/19, 5/22 and 5/23 samples as low PNC made it
impossible to dilute the sample more than 3 orders of
magnitude and still count sufficient particle numbers. Fig.
S6† demonstrates that regions of “artifact-free” PSD data were
identified for each of the samples and by regression analysis
this data, we show that a power law relationship does indeed
describe the PNC for all sampling dates. logα values (Fig. 7a)
indicate that PNC increases with storm discharge (Q, cfs),
peaks at 11 commensurate with maximum Q (119 cfs) and
remained elevated post-storm (5/22, 5/23) compared to the
pre-storm (5/19) PNC value. β values (Fig. 7b) become
more negative with increasing discharge, reaching a
minimum, −3.97, at maximum Q, and remain suppressed
post-storm compared to pre-storm. This decrease in β

indicates that the elevated discharge during the storm is

Fig. 5 spICP-MS results for a single 102× dilution (all dates) of Al-
bearing colloids collected from Cherry Creek, CO USA across a major
storm event. The table shows the calculated threshold particle size for
each sample. Particle diameters reflect a conversion of the detected Al
mass to the diameter of an equivalently sized K-feldspar particle.

Fig. 6 Example log–log plot (5/21 data) used for power law analysis of
Cherry Creek storm samples. Particle numbers are corrected for the
dilution factor.
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preferentially mobilizing smaller-sized (fine) particulates as
compared to those mobilized by the constant discharge
pre-storm.

Taken together, these power law relationships and their
associated logα and β values measured herein support a
simple model for how the characteristics of the particle
population are driven by Q. On the ascending limb of the
hydrograph (5/19–5/21) a strong linear relationship is
observed between logα and Q (Fig. 7a). During this period β

becomes more negative but the relationship is not as strongly
linear (Fig. 7b). On the descending limb (5/21–5/23) a
generally opposite trend is observed but changes in α and β

are not as linear with respect to Q (Fig. 7a and b). In other
words, storm mobilized particulates are both greater in
number and included a higher proportion of small particles
compared to pre-storm, with some elevated amounts of
material being transported by the waterway post-storm.

For these environmental colloids, β and logα values were
similar to those calculated for particles with diameters in the
micron range (2–13 μm) during similar short-term, high-
discharge events52 suggesting that the micro- to nanoscale
trends in this study may extend into the micron range. Power
law modeling has been undertaken in the past for the
purposes of modeling aerosol, freshwater and marine

colloids24,51,58 producing a wide range of alpha and beta
constants depending on the system in question. Our results
fit within this framework.

(ii) Traditional single dilution spICP-MS analysis. A
traditional spICP-MS analysis typically focuses on reporting
PNC and mean particle diameter (e.g. Fig. 5), and is often
obtained from a single dilution. A potential problem with
this type of analysis may occur when particle concentration
varies among different samples (e.g. acquired in our case at
different points along the storm's progression) to the point
that unequal thresholds are present. This would result in
PNC and PSD that are inconsistent within the sample set. To
illustrate that this potential issue is operative for our river
study, we analyzed data from only the 102× dilution (Fig. 5)
to determine PNC (Fig. 7c) and mean particle diameter
(Fig. 7d). Reported mean particle diameter and PNC
increased with Q, peaking at 164 nm and 9.5 × 105 part per
mL, respectively, at the second highest Q (90 cfs). PNC
(Fig. 7c) values decreased at maximum discharge, remaining
near constant post-storm (5/22), before ending at a value
lower than measured pre-storm. This pattern thus shows only
a weak dependence of PNC on Q, which is contrary to
reasonable expectations given the introduction of particles
from surface runoff and sediment resuspension during the

Fig. 7 (a) logα values and (b) β values were derived from the power law modeling of a dilution series for each date (data in ESI†). (c) PNC acquired
from a single dilution (102×) across all samples (d) mean particle size acquired from a single dilution (102×) across all samples. Arrows show the
temporal relationships among the samples and sampling dates of each data point labeled in panels (a–d).
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storm. Mean particle size follows a similar trend, increasing
commensurate with discharge, but with little difference
during the storm (5/20 and 5/21), before falling off as
discharge returns to pre-storm levels. As discussed previously,
the elevated thresholds of the 102× dilutions of the 5/20 and
5/21 likely arise from coincident small particles in these
samples and cause a distortion in the measured PSDs and
PNCs in the 102× dilutions.

Comparison of PNC vs. logα. logα values obtained from
the power law analysis using serial dilutions reflect particle
number and therefore can be meaningfully compared to the
PNC data acquired using a single dilution. Comparing trends
in the logα values and the PNC measured from a single
dilution, logα peaks with peak Q (117 cfs), while in contrast,
PNC peaks during a day earlier at the second highest Q (90
cfs). The behavior in PNC obtained from the single dilution
is contrary to the expectations of particle introduction from
surface runoff and sediment resuspension accompanying the
storm. Resuspension of bed sediments and influxes of
material from neighboring terrain should be maximal at
maximum discharge. Additionally, PNC returns to a final
post-storm value lower than pre-storm value which is also
unlikely to reflect the actual situation, because PNC numbers
would be expected to return to close to pre-storm levels.
These differences in PNC behavior with respect to Q are likely
artifactual and can be attributed to under-counting of the
smaller particles in the 102× dilution of the 5/21 and 5/23
samples as a result of particle coincidence.

The issue with the single dilution measurements is also
evidenced by the observation that the PNC obtained by a
single dilution only varies within about an order of
magnitude across all dates even though variation in logα
suggests particle number concentration varies by >4 orders
of magnitude (Fig. S7†). This insensitivity to PNC for the
single dilution analysis can be rationalized by recognizing
that as the storm progressed, the fine particles that are being
introduced lead to increased particle coincidence. As a result,
the true difference in PNC across the samples are obscured
in the 102× dilutions due to varying levels of particle
coincidence. This makes it clear that the power law
modeling, which necessitates the identification and exclusion
of data distorted by particle coincidence using serial
dilutions, allows for a more accurate accounting of PNC
variation in these measured samples.

Comparison of mean particle size to β. Mean particle
diameter values obtained from single dilution data and β

values (which reflects particle size distribution) obtained
from serial dilutions show opposite trends. Thus, β values
obtained from serial dilutions decrease with increasing
discharge (Fig. 7b), revealing that the proportion of small to
large particles is increasing over the course of the event and
persists post-storm. In contrast, the mean particle diameter,
measured from the single 102× dilutions of each sample
(Fig. 5), increased with discharge before plateauing and
ending at smaller value than pre-storm (Fig. 7d). Again, the
difference in trends between the two analytical approaches

can be attributed to the effect of coincidence on the particle-
based backgrounds in the 5/20 and 5/21 samples. This
unwanted effect causes an erroneous undercounting of the
smaller-sized particles, whose omission skews the mean
particle diameter to artificially higher values in the single
dilution analysis. Using β values from serial dilution
measurements which are free of distortion due to particle
coincidence provides a more accurate assessment of the PSD
as well as changes to the proportion of small to large particles
between samples. Moreover, the availability of accurate
particle size and number from serial dilution experiments
also improves estimates of total colloidal mass and surface
area. For example, for the 5/23 sample, using a single dilution
for spICP-MS analysis results in an underestimation of total
mass in particles by 22% and total particle surface area
(assuming a spherical shape) by 23% compared to the power
law model for the same sample, acquired using the serial
dilution method developed in this manuscript.

Conclusions

Nanoparticles and colloids are important components of
natural and human-impacted environments, with size playing
an influential role in their environmental reactivity, fate, and
transport. Key particulate classes include natural (e.g. clays,
metal oxides), incidental (soot, tire wear, nanoplastic), and
engineered (gold, quantum dots). The processes that generate
and transport nanoparticles and colloids also result in broad
size distributions. Accurate measurement of PSD that span
orders of magnitude (nm to micron) is critical to our
understanding of their behavior. Our proposed analysis
methodology is advantageous in that particle numbers and
PSDs are corrected for the deleterious effects of particle
coincidence, especially at the smallest region of the PSD, by
combining data from multiple dilutions.

As an illustrative example of where improved information
on PSD and PNC matters, consider particle toxicity which
depends on the properties of the nanomaterial in question,
but also requires an accurate particle number for calculating
dosage, and subsequently evaluating a nanomaterial in a
toxicity assay. Total particle mass, measured through
filtration or other bulk means, is an incomplete measure of
PNC as a given mass could contain a wide range of particle
concentrations depending on particle size. Without an
accurate measurement of particle number and thereby
particle dose, the relative toxicity of nanomaterial cannot be
compared to another toxicant. For example, consider the
characterization of aerosolized ultrafine (PM0.1) particles,
which are of concern to fields as diverse as human health16

and climate science.17 These particles exist transiently at
high, local concentrations making particle coincidence likely
in their measurement, rendering particle number difficult to
accurately to assess.

Techniques such as SPOS56 or time-of-flight single particle
mass spectrometers57 struggle with coincidence in a similar
manner to spICP-MS leading to the exclusion of data taken at
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high particle concentrations and use of high dilutions in
routine analysis. As we discussed previously, these high
dilution factors lead to a degradation of particle numbers
measured for lower abundance, larger particles. The
methodology proposed herein could be used similarly for data
obtained using other single particle methods in order to
identify coincidence-distorted data in samples with high total
particle numbers. Furthermore, as demonstrated by the storm
colloids in this manuscript, employing our methodology can
lead to more accurate determination of particle number over
a wider size range for high concentration samples.

Lastly, power law modeling has been undertaken in the
past for the purposes of modeling aerosol, freshwater and
marine colloids.24,51,58 Single particle ICP-MS can often detect
and size particles smaller in size than many other single
particle techniques. By combining this sensitive technique
with power law modeling, we can measure size distributions
that are independent of the technique itself and can be
compared to power law models derived from alternate
techniques. For example, the influence of discharge on the β

and logα values determined for the storm-colloids in this
study showed reasonable agreement with those calculated for
larger 2–13 μm particles during similar short-term, high-
discharge events measured with by a light-blocking laser
particle sizer.52 Combining the data of a particle sizer such
as SPOS to measure larger particles with that of spICP-MS47

can extend the characterizable size range and enhance our
understanding of the entire colloidal population.
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