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ABSTRACT: Analyzing the elemental compositions and size
distributions of nanoparticles, colloids, and their aggregates in
environmental samples represents a key task in understanding
contaminant, substrate, and nutrient cycling. Single-particle ICP-

MS (spICP-MS) is a high-throughput method that is capable of ;O o © o

providing the elemental mass of thousands of particles within
minutes. The challenge, however, lies in data analysis and
interpretation, especially for complex environmental samples.
Here we present successful applications of spICP-MS for
environmental samples. We first analyzed the homoaggregation
behavior of synthetic microplastic and magnetite (abiogenic and
biogenic) nanoparticles. The measured distribution of aggregate
mass was described as a function of the number of primary
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particles/aggregate (N,,,). In tandem with dynamic light scattering data, differences in aggregates’ compactness (primary particles per
nanometer) between samples can be determined. Second, we showed how sequential elemental analysis allows evaluation of the
mobility of a toxic arsenic metalloid and its inferred association with colloidal Fe(III) (oxyhydr)oxides. Finally, we investigated the
composition of heterogeneous iron—carbon-rich colloidal flocs, highlighting distinct colloidal Fe and C distributions and C/Fe ratios
between samples from different permafrost thawing stages. On the basis of our results, we provide guidelines for successful sample
preparation and promising future spICP-MS opportunities and applications with environmental samples.

B INTRODUCTION

Nanoparticles (NPs, <100 nm in diameter) and colloids
(<1000 nm) constitute a highly dynamic environmental pool
of elements with a wide continuum of size, reactivity,
aggregation, and transport properties. Natural NPs have always
been part of the Earth’s biogeochemical cycling, while
engineered and incidental NPs are increasingly being released
to the environment due to anthropogenic activities." Our
understanding of particle-driven processes is limited by the
analytical techniques at our disposal. Electron microscopy is
the standard technique for providing mineralogical and
elemental information at the single-particle level but suffers
from the high cost, time, and effort needed to translate this
information to the whole particle population, as well as
artifacts during sample preparation. In contrast, sequential
filtration (coupled to subsequent elemental/mineralogical
analyses) provides population-level information about particles
separated into discrete size classes but fails to treat them as a
continuum of size and reactivity. Field-flow fractionation can
also separate particles on the basis of their properties (e.g.,
size), but separation parameters are highly sample-specific.” A
combination of all of these techniques is ideal for character-
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izing NPs and colloids, but a gap in our understanding of how
to combine the information gained from single particle up to
the population level remains.

Single-particle inductively coupled plasma mass spectrome-
try (spICP-MS) has the potential to become the method of
choice to fill this technical gap. In spICP-MS, single particles
are channeled to the instrument and detected as separate
pulses in a time-resolved mode.”* The intensity of each pulse
is proportional to the element mass per particle and can be
converted to particle size given prior knowledge on the
particle’s density, shape, and element mass fraction (Figure 1).
Sample preparation is comparatively simple, often requiring
only dilutions, and thousands of particles can be analyzed
within minutes. Simultaneous information is obtained at the
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Figure 1. Illustration of data processing steps for spICP-MS. (a) The gold
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(Au) nanoparticle (NP) standard is analyzed in single-particle mode,

yielding a time series consisting of pulses corresponding to particle detection events. The inset shows two adjoining pulses within a time frame of
~0.02 s, with a background intensity of 0. (b) After the application of background thresholding (typically mean + three standard deviations),
intensities corresponding to particle pulses are collected to generate a histogram. (c) Particle intensities are converted to the element mass per
particle using a standard curve from dissolved elements and a transport efficiency (TE) correction factor (to account for the different efficiency for
the detection of dissolved elements vs particles). The masses can be summed to obtain the total mass or concentration in a sample. (d) Mass
distribution can be converted to particle size distribution if the particles are non-aggregated and if the particle density, shape, and metal mass

fraction are known.

single-particle level (particle mass distribution) as well as the
population level (particle number and mass concentration).
However, the use of spICP-MS for characterization of natural
colloids has lagged behind its use for engineered NPs,” ™’
largely due to the inherent complexity of the former. spICP-
MS is also limited to the analysis of one element per particle,
but elemental association can be inferred by sequential
elemental analysis of the same sample. The lack of element-
and size-specific reference materials is another challenge,
although so far commonly used calibration techniques are
suitable for most particles™®’ (except for selenium NPs'’).

Here we detail approaches to characterizing and interpreting
spICP-MS data from environmental samples to facilitate the
adoption of this technique. We present examples ranging from
relatively simple aggregation of lab-synthesized particles
(microplastics and abiogenic vs biogenic magnetite nano-
particles) to particle-facilitated mobilization of the toxic
metalloid arsenic and characterization of iron—carbon-rich
colloids from a thawing permafrost.

B MATERIALS AND METHODS

All samples were analyzed in time-resolved analysis mode on
an Agilent 7900 ICP-MS instrument (Agilent Technologies,
Santa Clara, CA) with a RF power of 1550 V and a sampling
depth of 8 mm. Samples and standards were prepared and
measured as detailed in Tables S1 and S2, with results from
standards listed in Table S3. Acid and water rinses were

monitored between samples to ensure no carryover. The
transport efficiency (TE) was determined daily by comparing
the median intensity of 50 nm Au NPs to that of dissolved Au
standards using the particle mass method, which is less
susceptible to dilution errors compared to the particle number
method.”"" Over six separate days, the TE was comparable and
averaged 0.037 + 0.001. Masses of 12¢C, Y7Al, 6Fe, "°As, or
%7 Au were monitored using an integration time of 0.1 ms, an
acquisition time of 40—60 s, and a sample flow rate of 0.466
mL/min in either NoGas (argon only) or Gas mode (helium
flow of 1 mL/min). Sequential analysis with a time gap of 10 s
between elements was employed for multielement analysis of
the same sample. Data analysis was performed via a custom
Python script following the approaches of Pace et al.'' and as
described in detail in SI Data Analysis. Lower detection limits
with increasing element mass were observed (Table S2),
consistent with previous studies.'”"’

B RESULTS AND DISCUSSION

Example 1: Aggregation of Microplastic Beads and
Magnetite Nanoparticles. Aggregation of nanoparticles and
colloids greatly affects their reactivity (surface area loss) and
mobility (settling velocity).'* With spICP-MS, particle mass
distribution can be directly measured as a parameter to
quantify the state of aggregation. An example is presented for
the aggregation of synthetic polystyrene microplastic beads,
which affects the sedimentation and mobilization of micro-
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Figure 2. Examples of the usage of spICP-MS to quantify particle aggregation. (a) Frequency-based particle distribution (femtograms of C per
aggregate) of unsonicated 1 gm microplastic beads. The detected particles cluster on the basis of their relative masses, which varies according to
their corresponding N, [number of primary particles per aggregate (formula in SI Data Analysis)]. The use of the term N,, allows for the
description of the particle distribution based on their masses, remaining true to the parameter actually measured by spICP-MS. The percentages of
each aggregate can be quantified on the basis of their relative detection frequencies with a typical reproducibility of <1%. Mass-based particle
distribution of (b) biogenic (BioMag) and (c) abiogenic (AbioMag) magnetite NPs at 10 and 100 ppb total Fe. The y-axis is converted from
number frequency to mass (percent mass within a histogram bin relative to total particle mass in the sample). Error bars correspond to standard
deviations from triplicate measurements. (d and e) Mass-based percentages of the magnetite aggregates. Most of the particle masses are contributed
by aggregates with N, values of <5000 (these include masses of particles smaller than the spICP-MS detection limit, assuming no dissolved Fe in

PP
the samples). The mass distribution changes depending on the total NP concentration (10 vs 100 ppb Fe) and the sample type (BioMag vs

AbioMag).

plastics in aquatic systems.'”'® Here we introduce the term
N, (number of primary particles per aggregate), which can be
obtained by dividing the mass of the measured aggregate
(determined via spICP-MS) to the mass of the primary particle
[calculable for particles of known size and composition (SI
Data Analysis)]. Figure 2a shows that particle signals
consisting of isolated microplastic beads (N,, = 1) and
aggregates composed of five beads (N,, = 5) were readily
distinguished on the basis of their relative masses.
Furthermore, the number frequency of each aggregate can be
summed and compared to yield their relative frequencies and
aggregation pattern. The combination of spICP-MS with
ongoing work on microplastic aggregation holds promise for
providing new insights on their fate in the environment.”"”~"

This approach was further developed through the analysis of
~13 nm NPs of abiogenic and biogenic magnetite.””~** The
detection limit for spICP-MS is 0.9 fg of Fe/particle, which
means that only aggregates larger than 140 N,, can be
detected. Panels b and c of Figure 2 show that magnetite
aggregates with up to 30000 N,,, were detectable. Due to the
smaller sizes, the separation of signals for nanoparticle

aggregates was not as clear as for the larger microplastics,
but differences in aggregation patterns were still distinguish-
able. Analyzing the same samples at higher particle
concentrations led to the formation of larger aggregates and
a more positively skewed particle distribution, because the level
of aggregation increases with the total number of primary
particles in the suspension.”””* Between samples, biogenic
magnetite was observed to form larger aggregates compared to
abiogenic magnetite at the same concentration. This result was
consistent with measurements of the hydrodynamic diameter
(Dy) via dynamic light scattering; biogenic magnetite
displayed a Dy of 3671 + 670 nm (n = 9) compared to a
smaller Dy of 1567 + 192 nm (n = 8) for abiogenic magnetite.
By combining measurements of N, from spICP-MS and Dy
from DLS,” we can calculate the compaction factor (CF,
number of primary particles per nanometer) of a sample:

CF = N,,/Dy (1)
We determined the CF for biogenic magnetite to be 2—6

times smaller than that of abiogenic magnetite, depending on
the measurement dilutions and statistics used to describe
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Figure 3. Example of spICP-MS usage to quantify colloidal contaminant mobilization. (a—c) Raw spICP-MS time series for arsenic (As) in used
As-rich sand filters (left), a sand/soil mix (middle), and uncontaminated garden soil (right). The used sand filters show elevated levels of colloidal
As. (d and e) Particle number concentrations (left) and particle mass concentrations (right) of Fe-, Al-, and As-containing colloids. The two
parameters show the same trend between samples but with different relative values depending on the particle number frequency in each mass
histogram bin, highlighting the need to compare both number and mass concentrations side by side. Error bars represent standard deviations from

measurements of three separate microcosm bottles.

skewed particle distributions (Table S4). The lower CF values
indicated that biogenic magnetite formed less compact
aggregates than abiogenic magnetite. Overall, the data suggest
that biogenic magnetite aggregation was enhanced via bridging
by associated organic matter, but they were not packed as
tightly as in the case of abiogenic magnetite. This in turn
would affect the particle reactivity, which depends on the
degree of reactive sites lost due to the decrease in surface area
(as well as organic matter coverage) upon aggregation. Note,
however, that CF values are dependent on the sample
concentrations used for both DLS (parts per million level
required due to lower sensitivity) and spICP-MS (parts per
billion level) but can be applied to compare different samples
as long as the same concentrations are used.

Example 2: Colloid-Facilitated Mobilization of Ar-
senic Contaminant from Used Sand Filters. In Asia,
household sand-based filters are used regularly to treat arsenic-
contaminated groundwater for drinking. Oxidation of dissolved
Fe(Il) in the sand filter results in the formation of solid-phase
Fe(Il) (oxyhydr)oxides that sequester toxic As and remove it
from solution.” After being used up, the contaminated sand
filter material is often dumped in the backyard garden, thus
potentially acting as a point source that will channel As back
into the pore water or enter the human food chain.

Our ongoing research has shown limited release of dissolved
As from the used sand even as Fe(IlI) reduction occurs
extensively in anoxic microcosms (Table S1). However, we
noticed that the microcosms also produced colloids that
remain stably suspended in solution for weeks. We therefore
investigated through spICP-MS if colloid-facilitated mobiliza-

tion of As could be an important mechanism for As release,
similar to the case in acid mine drainage.27

Colloids from three microcosm samples were analyzed: As-
rich used sand, uncontaminated garden soil, and a 1:1 mixture
of the two. The results were stark. As-containing colloids were
detectable and most abundant from the used sand (~50),
followed by the sand/soil mix (~10), while very low As-
containing colloids were detected in uncontaminated soil (=2;
comparable to the H,O blank) (Figure 3a—c). After
accounting for dilution, colloids from used sand were found
to contain ~10° As-containing particles per milliliter with a
collective mass of ~10 ug/L As, close to the World Health
Organization’s drinking water limit for dissolved As (Figure
3d,e). The bioavailability of these colloids is an open question.
Nonetheless, this result indicated that colloid-facilitated
mobilization of As from used sand could indeed be an
important source of contamination.

We sought to understand the particle association of As by
monitoring colloidal Fe and Al (Figure 3e,f). The used sand
contained a higher level of colloidal Fe but a lower level of
colloidal Al than soil and the sand/soil mix. This trend was
consistent regardless of whether the particle number or particle
mass concentration was used as a comparison metric. Given
the concurrent increased Fe and As levels, we hypothesize that
As was mobilized in the form of colloidal Fe(III) (oxyhydr)-
oxides, consistent with their known associations.”” Future work
using (sub)micrometer visualization of the elemental distribu-
tion will help in the evaluation of this hypothesis.

Example 3: Colloidal Fe—Carbon Flocs Released from
Thawing Permafrost. Permafrost regions store a significant
amount of organic carbon that is becoming increasingly
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bioavailable due to an increasing global temperature.”

Thawing of permafrost leads to the release of organic carbon
that interacts with iron to form Fe—organic-rich aggregates
(flocs). These flocs are composed of heterogeneous mixtures
of amorphous Fe (oxyhydr)oxides with humic acids, microbial
cells, and plant detritus that are likely to be highly reactive and
mobile.’”" Characterizing these flocs is vital for understanding
the role that they will play in greenhouse gas formation and
climate change.

We analyzed the flocs collected from an intermediately
thawed bog and a fully thawed fen from the Stordalen Mire
(Abisko, Sweden). Bog and fen represent two distinct stages of
thawing permafrost with different biogeochemical character-
istics (e.g, Ey—pH, microbial communities).*” Figure 4
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Figure 4. Results of spICP-MS analysis from colloidal Fe—C flocs
from (a) bog and (b) fen samples. The y-axis shows the colloid
concentration (micrograms per liter) by converting from frequency to
mass to concentration after correcting for the sample volume analyzed
(see SI Data Analysis). The lack of smaller colloidal Fe (<20 fg of Fe/
particle) and C particles (<140 fg of C/particles) is not due to their
absence but is rather due to the detection limit of spICP-MS.
Replicate samples show the same trend even after different treatments
(Figure S1).

illustrates the colloidal C and Fe distribution. A significant
difference was apparent between the two samples. Flocs from
the bog were characterized by high colloidal C and low
colloidal Fe concentrations, while flocs from the fen were
characterized by low colloidal C (~1.5-fold lower) and high
colloidal Fe (~1S5-fold higher) concentrations. Correspond-
ingly, the total colloidal C/Fe ratio (mass/mass) decreased
from 14.3 = 3.7 (n = 8) to 0.7 = 0.5 (n = 7; replicates
including different treatments in Figure S1) from bog to fen.
The increase in the colloidal Fe concentration may be
explained by microbial Fe cycling that weathers large particles
to form smaller colloidal particles that could be detected by
spICP-MS, while the decrease in the colloidal C concentration

was consistent with inferred organic C degradation during the
bog-to-fen transition.”> Lower colloidal Fe and C concen-
trations were also likely present but not detectable due to the
detection limit of spICP-MS (Table S2).

Guidelines and Future Opportunities. The presented
examples highlight the utility of spICP-MS in providing new
insights into particle aggregation, adsorption, and mobilization
of toxic elements and their mass distributions in environmental
samples. The given examples are only snapshots, and further
analysis will undoubtedly provide more information about
particle-driven biogeochemical cycling as a function of time or
reaction progress. Sample preparation and interpretation are
vital for spICP-MS, and here we present several guidelines.

Remove large particles (>S5 um) by filtration, centrifugation,
or gravitational settling to avoid clogging in the tubings. When
using gravitational settling, always report the container type,
sample volume and height, settling time, and sampling depth.

Dilute samples to a particle number concentration of <10°
particles/mL or to low parts per billion levels to reduce
coincidence (two particles reaching the plasma at the same
time) and particle carryover effects.’ Optimal dilution for
unknown environmental samples can be determined via trial
and error. The diluent choice is a compromise between ease of
use and minimization of background and elemental interfer-
ence (MQ H,0) to maintain an environmentally relevant pH
and ionic strength (e.g,, filtered environmental water).

Consciously select your mixing methods. Sonication for 5—
10 min followed by brief mixing by inversion is recommended
for analysis of irreversibly bonded aggregates. Weaker mixing
methods such as hand shaking and gas bubbling can be used to
analyze weakly bonded agglomerates.

Choose the appropriate sample container, tubings, and
reagents to minimize background and adsorptive losses.
Reagents can be filtered beforehand to remove colloids. Fe
and Al colloids are especially common in blank reagents, but
they can be statistically removed by conservative background
thresholding.

Variants of spICP-MS are increasingly finding environmental
applications.” Single-cell ICP-MS has been used successfully to
quantify the metal content of single cells.””** Recent
development of dual-element spICP-MS and time-of-flight
(TOF) spICP-MS can identify elemental association at the
single-particle level.>™** We expect spICP-MS to be an
essential tool in environmental research in upcoming years.

B ASSOCIATED CONTENT
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Thorough overview of the data analysis steps (PDF)

Preparation of the sample and standards (Table S1),
measurement details and detection limits for each
element (Table S2), size and particle number concen-
tration of standards (Table S3), determination of
compaction factors from associated Dy and N, values
of magnetite (Table S4), and spICP-MS results of bog
and fen samples after treatment with N, degassing or
sonication (Figure S1) (PDF)
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