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Exploring environmental hanobiogeochemistry
using field-flow fractionation and ICP-MS-based
tools: progress and frontierst

l. A. M. Worms, @*2 M. Tharaud, @ *° R. Gasco, @2 M. D. Montafio, & *¢
A. Goodman, @9 V. |. Slaveykova, @2 M. F. Benedetti, ©° C. M. Churchillf
S. Fernando,*" E. Alasonati,? C. Moens" and C. W. Cuss @ *f

The recent application of sophisticated instrumentation and novel experimental techniques to environmental
systems has driven the study of natural nanoparticles and nanoparticle systems towards new horizons. Moving
beyond the detection of engineered nanoparticles in natural systems, these technologies create new
knowledge about the composition, behaviour, and functions of natural nanoparticles as individual entities and
particle systems. In this perspective article, we describe the progress and frontiers in this research area using
case studies drawn from a range of published and unpublished data spanning diverse environmental systems.
The companion paper Exploring environmental nanobiogeochemistry using field-flow fractionation and
ICP-MS-based tools: background and fundamentals defines the emerging field of environmental
nanobiogeochemistry and describes the fundamentals, optimization, advantages, and disadvantages of field-
flow fractionation and ICP-MS-based techniques for advancing our understanding of natural nanoscale
particles and particle systems. Thus, by combining the necessary background with the most recent findings
and key challenges, these contributions provide key knowledge for new and established researchers entering
this exciting field and lay the groundwork for future research.

The use of field-flow fractionation and ICP-MS-based techniques to study natural nanoparticles (NNPs) is hindered by challenges in their operation and
interpretation of the corresponding data, potential artefacts arising from the nature and complexity of environmental systems, and lack of understanding about the

knowledge they can provide. However, recent advancements have opened research frontiers that can substantially improve the understanding of NNP composition,
behavior, and functions. This perspective article identifies the frontiers and challenges in understanding natural nanoparticle systems using published and
unpublished studies applying these techniques in soil, aquatic and biological systems; economic geology; and standardization. Combined with the companion

tutorial review Exploring environmental nanobiogeochemistry using field-flow fractionation and ICP-MS based tools: background and fundamentals, this perspective article
provides the tools and knowledge for new and established researchers to advance the emerging field of environmental nanobiogeochemistry.

1. Introduction

Natural nanoparticles (NNPs) are a subset of aquatic colloids,
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which play critical roles in environmental systems owing to
their small size, diverse composition, and large surface area,
facilitating the adsorption and transport of contaminants and
nutrients."™ Their complex behavior is influenced by their
agglomeration, settling, and fractal structures and is not fully
understood to date.* Although advances in nanotechnology
have improved the characterization of engineered nanoparticles
(ENPs), the diversity and polydispersity of NNPs challenge
traditional methods and models. A process-based approach
integrating advanced analytical techniques such as field-flow
fractionation (FFF) and inductively coupled plasma mass
spectrometry (ICP-MS) has emerged as a powerful tool for
studying NNPs.>® These techniques enable the minimally
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invasive separation and detailed elemental analysis of NNPs,
providing insights into the cycling of NNPs and their
environmental impacts. Recently, they have been applied to the
nanogeochemical environment to better understand the
properties and dynamics of natural particles and colloids at the
nanoscale.”® The coupling of asymmetric flow FFF (AF4) with
ICP-MS for online analysis and the use of ICP-MS in the single-
particle mode (spICP-MS) have become especially valuable for
advancing environmental nanobiogeochemistry.”'® The more
recent addition of a time-of-flight (TOF) mass analyzer to spICP-
MS facilitates multi-elemental analysis of each of the hundreds
of thousands to hundreds of millions of nanoscale particles and
colloids that are present in each liter of most natural
waters.”%1 b2

Combined, AF4-ICP-MS and spICP-(TOF)MS have led to
substantial advancements in the field of environmental
nanobiogeochemistry, which seeks to characterize the range of
natural nanogeochemical systems, their dynamics, their roles in
ecosystem functions, and the impacts of disturbances. The
present perspective is accompanied by a first part tutorial review
entitled “Exploring environmental nanobiogeochemistry using field-
flow fractionation and ICP-MS-based tools: background and
fundamentals”, which highlights the fundamentals and recent
advancements of these methods for their use in environmental
nanobiogeochemistry. It also provides technical background
about these analytical methods, including their advantages,
optimization, and limitations.

The present companion perspective highlights key
historical and recent studies that lay the groundwork for
environmental nanobiogeochemistry using AF4-ICP-MS and a
range of ICP-MS-based methods, organized according to their
environmental milieu. These highlights integrate published
results with more recent unpublished case studies to
demonstrate the key advancements, challenges and future
research in this nascent field, with a focus on the sampling,
characterization and analysis of NNPs, and the dynamics of
the associated TEs. The challenges related to the
standardization of analytical and data treatment processes
and artefacts in the sampling of systems of nanoparticles
and colloids (NPS) are also discussed. As a whole, this work
seeks to delineate the frontiers in nano-analysis for
addressing the mechanisms leading to NPS stability or
perturbation, thus establishing the relevance of NPS and
connecting their measurement to potential impacts at the
nanoscale, mesoscale, ecosystem scale, and global scale,
setting the stage for future interdisciplinary research using
these and other multi-method approaches.

2. Historical and recent progress in the
application of AF4 and ICP-MS-based
tools for the characterization of NPS
2.1. Soil systems

The soil provides critical ecosystem services such as buffering,
nutrients, and sequestration of carbon and toxic substances. It
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acts as a biogeochemical reactor where nutrients and
contaminants are transformed, sequestered, or released due to
various physical, chemical, and biological processes."® These
processes primarily occur at the solid-water interface or on the
surface of organic and mineral compounds. Therefore, the
potential reactivity of soil depends on the specific surface area
of these compounds, which provide interfaces for sorption/
partition, precipitation, volatilization, oxidation/reduction, and
complexation. The natural nanoparticle system (NPS) in soils is
composed of various NNPs such as organic substances such as
humic and extracellular polymeric substances (HS and EPS),
together with inorganic nanominerals such as (hydr)oxides of
iron, aluminum, or manganese, aluminums-silicate clays, and
metal sulfides. The solid-water interface created by these NNPs
plays a crucial role in governing the concentrations and
speciation of most reactive trace elements (TEs) and many
pollutants.

2.1.1. Soil structure and colloidal mobilization. Colloidal
organo-mineral associations are part of the immobile soil phase
and contribute to the formation of microaggregates. Several
beneficial soil functions such as C sequestration, nutrient
retention, and aeration are linked with the structure and
composition of soil aggregates, which according to their size
follow the order of macroaggregates (>250 pum) composed of
large (250-20 um) and small (20-2 um) soil microaggregates
(SMA), and organo-mineral associations <2 pm, called
composite building units."* Furthermore, the composite
building units contain soil colloids with a size of <1 pm. Hence,
better understanding of the soil structure and aggregate stability
requires the further examination of the composition of the
colloidal and nanosized building blocks of aggregates.

The majority of AF4 studies on environmental soil samples
use UV absorbance (typically at 254 nm) for the detection of
organic carbon. Nischwitz et al.*> developed carbon detection
online with AF4 using ICP-MS, initially for fine particulate
carbon in aqueous samples. This was shown to be feasible for
the quantification of larger and more robust carbon-based
structures such as charcoal-spiked soil particles with sizes of
up to 450 nm.'® Although the detectable concentrations are
still relatively high compared to that of nanoscale OM, this
methodology has the advantage of simultaneously analyzing
carbon and other nutrients via ICP-MS. Alternatively, AF4 can
be coupled online with an organic carbon detector (OCD),
which is based on a thin film UV-reactor that oxidizes organic
carbon and detects CO, by infrared.'> Organic carbon
detection with an OCD detector coupled to AF4-ICP-MS was
also used to characterize colloidal P carriers in soil."”'® Total
organic carbon (TOC) has also been measured on collected
NNP fractions after AF4 fractionation to characterize colloidal
uranium in soil.’® To improve fraction collection for further
offline characterization, Nischwitz et al?® recently used a
commercially available preparative AF4 channel for the offline
detection of charcoal in soil extracts with gas chromatography
and a flame ionization detector.

Several studies characterized the fine colloidal fraction
from soil aggregates in arable Luvisols using AF4-ICP-MS

This journal is © The Royal Society of Chemistry 2025
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with OCD to determine how colloidal iron and organic
carbon control soil aggregate formation and stability as
cementing and glueing agents, respectively.”’>* Colloid
characterization =~ was  accompanied by  mechanical
(ultrasound) and chemical (removal of Fe-oxides and removal
of OC) disintegration and subsequent regeneration of macro-
aggregates,”” and the addition and removal of colloids from
micro-aggregates. This was evaluated for soils under different
management systems (cropped and bare fallow), which
affected the soil structural properties.**** Moreover, AF4 and
pyrolysis-field ionization mass spectrometry were used to
compare the composition and stability of colloid-associated
OM in both free colloids (i.e. potentially mobile water-
dispersible) and occluded colloids (i.e. building units of soil
microaggregates).”* Free colloids were dispersed in water
suspensions during wet-sieving, while occluded colloids were
released from water-stable aggregates by sonication. The free
and occluded fine colloids were predominantly present as
organo-mineral associations, with the free colloids relatively
enriched with constituents of less decomposed plant
residues. Alternatively, the occluded colloids contained more
microbial decomposition products with a higher stability
against further decomposition or mineralization.

2.1.2. Collection of soil solutions, extraction and
characterization of NNPs. The methods for collecting soil
solutions have different extraction efficiencies for NNPs,
yielding a large variation in the estimated concentrations of
mobile elements. Collecting samples of mobile NNPs in soil
is also challenging due to their retention in the sampling
devices and changes in in situ conditions given that
extraction affects the pH and ionic strength, and hence
colloidal characteristics.

Recent AF4 studies commonly focused on water-
dispersible colloids (WDC), including NNPs, that are easily
dispersible on contact with soil and water.>> >’ As rainfall or
irrigation contributes to the release and transport of WDC,
they are considered indicators for mobile soil colloids.
However, solid extraction with water has low ionic strength
compared to pore water from unsaturated soils. Thus, water
extracts disrupt the aggregates that release colloids and
dilute the polyvalent cation concentrations that otherwise
flocculate colloids, resulting in high colloidal concentrations.
Du et al.*® used AF4-UV-ICP-MS to quantify the distribution
of TEs between small, simple complexes and colloid-
associated forms in soils extracted wusing different
procedures. In water extracts, a greater proportion of TEs was
associated with dissolved organic matter (DOM) and/or
inorganic NNPs, although water extracts generally also
liberated more small and simple TE-bearing complexes than
observed for 0.01 M CaCl, extract. Likewise, Bergen et al.*’
found that 0.01 M CacCl, extracts underestimated mobile U
compared to in situ pore water obtained with centrifugation
due to colloid aggregation at higher Ca concentrations. In
contrast, the Cd concentration in 0.01 M CaCl, extracts
exceeded that of pore water due to the chloride complexation
and higher Ca, mobilizing Cd. AF4-UV-ICP-MS analysis of the
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pore water revealed the co-elution of U with colloidal organic
matter, oxyhydroxides, and aluminosilicates (i.e. clays),
illustrating the colloidal transport of U by these vectors. In
the context of measuring long-term U and Cd leaching from
agricultural soils, soil leaching experiments with undisturbed
soil columns in a laboratory better indicate potential leaching
losses in the field than a single pore water composition of
field-moist soil extracted via centrifugation. This is because
the former yields the time-integrated data provided that
suction plates and/or bottom filters are analyzed to account
for the colloids retained at the bottom of the columns.*
However, care must be taken to account for edge effects in
soil columns, wherein liquid migrates down the column
differently at the edges when in contact with the container
holding the soil.

Stronger extractants have also been used to release soil NNPs
for AF4-UV-ICP-MS analysis. Regelink et al.*° used Na,CO; and
Na,P,05, finding that the latter could also disperse considerable
amounts of organo-mineral aggregates. Their rationale was that
the dispersion of colloids from soils due to changes in solution
chemistry is the most common source of colloids in soils and
groundwater. Loosli et al® evaluated the potential of several
extractants (NaOH < Na,CO; < Na,C,0, < Na,P,0;) to disperse
NNPs from soil samples to facilitate their characterization.
Among them, the Na,P,0, dispersant had the highest colloidal
recovery and extracted NNPs with a narrower size distribution
relative by inducing the breakup of soil micro-aggregates,
reducing free multivalent cation concentrations in soil pore
water by forming metal-phosphate complexes, and enhancing
the surface charge via phosphate sorption on the nanoparticle
surfaces.

Minimal disturbance is expected from the in situ
collection of percolating water in the field using lysimeters
with large pore sizes. To avoid limitations due to TE
contamination from conventional lysimeters, a new lysimeter
with a 5 pm pore size was constructed entirely of 316 L
surgical SS for collecting soil solutions under vacuum
pressure. This system was used to obtain the TE distributions
amongst major colloidal forms in solutions collected from
saturated soils using AF4-UV-ICP-MS.*>

2.1.3. TE size-based distribution in soil using AF4-UV-ICP-
MS. The dissolved fraction (i.e. <0.45 um by filtration) of TEs in
soil pore water and other aquatic settings is generally
considered to be the most mobile, bioaccessible, and
bioavailable. The elements in this fraction can be present as
molecular species, simple complexes, or associated with NNPs,
each having different mobility and bioavailability. Measuring
the abundance and size distribution of dissolved TEs species is
challenging due to their small size, variability in size
distribution, chemical diversity (organic and inorganic material
such as macromolecules, humic substances, oxyhydroxides, and
small phyllosilicate clays), and stability.***

Depending on the conditions applied for fractionation in
AF4, the size-selectivity of the NNPs can be varied to favor the
resolution of smaller or larger NNPs, as illustrated in the two
cases studies below (Fig. 1 from 300 Da to approx. 20 nm;

Environ. Sci.: Nano, 2025, 12, 3821-3846 | 3823
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Fig. 1

(A) Absorbance and ICP-MS fractograms and (B) size-based distributions (%) of dissolved Cu, Fe, Mo, and U > 300 Da obtained by AF4-UV-

ICP-MS for selected elements contained in two filtered (<0.45 pum) soil solutions (CM and OB soils). CM1, CM2, CM3, OB1, OB2, and OB3 refer to

triplicates; CPS: counts per second (unpublished data).

and Fig. 2 from 1 nm to 100 nm). The calibration of both
AF4 and ICP-MS is a key aspect of ensuring reliable analysis
and discussed in the companion publication, Exploring

environmental nanobiogeochemistry using  field-flow
fractionation and ICP-MS based tools: background and
fundamentals.

The ability of the combined AF4-UV-ICP-MS technique to
compare the lower end of the size distribution of NNPs and
TEs concentrations within this pool, including small organic-
dominated (i.e. humic substances) and larger primarily
inorganic NP, is first illustrated (Fig. 1) using forage-grown
agricultural soil from Cormack in Newfoundland, Canada
(CM soil), and overburden soil from the Alberta Oil Sands
Region in Alberta, Canada (OB soil). Based on the particle
size distribution, the CM soil was classified as loam, while
the OB soil was classified as sandy clay loam. The soil
solution characteristics, sample collection, and AF4-ICP-MS
analytical parameters are detailed in section S1.f The relative
DOM quantity, estimated using absorbance at a wavelength
of 254 nm, was markedly higher in CM than in OB soil
solutions. This higher DOM content in CM soil accounts for
the greater DOM-associated peaks of most elements (dashed
line in Fig. 1A). The presence of Mo and U solely in the void
peak of OB soil solutions suggests elevated lability and
mobility, likely as hydrated ions and other small, simple
complexes (Fig. 1B). The void peak may also contain
unfocused materials, such as large colloids eluted in steric
mode. However, the disappearance of the void peak with an
extended focusing time suggested that these materials were
not large colloids eluting under steric inversion (data not

3824 | Environ. Sci.. Nano, 2025, 12, 3821-3846

shown). Both soils indicated a high affinity of Cu for DOM.
Trace elements such as Fe and Cu were predominantly in
forms with generally lower lability (i.e. DOM-associated and
primarily inorganic) than U or Mo in both soils. Noteworthy,
it is expected that the TEs associated with colloids in AF4 are
relatively non-labile due to labile ions desorbing from
colloids and passing through the membrane during
continuous re-equilibration with the metal-free carrier fluid
at the focusing position; however, this assumption has not
been rigorously tested. Uranium in the CM soil was
distributed across four different types of nano-colloids, with
intermediate-sized primarily inorganic species, which were
not observed in the Fe size distribution (Fig. 1, red).
Potentially toxic TEs can be associated with either humic
substances or NNPs depending on their relative affinities, as
revealed for As, which had a similar size distribution to Fe in 3
types of soils (Fig. 2). These soils differ in their pH, organic
carbon (OC) and aluminosilicate content. Fig. 2 additionally
illustrates how NPS fractionation for a size distribution of <100
nm in the pore water helps in estimating the nature of iron-
based NNPs using both UV detection and ICP-MS elemental
composition. As discussed in ESLj} section S2, different types of
NNPs can be associated with different size ranges. For instance,
iron (and Al) can be found as stable chelates with humic
substances at the lower size end of the fractograms (<5 nm),
coeluting with Cu complexes and UV absorbance, as observed
for Rhy and Alu soils. The increase in Fe-containing NNP size is
attributed to the oligomerization process of Fe,*” which does
not coelute with the UV signal for sizes <5 nm (Zeg soil),
forming small NNPs.** These NNPs tend to grow and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Size-resolved analysis of NPS (<100 nm) using AF4-UV-ICP-MS of pore water from three soils (Zeg soil, pH 5.5, 3.5% OC; Rhy soil, pH 5.2,
12% OC; Alu soil, pH 5.8, 0.9% OC). Size and composition analyses reveal mono-nuclear Fe- and Al-containing OC complexes (Rhy and -Alu soils)
or Fe oligomers with sizes <5 nm (Zeg soil) and larger, predominantly inorganic colloids consisting of illite clay and Fe oxyhydroxide-clay
associations (see discussion in ESIf section S2). Trace elements (e.g. Cu and As) co-eluted with the humic substances and NNPs, indicating their
role as vectors of TEs in the environment. From left to right, the fraction of Fe with sizes in the range of 50-100 nm increases, which was related
to the soil organic carbon content based on AF4-UV-ICP-MS analysis of pore water from 11 soils.® It should be noted that the size distribution of
As follows that of Fe. Fractionation conditions and settings are provided in ESI} section S2. Part of the data are taken from previously published

work, 3¢ whereas the TE data have not been published previously.

heteroaggregate upon a decrease in OC content®® (Rhy and Alu
soils), leading to an apparent increase in the size of Fe-
containing NNPs fractionated in the range of 5-50 nm. The
presence of aluminosilicate, evidenced using the Si/Al and Si/
Mg ratio,® on which iron oxides can adsorbed, further
increased the apparent size (50-100 nm and above) obtained for
Fe-containing NNPs, as observed for Alu soil.

AF4-ICP-MS clearly advances our ability to access the size,
potential nature and associated concentration of TEs within
the NPS in soils.?>3%3%4%41 The examples shown above
illustrate the use of AF4-ICP-MS for measuring the colloid
association of TEs by small NPs, which are potentially more
mobile and reactive than particles.

Several environmental conditions release or are point
sources for the dynamic formation of small organo-mineral
colloids in soil pore water. For instance, redox processes induce
changes in the aqueous composition and transformation of the
solid-phase matrix, which can generate (in)organic colloids both
in anoxic and oxic environments and where oxic/anoxic
transitions exist, such as floodplains, wetlands, peatlands, and
paddy soils.** Recent studies have also used AF4-ICP-MS to
study the redox-driven changes in colloid contribution, NNP
composition, and TE size distribution in paddy soils related to
arsenic,”® metals, and carbon cycling,” and in floodplain soils
polluted with high levels of mercury.”® The characterization
of suboxic/anoxic environmental samples requires careful

This journal is © The Royal Society of Chemistry 2025

sampling and analysis protocols to preserve the native redox
status of the targeted elements. Concerning AF4 analysis,
measures to ensure oxygen-free conditions included using N,
(ref. 43 and 44) or Ar (ref. 45 and 47) for flushing solvents and
syringes, rinsing Dbottles, and degassing the carrier
solution,*373>40:41

2.1.4. Further considerations for combining with spICP-
(TOF)MS. Currently, spICP-MS analysis offers an important
advantage over AF4-ICP-MS for characterizing TE-bearing NNPs
at low concentrations. For instance, spICP-MS analysis
combined with XAS analysis to determine mineralogy allowed
the detection of metacinnabar (Hg) colloids in mining-impacted
soil.*® Characterizing the stoichiometry of individual colloid
particles with single-particle ICP-TOF)MS could combine these
methods to better understand NPS in soils and soil solutions,
and the interactions between different types of NNPs. Likewise,
the nature of Si-bearing NP extracted from soil and analyzed
with ICP-TOFMS on a single-particle basis identified
aluminosilicate NPs containing Si, Al, and other elements in
varying proportions, in addition to mono-metal Si-containing
NPs, presumably SiO,.*’ Dual-analyte spICP-MS also allowed
the discrimination of two typical soil nanoparticles, kaolinite
and goethite, based on the elemental ratios measured in single
NPs.>® spICP-TOFMS has also been applied to distinguish
engineered from natural Ti-containing NPs in soil based on
differing elemental ratios.” Finally, spICP-TOFMS has recently

Environ. Sci.: Nano, 2025, 12, 3821-3846 | 3825
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been combined with machine learning to
characterize the stoichiometry of CuS, Cu,S, and CuFeS, with
75-99% accuracy.>>

Taken together, AF4-ICP-MS and spICP{TOF)MS enable the
in-depth  characterization of certain aspects of the
nanobiogeochemistry of the soil environment, including the
structure of soil microaggregates, their stability, the generation
of NNPs, their release in soil solution, and their interactions
and roles as nanovectors facilitating TE transport. Future works
should compare these findings with studies of uptake to
measure the relationships between the forms of these elements
and their lability, especially in the smallest components of NPS.
This information will also be useful for developing models to
predict the mobility and bioaccessibility of TE in different soil

successfully
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types, aiding in environmental risk assessments, the
development of soil remediation strategies, and the provision of
nutrients in agriculture. As depicted in this section, the
challenges associated with preserving the natural size
distribution and speciation of NPS during the collection of soil
pore water is an active area of development.

2.2. Aquatic systems

Previously, individual NNPs and their associated NPS in aquatic
systems have been the most common focus for characterization
using AF4-ICP-MS and spICP-TOF)MS. Beginning with small-
scale proof-of-concept studies in aquatic systems rich in organic
matter and colloids, or using ENPs,>*™’ these analyses have
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Impact of iron oxidation and small (<10 nm) Fe-containing NP generation on uranium size distribution and mobility in wetland water®” and B)
impact of pH on UO,?* adsorption on synthetic ferrihydrite;®* (reproduced with permission from the American Chemical Society). C) Acidic
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evolved to measure trace concentrations in typical rivers and
lakes,*®*™** low-oxygen groundwaters,®*®® and to characterize
NPS processes and properties across different scales
(Fig. 3).7%7"* The following section provides an overview of the
wide range of NPS properties and processes in these and other
aquatic systems that have recently been characterized using
these methods, while also identifying challenges and frontiers
for future research.

2.2.1. Composition of NNPs in aquatic systems. The use of
AF4-ICP-MS to quantitatively measure the composition of
NPS in streams and river systems can be considered a robust
methodology. Consequently, recent trends have shown a shift
from the proof-of-concept aspect towards a scale-up in the
number of samples to improve the understanding of large-
scale environmental processes and geochemical cycles
involving colloids by monitoring colloid size, composition,
and concentration at larger spatiotemporal scales.>"*"%77°
For instance, the NPS of European forest stream waters were
studied in 96 samples, covering 2 large transects in Europe.”"
The size and composition of stream water NPs and colloids
varied across Europe from North to South, changing from Fe-
to Ca-dominated particles, together with associated changes
in acidity, dominant lithology, and type of forest. Organic-
rich components of small size were associated with a large
quantity of Al and some Fe and Mn, most probably composed
of HS combined with small oxyhydroxides (d, < 20-25 nm).
An intermediary size fraction of 20-25 nm < d < 60-70 nm
characterized by the presence of Ca and Mn even under
acidic conditions contributed a significant proportion of the
NNPs found in the south of Europe.”" Clay minerals with d,
= 60-70 to ~400 nm and most probably held together by
oxides and stabilized by organic matter were identified in all
streams.”"’> Using an online OCD, the average composition
of NPs < 450 nm measured in European stream waters was
reported to be 53% + 21% Fe, 50% + 26% P, 26% + 29% Mn,
41% + 24% Al, 2% + 5% Si and 4% + 6% Ca, with 20% + 20%
0C.”"”? The global composition of NNPs in aquatic systems
strongly resembles the distribution obtained from soils from
which they originate.

Inorganic NPs are frequently coated by OM of terrestrial
origin (e.g HS), or exist as (OM)-hetero-aggregates (nano-
assemblages) created by association with biogenic OM (e.g.
biopolymers or proteins), where both types of OM form “eco-
coronas” around NNPs.”* Analogous with ENPs, this natural
organic capping is responsible for the stability of NNPs and
governs their fate in aquatic systems, and thus their variable
composition and behaviour merit systematic study.”* Humic
organic materials and protein-based or protein-like
macromolecules in aquatic systems can be separated by AF4
and distinguished with detectors such as fluorescence.”””®
More accurate quantification of the elemental composition of
larger NNP hetero-aggregates was achieved for NPS isolated
from a highly productive lake using AF4-ICP-MS by optimizing
their isolation and preservation (filtration membrane pore size),
and their introduction into the ICP-MS.”” However, others argue
that extracting and/or stabilizing NNPs offer a more promising

This journal is © The Royal Society of Chemistry 2025
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approach  for  improving their identification and
quantification.”®”® The effect of NNP extraction/stabilization on
the size distribution and speciation of TEs associated within
NPS requires additional study to explore their naturally
occurring transfer, mobility, and potential toxicity.

2.2.2. Size-based distribution of TEs. The capacity of AF4
to decipher the preferential association of TEs within the size
distribution of NPS was recently reviewed.*>®' By increasing
the retention of NPs to >300 Da, the in silico signal
deconvolution of small oxides from humic-associated TEs
also makes it possible to quantify these TE associations for
both NPs < 25 nm and larger colloidal assemblages.® This is
illustrated in Fig. 3D, where similar terminology to Fig. 1 can
be applied. This type of differential association of TEs with
HS and small oxide NPs is representative of boreal, sub-arctic
water systems with abundant wetlands, which provide DOM
and changes in redox conditions, or forested environments
impacted by large terrestrial inputs of Fe, Mn, and/or Al with
stabilizing organic matter. In these environments, changes in
the agglomeration state of HS and/or associated TEs
occurring during their dispersion were revealed at the
confluence of both rivers and a river and lake.*"*”

The pH-, HS content, and iron loading-controlled
colloidal As in a stream watershed was characterized using
AF4-ICP-MS, together with its overall distribution amongst
various types of NPs and simpler complexes in the dissolved
phase.®” The use of AF4-ICP-MS has also highlighted the
competition between P and As at the surface of iron oxides in
streams with similar characteristics.®® This phenomenon may
explain the discrepancies in As transport predictions,
highlighting the need to incorporate nanoparticle dynamics
in reactive transport models. Measuring these dynamics
using AF4-ICP-MS and spICP-(TOF)MS for comparison with
and improving these models remains unexplored.

The change in the proportion of small iron oxides and its
effect on the seasonal dispersion of U associated with
colloids were also quantified in the waters of a pristine
wetland using AF4-ICP-MS.”” As highlighted in Fig. 3A,
oxygenation of naturally anoxic wetland water led to the
formation of HS + Fe-containing NPs with oxidized U
absorbed on the surface or occluded within nanoparticles
together with OM, and the association of U with small HS.*
Thus, the adsorption of U on NPs was shown to depend on
the HS content, together with the pH. AF4-ICP-MS was
previously found to be an ideal tool for quantifying the
adsorption of uranium on synthetic hematite, with a decrease
in its loading for small variations in pH (Fig. 3B, pH 4.2 and
3.6).%* Using multi-angle light scattering (MALS), the major
NPs carrying natural U were shown to be rod-like Al//Fe/C
particles.®® However, NPs carrying anthropogenic U from
contaminated ponds mixed with groundwater were
predominantly spherical and contained higher levels of iron.
These examples demonstrate the ability of AF4-ICP-MS to
quantify the changes in NP composition and shape related to
their generation mechanisms and origin, and their distinct
roles in TE dispersion.
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The contribution of NPS to groundwater chemistry has
received particular attention in recent years, in both natural
and anthropogenic contexts.®**>®” The confluence of anoxic
and surface waters was found to have a major influence on
the size-based distribution of TEs, and served as a
considerable source of NNPs.*>®® Groundwaters beneath
dredged sediment disposal facilities contained elevated levels
of rare earth elements (REEs) with diverse NP populations.®®
These elements were often associated with Al and/or HS, but
not systematically, suggesting distinct geochemical forms
dependent on groundwater chemistry elucidated using AF4-
ICP-MS (Fig. 3C). In contaminated sites of the Jiangxi
Province (China), a switch from inorganic colloids to organic-
rich colloids (HS) as the primary forms assisted the
dispersion of REEs in groundwaters. This latter phenomenon
was especially observed for high atomic mass REEs.?”

In addition to being complexed by HS as chelates,
adsorbed on the surface of NP, or coprecipitated within small
oxyhydroxides of different crystallinity, shapes, and sizes,
some TEs were naturally occluded in stable mineral
structures originating from the weathering of rocks and other
anthropogenic or natural processes.*®* Given that AF4-ICP-
MS allows multielement detection, the quantification and
proportions of elements contained in NPS can be used to
identify the sources and geological origin of NNPs and NPS.
In the particular case of REEs, the use of shale-normalized
patterns and anomalies can distinguish anthropogenic and
natural sources; this analysis should be applied to AF4-ICP-
MS to investigate the size-resolved REE distributions in NPS.
The combination of REEs and other elements can also be
used to identify the origin of their nanoforms, as reported for
Ce- or Ti-containing NPs.”>?%!

2.2.3. Complementarity of AF4-ICP-MS with spICP-MS.
Preconcentration can improve the detection of NPs and their
associated TEs in water systems containing low NP counts
and TE loadings by AF4-ICP-MS.”>®* However, combining
AF4-ICP-MS with spICP-MS, with much lower particle number
detection limits is an advantage. To date, studies are still
limited on the characterization of NNPs present in natural
aquatic systems, but most illustrate the feasibility of
measuring and potentially tracing inputs of ENPs, considered
as trace contaminants.

Progress in the analysis of aquatic systems by spICP-MS is
also oriented towards developing extraction methods®® and
decreasing the ionic background.’® Although it is not a
natural NPS, an ion-exchange resin was applied to remove
the ionic background of samples collected from wastewater
treatment plants (WWTPs), improving the limit of detection.
Consequently, lower masses of Ca, Co, Au, Fe, Mg, Mn, Ni,
and Zn could be measured using quadrupole sp-ICP-MS.%”
Combining an in-line ion-exchange resin to remove the ionic
background of Zn with ultra-sensitive sector-field spICP-MS
has also facilitated the detection of particles with an
equivalent size detection limit as low as 14.3 nm in river
waters.”® To account for the ionic background and matrix
effects, the use of calibration standards prepared in ultra-
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filtered water (<1 kDa) from the original site of sampling was
a good strategy for determining the background equivalent
diameter for CeO,- and TiO,-containing NPs naturally
occurring in the Seine River and its tributaries measured
using sector-field sp-ICP-MS."’

Large-scale studies were also recently conducted using
spICP-MS, such as measuring the sources and dispersion of
Pb- and TiO,-containing NPs across 66 sites, demonstrating
the maturity of this method.’®® WWTP effluents, river waters,
and an estuarine transect were analyzed with in-line dilution
using an ICP-MS/MS system to reduce interferences and high
salt/carbon loading from the seawater. MS/MS was used in
mass-shift mode to resolve interferences for Ti. The mass
detection limit for particulate Pb varied from 0.8 to 5.7
attograms, and the equivalent size detection limit of TiO,-
containing particles ranged from 24.4 to 72.5 nm depending
on the ionic background. In some cases, Pb was adsorbed on
the surface of particles more than occluded inside,
illustrating that spICP-MS can also distinguish metal
exchange on the surface of particles.

Both AF4-ICP-MS and spICP-MS were applied to measure
the size distribution of Ag- and TiO,-containing NPs entering,
passing through and exiting four WWTPs.”® The source of
the Ti-containing NPs was determined using AF4-ICP-MS to
measure the Ti/Nb ratio of size-fractionated NPs. Only
influent water was analyzed due to the limited number of
particles in the effluents, using a 20-fold pre-concentration
with an ultrafiltration device.

An spICP-MS methodology was also established for the long-
term monitoring of Ag- and TiO,-containing NPs in diverse
aquatic systems, addressing the wurgent need for field
measurements to validate and improve material flow analysis
models.®>'*" Monthly sampling was conducted over one year in
three small creeks with different land uses within the Seine
River watershed in France (forested, agricultural, and urban) to
investigate their temporal and spatial variations. The Ag-
containing NP concentration ranged from 1.5 x 107 to 2.3 x 10°
particles per L and 0.4 to 28.3 ng L. Different factors
influenced the stability of the Ag-containing NPs in each
watershed, where NOM controlled the Ag-containing NP
behavior in the forested watershed, and major cations such as
Ca influenced the Ag-containing NPs in the agricultural and
urban watersheds. The specific higher export rate in developed
areas suggested the constant release of Ag-containing NPs from
consumer products. The average TiO,-containing NP
concentrations were 1.1 x 10° particles per L and 3.7 ug L™
across all sites, and seasonal variations were observed in
forested and agricultural catchments. The highest land-area
normalized annual flux of 1.65 kg TiO, year * km™ was found
in the agricultural catchment later, while the positive
correlations between TiO,-containing NPs and trace elements/
DOC in forested and agricultural catchments suggested
geogenic origins. This study provides the first comprehensive
dataset for Ag- and TiO,-containing NP fluxes in French surface
waters over an extended period, demonstrating the influence of
time, land use, and aquatic geochemistry.

This journal is © The Royal Society of Chemistry 2025
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Parallel to this study,'®" an AF4 system coupled online to UV,
differential refractive index (DRI), MALS and quadrupole ICP-
MS detectors was employed for the characterization of Ti-
containing NPs in the three watersheds (Fig. 4), where the NP
number concentration was a limiting factor for UV, DRI and
MALS detection, and used to determine the absolute size of the
particles. An in-channel pre-concentration method (large
volume injection) was developed using a stabilized standard
suspension of engineered TiO,-NPs (see ESLj section S3),
allowing quantification at natural concentrations, 10 to 500
times lower than the original configuration. The fractograms
obtained for the 3 natural samples showed the co-elution of
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Fig. 4 Characterization of NPs contained in river waters from A) forested,
B) agricultural and C) small urban watersheds by AF4 in-channel pre-
concentration and UV-MALS-ICP-MS. Fractionation conditions and
settings are provided in ESI,i section S3 (unpublished data).
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Table 1 Size characterization of NPs in river waters from forested,
agricultural and small urban watersheds obtained using MALS: number
average (R,), weight average (R,,), z-average (R,) and median radius of
gyration (Ry) in nanometers. The uncertainties come from the model used
to fit MALS data

Site R, Ry, R, Median R,
Forested 158 £ 3 198 + 4 228 + 4 191
Agricultural 150 + 4 170+ 6 177 +7 177
Urban 148 + 8 151+ 8 153 +9 153

ICP-MS and UV signals, qualitatively demonstrating that the
signals corresponded with NPs that contained Ti ( Fig. 4). A
slightly larger size distribution was measured in the forested
sample, while urban river water showed a lower average and
median radius of gyration. Assuming that the Ti detected in the
NPs was present as TiO,, the equivalent spherical diameters
obtained by spICP-MS ranged from 60-120 nm, 2 times smaller
than the values reported for AF4-MALS (Table 1).

On one hand, questions remain about potential
agglomeration during in-channel pre-concentration and
memory effects in the AF4 injection loop; on the other hand,
the data treatment and assumption of sphericity in spICP-MS
analysis may underestimate the particle size. Two further
factors should be considered, i.e., size fractionation can occur
during the nebulization step, sending larger particles to the
drain via the spray chamber, and the ionization efficiency of
a single TiO,-containing NP also would not be the same as a
hetero-aggregate. Moreover, the diameters evaluated by MALS
measure the entire NP, which may be a composite of multiple
elements including the carbon eco-corona, whereas spICP-MS
only measures the equivalent TiO, core size.

To compare the results of these methods, the spICP-(TOF)
MS and AF4-ICP-MS communities should establish a consensus
on sample and data treatment and adopt standardized
protocols for the collection, storage, and analysis of samples to
improve  the intercomparison across studies and
complementary techniques. Alternatively, this study confirmed
that in-channel pre-concentration for AF4 merits further
consideration. This opens the door to the characterization of
NPs (including NNPs, INPs or ENPs) in samples limited by low
NP loading, which is a current limitation of AF4-ICP-MS in
comparison with spICP-(TOF)MS.

2.2.4. Further considerations for spICP-TOFMS. Although
it has higher mass detection limits (size-equivalent diameters),
spICP-TOFMS shows promise for the complete characterization
of the NPS TE composition. It allows the measurement of
isotopic and elemental ratios at the level of individual particles,
which can be directly related to their source (natural
background vs. ENPs), for which it was primarily developed and
applied.”””®'*® This method has recently been shown to be a
versatile and robust approach for differentiating Ti-containing
ENPs from Ti-containing NNPs.""

Interestingly, spICP-TOFMS was successfully employed to
characterize the composition/origin of NNPs and colloids of
<1.2 pm from the Seine River, and to study the effects of
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filtration and centrifugation on their abundance and
characteristics.®® The potential presence of small oxides
associated with larger calcite particles was also suggested,
highlighting the value of spICP-TOFMS for identifying new
mineral structures.

Only one example has illustrated the complementarity of
measurements achieved by combining AF4-UV-ICP-MS and
spICP-TOFMS in a boreal aquatic system.” As illustrated in
Fig. 3D, the size distribution of Pb differed according to the
river and with hydrological changes, which was related to the
presence and stability of Fe and Mn oxides. Larger-sized
particles measured by spICP-TOFMS corroborated this
finding. This study also revealed that the composition and
size of the smaller size range of NPS measured by AF4-ICP-
MS did not vary in the same way as the larger equivalent size
range of NPS measured by spICP-TOFMS both in various
rivers and as flow rates change, suggesting different sources
and mechanisms of NNPs generated from various
populations or processes.

This in-depth characterization of NPS and their underlying
populations of NNPs must be extended to other types of aquatic
environments to better assess the range of both NNPs and NPS,
considering the constraints imposed by low concentrations in
certain systems. Recent applications show the capacity to pre-
concentrate NPS for AF4 analysis and to decrease the size limit
of detection for spICP-MS by using instruments dedicated to
single-particle analysis. This opens avenues for future work in
environmental nanobiogeochemistry by combining these
techniques to analyze and compare the range of NPS and their
underlying NNP populations across the complete size
continuum in challenging aquatic environments.

2.3. Biological systems

As reported in previous sections, AF4-ICP-MS and spICP-(TOF)
MS have demonstrated their value for the size-based
distribution of elements, which have reached thermodynamic
equilibrium, and for dynamic processes such as NNP
generation. Biological systems are also better described with
short-term dynamics, where metal exchange or eco-corona
formation can occur, rather than the equilibrium state, with
consequences for measuring the aggregation of NNPs and
colloids. All these processes are well-recognized to mitigate the
toxicity of metal species and often associated with a range of
different organic components, as reviewed recently.'*>'**
However, the implication of these simultaneously occurring
processes under environmentally relevant conditions in the
context of NPS remains to be explored. Despite the paucity of
applications of AF4-ICP-MS for studying the interaction of NPS
with biological systems, the capacity of this integrated
technique for wunraveling these bioprocesses has been
demonstrated. For example, a bacterial siderophore was shown
in vitro to selectively mobilize iron, but not Zn or Cu from
humic substances isolated from several surface waters.'®> More
recently, metal substitutions at potential targets of toxicity and
scavengers in cells such as protein or peptide binding sites were
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also quantitatively related in vitro."°*'%” The capability of AF4-
ICP-MS to probe the effect of small bio-ligands on the stability
of ENPs by eco-corona formation, followed by assisted
dissolution was also recently demonstrated.'*® Notably, the state
of ENP aggregation may alter their toxicological effects for
microorganisms, while protecting the human hepatocarcinoma
HepG2 cell line, as demonstrated for a safer-by-design
biocide.'”

From an ecotoxicological perspective, it is also important to
highlight that organisms, regardless of their genus, influence
the speciation of TEs through feedback mechanisms, which are
often overlooked in ecotoxicological tests."'® In this context, the
interaction between metal species and autochthonous organic
matter synthesized in situ by living organisms (secretome) as
opposed to pedogenic matter (humic substances) or individual
bioligands still requires a deeper mechanistic understanding.
These interactions have been examined in recent reviews for Hg
(ref. 111) and ENPs,"">1

Fig. 5 illustrates the characterization of Hg interactions with
extracellular polymeric substances (EPS) released by
phytoplankton using AF4-UV-Fluo-ICP-MS (Fluo: online
fluorescence detector). The characteristics of EPS produced by
two phytoplankton species differed, where EPS released by the
diatom Cyclotella meneghiniana contained proteins with a
molecular mass (MM) ranging from 35 to 165 kDa,""* while the
EPS produced by Synechocystis sp. were characterized by large
hetero-aggregates with sizes up to 200 nm, composed of Fe,
phosphate, and proteins.®” Following a double isotope spiking
procedure, the simultaneous size-preferential association of
inorganic (**’iHg) and methyl mercury (**'MeHg) to EPS
components released by the phytoplankton species was revealed
using quadrupole AF4-ICP-MS. Using the isotopic ratio, the
association of iHg and MeHg to diatom EPS was shown to be
equivalent over the size continuum, with values varying as Rjpg;.
Mmerig ~ 3 (Fig. 5A). Additionally, the results identified an Fe-
binding protein characterized by a hemic cofactor (Soret
absorption band) in the EPS of C. meneghiniana. Based on its
UV-visible spectrum, this property was not affected by the
addition of Hg, despite both iHg and MeHg coeluting with the
hemic protein (Fig. 5A). Contrarily, the fraction of protein that
preferentially bound iHg was apparent in the larger entities for
EPS released from cyanobacteria (Rygmeng > 10), while MeHg
was enriched in the low molecular mass components (Fig. 5B).
The latter entity was characterized as a small Fe-containing
protein produced by Synechocystis sp. (MM 30 kDa) using AF4-
Fluo-ICP-MS, specifically interacting with MeHg but not iHg
(RagmMerig ~ 0.1). This interaction resulted in the displacement
of the Fe content and quenched its absorbance and
fluorescence (arrows in Fig. 5B). The latter result suggested the
presence of a potential target for MeHg in the EPS of
Synechocystis.

Overall, this example highlights the otherwise relatively
unexplored capacity of AF4-UV-Fluo-ICP-MS to characterize
macromolecules present in complex and heterogeneous
mixtures and identify their role as potential targets of metal
binding, which can be connected to detrimental effects or

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00096c

Open Access Article. Published on 13 1404. Downloaded on 27/11/1404 08:49:32 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

A. Cyclotella  EPS + iHg/MeHg

AF4-ICP-MS Mercury

2 g

NS g

& <.

)

:

O =

S o

0 e b 0,01
0 5 10 15 20 25 30
Retention time (min)
——199iHg 201meHg e R 199Hg/201Hg

o 134E-01 785E-2
2 AF4-MD —Protein Fluo 3
8 ~ 124801 —UV-vis 280 nm 2.3
6 = S
5 & 1ue01 ’ 28
&3 o =8
= o‘:n 1,04E-01 . \\ 7,795-02\:5 g‘
[T~
<= 940B-02
2 X e 8

840E-02

7,76E-02
5 10 15 20 25

Retention time (min)

0000

Online UV-vis Scans

* Soret absorption
band of hemic
protein

Absorbance (a.u.)
g

250 350 550 650

450
Wavelength (nm)

Fig. 5 Size-resolved analysis of simultaneous mercury (:>°

View Article Online

Perspective

B. Synechocystis  EPS + iHg/MeHg

AF4-ICP-MS Mercury
140

2 se0 —
2. 105 =
& v L1 S

[y Q
2 7 2.
3 >
g 35 ror B

0 AN 0,01

0 5 10 15 20 25 30
Retention time (min)

——199iHg 201meHg o R 199Hg/201Hg
"% TAF4-ICP-MS Iron ~ NoHg
2,0E+04 —5nM Hg

1,5E+04

Fe’¢ ICP-MS signall
(cps)

1,0E+04

g 1 AF4-UV No Hg
. —5nM Hg
58

§ 5,0E-4

2 0,0E+0 >

9,5E-2

AF4-Protein Fluo

=
B 92 No Hg
® — 5nM Hg
93 902
)
2 8,8E-2
15
.E 8,5E-2
0 2,5 5 7,5 10 12,5 15

Retention time (min)

iHg) and methyl-mercury (*°>MeHg) interactions with EPS components released by a diatom, C.

meneghiniana, (A) and a cyanobacterium, Synechocystis sp., (B) using AF4-ICP-MS and UV-Fluo. The isotopic ratio is present as the log of (**°iHg/?**MeHg).
The ratio increased as iHg bound to EPS increased compared with MeHg (>1), but decreased when MeHg bound to EPS increased compared with iHg
(<1). The UV-vis scans, obtained at different retention times with AF4-MD (labelled 1, 2 and 3) are presented, allowing the identification of hemic protein
with Soret absorption band (*) eluting mainly at retention time 2. Fractionation conditions and settings are provided in ESI;i section S4 (unpublished data).

protection against toxicants. Thus, AF4 provides an in-depth
assessment of the dynamics of metal species transformations
at the macromolecular/nano size-continuum.

Due to potential co-elution of different metal species in AF4
based on their similar hydrodynamic diameters, the presence of
neo-mineralized elements in complex biological matrices
cannot be conclusively demonstrated solely using this
technique. Alternatively, spICP-MS can function as a
complementary technique to address this limitation. A recent
study illustrated the use of spICP-MS for refining the toxicity of
Cr based on its speciation, given that under normal exposure
conditions this element forms NPs, resulting in the
inappropriate evaluation of the EC50 for aquatic organisms.'"
The capacity of living organisms to synthesize de novo
nanoparticles from ionic exposure as depuration mechanisms
was also recently highlighted via the spICP-MS analysis of a
diatom exposed to ionic Hg.''* The formation of HgSe-
containing NP as a common detoxification pathway for Hg was
also demonstrated using spICP-(TOF)MS in bird organs (liver,
kidneys, brain, and muscles)'’” and a cetacean.’® In the latter
study, AF4-MALS-ICP-MS/MS and spICP-TOFMS were used to

This journal is © The Royal Society of Chemistry 2025

address the size distribution of metal nanocomponents
extracted from the liver and cerebellum of a sperm whale,
highlighting the bio-corona surrounding the newly formed
HgSe- and Cd-containing particles. Combined, these studies
demonstrate the potential, accuracy, and versatility of spICP-MS
for analyzing environmental NPs in biological samples, and the
use of AF4 and spICP-MS together to compensate for their
limitations.

Processes involving OM interactions with NPs such as bio-
corona transformation and OM-NP hetero-aggregation can
also be identified, characterized, and quantified using AF4-
ICP-MS."**'%7 In the case of Ag-NPs and C. meneghiniana EPS,
eco-corona formation involved mainly proteins, and also
exopolysaccharides, hindering the strong aggregation forces
induced by high ionic strength.'** This co-occurred with the
formation of smaller and polydisperse hetero-aggregates
bridged by EPS. The high versatility and combination of AF4
with Fluo, UV and ICP-MS detectors also measured the
formation of a protein corona from diatom C. meneghiniana
EPS around Ag-NPs.''* Further, AF4-UV-ICP-MS provided
important information regarding the aggregation state of the

Environ. Sci.: Nano, 2025, 12, 3821-3846 | 3831
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Fig. 6 Complementarity of A) AF4-UVVis-ICP-MS and B) spICP-MS for the characterization of Ag-NP hetero-aggregates formed in the presence
of C. meneghiniana EPS. Absorbance of Ag-NP and Ag signal coelution in AF4 were related to online UV-visible scans extracted from diode array
detector data at (1) the beginning, (2) maximum and (3) end of the size distribution. Ag-NPs were characterized by the presence of a surface
plasmon resonance band (SPR, peak 1) with a maximum absorption wavelength of 392 nm and presented a second SPR band (peak 2) upon
hetero-aggregation. The equivalent particle size distribution and proportion of nanoparticulate Ag (recovery nAg) quantified using spICP-MS for
Ag-NP hetero-aggregates (blue) were compared with that obtained for the original Ag-NP suspension (orange). Fractionation conditions and

settings are provided in ESI,f section S5 (unpublished data).

Ag- NPs, using their surface plasmon resonance (SPR)
signatures collected over their complete size distribution
(Fig. 6A; the online UV-visible scans indicate that aggregation
increased with retention time). The d;, of Ag-NP hetero-
aggregates measured using AF4 with external calibration
underestimated their size (d, = 17 nm) compared with the
equivalent diameter determined using spICP-MS (d = 25
nm).""® The aggregation of Ag-NPs induced by C.
meneghiniana EPS was confirmed by spICP-MS (Fig. 6B),
showing the advantage of working at more environmentally
relevant concentrations compared to the online UV-visible
scan measurements. However, the equivalent size detection
limit of the ICP-MS instrument used herein was above d = 20
nm, leading to a truncated size-distribution for the original
engineered Ag-NP suspension (20 nm, with an estimated
nanoparticulate recovery (nAg) of 68%) (Fig. 6B). The size
distribution of Ag-NPs became wider in the presence of EPS
and shifted towards larger particle sizes, with the nAg
recovery increasing to 98%. The larger quantity and particle
size of nAg obtained after 24 h of incubation suggest the
(hetero)-aggregation of Ag-NPs and the hindrance of their
dissolution by EPS."**

Finally, single-particle analysis is not only constrained to
the measurement of nano-objects or their assemblies but can
be applied for the quantitative determination of the elements
present in cells. The applications reported for the analysis of

3832 | Environ. Sci.: Nano, 2025, 12, 3821-3846

unicellular organisms by single-cell (sc)ICP-MS in biomedical
and environmental research were recently reviewed.'*° By
increasing the transfer of cells into the ICP,"*" the form of
intrinsic elements that are essential or toxic as hydrated ions
or NPs and their uptake into or association with cells can be
measured.'** Single-cell analysis is also considered to better
represent the biological diversity in metal species uptake
compared to bulk analysis (after digestion/mineralization of
cells). For instance, the bio-uptake and strong sorption of
both dissolved Au and Au-NPs in the freshwater alga
Cryptomonas ovata and their distribution in individual cells
were measured using scICP-MS, demonstrating that only 40—
50% of the cells contained NPs.'** Understanding the cell-to-
cell variation in the metallome composition provides in-
depth information about the essential role of trace metals in
signaling, catalysis and gene expression, and the structural
integrity of DNA and RNA, among other biological functions
that can be disrupted by exposure to toxicants. Because cell
introduction can lead to interference in the m/z in ICP-MS,
the use of higher resolution mass analyzers is required to
avoid misleading conclusions. Thus, the potent resolution of
ICP-MS/MS was used to determine the distribution of P in
bacterial cells using mass-shift mode and a reaction cell with
0,, using *'P'°0" as the target ion."** Moreover, in another
study, the P, S, Mg, Zn, and Fe contents of phytoplanktonic
cells were also quantified using mass-shift mode (*'P'°0"

This journal is © The Royal Society of Chemistry 2025
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and *28'°0"). On-mass mode with hydrogen reaction gas was
used to measure other challenging elements such Mg, Zn
and Fe."” The growth of magnetite and the corresponding
proportion of ionic Fe that was internally mineralized by
magnetotactic bacteria were quantified by sector-field scICP-
MS."®® A recent study also quantified the simultaneous
uptake kinetics of Hg- and MeHg-enriched isotopes by
unicellular algae using scICP-MS and scICP-TOFMS, and
addressed the changes in the population-level metallome of
algae exposed to the latter.">” The possibility of accessing the
metallome composition at the single-cell level using scICP-
(TOF)MS opens new opportunities for distinguishing cells/
microorganisms from non-living organic materials. This
allows the quantitative assessment of the interactions
between microplastics and living cells, using either metallic
labels or intrinsic carbon signals.'**'*°

Relating the processes involved in the bio-interactions of
metal-species present at the nanometer and macromolecular
scales, at doses relevant to their uptake, at the level of single
cells, constitutes the first step towards understanding
toxicological events. Thus, combining AF4-ICP-MS with
spICP-MS and scICP-MS enables the quantification of
bioprocesses occurring at trace doses and small size-scales,
with the minimum time required for sample preparation and
analysis compared to other techniques. Taking advantage of
the in-depth size-resolved characterization of NPS and their
associated elements by AF4-ICP-MS and sp/scICP(TOF)MS will
provide insights into their global bioprocessing in the
environment, and more realistic knowledge of their
ecotoxicological impact.

2.4. Recent progress in economic geology

Although economic geology is not typically considered a
component of environmental chemistry, they are closely
linked through their study of the transport and elemental
associations of metals in natural systems. Furthermore, many
of the same biogeochemical processes discussed above are
highly relevant to mineral deposit formation and exploration
and assessing the environmental impacts of mining
activities. Thus, the recent application of nano-analytical
methods in this field is briefly considered below.

Because natural nanomaterials are abundant in all
environmental compartments, they play key roles in the cycling
of both rock-forming and trace-level elements throughout earth
systems. Significant areas of research include mineral
weathering and dissolution, metal transport and deposition in
the context of mineral deposits, and mineral-microbe
interactions."***> However, the low throughput of microscopy
techniques is a persistent challenge in these nanogeoscience
studies. Millions to billions of NPs can be suspended from one
gram of soil or sediment, requiring high throughput techniques
for their effective characterization.

Recently, AF4-ICP-MS and spICP-MS have been used in
nanogeoscience, focusing on the mineralogy and elemental
associations of NNPs. The goals of this work have been to better

This journal is © The Royal Society of Chemistry 2025
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understand their cycling in geological systems, and their
relevance to broader geoscience applications such as economic
geology. The AF4-ICP-MS system has been proven to be effective
for determining the size-resolved distribution of trace elements,
including REEs in acidic groundwaters, which were investigated
as a secondary source of critical minerals.®® In this unique
environment, AF4-ICP-MS provided key insights about the
particulate fractions of REEs that would otherwise be classified
as “dissolved”, following the operational definition of passing
through a 0.45 um filter. Distinct nanoparticulate phases of
REEs are shown in Fig. 3C, including those likely bound to
organic matter, those associated with Al (indicating adsorption
to clays or hydroxide minerals), and a unique class of intrinsic
REE-containing NPs. The identification of REE-containing NPs
has implications for the recovery of REEs from secondary
sources; different processes are required for aquo complexes vs.
adsorbed REE species vs. REE mineral NPs. Although AF4-ICP-
MS does not have the capability to characterize individual NPs,
it will continue to find uses in economic geology. With the
recent focus on the role of colloidal gold in forming high-grade
Au deposits, the potential for AF4-ICP-MS to investigate Au-
containing NPs in active hydrothermal systems can be
inferred.™*

As described above, spICP-MS has revolutionized the
measurement of NPs in environmental systems due to its high-
throughput capability. Because mineral NPs are orders of
magnitude more abundant by number than larger mineral
grains, spICP-MS has emerged as a new tool to aid studies
across geoscience wherever large mineral grains are rare.
Because “indicator” minerals are used to identify buried ore
deposits, the use of spICP-MS to rapidly detect large numbers of
mineral NPs has been suggested as a new method for mineral
exploration. Gold- and Ag-containing NPs have been identified
in stream sediments by spICP-MS to identify Au mineralization,
with the potential for lower detection limits compared to
conventional digestion procedures.”**'** The multi-element
capability of spICP-TOFMS has further characterized the
nanoscale mineral diagnostics of pegmatite ore deposits,
including Hf-rich zircon, and the rare minerals bismutotantalite
and stibiotantalite."*® The concentration and composition of
Co-bearing NPs were also investigated in soil and regolith
surrounding several types of cobalt deposits."*” Co-NP
associations with Mn, As, Fe, and Ti indicate possible mineral
phases hosting Co, which can be used in future mineral
exploration.

Studies of geochronology and provenance analysis rely on
the analysis of isotope distributions in minerals such as zircon
and monazite. Recently, spICP-TOFMS was used to investigate
whether individual monazite NPs could be dated using Pb
isotope distributions.'*® Although the precision was inadequate
to allow meaningful interpretation of their age, this study offers
insight into the future of nanogeoscience. Nano-scale minerals
may be analyzed in rocks where minerals suitable for
radiometric dating or provenance analysis are rare, with the
advancement of the analytical capabilities of spICP-TOFMS.
Recent studies have also demonstrated the use of a multi-
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collector ICP-MS (MC-ICP-MS) to measure the isotopic and
elemental distribution in NPs, increasing the precision
compared to spICP-TOFMS by over an order of magnitude.'*
However, the faraday cup detectors used in MC-ICP-MS can only
be operated at long (e.g 50 ms) dwell times, which are
inadequate for analyzing most natural samples. In the absence
of a reliable method to date individual mineral NPs, spICP-
TOFMS can instead be used as a screening tool to determine
the abundance of these minerals, allowing the more targeted
sampling of rocks to yield useful geochronological or
provenance analysis. These are merely a few examples of areas
where nanogeochemical analysis can aid investigations; in
short, any study in geoscience that requires detection or
characterization of an uncommon mineral is likely to greatly
benefit from spICP-TOFMS analysis of more abundant
nanominerals.

2.5. Recent advances in standardization

Stable and reproducible standards are necessary to ensure
consistency between different experimental approaches and
serve as a reference for comparative analysis of environmental
samples to characterize TE behaviour and associated size
fractions. Colloid standards and interlaboratory comparison
can thereby help build the foundation for research in
environmental nanogeochemistry, which seeks to measure and
characterize the nature and functions of NPS and disturbances
thereto, such as those caused by climate change or other
anthropogenic disruptions. A large set of proteins and metallo-
proteins is available for both calibrating the size retention in
AF4 (ref. 107 and 119) and quantifying some metals such as
superoxide dismutase (Cu/Zn), hemoglobin, ferritin and
myoglobin (Fe). However, they have a lower polydispersity in
terms of size distribution and will not have the same type of
membrane interactions and elemental compositions as NPS.
More specifically, in aquatic ecosystems, TEs are present in
multiple size fractions such as hydrated ions and other small,
simple complexes, organic matter complexes, or larger primarily
inorganic particles. Using AF4-UV-ICP-MS, the proportions of
TEs associated with each size fraction may be examined, as
exemplified above. The early steps toward the development of a
mixed colloid standard with TEs adequately representing
environmental samples for method standardization and
comparisons using AF4-UV-ICP-MS across laboratories are
presented below.

View Article Online
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The primarily organic Fe peak represents a potential gradient
of size and colloid type running from small OM-associated Fe
ions, through OM-associated ferrihydrites and small Fe
nanoclusters embedded in organic matter, through to larger
nanoparticulate Fe with a substantial SRHA eco-corona. The
presence/absence and relative amounts of the varying NP
populations along this gradient require additional techniques
such as TEM-EDXS for their assessment; however, the higher
molecular mass of the OM-associated Fe/Pb peak (ca. 70 kDa)
compared to the lower molecular mass of the OM and Cu-
associated peaks (2-5 kDa) suggests that this Fe-dominated
peak is primarily composed of Fe/Pb nanoclusters stabilized by
the HA (Table 2). Given that Cu and Pb are added prior to Fe(u)
oxidation, they become incorporated into OM and the
amorphous Fe lattice structure due the high trace metal binding
affinity exhibited by SRHA, Fe-SRHA complexes, and Fe
oxyhydroxides with an SHRA eco-corona."*® The similarities in
peak shape, area and size for each component between
repetitions indicated reproducibility of the standard synthesis
and analysis (Fig. 7).

The molecular mass at the peak maximum of the
fractograms (Table 2) and concentrations of metals associated
with each peak (Table 3) were also determined. The similarities
between the molecular mass of each component and Fe
concentration values indicated the reproducibility of the results
within batches. The same procedure can be applied for the Cu
and Pb concentration determination in each peak (data not
presented). This suggests the reproducibility of the preparation
procedures, which can be further supported through
interlaboratory comparison. Additionally, the concentrations in
each peak relate to the peak sizes displayed in the fractograms.
For example, a high Fe concentration was associated with the
high peak intensity and area of the small DOM-associated
components. The same relation for the smaller void and
inorganic matter (large) peaks indicated that the dominant form
of colloidal Fe was associated with organic matter in the form
of complexes or small nanoparticle clusters. This was also true
for Pb and Cu (data not shown), where the latter was mainly in
the form of OM complexes.

The comparability of these results between and within
batches suggests an effective standard for intra-laboratory
comparisons. Further study can determine whether this
standard is stable and the analysis reproducible over a sufficient
time, or if changes in its synthesis are needed. Interlaboratory
comparisons to determine stability and reproducibility across

Table 2 Average molecular mass (kDa) for each analyte obtained for two sets of repetitions of the standards. Error bars show 95% confidence intervals

assuming a Gaussian distribution

Average molecular mass (kDa)

March 15 samples

May 20 samples

Component MR15 R2 MR15 R3 MY20 R1 MY20 R2 MY20 R3
OM 24+0.2 2.36 £ 0.03 5.6 £0.1 5.6 £0.6 5.1+0.1
Fe 621 61.6 £ 0.7 68 £ 4 67 £ 4 66.7 £ 0.9
Cu 4.04 £ 0.07 4.3+0.3 52+04 4.8+0.7 5.1+0.8
Pb 752 745 67 £ 2 70 £ 4 66 £ 3
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Fig. 7 Fractograms for each component of three repetitions of the standard tested in triplicates obtained on May 20, 2024. Fractionation
conditions, settings and experimental details are provided in ESI,i section S6 (unpublished data).

Table 3 Average Fe concentration (ppb) in each peak for two sets of repetitions of the standard obtained in 2024

Average Fe concentration (ppb)

May 7 samples

May 20 samples

Peak MY07 R1 MY07 R2 MY07 R3 MY20 R1 MY20 R2 MY20 R3
Void 23+1 23.0 £ 0.8 24.7 £ 0.8 21.9+0.4 21+2 22 +2
OM associated 162 £ 4 170 £ 4 160 £ 6 189 £ 6 194 £ 9 195+ 2
Inorganic 68 £ 2 94 +8 92 +4 795 84 £ 4 81+4

laboratories will indicate an effective colloidal standard for
comparing results in future AF4-UV-ICP-MS research.

The choice of the selected components herein was motivated
by the prevalence of Fe-OM nanoparticles in boreal rivers and
forested watersheds, and their importance in the transport of
trace metals and other potential contaminants. They can also
be applied for the characterization of soil solutions or extracts,
similarly rich in OM and Fe, as depicted in the previous section.
In the case of natural systems with limited DOM and Fe redox
processes, the composition of the standard can be modified to
represent the system of interest. For example, this can involve
changing the TEs or NNPs and organic material.

3. Frontiers and challenges
3.1. Standardization of analysis and sample treatment

The systematic characterization of NPS and their deviations
from natural conditions on a global scale requires analyses that

This journal is © The Royal Society of Chemistry 2025

are reproducible or at least comparable across laboratories. ISO
standards already exist for both AF4 (ISO/TS 21362) and spICP-
MS (ISO/TS 19590), with comparison exercises aiming to
characterize the particle standards recently proposed for both
techniques. Furthermore, engineered NP standards with various
sizes and elemental compositions allow the comparison and
calibration of spICP-(TOF)MS across laboratories, and standards
also exist to calibrate and compare AF4 flow programs based on
molecular mass and size. Calibration standards,
matched standard reference materials, and associated
procedures for the calibration and comparison of ICP-MS across
laboratories have been well established. However, these
standards are not representative of the complex and dynamic
mixtures of molecules, particles, hydrated ions, and simple
complexes that comprise NPS. Thus, it is necessary to develop
NPS standards containing mixtures of elements and particles
similar to natural systems, such as NOM, NOM-coated inorganic
nanovectors, and trace elements adsorbed to and occluded

matrix-
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within these ligands and particles. These mixed NPS standards
are needed to compare methods within and across laboratories
and to assess numerous potential artefacts associated with NPS,
such as i) comparing and determining the detection limits for
elements with low concentrations in individual multi-element
particles in spICP-(TOF)MS;"*'™** ii) assessing and comparing
potential artefacts associated with various AF4 separation
conditions;***** and iii) assessing the potential for aggregation,
dispersion, dissolution, or other changes in speciation and size-
based distribution during the storage and pre-treatment of
NPS,*1:60:146:147 The systematic characterization of NPS and their
deviations from natural conditions is ideally based on
measurements that represent in situ conditions; however, this
task can also be achieved if the deviation from i situ conditions
is consistent and uniquely related to those conditions, enabling
the state under the in situ conditions to be derived from the
measured values. The range of current pretreatment and storage
techniques in wuse includes storage wunder refrigerated
conditions without treatment; freezing; filtration with 0.22,
0.45, or 1.2 pm filters; sonication to re-suspend and disperse
particles and aggregates; cloud-point or solid-phase extraction
to isolate particles for spICP-(TOF)MS; addition of a surfactant
to disperse particles and aggregates; dilution to reduce the
probability of overlapping particle signals in spICP-(TOF)MS;
centrifugation as an alternative to filtration for isolating a
particular size fraction, or to isolate the ionic background in
SpICP-(TOF)MS; and ultrafiltration for pre-concentration or to
isolate the ionic background in spICP-(TOF)MS,”6%%¢:1467148
Given the impossibility of in situ measurements and
requirement for pretreatment in AF4-ICP-MS and spICP-(TOF)
MS, comprehensive assessments of the sample collection and
storage impacts are needed to compare results across
laboratories, and even within the same laboratory when the
pretreatment or storage procedures differ.

3.2. Data analysis, fusion and integration

Advanced computational techniques are currently used to
compare samples containing tens or hundreds of thousands
of particles in each milliliter when analyzed by spICP-TOFMS,
with up to 40 elements in each particle. Significant strides
have also been made to identify the distribution and mass-
dependent behavior of background events in spICP-(TOF)MS,
allowing the calculation of a precise confidence level for
confirming particle events."*> However, the optimal method
for detecting particles in the presence of a multi-elemental
background of ions and small metal-containing molecules
remains an active area of research. This is computationally
challenging given that measuring 40 distinct masses in
particles using spICP-TOFMS with a typical dwell time of 100
us for a 2 min measurement yields nearly 5 x 10° data points
for a single sample.

Clustering and machine learning methods have also been
applied to organize and identify natural nanoparticles
according to type, respectively.®'">1:37:60:149:150 gyironmental
nanobiogeochemistry requires approaches that can identify

3836 | Environ. Sci.. Nano, 2025, 12, 3821-3846
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particle types within NPS that are related to their
environmental functions, and types that are modified in
number, size or composition in response to disturbances.
This suggests the application of unsupervised methods such
as clustering and self-organizing maps; however, some
mapping between the known functionality of colloids with a
known composition may also be useful. In some case, this
mapping is achieved when AF4-ICP-MS is used to separate
NPS into different forms of TEs that are associated with their
hydrodynamic diameters, such as hydrated ions and other
small, simple complexes, organic-associated, and primarily
inorganic particles.® However, the relationships between the
distribution of elements amongst these colloidal forms and
the environmental relevance of NPS have received limited
attention.”®'*'>* Conceptual and computational insights
based on empirical data are also needed to optimally
describe the nature and functionality of the complete NPS by
integrating the distributions of smaller and organic-
dominated constituents of NPS determined by AF4-ICP-MS
with the particle-by-particle analysis of larger inorganic-
dominated constituents determined by spICP-TOFMS.

Clustering and other machine learning procedures for
classification also produce mathematical objects that may
differ depending on the relative abundance of a wide range
of nanominerals and mineral nanoparticles, in which case
they are not likely to represent distributions or ratios of
elements corresponding with singular minerals, but rather
NPS-dependent groups of minerals. In this case, different
NPS must be analyzed as part of a single clustering process
for comparison, or new mathematical approaches are
required to compare NPS across studies.

3.3. Characterizing the range of NPS, governing mechanisms/
processes, and their dynamics

There are a staggering number of particles constituting the NPS
in each mL of water in most natural aquatic systems, with
similar potential for incredible heterogeneity. For example, it
has been estimated that there are more than 10° particles per
mL that are <120 nm in the thermocline of the ocean,
approximately 15 km offshore.'> These may be primarily
organic molecules, inorganic elements complexed by organic
molecules, or any one of a range of forms of primarily inorganic
oxides and oxyhydroxides of Al, Mn, or Fe with various amounts
of organic material within their amorphous or crystalline
structure, and on their surfaces.'*>'*® Even if the properties and
associated environmental relevance of each particle are
determined, our ability to integrate these properties from the
fine-grained scale of each particle is limited by the potential
differences in the relevance of scale for various properties and
functions, the non-additivity of interactions between particles,
the dynamics of these interactions, and the lack of
mathematical solutions to these multi-body problems."””~*¢°
Thus, understanding NNP interactions and their combined
roles in ecosystem functions differs markedly from that of bulk-
phase impacts and typically homogenous groups of ENPs

This journal is © The Royal Society of Chemistry 2025
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because they are highly diverse, discrete entities that do not
behave in an additive fashion. This divergence leads to
inherently complex questions, such as how should the
properties, interactions and impacts measured for individual
NPs be mapped onto their nonadditive behaviour as NPS?
Similarly, how should the diverse properties of NNPs in NPS be
grouped or classified and combined or compared to connect
them to interactions and impacts?

The description of NPS in terms of distributions amongst
groups having known property-relevance relationships may
serve as a sufficient approximation; however, this first requires
the testing of these relationships for the environmental
functions of interest. In the case of some environmental
functions, reasonable approximations may also be found by
employing tools and concepts from the fields of complex
systems science, such as statistical mechanics, network theory,
information theory, agent-based modeling, self-organization
and self-organized criticality.'®*"*® Machine and deep learning
approaches may also be useful for uncovering property-
relevance relationships and extracting key features to reduce the
dimensionality in the calculation of multi-body interactions,
and the associated emergent properties and functions of
NPS.167’168

3.4. Connecting analyses to bio-/ecological consequences and
global impacts

How the above-mentioned differences in metal association,
mineral formation/form, and hetero-aggregate structures may
influence the bioavailability of TEs that are associated with NPS
to aquatic organisms represents a challenge for future research,
together with determining how their size-resolved distribution
may be modified following bio-interactions. To date, the effects
of external conditions on the environmental effects of
potentially toxic TEs under relevant environmental conditions
(other than polluted systems) are unclear. This hinders our
understanding of the key risks and issues associated with the
detection of potentially toxic TEs according to their physico-
chemical forms. The lack of information regarding the direct
and indirect impacts of NNPs also makes it challenging to
anticipate their consequences at the ecosystem level. Regarding
the direct impact of NNPs on aquatic organisms, only limited
studies have investigated their detrimental effects.

Recently, NNPs isolated from a river were found to be
lyophilized dysregulated sub-lethal endpoints for the green
algae Chlorella vulgaris (e.g. photosynthesis yield, amino acid
metabolism, and reactive oxygen species production).'®® The
potential effects of TEs contained in colloidal isolates (1
kDa-1.2 pm) induced toxic outcomes for the rotifer
Brachionus calyciflorus, but not for the green alga
Pseudokirchneriella subcapitata.'’® The biological endpoint
chosen in the latter report was growth limitation, which is
known to be the final toxicological state after organisms
adapt to stress. However, as essential sources of nutrients,
NPs can also promote the growth of certain species over
others at the community level. For example, the reductive

This journal is © The Royal Society of Chemistry 2025
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dissolution of Fe-containing NPs released the P adsorbed on
their surface, rendered it bioavailable for cyanobacteria in a
lake, and responsible for their predominance at the bottom
layer of the lake.'”

Other species take advantage of depuration
mechanisms with consequences for the transformation of
TEs and potential implications for higher trophic levels. For
example, nano-HgS, which is the more stable form of Hg
under anoxic conditions and considered non-available,'”*”?
was transformed into methyl-mercury (neurotoxin) by a
cohort of methylators, together with a part of the Hg(u)
bound to particulate FeS and humic substances.'’* This
suggests that the bioavailability of TEs and NPs need to be
further explored in the context of NPS, especially changes in
their speciation and size-based distribution at the bio-
interface.

Given their larger diversity in both organic and inorganic
compositions, the bio-impact of NNPs cannot be directly
related to that of the largely explored ENPs, even when
exposed in natural waters."””> Thus, similar to ENPs and
dissolved toxicants (including metals), addressing species
sensitivity distributions for NPS isolated from different
aquatic settings, including environments contaminated with
TEs, will provide opportunities to address how and when NPS
can lead to beneficial or detrimental effects on a particular
ecosystem. Although environmental geochemistry applies a
geochemical lens to the impacts of disturbances on natural
systems at the bulk scale, their impacts on NPS have received
little attention. Given their importance as potential sources,
sinks, and transporters of contaminants and nutrients, more
information is needed about the impacts of disturbances on
the composition, properties, and ultimately environmental
functionality of NPS."”® Given the diversity of NPS and the
natural processes that govern their composition and
properties, in addition to the wide range of potential
disturbances to governing factors such as hydrology, relative
source fluxes, and variables controlling aggregation and
sedimentation, significant effort is needed to measure the
range of natural conditions within a system and deviations
therefrom.

Understanding how disturbances may be coupled to
positive and negative feedback loops is especially critical in
the present era of global climate change, where NPS may play
significant roles. For example, the climate-associated
browning of boreal lakes and streams is associated with
increasing exports of organic-coated Fe-containing NP, with
elevated stability in conditions of increasing salinity.'”” "%
Hence, this phenomenon will lead to the increased export of
Fe to the oceans where it is a limiting nutrient for algae,
potentially causing a net increase in carbon sequestration on
the ocean floor. Quantifying the role of this NPS and others
containing carbonate NPs that play important roles governing
sources and sinks of carbon is needed to accurately quantify
the impacts of increasing CO, levels and climate change and
better characterize potential tipping points and feedback
loops at the nanoscale.

will
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3.5. Combined with additional tools/analyses

The use of AF4 and (sp)ICP-(TOF)MS for the separation and
analysis of NPS provides the distribution of elements amongst
different types of molecules, complexes and particles along a
size continuum, including hydrated ions and other simple
inorganic complexes, primarily organic complexes, primarily
inorganic particles, and the inorganic elemental composition of
individual particles. However, although online coupling can
provide significant information by aligning the analysis time of
a UV spectrophotometer in the AF4 detector chain with that of
the (sp)ICP-(TOF)MS, the incredible variety of potential organic-
inorganic combinations for individual particles remains
unmeasured. For example, under oxidizing conditions, iron can
exist in the form of aquo complexes, complexes with organic
material, amorphous ferrihydrites with organic coatings or
embedded organic molecules, oxyhydroxides with various levels
of organic material embedded or on their surface, or mineral
forms such as hematite and goethite with some amount of
embedded and surficial organic matter. Given that each of these
forms and organic matter/Fe configurations may exhibit
different behaviour with respect to their environmental roles
such as bioaccessibility and facilitating TE mobility, particle-by-
particle information about organic contributions and type of
organic matter will be highly valuable. Although this can be
partially achieved wusing techniques such as scanning/
transmission electron microscopy (S/TEM), the high number
and potential diversity of particles in NPS currently prevent the
efficient measurement of their representative distributions, and
bombardment with electrons transforms organic carbon into
ash, which acts as a contaminant. Improved speed or
automated techniques for locating and characterizing NNPs on
S/TEM grids will improve the viability of these methods for
characterizing NPS.

The size distribution and zeta potential of NNPs are
important variables for improving our understanding of NPS
behaviour; hence, combining AF4-UV-ICP-MS and (sp)ICP-(TOF)
MS with light scattering is recommended. This is particularly
useful for polydisperse samples in which light scattering
measurements are heavily biased, requiring pre-separation
using AF4. However, the limitations of zeta potential for
assessing the stability of colloids and DLVO theory for NPS
should be duly considered.'®*'8* The combination of electrical
FFF with AF4 to create EAF4 is useful for conducting zeta
potential measurements as a function of size, while avoiding
the limitations of light scattering.'® Nanoparticle tracking
analysis is also a promising technique for rapidly characterizing
the size distribution of NPS if it cannot be determined online
with a light-scattering detector or other means following
separation using AF4."'®®

Despite the growing application of sc/spICP-TOF)MS for
single-cell applications, its combination with other types of
instruments able to discriminate the complexity of populations
based on cell-by-cell properties can find numerous applications
in nano-ecotoxicology. For instance, the development of mass
cytometry TOFMS and flow-cytometers with a large array of

3838 | Environ. Sci.: Nano, 2025, 12, 3821-3846

View Article Online

Environmental Science: Nano

excitation lasers and acquisition detectors has propelled the
frontiers of cellular population distinction and classification,
and more importantly identified effects or phenotype deviations
within a sub-population.’®® In environmental sciences, the
recent applications of these state-of-the-art flow cytometer
instruments allowed the identification of species in periphyton
(assemblages of microorganisms), and with an appropriate data
analysis pipeline, they have been distinguished from plastic
particles in a single analysis."®"® In a simpler way, the
addition of a flow-through fluorescence analyzer upstream of
spICP-MS provided major advances in relating exposure doses
to cell integrity at the population level.'”® These recent
advancements in combined or on-line detection strongly
support the feasibility of attributing pulse events recorded by
elemental analyzers to living (e.g. bacteria/phytoplankton) or
non-living (e.g2 NNP hetero-aggregates) particles, allowing the
structure and composition of NPS to be linked to ecological
effects.

In general, every analytical technique is impacted by
limitations and biases, which is especially true for highly diverse
and dynamic samples such as NPS. Hence, the combination of
multiple techniques provides additional, and sometimes critical
information, even when measuring the same variable. This
feature of NPS is perhaps the most challenging aspect of
relating their properties to their behaviour and functions,
particularly when error is multiplied in the combination of
numerous variables to describe a system; however, resolving
properties as a function of size using AF4 and other FFF
methods significantly improves our ability to understand NPS.
The measurement of particle-by-particle properties in the
inorganic fraction of NPS using (sp)ICP-TOF)MS also greatly
resolves the diversity of NPS. Combined with these methods,
ongoing improvements in other areas of nanometrology, data
processing, and new paradigms for connecting large numbers
of NNPs to their properties and behaviour as NPS will continue
to improve our nanoscale understanding of natural
nanosystems, with the corresponding advancements in
environmental nanobiogeochemistry.
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