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ABSTRACT ARTICLE HISTORY

To date, research on the toxicity and potential environmental impacts of nanomaterials has Received 20 September
predominantly focused on relatively simple and single-component materials, whilst more complex 2023

nanomaterials are currently entering commercial stages. The current study aimed to assess the  Revised 31 January 2024
long-term and size-dependent (60 and 500nm) toxicity of a novel core-shell nanostructure  Accepted 16 February 2024

consisting of a SiC core and TiO, shell (SiC/TiO,, 5, 25, and 50mg L") to the common model
organism Daphnia magna. These novel core—shell nanostructures can be categorized as advanced
materials. Experiments were conducted under environmentally realistic feeding rations and in the
presence of a range of concentrations of humic acid (0.5, 2, 5, and 10mg L' TOC). The findings
show that although effect concentrations of SiC/TiO, were several orders of magnitude lower
than the current reported environmental concentrations of more abundantly used nanomaterials,
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humic acid can exacerbate the toxicity of SiC/TiO, by reducing aggregation and sedimentation
rates. The EC,, values (meanz=standard error) based on nominal SiC/TiO, concentrations for the
60nm particles were 28.0+11.5mg L' (TOC 0.5mg L), 21.1+3.7mg L' (TOC 2mg L),
183+54mg L' (TOC 5mg L"), and 17.8+2.4mg L' (TOC 10mg L™"). For the 500nm particles,
the EC50 values were 34.9+16.5mg L= (TOC 0.5mg L"), 24.8+56mg L' (TOC 2mg L),
28.0+£10.0mg L' (TOC 5mg L"), and 23.2+4.1mg L' (TOC 10mg L"). We argue that fate-driven
phenomena are often neglected in effect assessments, whilst environmental factors such as the
presence of humic acid may significantly influence the toxicity of nanomaterials.

GRAPHICAL ABSTRACT

1. Introduction past years (Hansen, Hansen, and Nielsen 2020). As

Nanotechnology remains a rapidly growing area of with conventional materials and chemicals, NMs are

research and many nanomaterials (NMs) have
reached the stage of commercialization over the  and inadvertent emissions to the environment

applied in a wide variety of products and processes,
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resulting from their production, use and disposal
cannot be entirely prevented. Over the past years,
a substantial body of work has been produced
which describes potential environmental impacts
resulting from NM emissions (Yagoob et al. 2020;
Mazari et al. 2021). Based on this work, a number
of properties and variables have been identified as
primary drivers of NM toxicity, including those
inherent to the NM (e.g. particle size, morphology
and elemental composition) and those related to
the context in which exposure takes place (e.g.
medium composition and exposure time). In recog-
nition of this, various national and international
regulatory bodies have evaluated, updated and
drafted guidelines which facilitate the environmental
hazard and risk assessment of NMs (Rather et al.
2021; OECD GD 318, OECD 2017).

At present, our understanding of potential envi-
ronmental hazards and risks of NMs mainly relates
to single-element nanostructures, whilst research
and development are currently progressing toward
more advanced NMs, which often consist of mul-
tiple components and may exhibit novel function-
alities (Bessa et al. 2017; Xie et al. 2021). A
prominent example in this regard is core-shell
NMs (CSNMs), of which the multicomponent
design gives way to preferable properties such as
high tunability and versatility in terms of applica-
tions (Camboni et al. 2019; Guo, Huang, and Xu
2021). CSNMs are materials composed of an inner
core and one or more outer shells, which depend-
ing on the desired functionality may consist of
various inorganic and organic materials. The design
and functionalities of CSNMs can furthermore be
modified by adapting the thickness ratio amongst
different components and by altering their struc-
tural morphologies (e.g. size, shape, porosity, etc.)
(Sabogal-Sudrez, Alzate-Cardona, and Restrepo-Parra
2019; Zhang et al. 2021). To date, CSNMs have
shown promising properties regarding use in, e.g.
electronics, optical devices, building materials,
drug delivery, and energy storage (Ghosh
Chaudhuri and Paria 2011; Tsamos et al. 2022).
Given the potential for nanoparticles to interact
with biological systems in ways not yet fully
understood, it is crucial to conduct testing of
advanced materials like CSNMs prior to commer-
cialization, to preemptively address any unforeseen
adverse effects on the environment. Additionally,
testing NMs before their release to the market
admission can provide guidance for the develop-
ment of safe applications and the design of
safer NMs.

Based on our understanding of potential hazards
and risks associated with single-component (i.e. first
generation) NMs, various factors, and processes are
known to constitute prominent drivers of their envi-
ronmental fate and effects. Toxicity to the common
model species Daphnia magna has for example been
found to be dependent on particle size, being both
of importance to ingestion (i.e. via size-specific filter
feeding) and uptake (i.e. internalization via transfer
across biological membranes) (Cui, Chae, and An
2017; Bacchetta et al. 2018). Furthermore, the com-
position of ecotoxicological test media has been
found to influence particle fate by affecting aggre-
gation and sedimentation rates, which consequently
may alter exposure patterns and thereby toxicity.
Various studies have demonstrated that the pres-
ence of organic matter (OM) can play a major role
in this respect by forming a coating (i.e. eco-corona)
at the particle surface which can either enhance or
decrease toxicity (e.g. via mitigating bioavailability
or by interfering with the gut microbiome) (Nasser,
Constantinou, and Lynch 2020). Organic matter is
naturally present in surface waters in varying com-
positions and may be mimicked in ecotoxicological
tests by adding well-characterized sources of dis-
solved organic carbon (DOC) such as humic acids
(HAs) or other natural organic materials depending
on the type of exposure media and processes of
interest. Due to potential interactions with NMs and
their toxicity, nano-specific regulatory toxicity test-
ing guidelines currently prescribe that amendment
of test media with organic matter may be consid-
ered when deemed relevant, but must be clearly
described and characterized to ensure interpretabil-
ity and comparability across experiments (OECD GD
317, OECD GD 2021).

Next to exposure-based phenomena driving bio-
availability, toxicity is also influenced by factors like
food availability and quality. Often, food limitation
will exacerbate impacts of stressors by impacting
the dynamic energy budget of organisms and sub-
sequently affecting processes involved in detoxifi-
cation (see e.g. Heugens et al., 2006; leromina et al.
2014). The impact of food availability on the toxicity
of NMs may be particularly relevant, as a primary
mode of action of particle toxicity in e.g. D. magna
stems from the clogging of the digestive tract,
resulting in reduced nutrient uptake (Campos et al.
2013). Stevenson et al. (2022) for example reported
substantially higher levels of toxicity of Ag nanopar-
ticles to Daphnia pulicaria when exposed under lim-
ited but environmentally relevant feeding conditions.
Similarly, Campos et al. (2013) and Sun et al. (2022)



demonstrated that reduced feeding rates increased
the toxicity of TiO, and ZnO nanoparticles, respec-
tively, in D. magna. These findings emphasize that
ad libitum feeding, which as recommended in e.g.
OECD test guidelines 202 and 211 (OECD, 2004 and
OECD, 2012) constitutes approximately 400 times
higher algae cell densities than commonly observed
in natural waters, may result in underestimations of
actual environmental impacts of NMs (Stevenson
et al. 2017).

As more advanced and multi-component NMs
are reaching early stages of commercialization, there
is a need to understand to what extent their toxicity
is determined by the same principles as known for
single-component NMs. In the present study, we
therefore assessed the long-term (21 days) and
size-dependent (60 and 500 nm) toxicity of a novel
multi-component NM to the common model species
D. magna. The experiment was performed under
realistic feeding conditions and in the presence of
a range of concentrations of organic carbon,
achieved by amendment of the test medium with
HA. The core—shell material SiC/TiO, was selected
as a model multi-component (nano)material because
of its reported promising mechanical, thermal and
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electrical properties, which deem it likely to enter
the stage of commercial use in the near future (Liu,
Liu, and Li 2014; Kumar, Kushwaha, and Srivastava
2015; Wei et al. 2017), including as a potential alter-
native to PFAS-based nonstick coating (Pizzol et al.
2023). We hypothesized that the toxicity of SiC/TiO,
to D. magna: (1) is more pronounced for smaller
than for larger particles, (2) is reduced when the
test medium is amended with HA, and (3) is exac-
erbated under environmentally pertinent food
limitations.

2. Materials and methods
2.1. Testing materials

Core-shell SiC/TiO, particles with reported sizes of
48-75nm and 530-640nm were obtained from
Laurentia Technologies (Valencia, Spain, SI Figure 1).
The 48-75nm particles consisted of a 40-60nm SiC
core coated with a 8-15nm TiO, shell, resulting in
a mass ratio of Si to Ti of 7.7. The 530-640nm par-
ticles consisted of a 500-600nm SiC core and a
30-40 nm TiO, shell with a mass ratio of Si to Ti of
55.6. According to the producer, the SiC/TiO,

Figure 1. Hydrodynamic sizes (mean *standard error) of 60 and 500 nm SiC/TiO, between 0 and 48 hours of incubation in Elendt
M7 medium with varying TOC concentrations (0, 0.5, 2, 5, and 10mg L™).
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particles were produced via sol-gel synthesis, after
which they were thermally treated at 400°C to
obtain a powder. The TiO, used in the synthesis of
the shell consisted of 100% anatase.

2.2. Preparation and characterization of
exposure suspensions

Both particle sizes of SiC/TiO, were tested according
to a full factorial design at concentrations of 0 (con-
trol), 5, 25, and 50mg L='. The test medium was
amended with HA (HA sodium salt, Sigma-Aldrich
- St. Louis, MI, USA) at concentrations of 1.28, 5.12,
12.81, and 25.62mg L~ to obtain the following con-
centrations of total organic carbon (TOC): 0.5, 2, 5,
and 10mg L', HA served as a surrogate for natural
organic carbon and was applied to enhance the
stability of SiC/TiO, suspensions by reducing aggre-
gation rates. Concentrations of HA were determined
based on previous studies with nano-sized TiO,
(Romanello and de Cortalezzi 2013; Li et al. 2015)
and relevant environmental concentrations (Wang
et al. 2016). Stock solutions of HA were prepared
by dissolving HA in a 2mM NaOH solution under
magnetic stirring for 24h. Next, the solution was
filtered through a 0.2pum cellulose membrane and
stored at 4°C until use. After amendment of the
exposure suspensions with HA the pH was mea-
sured and adjusted to the optimum pH of 7.8+0.3
for D. magna cultures, by the addition of either TM
HNO, or NaOH solutions.

Stock and exposure suspensions of SiC/TiO, were
prepared freshly prior to every medium renewal.
Stock suspensions were prepared at a concentration
of 100mg L' in Milli-Q water (Waters-Millipore
Corporation, Milford, MA, USA) followed by 30 min-
utes of ultra-sonication using a bath sonicator with
a calculated energy output of 27 +0.2Watt s’
(Sonicor SC-50-22, Sonicor INC. NY, USA). Exposure
suspensions were prepared in Elendt M7 medium
(Elendt, 1990).

Mass-based exposure concentrations of SiC/TiO,
were verified by measuring Ti concentrations and
calculating the total particle concentration accord-
ing to the mass ratios provided be the supplier.
Measurements were performed in four replicates
per treatment concentration and for each HA con-
centration by inductively coupled plasma mass spec-
trometry (ICP-MS, PerkinElmer NexION 300D, Perkin
Elmer, Massachusetts, USA). Samples (1 mL) were
collected from the center of the water column of
the test vessels at 0, 1, 24, and 48 h after preparing
the exposure suspensions (i.e. covering the entire

timeframe between medium renewals) and digested
overnight at 70°C in 2mL of a mixture consisting
of 1:3 sulfuric acid (H,SO, 96%, Sigma-Aldrich - St.
Louis, MI, USA) to nitric acid (HNO; 65%
Sigma-Aldrich, St. Louis, MI, USA). Calibration curves
were obtained by diluting a standard of titanium
(Sigma-Aldrich, St. Louis, MI, USA) in Elendt M7
medium (concentration range 0.1-50mg L") and
reproducing the same matrix as used for the sample
digestion procedure. Dissolution of SiC/TiO2 in
Elendt M7 medium was assessed in two replicates
per treatment concentration and for each HA con-
centration at time points 0, 1, 24, and 48h, follow-
ing the same procedure as described for the
quantification of mass-based exposure concentra-
tions, with the exception of an ultra-centrifuging/
phase separation step immediately after sample
collection (30 min at 32,000 rpm).

Sedimentation rates of SiC/TiO, over the time-
frame between medium renewals were calculated
based on the percentage of nominally applied par-
ticle mass measured in suspension. Hydrodynamic
sizes and zeta-potential were measured in two
replicates per treatment concentration and for each
HA concentration at 0, 24, 48 h after preparing the
stock solutions using a Malvern Zetasizer Ultra
(Malvern, Malvern, UK). The surface area of SiC/
TiO, was determined based on the assumption of
a spheroidal morphology with concentric layers
representing the SiC core and TiO, shell. Given the
combined radius of the core plus shell (r e chen)s
the total surface area (A,,,) was calculated using
the formula for the surface area of a sphere
A=4mr,

High-angle annular dark-field (HAADF) transmis-
sion electron microscopy (TEM) images of SiC/TiO,
were produced using a 100kV JEOL (Tokyo, Japan)
1010 transmission electron microscope. Samples of
SiC/TiO, were dispersed onto 200 mesh
carbon-coated copper TEM grids after 24 h incuba-
tion in the test medium in the presence and
absence of HA.

2.3. Test organisms

Daphnia magna were obtained from an in-house cul-
ture at Leiden University which is maintained accord-
ing to the conditions prescribed in OECD Test
Guideline 211 (OECD, 2012) (climate room tempera-
ture 22+1°C, photoperiod 16:8 hours light:dark). The
sensitivity of the culture to toxicant stress was
assessed using K,Cr,0, according to a D. magna
Immobilization Test (OECD Test Guideline 202, OECD



2004) and was found to be within the recommended
range prior to the start of the experiment (24h EC,:
1.8g L.

2.4. Experimental design

A chronic (21days) toxicity assay was conducted
according to OECD Guideline document 211 (OECD,
2012), with modifications regarding food-limited
conditions. Exposure suspensions were replaced
every 48h, and feeding was performed directly after
every medium renewal by addition of Raphidocelis
subcapitata at a density of 2.5e* cells/mL (~1.8e73mg
C/Daphnid/day). Feeding rates equated an approx-
imate 100-fold reduction of those prescribed in
OECD Guideline document 211, and thereby resem-
ble algae densities commonly observed in surface
waters during summer (Stevenson et al. 2017).

Five replicates with five neonates each were used
for each of the SiC/TiO, and HA treatment combi-
nations in a 100mL glass beaker containing 50 mL
of test suspension. Whereas chronic toxicity assays
with D. magna commonly assess reproduction rates,
it was expected, based on observations by Stevenson
et al. (2017) that food-limited conditions would
result in energy allocation toward survival and
growth rather than reproduction. Observations
during the experiment confirmed this, showing
mean reproduction rates of <1 neonate per mother
over the experimental timeframe, and thus inhibit-
ing an assessment of effects of SiC/TiO, and HA on
reproduction. Immobilization of D. magna was
assessed every 48h and body size was measured
for 5 individuals per treatment at the end of the
21 days exposure period.

2.5. Data analysis

The contribution of HA amendments (i.e. TOC con-
centration) to hydrodynamic sizes and sedimenta-
tion rates of SiC/TiO, was assessed via linear mixed
models (LMMs, package: stats, function: ‘Im’) includ-
ing nominal SiC/TiO, concentration, pristine particle
size, TOC concentration and time as explanatory
variables. Models were assessed for relevant assump-
tions (i.e. linearity, normality of residuals and
homoscedasticity) prior to analysis and response
variables were transformed accordingly when
required. Tukey adjusted estimated marginal means
(EMMs, package: emmeans, function: ‘emmeans’)
were calculated to assess differences between rel-
evant contrasts.
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Effects of SiC/TiO, and HA treatment combinations
on mortality over time were assessed using
Quasi-Poisson-distributed generalized linear mixed
models (GLMs, package: stats, function: ‘glm’) includ-
ing replicate number as a random variable to account
for the repeated measures design. Tukey-adjusted
estimated marginal means (EMMs, package: emmeans,
function: 'emmeans’) were calculated to assess on
which specific days differences between controls and
treatments were present. Mortality rates after 21 days
of exposure were fitted to three-parameter log-logistic
models using the drm function of the ‘drc’ package
(Ritz et al., 2015). Separate curves were fitted for each
particle size and each TOC concentration using the
‘curvelD’ function, using nominal and time-weighted
average (TWA) particle concentrations as response
variables. Differences between EC,, values derived
from dose-response models for different particle sizes
and NOM concentrations were identified for each
dose-metric by z-tests using the compParm function.

Impacts of SiC/TiO, and TOC treatment combina-
tions on body size were analyzed via linear mixed
models as described for models of hydrodynamic
sizes and sedimentation rates. All data were ana-
lyzed using R version (R-4.2.0) and outcomes of
statistical tests were considered statistically signifi-
cant at p<0.05.

3. Results

3.1.1. Hydrodynamic diameter and stability of
SiC/TiO, suspension

None of the collected samples from the experimental
setup contained detectable quantities of dissolved Si
or Ti. All SiC/TiO, suspensions showed significant time-
(F=489.7, p<2.2e7'%) and concentration-dependent
(F=90.0, p<2.2e7"9) increases in aggregation rates
(Figure 1, SI Figure 2, SI Figure 3). Amendment with
HA resulted in partial stabilization of suspensions of
both 60 and 500nm SiC/TiO, particles (F=84.9,
p<2.2e7'9), with significantly lower aggregation rates
being observed at TOC concentrations of 5 and 10mg
L=". The reduction in aggregation rates at higher TOC
concentrations coincided with lower polydispersity
indexes and more negative zeta-potentials for both
SiC/TiO, particle sizes (Figure 1, SI Figure 4 and SI
Table 1). Collectively, these results suggest that the
presence of TOC plays a role in the colloidal stability
of SiC/TiO, nanoparticles, with a higher concentration
of TOC conferring a greater inhibitory effect on par-
ticle aggregation. This stabilization may be attributed
to the adsorption of organic molecules on the
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Figure 2. Sedimentation rates (expressed as the percentage of the nominally applied particle mass remaining in suspension, A-F,
mean +standard error) and time-weighted average (TWA) water column concentrations (G-I, mean +standard error) of 60 and
500nm SiC/TiO, after 0, 24, and 48hours measured in Elendt M7 medium in the presence of varying total organic carbon (TOC)

concentrations (i.e. 0, 0.5, 2, 5, and 10mg L™).

nanoparticle surface, which can impart steric and/or
electrostatic repulsion, thereby attenuating aggrega-
tion kinetics.

3.1.2. Mass-based concentrations and settling
rates of SiC/TiO,

SiC/TiO, concentrations measured in the water col-
umn of the test vessels showed a significant
decrease over the timeframe between medium

renewals (F=964.9, p<2.2e7'S, Figure 2, Sl Table 2).
Sedimentation was more pronounced for 500 than
for 60 nm SiC/TiO, particles (F=75.6, p<2.2e7'%) but
did not vary significantly across nominal particle
concentrations (F=1.9, p=0.16). Similar to observa-
tions of aggregation rates, amendment with HA
resulted in a concentration-dependent decrease in
sedimentation rates (F=90.2, p<2.2e7'9), with most
pronounced effects being observed at TOC concen-
trations of 5 and 10mg L~". A significant correlation


https://doi.org/10.1080/17435390.2024.2321873

was observed between hydrodynamic sizes and
sedimentation rates (R? = 0.20, F=5.5, p<0.02,
Figure 3), suggesting that the formation of an
eco-corona at the particle surface of SiC/TiO, after
HA amendments resulted in reduced

Figure 3. Correlation between time-weighted average hydro-
dynamic sizes and sedimentation rates (expressed as a per-
centage of the nominally applied particle mass remaining in
suspension) of 60 and 500nm SiC/TiO, in Elendt M7 medium
(mean + 95% confidence interval). Values of nominal SiC/TiO,
concentrations (5, 25, and 50mg L") and total organic carbon
(TOC) concentrations (i.e. 0, 0.5, 2, 5, and 10mg L") are
aggregated.
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homo-aggregation rates, which in turn lessened
gravitational forces drawing SiC/TiO, out of suspen-
sion (i.e. consequentially, maintaining a larger frac-
tion in suspension).

3.2.1. Mortality and growth of Daphnia magna
exposed to SiC/TiO,

Survival rates of D. magna exposed to both 60 and
500 nm particle sizes of SiC/TiO, declined in a
concentration-dependent manner (F=2947,
p<22e7'® and F=4413, p<2.2e7'% respectively,
Figure 4). A slightly more pronounced effect of SiC/
TiO, was observed in D. magna exposed to 60 nm
in comparison to 500nm particle sizes (F=6.6,
p=9.9e73). HA predominantly affected impacts of
SiC/TiO, by shortening the exposure time upon
which reductions in survival rates were observed
and did not exert any impacts in the absence of
SiC/TiO, at any of the tested concentrations (Figure
4, Sl Table 4), showing an overall increase in toxicity
at higher TOC concentrations (F=41.0, p=1.8e7"9).
A similar trend was observed for effect concentra-
tions (ECs) calculated based on survival rates after
21days of exposure. These effect concentrations
displayed a small decline upon increasing TOC con-
centrations, although statistically significant differ-
ences between ECs were absent (Table 1, SI Table
5). Whilst the previously discussed contribution of
increasing TOC concentrations to reductions in

Figure 4. Percentage of surviving D. magna (mean *standard error) over 21days of exposure to 60 and 500 nm SiC/TiO, (5, 25,
and 50mg L") in the presence of varying total organic carbon (TOC) concentrations, i.e. 0.5mg L' (A and E), 2mg L' (B and F),

5mg L7 (C and G), and 10mg L' (D and H).
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Table 1. EC, values derived from dose-response models
based on the percentage of surviving D. magna over 21 days
of exposure to 60 and 500nm SiC/TiO, (i.e. 5, 25, and 50mg
L™") in the presence of varying total organic carbon (TOC)
concentrations (i.e. 0, 0.5, 2, 5, and 10mg L") calculated using
different dose metrics.

EC,, + SE

EC;, based on

EC;, based on

nominal SiC/TiO, TWA SiC/Tio,
concentrations concentrations
Size TOC (mg L) (mg L") (mg L)
SiC/Ti0, 60nm 0.5 28.0+11.5 19.8+12.3
2 21.1+£3.7 natna
5 183+54 14.6+54
10 17.8+24 144+2.2
SiC/Ti0, 500 nm 0.5 349+16.5 31.4+45.1
2 24.8+5.6 13.8+4.1
5 28.0+10.0 12.6+4.2
10 23.2+4.1 13.8+2.6

NA=not assessed due to poor model fit, TWA=Time-weighted average,
SA=Surface area.

settling rates of SiC/TiO, may have contributed to
the observed differences in toxicity, it should be
noted that when TWA water column concentrations
of SiC/TiO, were used as the dose-metric in the
overall models for survival rates over time, TOC
remained to display a significant contribution to
observed mortality rates (F=4.02, p=0.03). Similarly,
when ECs were calculated based on TWA water col-
umn concentrations of SiC/TiO,, a concentration-
dependent trend in toxicity across TOC concentra-
tions remained present (Figure 5A and B, Table 1).

In line with observations for survival rates, a
concentration-dependent reduction in body size of
D. magna was observed after 21days of exposure
to both 60 and 500nm particle sizes of SiC/TiO,
(F=40.7, p=1.2e7® and F=18.0, p=6.1e>, respec-
tively; Figure 5C and D, Sl Figure 5). Here, however,
the pristine particle size was found not to be a
significant predictor of impacts (F=2.9, p=0.09),
although a slightly stronger response was observed
for 60nm SiC/TiO,. Increasing TOC concentrations
exacerbated the effects of SiC/TiO, (F=22.1,
p=>5.8e79), as demonstrated by the presence of most
pronounced differences in body sizes from controls
at TOC concentrations > 2mg L' (Sl Table 6).

4. Discussion

The current study aimed to assess whether 60 and
500 nm pristine particle sizes of SiC/TiO, differ in
their chronic toxicity to D. magna under environ-
mental realistic food conditions and to which
extent amendment with HA may affect their fate
and toxicity. Both (pristine) 60 and 500 nm particles

of SiC/TiO, were found to aggregate and sediment
in a time- and concentration-dependent manner
after being applied to the test medium. The kinet-
ics of aggregation and subsequent sedimentation
were reduced by amendment with HA. Aggregation
of particles in suspension as observed in the cur-
rent study is a well-described phenomenon in eco-
toxicity testing of NMs. As for instance, as reported
by Cupi et al. (2015), Farner et al. (2019), and Lu
et al. (2021), aggregation can alter the bioavailable
fraction of the tested material and hence the sub-
sequent toxicity. Various studies have additionally
demonstrated that the stability of exposure sus-
pensions in terms of both aggregation and sedi-
mentation rates may be enhanced by amendment
with HA or other sources of dissolved organic
matter (DOM). This is generally ascribed to
eco-corona formation which may result in the
alteration of particle surface charges, thereby
reducing attractive interactions between particles
(see e.g. Lin et al. 2012; Lu et al. 2021). Importantly,
however, these processes have been shown to vary
depending on the composition of the DOM, as
well as across NMs with different surface charges
(Cupi et al., 2015).

In the current study, measures of toxicity of SiC/
TiO, particles were found to be within the same
order of magnitude despite a near 10-fold differ-
ence in pristine particle sizes. This is particularly
notable considering that pristine 60nm SiC/TiO,
particles would have been too small to be captured
in the filtering apparatus of D. magna, which exhib-
its a mesh size in the range of 0.4-0.7 um (Gophen
and Geller 1984). As actual hydrodynamic sizes of
both pristine 60 and 500 nm SiC/TiO, particles mea-
sured in suspension were in the range within which
D. magna is able to filter, it is likely that aggrega-
tion mitigated most of the effect of primary particle
size on bioavailability via filter-feeding in the cur-
rent experiment. HA was found to enhance the
toxicity of SiC/TiO, in a concentration-dependent
manner, which could partly be attributed to reduced
aggregation and sedimentation rates. Nevertheless,
measures of toxicity calculated based on actual
water column concentrations of SiC/TiO, over the
experimental timeframe remained to show
concentration-dependent differences across levels
of HA amendments. As such, additional factors
relating to eco-corona formation, such as enhance-
ment of bioavailability at the cellular level or longer
depuration times from the gastro-intestinal
tract, may have contributed to the observed
increase in toxicity across amendments of HA
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Figure 5. Dose-response curves (A and B) based on mortality rates and body sizes (C and D) of D. magna after 21 days of expo-
sure to 60 and 500nm SiC/TiO, (5, 25, and 50mg L) in the presence of varying total organic carbon (TOC) concentrations (i.e.
0.5, 2.0, 5, and 10mg L™"). Dose-response curves were calculated using nominal and time-weighted average (TWA) treatment
concentrations. Error bars in dose-response curves represent standard errors.

(Nasser, Constantinou, and Lynch 2020). Interestingly,
several studies have reported observations of
reduced toxicity as a result of eco-corona formation
in D. magna exposed to NMs in the presence of
organic matter (see e.g. Nasser and Lynch 2016 and
Ekvall et al. 2021), whilst others have reported
increased toxicity (see e.g. Gonzélez-Andrés et al.,
2017 and Yu et al. 2022). This is likely due to the
diversity in interactions taking place between NMs

and sources of organic matter, which may in some
cases result in e.g. reduced production of reactive
oxygen species by photocatalytic NMs, and in other
cases (such as in the current study) increase expo-
sure concentrations and bioavailability. The inter-
actions between NMs and organic matter are thus
complex and variable and depend on the particle
characteristics, such as surface properties as well
as the composition of the source of organic matter.
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We therefore argue that in order for hazard assess-
ments of (advanced) nanomaterials to adequately
represent natural conditions, such variables should
be considered when performing and interpreting
ecotoxicological tests.

5. Conclusions

The application of core—shell (nano)materials is likely
to increase across various sectors in the coming
years (see e.g. Kumar et al. 2020 and Dhiman et al.
2021), and the current study is one of the first to
describe the fate and toxicity of SiC/TiO, particles
to an aquatic organism. Our findings show that
overall effect concentrations were several orders of
magnitude higher than reported environmental con-
centrations of high-production volume NMs such as
TiO,, despite the test being performed under real-
istic feeding conditions that exacerbate sensitivity.
Impacts of HA on particle toxicity, as observed in
the current experiment, have also been shown to
occur in single-component NM ecotoxicity assays.
As such, we emphasize actual exposure conditions
in relation to water chemistry and food levels con-
stitute important considerations for realistic effect
predictions of both single- and (advanced)
multi-component nanomaterials.
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