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ABSTRACT

The relative importance of ingestion and transdermal uptake of nanomaterials is poorly under-
stood, particularly in sediment dwelling organisms, where diet has the potential to contribute
significantly to particle accumulation. In aquatic sediments, nanoparticles may partition to bind
with the solid fraction of sediment, be freely mobile in the pore water or, for certain metal/
metal oxides, undergo dissolution, each of which could influence the route of nanoparticle
uptake. Here, we used the freshwater worm Lumbriculus variegatus as a model species. We took
advantage of its unique feeding and non-feeding life-stages to assess the contribution of dietary
and transdermal uptake in the bioaccumulation of cerium oxide nanoparticles (CeO, NP) and
soluble Ce(ll)NOs. Distribution of cerium between the solid, colloidal and soluble fractions in
the sediments was determined through sediment separations using micro and ultrafiltration
techniques. We assessed particles of differing sizes (10, 28 and 615 nm CeO,) and stabilizing sur-
factants (10 nm electrostatic Citrate-CeO, and steric stabilized PEG-CeO,). Soluble Ce(lll)NOs, was
found to accumulate readily across the skin of the worms whilst nanoparticles were not.
Sediments reduced the uptake of Ce"' by limiting the presence of dissolved species of cerium in
the pore waters. Neither particle size nor the coatings studied altered the distribution of nano-
particles between solid and colloidal fractions of the sediment, with ~99% associated to the
solid phase. Any uptake of CeO, nanoparticles into worms was only through ingestion.
Stabilized 10 nm particles were retained even after gut clearance, indicating that these particles
may translocate across the gut wall.
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Introduction engineered nanomaterials to exert toxicity upon a

The versatility of engineered nanomaterials, where
particle behavior may be tailored through altera-
tions at the nanoscale, has led to an expansion of
the technology into commercial applications includ-
ing manufacturing, cosmetics, medicine and the
textiles industry. The global nanomaterial industry is
expected to reach USS$3 trillion by 2020 (Roco,
Mirkin, and Hersam 2011), with the potential for
20 000 different NMs to be under development glo-
bally, based upon the sum of possible configura-
tions of commonly used core elements, potential
size and shape parameters and known surface coat-
ings or other modifications, (Lynch 2016). An
emerging body of scientific literature published
over the last decade has found the potential for

wide range of terrestrial (Tourinho et al. 2012;
Simonin and Richaume 2015), marine (Baker, Tyler,
and Galloway 2014), and freshwater aquatic species,
(Vale et al. 2016) the underlying mechanisms of
which are not yet fully understood.

Understanding biologically relevant fate proc-
esses of nanoparticles and the factors which deter-
mine bioaccumulation in different environmental
compartments is essential for determining the risk
that nanoparticles pose to the environment (Nam
et al. 2014). Benthic species integral for ecosystem
functioning (Lohrer, Thrush, and Gibbs 2004) are
potentially, especially, vulnerable to exposure from
engineered nanoparticles, as sediments are pre-
dicted to be a major sink of nanomaterials released

CONTACT Richard K. Cross @ R.Cross@exeter.ac.uk @ Pollution Science Area, Centre for Ecology and Hydrology, Wallingford, Oxfordshire OX10 8BB, UK
Supplememental data for this article can be accessed here.

© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/17435390.2019.1593540&domain=pdf&date_stamp=2019-05-15
http://orcid.org/0000-0001-5409-6552
http://orcid.org/000-0002-7466-6775
https://doi.org/10.1080/17435390.2019.1593540
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com

2 @ R. K. CROSS ET AL.

Feeding worms
Combined uptake

Non-feeding worms
Transdermal uptake

: A ‘ ’/ Dissolution products
# . P e of nanoparticles
®

3 4

Sediment bound
nanoparticles >200nm

Nanoparticlesin the
colloidal fraction of the
pore water <200nm

5

Low molecular
weight dissolved
species <1kDa

Figure 1. Schematic demonstrating different routes to uptake of nanoparticles in regrown worms (Lumbriculus variegatus) feeding
upon sediment (1) exposed to a combination of dietary and transdermal uptake or non-feeding posteriors (2) exposed to transder-
mal uptake only. According to the method used to separate particles from sediment, those passing through a 1 kDa ultrafiltration
process are defined as dissolved species (5), the colloidal pore water fraction <200 nm (4) and the remainder bound to the solid
fraction of the sediment (3). Hypothesized routes to uptake of these three CeO, fractions are proposed through dotted arrows.

into aquatic ecosystems. Heteroaggregation is a
major driver of nanomaterial fate in aquatic envi-
ronments under quiescent conditions leading to
sedimentation and entry of engineered nanomateri-
als into sediment environments (Quik et al. 2012).
Sediments may also then act as a source of nano-
material release back into surface waters, for
example through bioturbation or through scouring
of the sediment bed in freshwater systems of high
flow velocities (Dale, Lowry, and Casman 2015). This
‘benthic-pelagic coupling’ means sediment ecosys-
tems are of concern both as a potential sink of
engineered nanomaterials for future release, but
also as an environment at risk of high exposure to
these contaminants in their own right.

Lumbriculus variegatus is a freshwater sediment
dwelling worm used in regulatory toxicity testing
(OECD 2012) and in its natural environment may be
exposed to contaminants both across the skin and
through ingestion. Its wide distribution across North
America and Europe means this species forms a
major prey item in the aquatic food chain, with the
potential for trophic transfer or biomagnification of
contaminants. Mass balance studies in an estuarine
mesocosm demonstrate that other low trophic level
organisms such as clams and snails accumulate

engineered nanomaterials and act as an entry point
into the wider food web (Ferry et al. 2009). The
worm’s unusual method of reproduction through
architomy (Martinez, Reddy, and Zoran 2006), where
fragmentation followed by segmental reorganiza-
tion leads to the generation of feeding and non-
feeding individuals, making it an ideal model to
investigate the extent and route of uptake of nano-
particles from contaminated sediments. The poster-
ior ends re-grow their anterior segments over a
period of 7 to 10 days, during which ingestion of
sediment material ceases (Leppanen and Kukkonen
1998). Generating these two phenotypes enables
measurement of nanoparticle accumulation attribut-
able to transdermal uptake in non-feeding worms
(Figure 1.2) and combined transdermal and dietary
uptake in feeding worms (Figure 1.1). This method
has been used successfully to investigate the rela-
tive contribution of ingestion and transdermal
uptake of pyrene (Leppanen and Kukkonen 1998)
and ionizable pharmaceuticals including diclofenac
and fluoxetine (Karlsson et al. 2016), but to our
knowledge has never been used to examine the
route to uptake of engineered nanoparticles.
Cerium oxide nanoparticles (CeO, NPs) have
been widely used in ceramics and glass polishing.



In vitro, cerium is able to generate radical oxygen
species through a Fenton like reaction, redox
cycling between the 3+ and 4+ states (Heckert,
Seal, and Self 2008). Sublethal oxidative damage in
the tissues of the marine sediment dwelling amphi-
pod Corophium volutator exposed to CeO, NPs has
been attributed to this redox cycling between Ce'"
and Ce" at the nanoparticles surface in vivo (Dogra
et al. 2016). Predicted environmental concentrations
of these particles in surface waters are in the low
ngl~' range (O'Brien and Cummins 2011), but CeO,
has been demonstrated through both empirical and
modeling studies to undergo rapid sedimentation
in natural river waters (Quik, van De Meent, and
Koelmans 2014). This has been ascribed to hetero-
aggregation with natural colloids (Quik et al. 2012),
and makes them a nanomaterial of potential con-
cern in freshwater sediment systems. Being largely
insoluble under most environmental conditions
(Dahle, Livi, and Arai 2015) we utilized CeO, as a
model nanomaterial for understanding nanoparticle
fate and behavior in the absence of dissolution
products during exposures.

Sediments present two potential routes to nano-
particle uptake in benthic species such as L. variega-
tus: (1) through ingestion of sediment bound
nanoparticles and (2) via transdermal uptake from
sediment pore waters and the overlying water
(Cross, Tyler, and Galloway 2015). The contributions
of these two routes for nanoparticle uptake may
vary both with the physicochemical characteristics
of the nanoparticles and the method of stabiliza-
tion. Citric acid is a tricarboxylic acid, which
behaves as a chelating ligand, adsorbing to Ce'V at
the particle surface through bridging of the carb-
oxylate group (Auffan et al. 2014), providing elec-
trostatic stabilization to the particle. Polyethylene
glycol (PEG) on the other hand forms a random
hydrated hydrophilic coil at the particle surface,
providing steric stabilization. Electrostatic and steric
stabilization mechanisms have been demonstrated
to result in different retentions in soils for silver
nanoparticles (Hoppe et al. 2016) and to increase
the persistence of nanoparticles in soil pore waters
compared to their soluble counterparts (Whitley
et al. 2013). Therefore, it was hypothesized that
these different stabilization mechanisms would alter
the partitioning of CeO, NPs between the solid
(Figure 1.3), colloidal (Figure 1.4), and dissolved
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phases of the sediment (Figure 1.5) and as such,
influence the route to uptake and extent of their
bioaccumulation.

Changing particle size may also alter how they
interact at the nano-bio interface, with uptake
through clathrin mediated endocytosis, a major
mechanism for nanoparticle transport across cell
membranes, reported to be optimal for the uptake
of 50 nm nanoparticles (Kettler et al. 2014). As par-
ticle size increases between 200 and 500 nm,
uptake into non-phagocytic cells may shift to cav-
eolae-mediated endocytosis and this, in turn, can
alter the cellular fate of the particles. Studies on
non-phagocytic B16 cells have shown latex beads
(500 nm) entering cells through caveolae-mediated
endocytosis were not delivered to lysosomes,
whereas they were for particles <200 nm entering
cells  through clathrin-mediated  endocytosis
(Rejman et al. 2004). As such, nanoparticle size may
alter not only the route to cellular uptake at the
nano-bio interface, but also how these particles are
processed within the cells.

This study investigated the influence of particle
coating and size on bioaccumulation using CeO,
nanoparticles with a range of diameters between
4 and 615 nm and various stabilization mechanisms
including uncoated, electrostatic and steric stabiliza-
tion. Ce"' was used to compare the route of uptake
of soluble cerium with that of insoluble nanoparticles.
The experimental design allows nanoparticle uptake
to be discussed in the context of biologically relevant
fate parameters, including persistence of nanopar-
ticles as colloidal (Figure 1.4) or dissolved species in
the pore waters (Figure 1.5). From a whole organism
perspective, the route of nanoparticle uptake could
alter their systemic fate within an organism, with
implications for the nanomaterial’s toxicity or site of
action. For example, nanomaterials internalized
through dietary uptake will come into contact with
different organs and structures within the organism
than those in contact with the skin. Whilst the poten-
tial implications of different routes of nanomaterial
uptake are great for both bioaccumulation and tox-
icity of these materials, it presents a significant gap
in our knowledge. This study aims to address this
gap in our understanding, focussing on the fate of
nanoparticles in sediments and the role this has on
nanoparticle route of uptake.
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Methods

Batch sediment experiments were conducted to
assess partitioning of cerium between the solid, col-
loidal, and dissolved low molecular weight fraction
(LMW) of the sediment to provide context on the
fate and behavior of nanomaterials during bio-
logical exposures. The biological exposures assessed
differences in uptake of dissolved Ce" compared to
CeO; NPs and assessed the role of nanoparticle size
and stabilizing coatings on the route and extent of
uptake of CeO,-NPs from sediments.

Materials and characterization of pristine particles

CeO, reference materials NM211, NM212 and
NM213 (JRC, ltaly) (Singh et al. 2014) are reported
here with reference to their primary particle size as
Ce0,-10, Ce0,-28 and Ce0,-615. Two commercial
4-8 nm CeO, nanoparticles (PlasmaChem, Germany)
were provided as part of the GUIDEnano project
(http://www.guidenano.eu/): electrostatically stabi-
lized Citrate-CeO, and sterically stabilized mono
polyethylene glycol phosphonic acid ester CeO,
(PEG-CeO,). Ce(ll)NO3 salt, 99.999% purity (Sigma
Aldrich, UK) was used as a soluble source of Ce".

Characterization of particle size and stability
(Supporting Information SI 2) used Transmission
Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), and Dynamic Light Scattering
(DLS). Characterization and exposures occurred in
‘ultrapure’ water (18 Q cm~', Millipore) or
‘freshwater’ (pH 7.75+0.03, conductivity
715 puScm™'+11.1 pScm ™', calculated ionic strength
134 mmolL™"), a reconstituted hard water
described in OECD TG315 (OECD 2008). Visual
MINTEQ modeling the speciation of Ce(ll)NOs in
freshwater is presented in Supporting Information
SI 3.

The standard soil LUFA Speyer 2.4 (LUFA Speyer,
Germany; organic carbon, 2.03%; particle size distri-
bution <0.002mm, 25.8%) was used as a model
sediment for consistency between exposures.
Additional properties of LUFA Speyer 2.4 provided
by the supplier are detailed in Supporting
Information SI 7. Water, tissue and sediment sam-
ples were microwave digested before analysis with
aqua regia, a 1:4 mix of TraceSELECT® grade nitric
acid and hydrochloric acid (Sigma-Aldrich, UK).

Elemental cerium was measured using Inductively
Coupled Plasma Mass Spectrometry (Thermo
Scientific X Series 2 ICP-MS, Hemel Hempstead, UK).

Preparation of nanoparticle stocks and
dispersions

Ce0,-10, Ce0,-28 and Ce0,-615 particles are dry
powders so were dispersed following the PROSPECT
protocol (Prospect 2010). Weighed powders were
wetted drop wise to a paste, diluted to concentra-
tion then sonicated on ice for 2 min at 80% inten-
sity to de-agglomerate the dispersion using a High
Intensity Ultrasonic Processor (Sonics, USA).

PlasmaChem particles provided in dispersion
were homogenized through gentle overhead mixing
to avoid damage and destabilization of the nano-
particle coatings. Stocks and working solutions for
these nanoparticles were prepared by dilution in
the relevant media.

Fate of CeO, NPs in freshwater

DLS (Malvern Instruments, Zetasizer nano Z-S) with
a wavelength of 663nm using Noninvasive
Backscatter optics and a scattering angle of 173°
measured particle size and zeta-potential to semi-
quantitatively examine stability and agglomeration
in ultrapure and freshwater over the biological
exposure period. Details of how stability and
agglomeration state were measured are presented
in Supporting Information SI 4, with results pre-
sented in Supporting Information SI 5.

Fate of CeO, NPs in the solid bound, colloidal and
dissolved low molecular weight fractions of
the sediment

The colloidal and dissolved low molecular weight
fraction (LMW-Ce) of the sediment pore waters
were separated through a combination of centrifu-
gation and  micro/ultra-filtration  techniques
(Cornelis et al. 2010). A 1:10 dilution of 6 day aged
contaminated sediment in freshwater was mixed for
6 h at 20 °C in the dark, before centrifugation at
2300 g for 15 min. The supernatant was micro-fil-
tered to <200 nm (GE Whatman, USA) defining the
colloidal Ce in the pore waters, whilst dissolved
LMW-Ce <1 kDa was separated using ultrafiltration
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centrifugation (Microcep™, Pall, USA) at 4000 g for
15 min. Filters were preconditioned to limit losses
of nanoparticles to the filtration membranes using
0.1 M copper nitrate (Cu(NOs),-3H,0, Sigma
Aldrich, UK).

Generating feeding and non-feeding
worm phenotypes

Lumbriculus variegatus (Blades Biological UK Ltd.,
UK) were housed on clean silica sand under an aer-
ated artificial freshwater flow through system (pH
7.6, conductivity 360 pScm~'). Organisms were fed
twice weekly with 0.5g ground fish food (TetraMin,
Blacksburg, USA).

All worms were acclimated for 10days on clean
sediment prior to exposure. Feeding organisms
were split by scalpel at the midpoint at the start of
the acclimation phase (Supporting Information SI 1.
a) to synchronize the worms and ensure no natural
splitting and cessation of feeding would occur dur-
ing the exposures (Leppanen and Kukkonen, 1998).
Non-feeding groups were also acclimated, feeding
on clean sediments for 10days (Supporting
Information Sl 1.b) before synchronization immedi-
ately prior to their addition to the exposure units
(Supporting Information S| 1.c). Examples of organ-
isms at each life stage (Supporting Information Sl 6)
were imaged using a QIClick™ CCD Camera
(Qlmaging, Canada) mounted to an LTSu-1000 light
microscope (Labtech International Ltd, UK).

Waterborne exposures to soluble Ce"

Waterborne exposure to Ce(ll)NOs; examined the
potential for transdermal uptake of dissolved forms
of Ce" in model sediment pore waters, in the
absence of solid constituents of the sediment. Each
static, 24 h freshwater exposure was conducted in
polystyrene plates (Grenier,
Austria), in the artificial freshwater.

Cerium exposures were randomized in 10 ml wells
with n = 3 per treatment, each comprising of 3 ran-
domly assigned individuals pooled per test unit. Ce"
was spiked as cerium nitrate at two concentrations
calculated as 11.3 mgL™" and 11.3 pgL™". The high
concentration was selected to represent similar orders
of magnitude exposures to the total Ce spiked to
sediments. The water holding capacity of the soil

multiwall culture
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substrate was 0441 mg g~ ' meaning 11.3 mgL™'
would be equivalent to 5 mgkg ' spiked to sediment.
The lower concentration was representative of the
low pglL ™" dissolved Ce concentration detected in the
pore waters in Ce" sediment exposures, whilst still
being sufficient to result in appreciable uptake of Ce
during the acute exposures. These are not representa-
tive of environmental concentrations of soluble cer-
ium, but rather act as upper and lower bounds for
comparison of the route of uptake of soluble forms of
cerium as opposed to nanoparticulate CeO,. No mor-
tality occurred in any treatment.

The role of particle size, solubility and surface
coating on the route and extent of uptake of
cerium from sediments

Static sediment exposures were performed in acid
washed 50ml polypropylene CELLSTAR tubes
(Greiner Bio-One, UK) to limit adsorption of nanopar-
ticles to surfaces (Hammes, 2012). Each unit com-
prised of 5 pooled individuals within 10g of
sediment, with 40ml aerated overlying freshwater
(n=5 per treatment). Nanoparticles (CeO,-10, CeO,-
28, Ce0,-615, Citrate- and PEG coated CeO,) dis-
persed in freshwater were wet-spiked and mixed into
the sediment to saturation, at a calculated loading of
50 mgkg ' elemental Ce. Ce(ll)NO; was spiked to
the sediment in ultrapure water to ensure Ce was ini-
tially in the dissolved Ce" form upon introduction to
the sediments. Exposure conditions and validity of
the test was in accordance with OECD TG315 (OECD
2008). Sediments settled for 24 h before worms were
randomly allocated to exposure units. Negligible cer-
ium partitioned to the overlying water after settling
(between 0.001-0.03%). Temperature was controlled
throughout the experiment at 20°C+2°C under a
light-dark rotation of 16:8 h.

After 5days, all organisms were removed from
the test units through gentle resuspension of the
sediments with freshwater. Organisms without a
clearance phase were rinsed in freshwater
(Supporting Information SI 1.d), snap frozen in
liquid nitrogen and stored at —80°C. Remaining
worms were allowed to evacuate their gut contents
over a period of 6h in freshwater (Supporting
Information SI 1.e), sufficient to remove >98% of
the gut contents (Mount, Dawson and Burkhard,
1999), with three water changes to avoid re-


https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540
https://doi.org/10.1080/17435390.2019.1593540

6 @ R. K. CROSS ET AL.

ingestion of eliminated particles and were then
snap freezing and stored at —80°C. All tissues and
sediment samples were freeze dried and weighed
(Christ Freeze Dryer, Beta LD plus 2-8).

Freeze-dried tissues and sediments were micro-
wave digested in aqua regia (Ethos EZ, Milestone,
USA) following the Ethos EZ recommended proce-
dures. Total Ce concentration was measured using
ICP-MS. Procedural blanks were analyzed during
each digestion run and spike recoveries performed
in sediments. Recoveries for CeO, from sediments
ranged from 87.6% to ~100% after microwave
digestion in aqua regia.

Data handling and statistical analysis

All statistical analysis was performed in R (RStudio
Team, 2015). A minimum adequate model approach
was taken and appropriate post hoc tests based
upon results from factorial design two-way analysis
of variance (ANOVA). Where assumptions of normal-
ity or homoscedasticity were not met, relevant trans-
formations to the data were performed. Tukey’'s HSD
post hoc was used where body burdens differed sig-
nificantly either between cerium treatments (treat-
ment effect) or where cerium was accumulated
through different routes to uptake, for example if
uptake was greater in feeding organisms than non-
feeding organisms (organism group effect). In some
cases the route to uptake differed significantly
between cerium treatments (interaction effect).
Where this interaction effect between nanoparticle
treatment and route to uptake was significant,
pairwise contrasts were performed using the least-
squares means approach with Tukey’s method for
p-value adjustment (LSM Tukey’'s method). Graphs
present means, standard errors and statistically signifi-
cant differences, with significance taken as p < 0.05.

Results
Fate and characterization of CeO, in sediments

For all CeO, exposures, LMW-Ce was below the
limit of detection (LOD) of ICP-MS (Table 1). LMW-
Ce was only detected in Ce" treatments at a very
low concentration of 0.87 pgkg™' (~0.002% of total
Ce). The majority of Ce in all treatments was bound
to the solid fraction of the sediment (~99%), but
for all treatments a fraction of colloidal

nanoparticles persisted in the pore waters above
that found in the controls (p < 0.05, Dunnett’s test).
Citrate-CeO, had significantly higher colloidal con-
centrations than all other treatments (p < 0.05,
Tukey’'s HSD) but was still low compared with that
associated with the sediment (98.8%).

Stability and agglomeration of CeO,
nanoparticles over time

Detailed characterizations of the NPs in ultrapure
and freshwater across the exposure period are pre-
sented in Supporting Information SI 5. In freshwater
both particles agglomerated. PEG-CeO, was less sta-
ble than Citrate-CeO,, with rapid agglomeration to
sizes >1000 nm and sedimentation within 24 h. In
ultrapure water, 10.5 nm (Citrate-CeO,) and 14.8
nm (PEG-CeO,) particles remained in dispersion,
indicating these materials can persist as individual,
stabilized nanoparticles. In freshwater, these small
particles were no longer detectable, an artifact pos-
sibly due to the exponential relationship between
particle size and DLS signal intensity which could
mean the presence of larger aggregates formed in
freshwater masked the lower signal from individual
particles persisting in dispersion (Supporting
Information SI 5 B and D).

Route of uptake of dissolved cerium from
waterborne exposures

Modeling speciation of Ce(ll)NOs in freshwater
found all species to be below saturation
(Supporting Information Sl 3). CeCO;" was most
abundant in freshwater, ranging between 58.55 and
77.164% of the total Ce whilst dissolved Ce" made
up 22.13% of the high concentration exposure and
6.45% in low exposure.

Measured exposure concentrations were 12,9 +
0.09 mgL™" and 7.1 + 0.007 pugL™', in reasonable
agreement with the expected doses. Body burdens
of Ce were < LOQ (limit of quantification) in con-
trols therefore all uptake of Ce during exposure to
Ce(llNO3 was significant in exposed worms. Data
for exposed worms was non-normal for both experi-
ments, so body burdens were log-transformed.

Under the high level exposure regime (Figure
2(A)), transdermal uptake accounted for Ce body

burdens between 0.6 and 2.3 pgmg ' in non-
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Table 1. Partitioning of cerium between the solid, colloidal and low molecular weight fraction of the
sediment at the end of the 5 day biological exposure.

° Dissolved species of Ce
Treatment Sediment Ce mgkg™ Colloidal fraction <200 nm mgkg™ (s.e.) LMW-Ce <1 kDa mgkg™
Ce0,-10 (10-20 nm) 34.86 0.0255 (0.013) <LOD
Ce0,-28 (28.4 nm) 31.66 0.0851 (0.035) <LOD
Ce0,-615 (615.3 nm) 19.33 0.2178 (0.138) <LOD
Citrate-CeO, (4-8 nm) 56.57 0.674 (0.058) <LOD
PEG-CeO, (4-8 nm) 59.03 0.075 (0.005) <LOD
Ce(NO3)3 43.62 0.0106 (0.0001) 0.00087
Control 43.59 0.0051 (0.003) <LOD
(A) 16000 § mCelll (129 mgl)  (B) g i Celll (7.1 ugl)
14000 160
% 12000 T 1401
& 10000 & 120 -
£ 8000 g 1009
E 6000 -g 4
ol b 260
= 4000 2 | a
2 = 40 a
= 2000 : b 2 I a I
Feeding Feeding Non-feedingNon-feeding Feeding Feeding Non-feedingNon-feeding

clearance clearance

Organism group

clearance clearance

Organism group

Figure 2. Body burdens (ngmg ™' Ce) in worms exposed for 24 hours to 12.9 mgL™" (A) or 7.1 ugL™" Ce" (B) dosed as cerium
nitrate (Ce('"’NO3) in freshwater (n = 3). Different letters within each frame denote a significant difference between levels of

organism group (Tukey’s HSD, p < 0.05).

feeding worms and feeding worms that had under-
gone gut clearance (p = 0.277, Tukey's HSD).
Elevated Ce in feeding organisms that occurred via
imbibed fluid (p = 0.022, Tukey's HSD) was lost
after clearance.

In the low exposure (Figure 2(B)), there was no
statistically significant difference between organisms
in the different treatment groups (p = 0.667,
ANOVA) indicating transdermal accumulation
accounted for all uptake of Ce. Non-feeding worms
without a clearance phase had high but variable
body burdens, at 112.95 + 53.3 ngmg~'. All other
groups had body burdens ranging between 7.7

and 28.9 ngmg .

Effects of size and solubility on bioaccumulation
of cerium from sediments

No uptake of Ce was quantifiable in tissues of non-
feeding worms exposed to Ce0,-10, Ce0,-28, nor

non-exposed control worms (Figure 3). This indi-
cates transdermal uptake did not occur for these
nanoparticles. Of the non-feeding worms, only
those exposed to Ce" had body burdens of Ce
above the LOQ, indicating some transdermal uptake
of Ce during exposure to soluble Ce". The Ce taken
up across the skin during Ce" exposure was lost
during the clearance phase, reducing body burdens
to < LOQ. Body burdens of Ce in feeding worms
during exposure to Ce0,-10, CeO,-28 and ce" in
sediments did not conform to assumptions of nor-
mality, so data was log-transformed.

Significant uptake was measured for feeding worms
exposed to all forms of engineered Ce compared with
non-exposed controls before gut clearance (p < 0.001,
LSM Tukey’s method). After 6 h gut clearance body
burdens were significantly reduced for all three cerium
exposures (p < 0.001, LSM Tukey’s method). Body bur-
dens remained significantly higher in Ce" exposed
worms after clearance (p = 0.0007, LSM Tukey's
method), indicating significant accumulation. CeO,-28
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Figure 3. Body burdens (ngmg ™' Ce) in organisms exposed to sediments contaminated with CeO, NPs of varying size, and to dis-
solved Ce" (n = 3). Body burdens of Ce greater than in control organisms is denoted by an asterisk (* p < 0.05, ** p < 0.001).
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Figure 4. Body burdens (ngmg™") for organisms exposed to Citrate-CeO,, PEG-CeQ, or Ce0,-615. Body burdens significantly
higher than in non-exposed control organisms are denoted by an asterisk (* p < 0.05, ** p < 0.001).

was also retained after gut clearance but the accumu-
lation above background levels was less pronounced
(p = 0.0311, LSM Tukey's method). CeO,-10 was lost
to the extent body burdens were no longer signifi-
cantly higher than controls after evacuation of the gut
contents (p = 0346, LSM Tukey's method) and so
were not considered accumulated.

The effect of surface coatings on accumulation of
CeO, dosed in sediments

Data for body burdens were non-normally distrib-
uted so were log transformed. ANOVA found a sig-
nificant interaction effect between the nanoparticle

exposure and the organism group (p < 0.05). This
indicates that body burdens differed significantly
between organism groups and that these differen-
ces were not the same for each cerium exposure.
Calculated body burdens were generally lower in
this experiment than those found in Figure 3, due
to inter-experimental variation in tissue mass. Tissue
mass of pooled individuals were greater during the
experiment presented in Figure 4.

Feeding organisms had greater body burdens
of cerium when exposed to Citrate-CeO, and
Ce0,-615 before the gut clearance phase (p <
0.05, LSM Tukey’s method). This represents cerium
associated with material within the guts or loosely



adsorbed to external membranes. Upon removal
of this material during the clearance phase, Ce
body burdens in each nanoparticle treatment
remained significantly greater than in non-exposed
controls (p < 0.001, LSM Tukey's method).
However, body burdens of Ce0,-615 fell during
this clearance phase and were no longer signifi-
cantly different from the body burden of Ce in
non-exposed control organisms (p = 0.288, LSM
Tukey’s method). Body burdens for all non-feeding
organisms exposed to cerium were no different
from those of non-exposed controls, indicating
that transdermal uptake was not possible for
these particles (p > 0.05, LSM Tukey’s method).

Discussion

Coated nanoparticles were destabilized over time
in freshwater representing sediment pore waters

Measuring stability and agglomeration of Citrate-
and PEG-CeO, in water dispersions demonstrated
that some stabilized primary sized CeO, particles
(10-15 nm) can remain in dispersion in water for
periods up to 6 days (Supporting Information SI
5). However, the majority of particles agglomer-
ated in freshwater, which is likely to reduce their
mobility in sediments through physical straining
of larger agglomerates. The positive or neutral
Zeta potential of Ce0,-10, Ce0,-28 and Ce0,-615
explains the strong associations of these particles
to the predominantly negative charged solid frac-
tion of the sediment (>99% sediment bound) and
their instability in freshwater.

Coated particles were also destabilized in fresh-
water. Zeta potential of Citrate-CeO, was —15.7
mV in freshwater compared to —37.9 mV in ultra-
pure water. Likewise, PEG-CeO, had a zeta poten-
tial of —48.9 mV in ultrapure water, but only
—16.5 mV in freshwater. This resulted in aggrega-
tion/agglomeration and subsequent sedimentation
of particles (Supporting Information SI 5 B and
D). Whilst such data must be treated with caution
as to the absolute values calculated, qualitatively
this demonstrates the instability of CeO, in fresh-
water. This has implications for their mobility in
sediment pore waters, as aggregation would lead
to straining as these aggregates reach sizes in the
micrometre range (Sang et al. 2013).

NANOTOXICOLOGY . 9

Size and surface functionalization did not
appreciably alter distribution of CeO,
nanoparticles between the solid bound, colloidal
and LMW fractions of the sediment

Direct measurement of the size distributions of
the nanomaterials could not be performed in the
isolated pore waters due to the inability of DLS
to distinguish between material types. Therefore,
the concentration of cerium detected in the col-
loidal and LMW fractions of the sediment pore
waters was measured as an indicator of the fate
of these materials during the biological exposures.
All forms of CeO, were predominantly immobile
(~99% associated with the solid fraction of the
sediment) and did not dissolve irrespective of
their size or surface coating (Table 1), in agree-
ment with previous studies (Cornelis et al. 2011;
Liu, Chen, and Su 2012). A small concentration of
dissolved Ce was detectable in the pore waters of
sediments spiked with soluble Ce(ll)NO;, <0.01%
of the initial dose at ~0.867 pgkg~' and a col-
loidal concentration of 10.6 pgkg™', similar to
that of nanoparticulate CeO,. The positive Zeta
potential (Supporting Information SI 2) for CeO,-
10, Ce0,-28 and Ce0,-615 is likely to lead to
rapid association with the predominantly nega-
tively charged components of the sediment. In
freshwater, coated CeO, nanoparticles also under-
went aggregation, reaching sizes of >200nm
(Supporting Information SI 5.B and D), which
would exclude the majority from the colloidal
fraction of the sediments we examined (<200 nm).

Negatively charged stabilized CeO, could also
undergo heteroaggregation with organic matter or
to positively charged edges in lattice layer clays
(Cornelis et al. 2011). During sediment exposures,
pH of the overlying water was 7.75+0.03 whilst
pore water pH was 7.45+0.01. Under these condi-
tions clays would likely retain their overall negative
charge (Tombacz and Szekeres 2004). However, the
relatively high ionic strength of the pore water of
~0.01M during these exposures would lead to a
compression of the electric double layer extending
from negatively charged surfaces, lowering the
interaction energy barrier which attractive van der
Waals forces must overcome for aggregation. This
would allow deposition of nanoparticles onto sedi-
ment colloids (Sang et al. 2013) similar to the
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behavior observed for 30 nm TiO, and its heteroag-
gregation with clay (Labille et al. 2015). Indeed, the
capacity for higher ionic strength water to increase
heteroaggregation of CeO, with natural colloids has
been demonstrated in estuarine water (Quik, van
De Meent, and Koelmans 2014). Such processes
meant nanoparticle size or form of surfactant had
little influence over the total distribution of CeO,
NPs between the solid and colloidal phase of the
sediments during our study. Instead, conditions
within the sediment appeared to negate any differ-
ences in overall partitioning that could arise from
differences in size or surface coatings of the
nanoparticles.

This has wider implications for our approach to
assessing the bioavailability and bioaccumulation
of engineered nanomaterials from sediment envi-
ronments. It is widely acknowledged that the fate
of nanomaterials is dependent on the conditions
of the surrounding environmental matrix. Efforts
have been made to establish a suite of represen-
tative artificial freshwaters which cover the range
of conditions present across European surface
waters (Hammes, Gallego-Urrea, and Hassellov
2013). Whilst such information is not yet available
for sediment systems, evidence from fate studies
in saturated terrestrial soils indicate that the
mobility and dissolution of inorganic engineered
nanomaterials such as silver is influenced by soil
pH, ionic strength of the pore waters, the pres-
ence of organic matter and the clay content of
natural soils (Cornelis et al. 2012). Presence of
natural colloids was also highlighted as of import-
ance in determining the retention of 20nm CeO,-
NPs in suspensions of natural soils (Cornelis et al.
2011). Bioavailability of nanomaterials can be
related to their mobility and interactions with
solid phases of sediments (Cornelis et al. 2014).
The current study demonstrates that the distribu-
tion of CeO, between the colloidal and solid
bound fractions of the sediment was not suffi-
ciently altered by intrinsic properties of either pri-
mary particle size or surface coating to result in
differences in the route to uptake of these nano-
particles. Future consideration must be made as
to whether sediment chemistry may alter the fate
of these nanomaterials sufficiently to result in
increased bioaccumulation.

Dissolved species of Ce"' are accumulated through

both ingestion and transdermal uptake from
waterborne exposures

Worms were exposed in freshwater for 24 h to two
concentrations of Ce" spiked as Ce(ll)NO5 repre-
senting concentrations of similar magnitude to the
total Ce concentration in the sediments and the dis-
solved Ce detected in the pore waters. Both expo-
sures resulted in significant uptake of Ce compared
to non-exposed freshwater controls (where body
burdens were <LOQ), predominantly through trans-
dermal uptake. At the higher exposure concentra-
tion, it should be noted that some worms produced
a mucus layer in response to the cerium treatment.
Under the high concentration exposure, imbibed
fluid contributed towards body burdens in feeding
worms with a functioning anterior, which was then
lost through purging the gut. As there was no dif-
ference between feeding worms which have under-
gone a period of non-exposure (clearance) and
non-feeding worms, we conclude that assimilation
of Ce within the gut over this short exposure does
not contribute significantly to body burdens. As
such, body burdens between 0.6 and 2.3 ugmg™'
Ce can be attributed to transdermal uptake or asso-
ciations of Ce with external surfaces of the worms.
In the lower 7.1 pgL™' exposure differences
between organisms in the different treatment
groups were indistinguishable. Therefore, all Ce
accumulation was considered attributable to trans-
dermal uptake. MINTEQ modeling (Supporting
Information Sl 3) predicts a significant proportion of
Ce in the Ce" form, 22.13% and 6.449% respectively
for the high and low concentration exposures.
Dissolved Ce" can act as a Lewis-acid, orientating
towards Lewis-base OH™ in cell plasma membrane
proteins. This has been demonstrated by the target-
ing of Ce" to cell plasma membrane proteins in
horseradish and uptake into cells exposed at high
UM concentrations (Yang et al. 2012). The Ce" then
forms a Lewis acid-base adduct, with the oxygen
donating a lone electron pair to the Ce", resulting
in a single reaction product. The effect of this
within biological systems is that dissolved Ce ions
experience slower elimination from the blood and
accumulation in the skeleton, liver, kidneys and
gastrointestinal tract of rats intravenously injected
with cerium chloride (Yokel et al. 2014). This Lewis
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acid-base type reaction may be responsible for
apparent transdermal accumulation of dissolved Ce
in non-feeding worms alongside movement along
diffusion gradients; however, future work would
need to investigate the exact mechanism of uptake.

An important implication of this finding is that
low molecular weight species resulting from dissol-
ution of a nanomaterial may result in an additional
route to uptake of the element form of the contam-
inant, compared with the nanoparticulate form of
the material, through dermal uptake into sediment
dwelling species. Consideration for the wider risk
assessment of engineered nanomaterials in sedi-
ment systems should focus on the different hazard-
ous effects that ingested nanomaterials may induce
as compared to soluble counterparts accumulated
through transdermal uptake. Developing our under-
standing in this area could lead to safer-by-design
strategies for nanomaterials expected to enter sedi-
ment ecosystems, which could mitigate/prevent
nanomaterial behaviors that lead to specific routes
to uptake, so as to reduce their potential for intern-
alization and toxicity.

The role of size and dissolution on
bioaccumulation of cerium from sediments

Transdermal uptake of non-stabilized CeO,-10 and
Ce0,-28 did not occur, whereas ingestion of CeO,
as part of a sediment diet was possible. There was
no difference in the distribution of these different
materials between colloidal and solid phases of
sediments and no difference in the extent of their
initial uptake (before gut clearance) between nano-
particle treatments. The high affinity of the CeO,
NP to the solid fraction of the sediment means that
the ingestion of these particles and their subse-
quent availability will be a function of this distribu-
tion between the solid and colloidal phases of the
sediment, and the particle size of those NPs that
exist in the colloidal fraction of the sediment pore
waters. This indicates that sediment properties are
primarily responsible for determining the total
ingestion of the CeO,, not the properties of the par-
ticles themselves.

Feeding worms exposed to both nanoparticles
exhibited body burdens greater than in controls
before gut clearance; however, this was significantly
reduced upon clearance (Figure 3). This indicates a
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significant proportion of this body burden was
attributable to CeO, associated with ingested sedi-
ment material. For organisms exposed to CeO,-10,
body burdens were reduced to the level of that in
non-exposed controls after gut clearance. Body bur-
dens of Ce0,-28 were significantly reduced but
remained higher than in controls. This suggests that
there could be some translocation of Ce within the
guts upon exposure to Ce0,-28. Future investiga-
tions could use a combination of imaging and spec-
trometry techniques to visualize this translocation
across the gut. Transmission electron microscopy
coupled to energy dispersive x-ray spectrometry
(TEM-EDX) has successfully visualized AgNPs associ-
ated with the apical plasma membrane, in endo-
cytotic pits and in endosomes in the gut of the
estuarine polychaete Nereis diversicolor (Garcia-
Alonso et al. 2011). Coherent anti-stokes Raman
scattering microscopy (CARS) has also been success-
fully employed to visualize localization of ingested
TiO,-NP aggregates in the lumen of the gut of the
estuarine  worm  Arenicola marina  (Galloway
et al. 2010).

Ce0,-10 and Ce0,-28 had a Zeta-potential in
ultrapure water of +28 and 433 mV, respectively.
Alumina clays are abundant in sediments and are
largely negatively charged due to isomorphous sub-
stitution of a single Si** with AP in the neutrally
charged Si,O, quartz crystal to form the clay
SiAlO,~. Binding of positively charged uncoated
CeO; nanoparticles to these negative charged sites,
which will be abundant in the clayey loam LUFA
Speyer 2.4 (Supporting Information Sl 7), could pre-
vent dissociation of CeO, within the worms upon
ingestion. Indeed, investigation into the adsorption
of CeO, nanoparticles of similar size to those
studied in this article (<25nm) in model saturated
soils, demonstrated greater attachment of the nano-
materials to kaolin clay than sand particles in batch
experiments (Zhang et al. 2018). Positively charged
Ce0O, also had greater attachment to kaolin clays
than negatively charged forms, attributed to phys-
ical adsorption processes through electrostatic inter-
actions. This may have implications for
bioavailability and may explain the lower bioavail-
ability of the uncoated positively charged CeO, in
this study, explaining the limited subsequent
uptake of uncoated, positively charged CeO, across
the gut epithelia. Size distribution measured by DLS
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and centrifugal liquid sedimentation in various
freshwater and marine media demonstrates that
aggregates formed of CeO,-28 are consistently
smaller than those formed from CeO,-10 (Singh
et al. 2014). This could also play a role in the differ-
ence observed in uptake of CeO,-28 compared with
CeO5-10.

Exposure to Ce™ on the other hand did result in
significant transdermal and dietary uptake of Ce, in
agreement with the transdermal uptake observed in
waterborne exposures (Figure 2). In sediments,
transdermal uptake was only significant for non-
feeding organisms before the clearance phase.
Uptake was also lower from sediments (7.9 ngmg ")
compared to in freshwater (23 pgmg™') when
exposed to similar total concentrations of
Ce(ll)NOs. Sediments, therefore, reduced the avail-
ability of dissolved cerium to the organism, reduc-
ing the concentration of free dissolved species of
cerium in the pore waters to <0.01% of the original
concentration. However, an interesting observation
of this study is that, whilst nanoparticulate forms of
CeO, were only internalized through ingestion, the
soluble counterpart (Ce(ll)NOs) could experience
combined accumulation of cerium through both
ingestion and transdermal uptake.

Stabilized nanoparticles were accumulated
through diet from sediments, but surface
functionalisation does not alter the extent of
their uptake

After a gut clearance phase, Citrate- and PEG-CeO,
nanoparticles with a primary particle size between
4-8 nm were retained in feeding worms, but this
was not the case for bulk-sized CeO,-615 (Figure 4).
This suggests that translocation and accumulation
of the small stabilized CeO, NPs was possible within
the gut, but that such translocation did not occur
for bulk CeO,-615. This may be due to physical con-
straints of the larger Ce0,-615 meaning the lumen
of the gut acted as an effective barrier to its uptake
as passive mechanisms of nanomaterial transport
such as diffusion and persorption occur more rap-
idly for smaller nanomaterials (Cornelis et al. 2014),
whilst endocytosis appears to have an optimum
efficiency for nanoparticles around 50 nm (Kettler
et al. 2014). Stabilization of NPs allowed for poten-
tial translocation of CeO, across the gut, however,

the mechanism of stabilization did not appear to
alter the overall uptake of Citrate- or PEG-CeO,,
with similar body burdens accumulated of both
nanoparticles after gut clearance. Whilst uptake of
particles <10 nm in size is greater than that of its
bulk CeO, counterpart, we have demonstrated that
in sediment environments the potential for biomag-
nification of nanoparticulate cerium is low.

Interestingly, some of the increase in body bur-
dens of Ce in feeding worms exposed to cerium
compared to non-exposed control worms could be
attributed to material in the guts, which was then
lost during the 6 hour clearance phase. This was
particularly true of Ce10 and bulk Ce0,-615, where
the loss of Ce during the clearance phase resulted
in body burdens no different from non-exposed
controls. In these treatments, CeO, could not be
said to have accumulated through ingestion.
Citrate- and PEG-CeO, (<10 nm) on the other hand
appeared to translocate across the gut upon inges-
tion, as the clearance phase did not result in a sig-
nificant loss of Ce and body burdens remained
significantly greater in these worms than in non-
exposed controls. Such translocation and cellular
internalization of engineered nanomaterials in the
gut has been observed in other aquatic worm spe-
cies (Garcia-Alonso et al. 2011). The OECD bio-
accumulation test guideline TG315 recommends no
gut clearance when sampling organisms during the
uptake phase (OECD 2008) as this should return the
most conservative bioaccumulation factors (BAF).
However, this experiment demonstrates that careful
consideration should be taken whether to measure
and report body burdens that represent the con-
centration available for trophic transfer through
food chains (feeding organisms including their gut
contents) or that which remains accumulated within
the organism after this material in the guts has
been removed. This decision should perhaps be
based (in part) on what the purpose of the accumu-
lation study is, whether trying to seek understand-
ing on what the possible capacity is for trophic
transfer versus what the physiological effects
imposed are on the exposed animal.

Conclusions

The environmental risk of engineered nanomaterials
is a function of both hazard and exposure. This



study identifies differences in the route of uptake of
nanoparticulate CeO, compared to its soluble coun-
terpart Ce(lllNO3 from contaminated sediments
and provides explanation of this difference through
assessment of the distribution of Ce during expo-
sures between the solid bound, colloidal and dis-
solved LMW phases of the sediment. The additional
route to uptake through transdermal accumulation
of dissolved LMW species of a material has implica-
tions for partially soluble nanomaterials. It is cur-
rently unknown whether relationships
between the route to uptake and the relative
potential of a nanomaterial to elicit toxic effects in
organisms can be established. As such, future work
should address the mechanism by which dissolved
species of partially soluble nanoparticles are accu-
mulated in sediment biota and the potential for
dietary and transdermal uptake of metal nanomate-
rials to induce different toxic effects. This will allow
for a more nuanced understanding of the risk nano-

universal

materials pose to sediment biota. Improved under-
standing of the fate processes which determine the
route to uptake and the implications this may have
for the toxicity of various engineered nanomaterials
will also be valuable for incorporating safer-by-
design strategies early in the development stage of
new nano-enabled products. This study contributes
to this effort, identifying different routes to uptake
of nanoparticulate and dissolved LMW species of
cerium from sediments in the aquatic worm
L. variegatus.
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