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Abstract

An aqueous dispersion of poly (acrylic acid)-stabilised cerium oxide (CeO2) nanoparticles
(PAA-Ce0.) was evaluated for its stability in a range of freshwater ecotoxicity media
(MHRW, TG 201 and M7), with and without natural organic matter (NOM). In a 15 day
dispersion stability study, PAA-CeO, did not undergo significant aggregation in any media
type. Zeta potential varied between media types and was influenced by PAA-CeO:
concentration, but remained constant over 15 days. NOM had no influence on PAA-CeO>
aggregation or zeta potential. The ecotoxicity of the PAA-CeO; dispersion was investigated in
72 h algal growth inhibition tests using the freshwater microalgae Pseudokirchneriella
subcapitata. PAA-CeO. ECsp values for growth inhibition (Gl; 0.024 mg/L) were 2-3 orders
of magnitude lower than pristine CeO, ECso values reported in the literature. The
concentration of dissolved cerium (Ce**/Ce*") in PAA-CeO; exposure suspensions was very
low, ranging between 0.5-5.6 pg/L. Free PAA concentration in the exposure solutions
(0.0096-0.0384 mg/L) was significantly lower than the EC1o growth inhibition (47.7 mg/L)
value of pure PAA, indicating free PAA did not contribute to the observed toxicity. Elemental
analysis indicated up to 38% of the total Cerium becomes directly associated with the algal
cells during the 72 h exposure. TOF-SIMS analysis of algal cell wall compounds indicated
three different modes of action, including a significant oxidative stress response to PAA-CeO>
exposure. In contrast to pristine CeO. nanoparticles, which rapidly aggregate in standard
ecotoxicity media, PAA-stabilised CeO> nanoparticles remain dispersed and available to
water column species. Interaction of PAA with cell wall components, which could be
responsible for the observed biomarker alterations, could not be excluded. This study
indicates that the increased dispersion stability of PAA-CeO; leads to an increase in toxicity

compared to pristine non-stabilised forms.
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1. Introduction

Owing to their radical scavenging and UV-filtering properties, cerium oxide (CeOy)
engineered nanoparticles (ENPs) offer a solution to several technological challenges.
Currently, major uses include CeO> ENP-based catalytic filters to reduce exhaust particle
emissions from diesel combustion (Park et al., 2007) and as an antioxidant, protecting
biological tissue from oxidative stress induced by reactive oxygen species (ROS) (Karakoti et
al., 2008). Other engineering and biological applications of CeO2, ENPs include solid-oxide
fuel cells, high-temperature oxidation protection materials, catalytic materials, solar cells and
potential pharmacological agents in bioanalysis, biomedicine, drug delivery, and

bioscaffolding (Xu et al., 2014) (and references therein).

Inevitably, CeO2> ENPs will be released to the aquatic environment, where their fate and
potential impacts will depend on their physicochemical properties (size, shape, surface
chemistry) and environmental conditions (pH, ionic strength, colloids and natural organic
matter (NOM) content) (van Hoecke et al.,, 2011; Booth et al., 2013). In aqueous
environments, CeO. ENPs may undergo a variety of transformation processes, including
homo-aggregation, settling and dissolution. Interaction with other particulates (hetero-
aggregation) or compounds present in the water column may drive the aggregation process or
help stabilise dispersed ENPs. Aggregation and sorption behaviour can have a significant

effect on ENP toxicity (Adegboyega et al., 2012; Baalousha et al., 2013; Louie et al., 2013).

A study investigating the behaviour of CeO, ENPs in different natural waters showed that
sedimentation and hetero-aggregation with natural colloids were the main removal
mechanisms (Quik et al., 2012). The concentration and composition of NOM in natural waters

varies significantly (Wang et al., 2011) and influences ENP behaviour (Keller et al., 2010;
4
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Quik et al., 2010; Quik et al., 2012; Loosli et al., 2013; Gallego-Urrea et al., 2014). Fulvic and
humic acids present in NOM can stabilise CeO2 ENPs in natural waters and in algae growth
media, either by electrostatic or steric repulsion (Quik et al., 2010). Furthermore, pH
significantly affects NOM adsorption to CeO2 ENPs, thus influencing CeO2 ENP aggregate
size (van Hoecke et al., 2011). In freshwater and under conditions relevant for
ecotoxicological tests CeO., ENPs tend to agglomerate, which can have effects on

bioavailability and toxicity (Rodea-Palomares et al., 2011; Réhder et al., 2014).

The ecotoxicity of a wide range of unmodified (‘pristine”) CeO2 ENPs to aquatic species such
as bacteria, algae, zooplankton and fish, has been the subject of many studies (van Hoecke et
al., 2009; Johnston et al., 2010; Garcia et al., 2011; Sanchez et al., 2011; Manier et al., 2013;
Rdéhder et al., 2014). However, there still remains limited information on the effects of CeO>
ENPs to algae. Growth inhibition of the freshwater microalga Pseudokirchneriella
subcapitata has been reported in different studies over a concentration range of 4.4-29.6 mg
Lt CeO, ENPs (van Hoecke et al., 2009; Rogers et al., 2010; Manier et al., 2011; Rodea-
Palomares et al., 2011; Manier et al., 2013). The measured dissolved cerium(lIl)
concentration in CeO2 ENPs suspensions was low and therefore not considered to be relevant
for toxicity of CeO2 ENPs (van Hoecke et al., 2009; Rogers et al., 2010; Rodea-Palomares et
al., 2011). In most studies CeO> ENPs did not form stable dispersions in algal exposure
media, undergoing different degrees of agglomeration (Rodea-Palomares et al., 2011).
However, primary particle size was found to influence toxicity irrespective of agglomeration,

with smaller nominal diameters increasing growth inhibition (van Hoecke et al., 2009).

Importantly, CeO, ENP growth inhibition in algae appears to be significantly influenced by

the dispersion method and age of the suspension (Manier et al., 2011; Manier et al., 2013). In
5
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all studies, flocculation of algae cells or clustering of CeO2 ENPs around the cell surface was
observed. Direct contact of CeO, ENPs with algae can cause membrane damage in P.
subcapitata and may be responsible for the observed toxicity (Rogers et al., 2010; Rodea-
Palomares et al., 2011). Under experimental light conditions, CeO, ENPs can generate
hydroxyl radicals causing lipid peroxidation (Rogers et al., 2010), whilst an increase in
intracellular reactive oxygen species (ROS) in algae has been observed (Rodea-Palomares et

al., 2012).

Increasingly, ENP physicochemical properties are being modified in order to improve their
performance in different technologies and applications. Stabilising agents to maintain ENPs in
aqueous dispersion are becoming common, resulting in the surface of the ENPs being coated
by organic compounds (Sehgal et al., 2005; Salazar-Sandoval et al., 2014). There is a need to
understand how these modified ENPs behave in the environment and what impacts such
modifications have on their toxicity, especially compared to the large body of data available
for pristine ENPs. Garcia et al. (Garcia et al., 2011) performed a range of standardised aquatic
ecotoxicity tests on CeO2 ENP dispersions stabilised with hexamethylenetetramine (HMT).
The CeO2 ENPs exhibited high toxicity to D. magna (48 h acute LCso was 0.012 mg/mL) and
V. fischeri (Microtox® bioluminescence inhibition was >80 % at 0.064 mg/mL). The HMT
stabiliser was demonstrated not to be toxic in this study, but may play a role in the observed

toxicity of the CeO2, ENPs.

In the current study, the dispersion stability of poly (acrylic acid)-stabilised CeO2 ENPs
(PAA-Ce0) in a range of common ecotoxicity media and their subsequent ecotoxicity to P.
subcapitata was assessed. The stability and aggregation of PAA-CeO, was studied over time

and the influence of Suwannee River NOM (SR-NOM) on dispersion stability was also
6
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investigated. Ecotoxicity of the PAA-CeO; and pure PAA to P. subcapitata was assessed
using a modified version of the algal growth inhibition method (OECD 201) to overcome the
problem of algal cell ‘shading’ by ENPs when measuring algal growth by fluorescence.
Changes in the levels of algal cell wall compounds were monitored using TOF-SIMS.
Particulate CeO; and dissolved Ce®"/Ce** concentration was determined by ultracentrifugation
and HR-ICP-MS analysis. The total Ce (dissolved plus particulate) concentration in selected
filtered (no algae present) and non-filtered (algae present) exposure samples was determined

using HR-ICP-MS to investigate PAA-CeO> uptake/adsorption by the algae.

2. Experimental
2.1. Chemicals and materials

All chemicals were of analytical grade, and deionised water was from a Miele Aqua
Purificator C7749 system. Poly acrylic acid (PAA, average MW<1800) was purchased from
Sigma Aldrich. Suwannee River NOM (SR-NOM) was purchased from International Humic
Substances Society (St. Paul, USA). Medium hard synthetic water (MHRW) was made as
according to US EPA 821-R-02-12 (US EPA, 2002), media for freshwater algae (TG 201)
was made according to OECD Guideline 201, media for Daphnia magna (M7) was made
according to OECD Guideline 202. All salts and compounds used in the preparation of media
water were of analytical grade and supplied by acknowledged international manufacturers.

Finally, the pH of the solutions was adjusted as according to the guidelines.

2.2. CeO2 nanoparticle synthesis and characterisation
CeO2 nanoparticles were synthesised by thermolysis of Ce(NOs)s at high temperature,
resulting in homogenous precipitation of a cerium oxide nanoparticle pulp (Chane-Ching,

1994). To stabilise the CeO2 nanoparticles in water, PAA was employed as an anionic
7
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stabiliser and added in excess (Sehgal et al., 2005). A final PAA-stabilised colloidal
dispersion of CeO> particles (PAA-CeO>) in MilliQ water (10% wt., 100 mg/L), with a pH of
8.5, was prepared for further study. Relevant physical and chemical characterisation
techniques were employed to study the PAA-CeO,. The zeta potential and average
hydrodynamic radius (by volume; dynamic light scattering, DLS) of the stock solution was
determined using a Malvern Zetasizer. A Phillips CM30 and a Jeol 2100 Transmission
electron microscopes (TEM) operated at 150kV and 120kV respectively, both equipped with a
LaB6 electron filament were used to investigate individual PAA-CeO; crystallite size and
shape. Samples were prepared by adding a droplet of the PAA-CeO; stock solution to a holey
copper grid and allowing the water to evaporate. The Jeol 2100 was equipped with an INCA
(from Oxford Instruments) Energy-dispersive X-ray spectroscope (EDX) which was used to
study the elemental composition of the PAA-CeO; stock material and identify any significant
impurities. For the same purpose, Selected Area Electron Diffraction (SAED) pattern analysis

was performed with the CM30.

2.3. PAA analysis
The concentration of free/excess PAA in the PAA-CeO- stock solution, and any subsequent
dilutions, required determination in order to account for any ecotoxicological effect. As the
PAA was a complex mixture of poly acrylic acid molecules with an average molecular weight
of 1800, an NMR-based analysis and quantification method was used. A pure PAA standard
in deionised water was prepared and serially diluted to create a calibration curve (0.01 - 10
mg/L). To determine the free PAA concentration in the PAA-CeO; stock solution, a sample
was diluted in deionised water to a PAA-CeO2 concentration of 10 mg/L. A 5 mL aliquot was
then subjected to ultracentrifugation at 65,000 rpm for 60 min (Sorvall WX Ultra, rotor T-

865). The supernatant was collected and analysed to quantify the amount of dissolved PAA
8
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remaining. NMR sample preparation was done by adding 20 ul of DO containing 1mM 3-
(Trimethylsilyl)propionic-2,2,3,3-ds acid sodium salt (TSP) to 180 pl of standard solutions
and supernatant from sample centrifugation. *H-NMR spectra were recorded using a Bruker
DRU 600 spectrometer (Bruker BioSpin GMBH, Rheinstetten, Germany) operating at 600.13
MHz for H using a 1D NOESY (noesygpprld) pulse sequence from the Bruker pulse
sequence library for suppression of residual water. The region from 3.2-0.5ppm was used for
the PAA and this was calibrated against the TSP peak. The PAA concentration of the

centrifuged sample was determined by the linear regression equation of the standard curve.

2.4. Particulate CeO; and dissolved Ce**/Ce** analysis
In order to determine the dissolved Ce®*/Ce** concentration present in the stock solution, a 10
mg/L dilution was prepared and subjected to ultracentrifugation as described above. The
supernatant (0.2 mL) was collected and transferred to an ultra-inert sample tube prior to
analysis by high resolution inductively coupled plasma mass spectrometry (HR-ICP-MS;
Element 2, Thermoelectric) to determine the Ce**/Ce** concentration. Samples were analysed

without any pre-treatment except dilution in 0.1 M nitric acid.

2.5. Dispersion stability studies
Moderately hard reconstituted water (MHRW) (US EPA, 2002), TG 201 media (freshwater
algae, OECD) (OECD, 2011) and M7 (Daphnia magna, OECD) were prepared according to
the relevant guidelines using reagent grade chemicals and deionised water. For the
experiments investigating the influence of natural organic matter (NOM) on dispersion
stability, SR-NOM was dissolved in the media at an initial concentration of 20 mg/L and

stirred overnight using a magnetic stirrer. After 1 day of stirring, the media-NOM solutions
9
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were filtered using a Nalgene® filtration unit (0.22 um pore size) to remove any non-
dissolved particulate matter. The total organic carbon (TOC) in the resulting solution was
determined as 8-9 mg/L (Sievers 900 Portable Turbo instrument). The specific conductivity of
each dispersion media was determined, where M7 = 679.7 uS cm™, M7-NOM = 666.33 puS
cm?, MHRW = 312.7 pS cm™*, MHRW-NOM = 308.2 puS cm, TG201 = 163.6 uS cm™, and

TG201-NOM = 163.4 uS cm™,

The stock dispersion of PAA-CeO, was sonicated immediately prior to sub-sampling to
ensure homogeneity of the sample prior to dilution in the different media solutions. Two
different nominal start concentrations were included in the study; 1 and 0.01 mg/L — three
parallels of each concentration in every media. Immediately prior to the first sampling, the
samples were homogenised by sonicating for 10 minutes. After this, the samples were left still
for the duration of the experiment. Each sample tube was sampled for particle number
measurement (dynamic light scattering, DLS) and surface charge measurement (zeta

potential) at day 0, 2, 5, 7, 12 and 15.

2.6. Average particle size and zeta potential measurements
The hydrodynamic particle size distribution and zeta potential of the PAA-CeQO> suspensions
was measured using a Zetasizer Nanorange ZS instrument (Malvern, UK). For the size
measurements, a small volume of the sample (~0.5 mL) was diluted with the appropriate
media solution in a disposable polystyrene cuvette (2.5 mL). The laser source was 632.8 nm
with 173 ° backscatter. The zeta potential was measured on the same solution after transfer to
a capillary zeta cell. The measurements were performed with automatically optimised number

of runs (10-30).
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2.7. Algae ecotoxicity studies
The ecotoxicity of PAA-CeOz, as well as the toxicity of the pure PAA, was investigated using
the freshwater algae Pseudokirchneriella subcapitata (clone NIVA-CHL1) in a 72 h static
growth inhibition test according to OECD 201 (OECD, 2011). For both test materials, a 72 h
range-finding pre-test was conducted with sampling at Day 0 and Day 3 and a tentative ECso
value determined. Based on these results, 72 h full tests with sampling at Day 0, 1, 2 and 3
was completed (Day 0 samples were collected immediately after preparation to provide
baseline values). The pure PAA stabiliser was tested in 12 mL plastic tubes (sample volume
10 mL), at concentrations of 30, 60, 100, 200, 300, 400, 600, 800, 1000 mg/L. As the
exposure solutions were free of particulate material, except for the algal cells, in vivo
fluorescence from chlorophyll was measured directly on the exposure solutions by inserting

the tubes in a Spectrophotometer.

Due to the nature of the tested substances, the standard OECD 201 protocol was modified for
the PAA-CeO,. Exposures were completed in 250 ml Erlenmeyer flasks covered with a
beaker during incubation at nominal concentrations of 15 (5.5), 25 (12.6), 40 (16.8), 60
(25.4), 100 (32.7) and 200 (67.5) pg/L; actual concentrations determined by HR-ICP-MS
given in parentheses (Table 1). In order to overcome potential issues with shading of the algal
cells during quantification of the growth, the standard fluorescence method was replaced with
a modified version of the ISO method ‘Measurement of biochemical Parameters -
Spectrometric determination of the chlorophyll-a concentration (ISO 10260: 1992)’. After
completion of the exposure period (72 h) the exposure media (10 mL) was filtered using a 0.7
pum glass fibre filter (Whatman GF/F), and the aqueous phase discarded. The filter was then
allowed to dry before being added to a vial containing hot ethanol at 75 °C (10 mL) and the

chlorophyll pigments extracted by shaking for 5 min. Once cooled to room temperature, the
11
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sample was filtered again to remove any particulate material and the eluent was transferred to
a 4.5 mL cuvette and analysed using fluorometer (Turner TD-700, Turner Designs, US). At
Day 0 and Day 3, 2 mL aliquots of the exposure solution (before and after the algal filtration
step) were collected and subjected to analysis by HR-ICP-MS to quantify the CeO:

concentration.

2.8. Biokinetics
The metabolic changes of the cell wall after PAA-CeO: exposure algal cells were investigated
using TOF-SIMS. 10 pL of the algal exposure solution was pipetted onto a gold wafer, fast
frozen in liquid nitrogen and stored at -80°C until the TOF-SIMS analysis was performed. lon
spectra measurements were performed using a TOF-SIMS V instrument (IONTOF GmbH,
Minster, Germany) with a 30 keV nano-bismuth primary ion beam source. The ion currents
were measured to be 0.5 pA at 5 kHz using a Faraday cup. A pulse of 0.7 ns from the
bunching system resulted in a mass resolution that usually exceeded 5000 (full width at half-
maximum) at m/z <500 in negative mode. The primary ion dose was controlled below 10%2
ions cm to ensure static SIMS conditions (Thompson et al., 2004; Jungnickel et al., 2005;

Haase et al., 2011; Tentschert et al., 2013).

2.9. Statistical analyses and calculations
Algal growth rates were calculated by linear regression in Excel v.14.3.9 for Mac OS X
(Microsoft Corp., USA) based on the daily increase in biomass measured as fluorescence.
Increase in algal biomass during exposure was calculated in Excel as the integral under the
growth curve (OECD, 2002). Prior to calculation of effect concentrations the calculated
values were normalised to control performance by calculating the percent inhibition. The

software GraphPad Prism v5.0b for Mac OS X (GraphPad Software, San Diego, USA) was
12
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used for calculation of effect concentrations (ECx) and data plotting in the ecotoxicity
bioassays. ECso-values were calculated by performing a non-linear regression with a variable
slope on the calculated inhibition in growth rates and biomass production at the end of
exposure. Constraints were placed at 0 and 100% effect forcing the effect concentrations to be
calculated within this span thus eliminating the effect of any stimulation in growth. Values for
ECiwo were calculated in a similar way by using the log(agonist) vs. response (Find
ECanything) function in GraphPad Prism on the same data set with the same constrains, and

applying least squares fit, as when calculating the ECso-values.

Statistical analysis of the ToF-SIMS data was performed as described in detail elsewhere
(Thompson et al., 2004; Jungnickel et al., 2005; Haase et al., 2011; Tentschert et al., 2013). In
brief, the acquired data were binned to 1u. Data processing was carried out with the statistical
package SPSS+ (version 12.0.2G) using the mass range between 200 and 1700 mass units to
detect significant differences between treated cells at time point 0 and treated cells at time
point 3 days. lons lower than mass 200 were excluded from the study to avoid contaminating
ions from salts, system contaminants, and other medium components. Each acquired spectrum
was then normalised, setting the peak sum to 100%. A Principal Component Analysis (PCA)
was performed using all ions. To show that data sets could be separated with a supervised
model from each other a Fisher’s discriminant analysis was performed. The performance of
the discriminant model was verified by applying the cross-validation procedure based on the

“leave-one-out” cross-validation formalism.

3. Results and discussion

3.1. CeO2 nanoparticle synthesis and characterisation
13
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Key physicochemical parameters of the PAA-CeO> stock solution are presented in Table S1
in Supplementary Information. The zeta potential of the PAA-CeO, stock solution was
determined as -25mV, indicating moderate stability of the particles. The average
hydrodynamic radius of the PAA-CeO, stock solution (determined by volume using DLS)
was determined as 84 nm, with a poly dispersity index of 0.234. The crystallite size of the
individual CeO; particles was determined using TEM as between 4-10 nm, and generally
spherical in shape (Figure S1, Supplementary Information). These results indicate that some
degree of aggregation or agglomeration of the PAA-CeO; particles had occurred leading to
the higher hydrodynamic radius determined by DLS. EDX and SAED analysis was used to
investigate the purity of the PAA-CeO, stock material (Figure S2, Supplementary
Information). EDX analysis of the stock PAA-CeO: indicated trace amounts of Au, Co, Na
and Cl atoms. SAED pattern analysis confirmed that most of the material consists of CeO>

nanoparticles (CeO> has a cubic unit cell, space group Fm-3m (225) and a = 5.412 A).

3.2. PAA Analysis
The concentration of pure PAA in the 10 mg/L PAA-CeO; stock solution was 6.39 mg/L,
which represented (63.9% of the CeO> concentration). The concentration of pure PAA in the

algae exposure solutions ranged from 0.0096-0.128 mg/L (Table 1).

3.3. Dispersion stability studies
The PAA-CeO: did not undergo significant aggregation over 15 d in any media type (Figure 1
A-C). After 15 d, the 0.01 mg/L PAA-CeO> dispersions do appear to exhibit larger average
hydrodynamic sizes than 1.0 mg/L dispersions, however this could be an artefact of the DLS
approach which can be sensitive to differences in analyte concentration. It has been suggested

that intensity averaged hydrodynamic sizes from DLS analysis, whilst more frequently
14
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reported, often are significantly higher than number averaged sizes (Gallego-Urrea et al.,
2014). Furthermore, the backscatter angle of 173° also promotes the size distribution towards
lower particle sizes through increased elimination of scattering from larger particles. In the
current study, TEM imaging of the PAA-CeO; stock solution confirmed that it is indeed the
number averaged results from DLS that are the most accurate in terms of size (Figure S3,
Supplementary Information). Here the average PAA-CeO, particles size ranged between 9.1
nm and 24.8 nm for both PAA-CeO, concentrations in all media types studied, which

corresponds more accurately to the crystallite size determined by TEM (4-10 nm).

The observed dispersion stability is in contrast to the behaviour of ‘pristine” CeO2 ENPS in
algae and other ecotoxicity media, where unstable dispersions and agglomeration are typically
observed (van Hoecke et al., 2009; Rogers et al., 2010; Manier et al., 2011; Rodea-Palomares
et al., 2011; Manier et al., 2013). Furthermore, there was no significant difference in average
hydrodynamic diameter (Figure 1 A-C) and zeta potential (Figure 1 D-F) between samples
with and without SR-NOM. Previous studies have reported that increasing concentrations of
humic acids and alginate (0 — 5 mg/L) give rapidly increased zeta potential and decreased
average hydrodynamic size of metal oxide ENPs, showing that NOM stabilises ENPs in water
and prevents aggregation (Loosli et al., 2013). The data in the current study indicate that the
stabilising effect of the PAA on the CeO2 ENPs outweighs any additional contribution from

the SR-NOM (Figure 1).

The zeta potential of the PAA-CeO> stock solution was -25 mV (stably dispersed), whilst in
all media types investigated a significant decrease was immediately observed at 0 d. This
indicates a rapid destabilisation of the dispersion driven by the ionic concentration in the

different media types (although no significant aggregation was observed over 15 d; Figure 1
15
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D-F). PAA-CeO> concentration did not influence zeta potential significantly in MHRW and
M7 media. However, a significant difference between PAA-CeO; concentrations of 0.01 and
1.0 mg/L was observed for TG201 media, again indicating media type significantly effects
dispersion stability. Both theoretical and experimental results have confirmed that zeta
potential is affected not only by the suspension conditions such as pH, temperature, ionic
strength, and even the types of ions in the suspension, but also by the particle properties such

as size and concentration (Tantra et al., 2010; Wang et al., 2013).

A recent study has also highlighted the significant influence that the presence of phosphate
can have on increasing zeta potential and stability of CeO2 ENP dispersions at pH 7.5 (Réhder
et al., 2014). Furthermore, Ce3* showed formation of CePO4(s) in the presence of phosphate.
In the current study, the zeta potential data are generated from CeO, ENPs coated in PAA and
dispersion in a complex aquatic system containing dissolved salts (including phosphate) and
NOM. It is suggested that the complex interplay of varying ionic strength between the
different media types, the presence of phosphate in the media and the interaction of both PAA

and NOM at the particle surface, is influencing the stability.

3.4. Algae ecotoxicity studies
PAA-CeO; growth inhibition rate ECso values (0.024 mg/L) and biomass production (0.013
mg/L) indicate observed toxicity results from the CeO2 ENPs with no toxic contribution from
the free PAA (Table 2 and Figure 2). The free PAA concentration in the PAA-CeO; exposure
solutions ranged between 0.0096-0.128 mg/L, which was significantly lower than the ECio
and ECsp growth inhibition (47.7 and 168.5 mg/L respectively) and biomass production (34.0
and 94.7 mg/L respectively) values of pure PAA. The data indicate that the free PAA present

in the PAA-CeO> samples did not contribute to the overall toxicity observed, and that toxicity
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derived directly from the PAA-CeO; particles. In the current study, non-stablised CeO> ENPs
were unavailable for a direct ecotoxicological comparison with the PAA-CeO,. However,
ECso growth inhibition values over a CeO2 ENP concentration range of 4.4-29.6 mg L have
previously been reported in a number of studies for the freshwater microalga P. subcapitata
(van Hoecke et al., 2009; Rogers et al., 2010; Manier et al., 2011; Rodea-Palomares et al.,
2011; Manier et al., 2013). These values can be used to assess the influence of PAA
stabilisation on the ecotoxicity of CeO, ENPs. The ECso growth inhibition value for PAA-
CeO> determined in the current study (0.024 mg/L) is 2-3 orders of magnitude lower than
literature values for pristine CeO2 ENPs (4.4-29.6 mg L?). This indicates that the PAA-
stabilised CeO2 ENPs are significantly more toxic than pristine non-stabilised forms. The
increased toxicity of the PAA-CeO, compared to both the pure PAA and pristine CeO2 ENPs

indicates that there may be a synergistic effect occurring.

In these previous studies, the measured dissolved cerium (Ce®*/Ce*") concentration in CeO>
ENPs suspensions was low and therefore not considered to contribute significantly to the
observed toxicity of the CeO> ENPs (van Hoecke et al., 2009; Rogers et al., 2010; Rodea-
Palomares et al., 2011). In the current study, a non-centrifuged sample (nominally 10 mg/L)
was determined to have a total Ce (dissolved and particulate) concentration of 4.88 mg/L. The
centrifuged sample (only dissolved Ce3*/Ce**) had a total Ce concentration of 0.329 mgl/L,
indicating the dissolved Ce®*/Ce** content was approximately 6.7%. This corresponds to a
dissolved Ce3*/Ce** exposure concentration range of 0.5-5.6 pg/L (Table 1). This is
significantly below the ECso value of dissolved Ce**/Ce*" determined for P. subcapitata
(Rodea-Palomares et al., 2011), and therefore does not appear to account for the observed
toxicity in the PAA-CeO. samples. Due to the Kelvin effect, a higher solubility/dissolution

kinetics may be expected for CeO2 ENPs used in this study (4-10 nm) compared to those used
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in other studies (10-60 nm). Furthermore, it is likely that the ultracentrifugation process is not
100% efficient at removing CeO2 ENPs from the sample leading to an overestimate of the
dissolved Ce concentration. Although the dissolved Ce concentrations are relatively low, they
are certainly not negligible. It would therefore be of interest in future studies to investigate the
ecotoxicological effects of dissolved Ce3* in the presence of PAA and other common

stabilising agents.

In most studies with pristine CeO, ENPs stable dispersions in algal exposure media did not
form, with the ENPs undergoing different degrees of agglomeration (van Hoecke et al., 2009;
Rogers et al., 2010; Manier et al., 2011; Rodea-Palomares et al., 2011; Manier et al., 2013).
However, primary particle size was found to influence toxicity irrespective of agglomeration,
with smaller nominal diameters increasing growth inhibition (van Hoecke et al., 2009). The
CeO> particles used in the current study have a nominal diameter of 4-10 nm, whilst those
used in other studies with P. subcapitata are in the range 10-60 nm (van Hoecke et al., 2009;
Rogers et al., 2010; Manier et al., 2011; Rodea-Palomares et al., 2011; Manier et al., 2013).
Therefore, it is possible that the smaller diameter of the CeO2 ENPs used in this study may be
contributing to the observed increase in toxicity compared to other studies. However, the
increased dispersion stability and lack of significant aggregation in the PAA-CeO; exposure
samples cannot be ruled out as a contributing factor to the higher toxicity observed in this

study compared to previous studies with pristine CeO2 ENPs.

3.5. Biokinetics
In both the current study and other literature studies, it is unclear if the mechanism of toxicity
for CeO2 nanoparticles to P. subcapitata is through uptake or by physical interaction of algal

cells with the particles. No evidence of algal flocculation in the presence of PAA-CeO, was
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observed during the current study. HR-ICP-MS analysis of the total Ce concentration
(dissolved and particulate) in the exposure media before and after removal of the algae
suggest that during the 72 h exposure up to 38% of the total Ce becomes directly associated
with the algal cells (Figure 3). However, it is unclear whether this association is direct uptake
or adsorption of the PAA-CeO> onto the surface of the algal cells. In their study, Rodea-
Palomares et al. (Rodea-Palomares et al., 2011) found no evidence of CeO, ENP uptake by
cells, but that their toxic mode of action appeared to require direct contact between ENPs and
cells. The authors suggest that cell damage most probably took place by cell wall and
membrane disruption, possibly due to the oxidative activity of ceria. CeO2 ENPs have been
shown to induce flocculation and a clustering of particles on the cell surface of P. subcapitata,
whereby the interaction of CeO, ENP with the cell surface also lead to an increase of cell
membrane permeability (van Hoecke et al., 2009; Rodea-Palomares et al., 2011). However,
when Rohder et al. (Rohder et al., 2014) compared a cell wall free mutant and a wild strain of
the freshwater alga Chlamydomonas reinhardtii they concluded that cell wall plays a minor
role on the toxicity to CeO2 ENPs. Furthermore, a flocculation of cells was observed
following exposure to agglomerated CeO> ENPs, and may represent a general response to
various stresses (Rakesh et al., 2014), although whether this process impairs growth through

shading or by limiting the diffusion of nutrients remains to be evaluated (Rohder et al., 2014).

Algal cells collected from the ecotoxicity experiments were analysed by TOF-SIMS in order
to investigate their interaction with the PAA-CeO.. Specific alterations in the cell membrane
composition (see Figure 5) of P. subcapitata could be used to separate unexposed control
cells at 0 h from unexposed control cells harvested after 72 h, and from PAA-CeO, exposed
cells at 0 h and 72 h, using algal cell wall biomarker compounds (see Figure 4). Generally

three membrane alterations can be identified (Figure 5 A-C). The first is an increase in certain
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biomarker compounds directly after PAA-CeO: exposure (0 h) in comparison to unexposed
controls at both 0 h and 72h, indicating a direct response to the presence of the PAA-CeO>
(Figure 5A). In particular, the acquired surface spectra of PAA-CeO; exposed algae at 0 h and
72h exposure showed a significant increase in ion m/e 327 (Yang et al., 2013), which is
tentatively assigned to a hydroxy eicosanoic acid. This hydroxy fatty acid is commonly found
in algae and micro algae (Blokker et al., 1998; Sasso et al., 2012), and in this study already
exhibited a significant increase at 0 h in PAA-CeO> exposed cells. Oxidised fatty acids are
known to be protective against oxidative stress and may even serve as signalling molecules
for inter-individual as well as inter-species communication (Pohl et al., 2014). A similar
behaviour is observed for ions m/e 504, m/e 846 and m/e 1600. lon m/e 504 is tentatively
assigned to a lyso phosphatidyl ethanolamine (lyso PE C20:2). Lyso phosphatidyl
ethanolamines have already been identified in micro algae (He et al., 2011) and higher
amounts of lyso phosphatidyl ethanolamines are associated with the inhibition of
phospholipase D which causes enhanced cell wall lipid degradation and oxidative stress
(Munnik, 2001; Peters et al., 2007). lon m/e 846 was tentatively assigned to a triacylglyceride
(TG C52:8). An increase in triacylglyceride levels was also observed in micro algae under
environmental stress and especially as a result of heavy metal exposure (Sharma et al., 2012).
lon m/e 1600 could not be assigned to any known compound. These results are consistent
with reports describing the generation of reactive oxygen species (ROS) from CeO, ENPs
which are involved in CeO2 ENP toxicity to mammalian cells (Auffan et al., 2009b). In
contrast, other studies have reported CeO> ENPs exhibit a scavenging ability and can reduce
oxidative stress (Amin et al., 2011). The contradictory ability of CeO2 ENPs to both generate
and scavenge ROS seems to depend on the redox state, which can change between Ce(l11) and
Ce(IV) (Auffan et al., 2009a). In the current study, PAA-CeO; appears to generate ROS

which elicit a response from the algal cells and maybe also be contributing to the observed
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acute toxicity (growth inhibition). However, we are unable to conclude whether this
represents high ROS formation compared to other CeO, ENPs studied and therefore
contributing to the increased toxicity of the PAA-CeO.. Furthermore, it is possible that the
physicochemical properties of the CeO2 ENPs and/or the presence of PAA is resulting in the

increased formation of ROS which, in turn, may increase the observed toxicity.

A second alteration could be observed, where the control sample at 0 h had high levels of
certain biomarker compounds, which were observed to be significantly decreased in 72 h
controls and in both 0 h and 72 h PAA-CeO. exposed cells (Figure 5B). Control and PAA-
Ce0; exposed cells at 72 h exhibited slightly lower levels than PAA-CeO. exposed cells at 0
h. lons m/e 341 and m/e 343 could be tentatively assigned to caffeic acid-O-glycoside and
homovanillic acid-O-glycoside respectively. Micro algae have the capability to synthesize
caffeic acid from the amino acid phenylalanine (EI-Baky et al., 2009). This study also showed
that caffeic acid exhibited antioxidant effects on CCls-induced lipid peroxidation and could
serve as a radical scavenger in micro algae. The decrease in caffeic acid biosynthesis in the
present study may indicate an age related loss of lipid peroxidation recovery and radical
scavenging activity, which could be triggered already at time Oh in PAA-CeO; exposed cells.
lons m/e 895 and m/e 897, tentatively assigned to phosphatidylinositols (P1(O-C40:6) and

P1(O-C40:5)) showed a similar mechanism.

A third biomarker alteration exhibited highest levels in both the unexposed and the exposed
control cells at time point 0 h. Over the 72 h duration of the test, a significant decrease in the
concentration of these compounds was observed in both sample types (Figure 5C). A number
of previous studies have also reported a rapid change (e.g. within 5 mins) in the state of the

cell membrane following exposure to oxidative stress causing chemicals (Alvarez-Ordéfiez et
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al., 2010; Hale et al., 2011). This mechanism always seems to be associated with a subsequent
secondary change of the cell membrane, typically observed after 1 to 3 days. For the first
time, the current study indicates specific biomarker compounds related to these mechanisms.
The concentration of ions m/e 330 and m/e 332, tentatively assigned to sialic acid and
dehydrosialic acid decreased in samples (both control and PAA-CeO; exposed) from 0 h to 72
h in a similar way. This indicates a general metabolic mechanism, unrelated PAA-CeO>
exposure, is occurring in P. subcapitata cultures over time. Sialic acid probably arises from
terminally sialylated N-linked oligosaccharides, which were already identified in green algae
(Mamedov et al., 2011). Sialic acid decrease has already been characterized as a biomarker
for muscle aging in mice and may also represent a biomarker for aging effects in P.
subcapitata (Hanisch et al., 2013). The data show that this response in the algae is time
dependent and not dependent upon PAA-CeO: exposure, representing basic age related

metabolomic and lipidomic changes under conditions applied in the present study.

4. Conclusions

Under typical environmental conditions it is likely that PAA-stabilised CeO2 ENPs will not
undergo significant agglomeration and settle out of the aqueous phase. The use of stabilising
agents in the synthesis of ENPs to provide useful physicochemical properties for technology
applications may therefore lead to significant differences in the environmental behaviour
compared to pristine ENP analogues. Stably dispersed PAA-CeO. appear to elicit a
toxicological response in P. subcapitata at lower concentrations than pristine CeO, ENPs
which rapidly agglomerate. Despite this, the PAA-CeO> concentrations needed to cause short-
term effects appear to be much higher in comparison to the background cerium concentration

in natural waters (Rohder et al., 2014). However, release of PAA-CeO, would offer the
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possibility of increasing environmental concentrations of stably dispersed nanoparticle ceria
in natural waters. Owing to the low dissolution rate of Ce®*/Ce*", PAA-CeO, may have a
considerable residence time in natural waters. As the modification of ENP surface chemistry
and the use of stabilising agents is becoming more common in the synthesis of ENPs for
technology applications, there is a need to generate new ecotoxicity data in addition to that

available for ‘pristine’ materials.
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702  Figure 1. Hydrodynamic size (nm) in A) MHRW, B) TG201 and C) M7 media and zeta potential (mV) measurements in D) MHRW, E) TG201
703 and F) M7 media during 15 day stability studies at two different suspension concentrations of PAA-CeO> (0.01 and 1.0 mg/L). Hydrodynamic
704  size is displayed as intensity averaged sizes. Error bars represent standard deviation (n=3).
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Figure 2. Change in growth rate and biomass production as a function of A) PAA-CeO; and

B) pure PAA. Both data sets are plotted according to the CeO> exposure concentrations
determined using HR-ICP-MS.
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Figure 3. Total Ce concentration (ug/L) in filtered samples (no algae) and unfiltered samples
(containing algae) collected at 0 h and 72 h. Error bars represent standard deviation (n=3).
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716  Figure 4. TOF-SIMS analysis changes in compound composition of the cell wall of
717  Pseudokirchneriella subcapitata after nanoparticle treatment. The diagram shows the values
718  of the discriminant scores obtained from Fisher's discriminant analysis of 24 algal samples
719  for all ions, which were selected to discriminate between untreated micro algae cultures at

720  day 0 and day 3 and micro algae, treated with 0.06mg/ml CeO: at day 0 and day 3.
721
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Figure 5. Histogram comparisons of ion yields for characteristic biomarker ions which were
used to separate the four treatment groups. The biomarker ions indicate three different
biomarker alterations: A) where compounds loaded high on function 1 (>0.9; Figure 4) and
showed significantly higher levels in exposed samples at day 0 and day 3 in comparison to
control samples. B) where compounds loaded high (>0.9; Figure 4) on function 1 or function
2 and showed significantly higher levels in control samples at day O compared to controls at
day 3 and exposed cells at day 0 and day 3. C) where compounds loaded high (>0.9; Figure
4) on function 1 or function 2 and showed significantly higher levels in control and exposed
samples at day O compared to control and exposed samples at day 3. For the relative
intensity, the mean of the control group at 72 h was taken as 100% in all cases.
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Tables

Table 1. Summary of the nominal PAA-CeO; cancentrations, total Ce concentration at 0 h
and 72 h, the calculated dissolved Ce concentration at 0 h and the free PAA concentration at
0 h in each of the exposure samples used in growth inhibition tests with P. subcapitata.

Nom'gjllossAu':;' CeOz |  Total Ce concentration (ug/L) Dissolved Ce Free PAA
comcentration on %rsd 72h  %rsd concentration | concentration
(ug/L) 0 0 at 0 h (ug/L) at 0 h (ng/L)
15 55 2.8 6.5 2 0.5 9.6
25 12.6 8.8 10.2 15 1.0 16
40 16.8 4.4 15.3 1.8 14 25.6
60 25.4 105 24.0 15 21 38.4
100 32.7 9.5 52.4 4.4 2.7 64
200 67.5 12 81.0 4.5 5.6 128

Table 2. Calculated effect concentrations of pure PAA and PAA stabilised CeO>
nanoparticles (PAA-Ce0,) to the freshwater algae, Pseudokirchneriella subcapitata, in a 72 h

growth inhibition test.

EC10 mg/L (95% CI) ECso mg/L (95% CI)
Growth Rate Biomass Growth Rate Biomass
production production
477 34.0 168.5 94.7
PAA
(36.2-63.1) (24.3 - 47.6) (149.3-190.1) (81.3-110.3)
0.0058 0.0053 0.024 0.013
PAA-CeO>
(0.0036 - 0.0094) | (0.0037 - 0.0074) (0.021 - 0.028) (0.011 - 0.015)
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