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Acute waterborne and chronic sediment toxicity of silver and 1 

titanium dioxide nanomaterials towards the oligochaete, Lumbriculus 2 

variegatus. 3 

 4 

Abstract 5 

The use of silver (Ag) and titanium dioxide (TiO2) nanomaterials (NMs) in industrial processes and 6 
consumer products has experienced considerable growth since the late 20th century.  Throughout 7 
their lifecycle, both Ag NM and TiO2NM are released into the environment, with benthic systems 8 
anticipated to be the final sink.  Their potential toxicity towards benthic species is therefore of major 9 
concern.  This study investigated the toxicity of silver (Ag; NM-300K) and titanium dioxide (TiO2; NM-10 
104) NMs to the freshwater oligochaete, Lumbriculus variegatus in acute (0-96-h) waterborne and 11 
chronic (28-d) sediment studies.  Toxicity was investigated via assessment of mortality, behaviour, 12 
and antioxidant enzyme activity. The 96-h LC50 for Ag NMs in water was 0.51 mg/L (95% CI, 0.45-13 
0.56), with L. variegatus displaying inhibited predation-avoidance behaviour compared to controls 14 
(6.66 ±10 %) successful response at 24-h), as well as significant increases (p<0.05) in catalase (CAT) 15 
activity at sub-lethal concentrations at 24-h.  Behavioural improvement and the return of 16 
antioxidant enzymes to control levels was observed after 48 and 72-h.  AgNO3 exposure proved 17 
more toxic than Ag NM (96-h LC50 = 0.034 mg/L, 95% CI, 0.031-0.037) but resulted in no changes to 18 
antioxidant enzymes following sub-lethal exposure.  Furthermore, Ag dissolution from Ag NM (~2-19 
4%) could not account for the full extent of toxicity observed, suggesting a nano-specific effect.  20 
Increased environmental relevance via the inclusion of Suwannee River Humic Acid (SRHA, 5mg/L) 21 
alleviated sub-lethal Ag NM toxicity despite a comparable 96-h LC50 (0.54 mg/L, 95% CI, 0.51-0.57).  22 
Significant effects of Ag NMs in formulated sediments (mortality, biomass) were only recorded 23 
according to OECD 225 at the highest test concentration (1333 mg/kg) for Ag NM indicating a 24 
potential attenuating effect of sediments towards toxicity.  No toxicity was observed for TiO2 NM in 25 
aquatic or sediment exposures up to concentrations of 2000 mg/L and 1333 mg/kg, respectively.  26 

Keywords:  Nanomaterial, Lumbriculus variegatus, sediment, silver (NM-300K), titanium dioxide 27 
(NM-104) 28 

 29 

1. Introduction 30 

The use of nanomaterials (NMs) currently spans a range of sectors and commercially available 31 
products (e.g., textiles, cosmetics, electronics, medical devices and environmental remediation 32 
techniques) and exploration of future applications are ongoing (Athanassiou et al., 2017, Saratale et 33 
al., 2018).  Although NMs offer undoubted benefits, the intentional and accidental environmental 34 
release of NMs will occur throughout their lifecycle, and therefore their potential detrimental impact 35 
on the environment requires investigation (Gottschalk & Nowack 2011).  Within aquatic 36 
environments, sediments are a likely sink for NMs due to their potential for heteroagglomeration 37 
and sedimentation (Hartmann et al., 2014, Quik et al., 2014).  Computational models estimate that 38 
NM sediment-deposition will increase annually (Gottschalk et al., 2009, Sun et al., 2014), therefore, 39 
understanding the effects on benthic organisms, which contribute towards integral ecosystem 40 
functions (Covich et al., 1999) is of utmost importance.   41 



Based on frequency of use and mass production respectively, silver and titanium dioxide NMs (Ag 42 
NM and TiO2 NM) are amongst the most prevalent (Vance et al., 2015).  The use of Ag and TiO2 NMs 43 
in consumer products is often related to their well-documented antimicrobial and photocatalytic 44 
properties, respectively.  Output from probabilistic material-flow models suggest Ag NMs and TiO2 45 
NMs will accumulate in sediment compartments following their release into the aquatic 46 
environment (Sun et al., 2014).  Furthermore, there is evidence that both NMs may be toxic towards 47 
benthic species including freshwater midges (Lee et al., 2016, Li et al., 2014, Nair et al., 2011, Park et 48 
al., 2015), freshwater gastropods (Bernot & Brandenburg 2013) and marine polychaetes (Cong et al., 49 
2014, Galloway et al., 2010).  However, the testing of pelagic species (e.g. algae, crustaceans, and 50 
fish) dominate the ecotoxicological research of NMs (Hjorth et al., 2017).Whilst standard protocols 51 
for chronic sediment toxicity exist, they are only required in instances where the chemical safety 52 
assessment (including acute ecotoxicological assessment with Daphnia, algae, fish and activated 53 
sludge) indicates they are needed, according to REACH (the EU chemical safety regulation; ECHA, 54 
2017).  In cases where sediment exposure is highly likely, the collection of hazard data using pelagic 55 
organisms is less relevant and potentially misrepresentative; however due to current requirements, 56 
and the speed and convenience offered, testing with pelagic species is prioritised.   57 

The benthic oligochaete, Lumbriculus variegatus is a standard test species for sediment toxicity 58 
testing with a recommended test period of 28 days (OECD test guideline 225; OECD, 2007).  By 59 
simultaneously occupying water and sediment compartments, L. variegatus experience exposure to 60 
potential contaminants via overlying water, sediment pore water and sediment particles.  61 
Waterborne exposures have previously been used to investigate the potential acute toxicity of NMs 62 
towards L. variegatus (Khan et al., 2015, O'Rourke et al., 2015).  Such assays may provide greater 63 
ecological relevancy than traditional pelagic species when determining whether chronic, whole 64 
sediment toxicity is required.  Although not wholly representative of chronic sediment exposure, 65 
water-only assays using benthic species account for exposure to overlying water and porewaters and 66 
enable the investigation of acute, sub-lethal effects that may be unaccounted for in full, chronic 67 
sediment testing. 68 

NM toxicity is often associated with increased reactivity and production of reactive oxygen species 69 
(ROS) (Fu et al., 2014, Manke et al., 2013).  It is established that NMs can cause oxidative stress due 70 
their ability to stimulate ROS production leading to depletion of antioxidant defences which can 71 
cause cell damage (Abdal Dayem et al., 2017, Manke et al., 2013).  Whilst studied for a plethora of 72 
environmental species including molluscs, earthworms, algae, crustaceans and fish (Gomes et al., 73 
2012, Hu et al., 2010, Kim et al., 2010, Ramesh et al., 2013, Suman et al., 2015, Zeumer et al., 2020), 74 
the activity of key antioxidants such as superoxide dismutase (SOD) and catalase (CAT) has been 75 
neglected  in relation to L. variegatus. Assessment of potential NM effects on antioxidant levels or 76 
activity may indicate whether oxidative stress can be used as an indicator for NM toxicity in L. 77 
variegatus. 78 

This study aims to address knowledge gaps related to the effects of acute and chronic exposure of L. 79 
variegatus to Ag and TiO2 NMs.  Selection of the Ag and TiO2 NMs used in this research (NM-300K 80 
and NM-104, respectively) was motivated by their wide use in human and environmental studies 81 
alongside the extensive characterisation of their physicochemical properties.  Chronic sediment 82 
testing was used to investigate L. variegatus responses (mortality and reproduction) after 28 days 83 
according to a standard OECD protocol (225).  As such testing only informs apical responses at one, 84 
extended timepoint, acute assays using water-only test systems (designed to replicate exposure to 85 
overlying water and porewaters in benthic systems) were also performed across multiple timepoints 86 
(0-96 hours).  In addition to mortality, behavioural responses, and activities of the antioxidants CAT 87 



and SOD were employed to investigate alternative, sub-lethal effects of NM exposure to a 88 
prominent benthic species.  Additionally, a natural organic matter (NOM) source (Suwannee River 89 
Humic Acid (SRHA)) was included in water-only Ag NM testing to investigate what bearing (if any) 90 
increased environmental relevancy had upon acute effects.      91 

 92 

2. Methods 93 

2.1 Test organisms 94 

Adult Lumbriculus variegatus (Blades Biological Ltd., Kent, UK) were cultured in glass aquaria 95 
containing approximately 4 litres reconstituted water (ionic strength, 8.3 mM) (OECD, 2007) with 96 
strips of unbleached brown paper towel (washed and autoclaved).  Aquaria were constantly aerated 97 
and incubated at 20°C with a 16-h light, 8-h dark photoperiod (day light fluorescent tubes). Worms 98 
were fed 1 g powdered fish food (TetraMin, Tetra, Germany) once a week.  Water was changed 99 
weekly whilst paper towels were replaced every two weeks.  Prior to toxicity testing, large L. 100 
variegatus were artificially fragmented in accordance with OECD test guideline 225 (OECD 2007).  101 
Posterior ends were maintained for 10-14 days in conditions previously described to allow the 102 
regeneration of new heads.  Following this period, whole, adult synchronised worms were selected 103 
for use in toxicity testing.  104 

2.2 Materials 105 

Ag (NM-300K) and TiO2 (NM-104) NMs were supplied by the Joint Research Centre (JRC) 106 
Nanomaterials Repository (Ispra, Italy). Ag NM (Ag nominal content 10.16% w/w, nominal diameter 107 
~15 nm) was supplied as a yellow/brown aqueous dispersion stabilised with 4% w/w% of 108 
polyoxyethylene glycerol trioleate and polyoxyethylene (20) sorbitan mono-laurat (Tween 20).  All 109 
nominal Ag NM concentrations reported in this study reflect the Ag content of NM-300K rather than 110 
the total suspension.  TiO2 NMs (rutile) were provided as a white powder with a TiO2 content of 89% 111 
and a nominal primary particle diameter of ~20 nm.  Silver nitrate (AgNO3) was purchased from 112 
Sigma-Aldrich (purity ≥99.0%).  SRHA Standard II was obtained from the International Humic 113 
Substances Society.    114 

2.3 Nanomaterial characterisation  115 

Nanomaterials were characterised in Milli-Q ultrapure water (18.2 MΩ·cm) and OECD reconstituted 116 
water (testing medium in aquatic and sediment exposures) either with no NOM source or with the 117 
inclusion of 5 mg/L SRHA Standard II.  Both NMs have been thoroughly characterised previously 118 
(Klein et al., 2011, Rasmussen et al., 2014). 119 

2.3.1 TEM and EDS 120 

Transmission electron microscopy (TEM) and energy dispersive x-ray spectroscopy (EDS) were 121 
conducted at Leeds EPSRC Nanoscience and Nanotechnology Facility (LENNF) to assess NM size, 122 
morphology and composition.  NM stock suspensions (100 mg/L) were prepared in Milli-Q water, 123 
manually shaken thoroughly and bath sonicated (2x 15 minutes, Kerry PUL325).  Dilutions were then 124 
made using Milli-Q water or OECD test medium with or without 5 mg/L SRHA to give a final nominal 125 
concentration of 10 mg/L (double concentration OECD medium prepared, Milli-Q water and Ag NM 126 
stock added to give desired Ag NM concentration in full strength OECD medium).  After 0h and 24h, 127 
samples were applied to 400 mesh copper grids with holey carbon films (Agar Scientific®).  After air-128 



drying, grids were imaged using a CM-200 FEG Phillips TEM.  Sections of each micrograph were 129 
selected for EDS analysis (Oxford Instrument X-Max INCA) to determine elemental composition.  130 

2.3.2 Dynamic light scattering (DLS) and Electrophoretic Light Scattering (ELS) 131 

Prior to DLS and ELS analysis, NM stock suspensions (100 mg/L) were prepared and diluted as 132 
described in section 2.31.  Samples were injected into a folded capillary cell and hydrodynamic 133 
diameter and zeta potential were measured using a Malvern Zetasizer Nanoseries (He-Ne laser, 633 134 
nm) after 0, 24, 48, 72 and 96-h, in triplicate.  Between measurements, samples were incubated, 135 
statically at 20⁰C, 16-h light 8-h dark photoperiod. 136 

2.3.3 Ag NM dissolution 137 

NM stock suspensions were prepared as described in section 2.3.1. The dissolution of Ag ions from 138 
Ag NMs was then investigated at 24 and 96-h in Milli-Q water and OECD medium with and without 5 139 
mg/L SRHA at a concentration of 0.5 mg/L (approximate 96-h LC50 value of Ag NM toward L. 140 
variegatus in OECD medium).  Studies were also performed for Ag NM dissolution after their initial 141 
introduction to Milli-Q water and OECD medium (0h) to provide an indication of the dissolved Ag 142 
already present in stock solutions.  Each suspension (10 ml) was prepared in triplicate for each time 143 
point.  Following designated times, suspensions were transferred to 15ml thickwall polycarbonate 144 
centrifuge tubes (Beckman CoulterTM) and centrifuged at 74,200g for 1 hour (Avanti J-25 145 
ultracentrifuge; JA 25.15 rotor; Beckman Coulter, USA).  Of the resultant supernatant, 5 ml was 146 
transferred to Falcon® tubes and acidified with 5 ml 2% HNO3 (1% HNO3 final concentration).  Pellets 147 
in the remaining 5ml were re-suspended, transferred to Falcon® tubes and acidified with 5 ml HNO3 148 
(50% HNO3 final concentration – diluted to 2% using Milli-Q water prior to analysis).  Samples were 149 
analysed using an Agilent 7500ce inductively coupled plasma mass spectrometry (ICP-MS) at 150 
Edinburgh University. 151 

2.4 Acute water exposures 152 

Individual L. variegatus were exposed in polypropylene scintillation vials (Sarstedt) containing 20 ml 153 
OECD reconstituted water spiked with either Ag NMs (0, 0.125, 0.2, 0.25, 0.4, 0.5, 0.6, 0.75, 1, 1.25 154 
and 1.5 mg/l), AgNO3 (0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.125, 0.150 and 0.175 mg/l) or TiO2 NMs 155 
(0, 7.8, 15.6, 31.25, 62.5, 125, 250, 500, 1500, 2000 mg/l).  Nominal concentrations of AgNO3 were 156 
selected based on the knowledge that dissolved Ag is generally more toxic than Ag NM (Notter et al., 157 
2014) and were performed to help inform the potential toxicity of dissolved Ag ions from Ag NM.  A 158 
‘bulk’ TiO2 was not used as it is generally considered to be inert (Galloway et al., 2010). Ag NM 159 
exposures were also conducted in the presence of 5 mg/L SRHA in OECD reconstituted water to 160 
investigate the potential effect of a NOM source on toxicity.  Vials were incubated under the 161 
conditions described in section 2.1 with no food or aeration for 96-h, following which mortality was 162 
assessed via mechanical stimulation.  To account for the potential toxicity of the Ag NM dispersant 163 
(NM-300K DIS), acute exposures were conducted using the equivalent weight of NM-300K DIS in the 164 
highest Ag NM acute exposure (assuming 10.16% Ag concentration in Ag NM).  165 

2.5 Antioxidant assays 166 

Based on the mortality data generated from section 2.4, worms (6 per treatment, n=3) were 167 
individually exposed to sub-lethal concentrations of Ag NMs (0.2 mg/L), AgNO3 (0.01 mg/L) and TiO2 168 
NMs (2000 mg/L) for 2, 6, 24, 48 and 72 hours in OECD medium (and OECD containing 5 mg/L SRHA 169 
for Ag NM only) as described in section 2.4.  At each time-period, worms from each replicate were 170 
pooled, blotted dry and weighed to ensure sufficient mass (20-40 mg) before homogenisation 171 



(manually via a plastic pestle) on ice in 400 µL 0.1 M sodium phosphate buffer (pH 7, 1mM EDTA).  172 
Homogenised samples underwent a two-stage centrifugation, firstly at 500g for 15 minutes and at 173 
12,000g for 45 minutes with the resultant supernatant used for antioxidant assays.  SOD content was 174 
determined based on the autooxidation of the organic compound, pyrogallol according to Maestro 175 
and McDonald (1985) with minor adaptations.  Briefly, 20 µL tissue supernatant and 180 µl 176 
pyrogallol in 50 mM tris-HCl buffer (pH 8.2) were added to the wells of a clear, flat-bottomed 96-well 177 
plate after which optical density was measured for 3 minutes at 420 nm. CAT activity was 178 
determined based on the ability of CAT to decompose H2O2 according to Claiborne (1985) with minor 179 
adaptations.  Potassium phosphate buffer (180 µL, 50 mM, pH 7) and 50 µL tissue supernatant were 180 
added to the wells of a clear, flat bottomed UV 96-well plate to which, 20 µL H2O2 (3%, 1 in 10 181 
dilution of 30%, Sigma-Aldrich®) was added.  Absorbance was then read at 240nm for 4 minutes.  182 
SOD and CAT were standardised against L. variegatus protein content, determined according to the 183 
Bradford protein assay.   184 

2.6 Behavioural assay 185 

Body reversal behaviour as described by Drewes et al. (1999) was assessed in tandem with 186 
assessment of antioxidant enzyme activity/content at 0, 2, 6, 24, 48 and 72-h, post exposure.  After 187 
transferring individual worms to petri dishes containing fresh OECD medium, anterior segments 188 
were gently touched with a wooden pick 5 times with successful body reversals (approximate 180⁰ 189 
rotation) recorded.    190 

2.7 Sediment exposures 191 

Exposures used formulated sediment in accordance with OECD 225 with minor adaptations.  192 
Constituents of the formulated sediment were (as sediment dry weight) 2% peat (Westland Garden 193 
Health Irish peat moss), 75% quartz sand (Sigma-Aldrich), 22% kaolinite clay (Sigma-Aldrich), 0.5% 194 
Folia urticae (as a food source, Napiers, Edinburgh), 0.05-1% CaCO3 (pH adjustment) and 50% 195 
deionised water of total dry weight (<10 µS/cm).  Sediments were mixed mechanically for 2 hours 196 
(Apollo APM10 planetary mixer, 200 rpm) and subsequently transferred to 250ml glass beakers (85g 197 
per beaker).  From Ag NM and TiO2 NM stocks (prepared as described in section 2.3.1), sediments 198 
were spiked (in triplicate) to give the following nominal test concentrations, 0, 83, 166, 333, 666 and 199 
1333 mg/kg dry sediment.   Beakers were shaken overnight (Environmental Shaker Model 10X 400) 200 
at 200 rpm to achieve a homogenous NM-sediment mixture.  OECD reconstituted water (200 ml) 201 
was added to each beaker to give an approximate 1:4 sediment to water ratio and left to equilibrate 202 
for 48-h under test conditions.  Following fragmentation and regeneration, complete worms of a 203 
similar size were transferred to each beaker (10 per replicate).  Beakers were covered with 204 
parafilm®, received constant aeration and incubated at 20⁰C with a 16-h light, 8-h dark photoperiod 205 
for 28-d.  The temperature, pH and oxygen concentration of overlying water were monitored 206 
weekly.  After 28-d, worms were removed from the sediment, counted, placed in pre-weighed 207 
plastic weighing boats, and sacrificed using 70% ethanol.  Worms were placed in an oven overnight 208 
at 100⁰C (±5⁰C) and weighed again for a determination of dry biomass.   209 

2.8 Statistical analysis 210 

Data were assessed for normality and homogeneity of variance using the Shapiro-Wilk test.  211 
Concentration-response analysis was performed using the R package ‘drc’ (Ritz et al., 2015).  One-212 
way multivariate analysis (MANOVA) and Tukey tests were used to detect significant differences 213 
(p<0.05) between treatments at different timepoints for DLS, behaviour, antioxidant enzymes, worm 214 
numbers and biomass data (IBM SPSS®).  TEM images were analysed using ImageJ 1.48.   215 



 216 

3. Results 217 

3.1 Nanomaterial characterisation 218 

TEM analysis of 625 particles recorded an average particle size of 15.16 ± 3.06 nm for Ag NM 219 
suspended in Milli-Q water for 2-h, with 90% ≤20 nm (figures 1A and E).  After 24-h in OECD 220 
medium, considerably fewer particles were evident on grids (70 particles imaged), but particles that 221 
remained were significantly bigger (p<0.05) (16.44 ± 4.07 nm, 68% ≤ 20 nm), with some evidence of 222 
agglomeration (figure 1B).  The presence of SRHA appeared to improve the dispersion of NMs in 223 
OECD medium after 24-h (figure 1C) with a greater number of particles visible on grids (150) and a 224 
greater proportion ≤20 nm (84%, average size 16.82 ± 3.93 nm).  Incidents of Ag NMs adhering to 225 
large filamentous and globular structures, hypothesised to be decaying vegetation, were apparent 226 
on grids and confirmed to contain Ag via EDS (supplementary information figure S1).  For all 227 
dispersions, Ag NM were largely spherical with some triangular or trapezium-like particles also 228 
evident, which agrees with previous findings (Klein et al., 2011).  Due to the propensity of TiO2 NM to 229 
form large agglomerates, imaging was only possible in Milli-Q water after 2-h (figure 1D).  An 230 
average particle size of 159.06 ± 106.36 nm was recorded with particles displaying an elongated, 231 
rounded, or angular morphology.       232 

DLS analysis (z-average, 0-96-h) found the hydrodynamic diameter of Ag NMs (10 mg/L) s to be 233 
greater in OECD medium (66-78 nm) compared to either Milli-Q water (48-57 nm) or OECD medium 234 
with 5 mg/L SRHA (55-63 nm), however these results were only significant (p<0.05) after 96-h (table 235 
1). The hydrodynamic diameter of TiO2 NMs was largest in OECD medium, compared to Milli-Q at 236 
each sampling period, recording a size more than 3000 nm after 96-h (table 2, p<0.05).  Ag NMs 237 
were negatively charged (-10 to -29 mV) in all media and at each time-point, with a significantly 238 
greater negative charge observed in Milli-Q water compared to OECD media with and without SRHA 239 
at 0 and 96-h (table 1, p<0.05).  TiO2 NM displayed a greater charge in Milli-Q water (fluctuating 240 
between positive and negative mV values) compared to the relatively neutral charges recorded in 241 
OECD medium (-11 to 0.5 mV).  242 

Average recovery of Ag in dissolution studies (nominal Ag NM concentration 0.5 mg/L) was low, 243 
particularly in OECD test medium (supplementary information, table S1). However, rates were 244 
significantly greater (p<0.05) in Milli-Q water (18 % after 96-h, respectively) in comparison to OECD 245 
medium (approximately 2-4% across all time points), whilst the inclusion of SRHA had no significant 246 
bearing (p>0.05) on dissolution (table 1). 247 

 248 
3.2 Acute aquatic exposures 249 
 250 
Based on 96-h LC50 values (table 3), acute toxicity followed the following trend: AgNO3 > Ag NM 251 
(standard OECD medium with no SRHA) > Ag NM (OECD medium with 5 mg/L SRHA).  Concentration 252 
curves for Ag NMs in test medium with and without SRHA (supplementary information, figure S2A 253 
and B) were not found to be significantly different from one another (p>0.05), despite an apparent 254 
mitigating effect of SRHA at lower concentrations. No mortality was observed in NM-300K DIS 255 
exposures (data not shown).  No mortality was recorded for worms exposed to TiO2 NMs up to a 256 
concentration of 2000 mg/L (data not shown).     257 
 258 
3.3 Antioxidant enzymes 259 
 260 



Despite elevated levels (particularly noticeable after 24-h), sub-lethal (0.2 mg/L) Ag NMs (both in 261 
standard OECD medium and OECD medium containing SRHA) had no significant effect (p>0.05) upon 262 
SOD at any timepoint tested (figure 2A).  Similarly, an apparent mitigating effect of SRHA after 24-h 263 
was also found to be insignificant (p>0.05).  However, elevated CAT activity observed after 24-h, was 264 
significant greater (p<0.05) than those recorded for control and Ag NM samples in OECD test 265 
medium containing SRHA (figure 2C). AgNO3 exposure (0.01 mg/L) resulted in no significant changes 266 
to SOD or CAT (p>0.05) after 2 or 24-h (supplementary information, figure S3A).  No significant 267 
changes in SOD or CAT were observed following TiO2 NM exposure (figures 2B and 2D). 268 
 269 
 270 
3.4 Behavioural assay 271 
 272 
Control worms displayed good body reversal behaviour (>80%) at all time points, whilst Ag NMs in 273 
standard OECD medium significantly inhibited behaviour at each time-point tested (figure 3A).  The 274 
biggest decline in behaviour occurred at 24-h (6.66 ±10 % success rate, p<0.05), after which (48 and 275 
72-h) responses improved (48.88 ±34.80 % and 33.33 ±22.36 %, respectively) and were comparable 276 
to those recorded at 2 and 6-h (57.77 ±22.08 % and 44.44 ±24.03%).  Ag NMs caused no adverse 277 
effects upon worm behaviour when exposed in OECD medium containing SRHA.  From 24-72-h, 278 
behavioural responses were significantly reduced (p<0.05) for Ag NM exposures in standard OECD 279 
medium versus OECD medium containing SRHA, indicating a potential mitigating effect of SRHA.  280 
Due to the low toxicity exhibited by TiO2 NMs, behavioural assays were only performed at the 281 
highest test concentration (2000 mg/L) for which no significant effects were witnessed (figure 3B).       282 
 283 
3.5 Chronic sediment exposures 284 
 285 
All sediment exposures met requirements outlined within OECD 225 (control exposures >1.8 factor 286 
increase in worm numbers, water temperature, pH and O2 content within acceptable thresholds).  287 
Sediment toxicity data is summarised in table 4.  Significant effects (p<0.05) upon mortality and 288 
biomass were only observed in Ag NM exposure at the highest test concentration (figures 4A and B, 289 
respectively).  NM-300K DIS had no significant effect upon survival or biomass even at the highest 290 
concentration tested (supplementary information, figure S4). Despite a reduction in worm numbers 291 
and biomass at the highest test concentration, no significant differences (p>0.05) were detected for 292 
TiO2 NMs (figures 5C and D, respectively).   293 
 294 

4. Discussion  295 

This study highlights the importance of acute and chronic test systems for the investigation of 296 
benthic NM toxicity.  Ag NM water-only test systems (replicating exposure to sediment overlying 297 
waters and interstitial porewaters) evoked changes to L. variegatus predation-avoidance behaviour 298 
and antioxidant enzymes at sub-lethal concentrations (0.2 mg/L), whilst whole-sediment 28-d 299 
studies resulted in apical effects (mortality, biomass) at the highest test concentration only (1333 300 
mg/kg).  Conversely, no effects were observed for TiO2 NMs in either test system.  Although acute, 301 
water-only benthic test systems cannot directly infer effects in chronic whole-sediment exposures, 302 
they offer greater ecological relevance compared to pelagic test species which are often favoured in 303 
acute NM ecotoxicological testing.  Furthermore, the use of multiple timepoints in acute testing 304 
enables the investigation of transient endpoints which may not be apparent using one, extended 305 
period.  The transient nature of antioxidant enzymes is highlighted in this study, where effects 306 
(particularly in relation to CAT activity) were apparent after 24-h Ag NM exposure before returning 307 
to baseline levels.  Water-only test systems potentially represent a ‘worst-case’ exposure scenario in 308 
the absence of mitigating sediment material.  Increasing the environmental relevancy of water-only 309 



exposures via the inclusion of 5 mg/L SRHA had no significant bearing on L. variegatus mortality, 310 
however mitigated Ag NM induced changes to behaviour and antioxidant enzymes.    311 

A lack of acute waterborne TiO2 NM toxicity corresponds with observations previously reported for 312 
L. variegatus following exposure to NM-105 TiO2 NMs (Hartmann et al., 2012).  Whilst the NOEC and 313 
LOEC values generated for TiO2 NM exceed the test concentrations used within this investigation, 314 
similarly high LOEC estimations (1g/kg TiO2 NM, Sigma-Aldrich) have previously been reported for 315 
the marine polychaete, Arenicola marina (Galloway et al., 2010).  Despite these findings, the 316 
photoactivity of TiO2 NMs, which is commonly attributed to its toxicity due to ROS production upon 317 
illumination (Jovanovic 2015) must also be considered.  Due to the light/dark regime used in acute 318 
and chronic studies, it is plausible that TiO2 NMs underwent photoactivation, however different UV 319 
wavelengths may be required to initiate ROS production and thus cause toxicity (Ma et al., 2012).  320 
For aquatic exposures, where potential for UV exposure is greater, a range of UV conditions may 321 
provide a greater insight to toxicity within pore waters.  Furthermore, the absence of aquatic toxicity 322 
is potentially linked to the high degree of TiO2 NM aggregation/agglomeration observed in the OECD 323 
test medium, likely due to the presence of calcium (Ca2+) and magnesium (Mg+).  A neutral surface 324 
charge was recorded after 24h exposure in the test medium, indicating a low potential for 325 
electrostatic repulsion between TiO2 NMs, with large aggregates/agglomerates formed after 96 326 
hours.  Whilst the TiO2 NM NM-104 has been reported to induce aquatic toxicity following the 327 
formation of small aggregates (~200 nm), larger aggregates in the micrometer range (as witnessed in 328 
this study) have found to have no effect (Cupi et al., 2016).  A decrease in toxic responses in line with 329 
increased aggregation could be related to the reduction of NM surface area, limiting the potential 330 
for ROS production.   331 

Acute waterborne Ag NM toxicity observed within this study is lower than previously reported in 48-332 
h waterborne L. variegatus studies using differently coated Ag NMs (LC50 values approximately 0.04 333 
– 0.325 mg/L) (Khan et al., 2015).  Relating to the Ag NM, NM-300K, EC50 values of 15.9-27.6 µg/L 334 
(96-h), 140 µg/L (48-h) and 260-840 µg/L  have been reported for Daphnia magna (Baumann et al., 335 
2014), Pseudokirchneriella subcapitata (Sørensen & Baun 2015), and Caenorhabditis elegan (Kleiven 336 
et al., 2018) respectively.  Comparatively, L. variegatus are a less-sensitive species in acute 337 
waterborne exposure, as previously observed in direct comparison with D. magna (Khan et al., 338 
2015).  Consistent with analysis of the literature whereby Ag NMs are considered less toxic than 339 
their dissolved counterparts (Notter et al., 2014), our study reports a Ag NM 96-h LC50 that is 340 
approximately 14 times greater than that of AgNO3.  A similar difference between Ag NM and AgNO3 341 
LC50 values has been reported for D. magna in acute exposures (Ribeiro et al., 2014).   342 

Due to the poor Ag recovery in dissolution studies (particularly in test media), firm conclusions as to 343 
ion and nano-specific toxicity in waterborne exposures cannot be made.  Poor Ag recovery was 344 
hypothesised to be due to inability of HNO3 to fully digest silver chloride (AgCl) likely formed in the 345 
presence of CaCl2 within OECD medium.  These results highlight the need for more robust digesting 346 
protocols (e.g., using aqua regia) that could achieve more accurate Ag recoveries in future studies.  347 
Despite these limitations, dissolved Ag fractions were still present in supernatants following 348 
centrifugation and HNO3 digestion and were potentially representative of Ag dissolved from NM-349 
300K.  This notion is supported by similar levels of dissolution reported for NM-300K in alternate 350 
ecotoxicological media (Cupi et al., 2015, Kleiven et al., 2018, Köser et al., 2017, Wasmuth et al., 351 
2016).  Under this assumption, theproportion of Ag ions released from the Ag NM LC50 352 
(approximately 0.016 mg/L) is over half the LC50 value generated for AgNO3 and suggests a potential 353 
combination of ion and nano-specific toxicity to L. variegatus.  A combination of ion and nano-354 
specific NM-300K toxicity has also been hypothesised towards the soil invertebrate, Folsomia 355 



candida (Mendes et al., 2015).  However, the dissolution of NM-300K has shown to be 356 
concentration-dependent, with greater dissolution reported at higher concentrations in algal 357 
medium (Kleiven et al., 2019).  Accordingly, whilst this study suggests both a dissolved ion and nano-358 
specific effect towards L. variegatus at the recorded LC50, it is possible that the contributions of each 359 
will vary according to the exposure concentration (i.e., dissolved ions may have a greater 360 
contribution towards toxicity at higher concentrations).      361 

Larger Ag NM aggregates/agglomerates were evident in OECD test medium compared to Milli-Q 362 
water, likely due to the greater concentration of divalent ions (Ca2+, Mg2+) which are known to 363 
facilitate NM aggregation/agglomeration (Zhang et al., 2009).  However, hydrodynamic diameter 364 
and zeta potential values recorded in this study agree with those reported for other ecotoxicological 365 
media where relatively stable NM-300K dispersions were reported (Köser et al., 2017).  Köser et al., 366 
(2017) attribute the limited aggregation of NM-300K to the strong steric stabilisation provided by 367 
polyoxyethylene glycerol trioleate and Tween-20.  The limited aggregation/agglomeration of Ag NM 368 
increases the likelihood of exposure in the nanoscale (<100 nm), facilitating the potential for nano-369 
specific toxic effects as observed in this study. Increases in CAT activity following sub-lethal (0.2 370 
mg/L) Ag NM exposure suggest an upregulation of L. variegatus’ antioxidant status, possibly in 371 
response to increased ROS production.  Whilst further testing (i.e., quantification of ROS production 372 
and glutathione depletion) would be required to substantiate this theory, these results indicate the 373 
potential role of oxidative stress in eliciting nano-specific Ag NM toxicity.  Elevated levels of SOD 374 
activity were also witnessed for Ag NM exposures after 24-h, albeit with no significant difference 375 
from controls (p>0.05).    376 

Studies investigating the mode of action through which Ag NM exert toxicity towards benthic species 377 
are scarce; however, increases in SOD and/or CAT have been observed in the freshwater snail, 378 
Lymnaea stagnalis (Ali 2014) and the aquatic midge, Chironomus riparius (Nair et al., 2013) (Park et 379 
al., 2015).  Interestingly, following peaks after 24-h, both SOD and CAT responses returned to values 380 
similar to controls after 72-h suggesting that after acute impacts, antioxidant defences were able to 381 
offset oxidative stress.  When oxidative stress is sub-lethal, upregulation of such antioxidant 382 
defences is expected (Finkel & Holbrook 2000).  Sub-lethal AgNO3 exposures representative of Ag ion 383 
concentrations predicted to be released from Ag NM during antioxidant testing revealed no such 384 
increases in SOD or CAT responses within the hypothesised acute oxidative stress window (≤24-h), 385 
suggesting a nano-specific effect.  386 

The inhibition of predator-avoidance behaviour following sub-lethal Ag NM toxicity coincided with 387 
antioxidant enzyme responses whereby the poorest behaviour occurred after 24-h, following which, 388 
marked improvement was observed.   It is possible that following approximately 24-h (of exposure 389 
to 0.2 mg/L Ag NM), increased ROS production was responsible for both an upregulation in 390 
antioxidant activity and an impairment of cell function, adversely influencing L. variegatus 391 
behaviour.  The return of antioxidant enzymes to base levels following this period, together with an 392 
improvement in behavioural responses indicate the potentially neutralising effect of antioxidants 393 
toward ROS, allowing cell function to recover.  Diminished behaviour due to Ag NM exposure could 394 
lead to increased predation with wider implications related to ecosystem dynamics given the 395 
important role of L. variegatus in nutrient cycling and the food web.    396 

SRHA was included in acute waterborne toxicity to improve environmental relevancy and investigate 397 
potential effects upon toxicity.  Whilst an apparent mitigating effect of SRHA on mortality was 398 
insignificant, its inclusion had a profound effect upon sub-lethal toxicity.  No mortality occurred 399 
below 0.5 mg/L Ag NM whilst significant changes to CAT and behaviour witnessed in standard OECD 400 
medium were not apparent.  Mitigating effects of humic acid toward Ag NMs have been observed 401 



for D. magna (Gao et al., 2012) and bacteria (Gunsolus et al., 2015; Fabrega et al., 2009), and is 402 
commonly associated with the inhibition of Ag NM dissolution via the adsorption of humic acid to 403 
particle surfaces (Liu & Hurt 2010).  However, the inclusion of SRHA had no effect upon dissolution 404 
within this investigation.  Whilst the adhesion of SRHA to NM-300K has previously shown to increase 405 
steric repulsion causing disaggregation of particles (Fabrega et al., 2009), results from this study are 406 
inconclusive in this regard.  Ag NM-SRHA complexes evident on TEM grids offer a more likely 407 
explanation for reduced toxicity observed, whereby Ag NM bioavailability, uptake and cellular fate 408 
were potentially altered.  The formation of such structures is related to the high sulphur and 409 
nitrogen content of SRHA, creating sites with high affinity for Ag (Gunsolus et al., 2015) and  have 410 
also been attributed to the alleviation of NM-300K toxicity toward D. magna (Cupi et al., 2016).  411 

Less Ag NM toxicity was evident in chronic sediment toxicity testing where significant effects 412 
(p<0.05) on survival and biomass were only recorded at the highest test concentration (1333 mg/kg). 413 
These findings align with those available in the literature where low chronic sediment Ag NM toxicity 414 
(no mortality up to 1098 mg/kg) was observed for L. variegatus (Rajala et al., 2016).  Whilst acute 415 
biomarkers proved sensitive in this study, they did not necessarily infer apical effects following 416 
chronic exposure.  Similar findings have been reported for C. riparius, whereby significant changes in 417 
stress response genes (including SOD) and DNA damage following 24-h waterborne Ag NM 418 
exposures did not lead to an inhibition of development or reproduction within 25-d sediment 419 
exposures (Park et al., 2015).   420 

Reduced benthic NM toxicity can be associated with natural attenuation processes that occur in 421 
sediment systems (Shevlin et al., 2018).  Whilst mechanisms by which sediments attenuate NM 422 
toxicity are not fully understood, the complexion and/or precipitation of Ag NM with organic matter 423 
is theorised to be responsible (Colman et al., 2012).  NM dissolution rates in sediments are also 424 
predicted to be considerably lower than in water due to slower mass transfer in porous media 425 
(Garner et al., 2017).  Ag NM dissolution in OECD medium (the same medium used as overlying 426 
water in sediment exposures) was relatively low in this investigation (approximately 2-4%, 96-h).  427 
Under the assumptions of recent fate models, whereby dissolution rate in sediment is predicted to 428 
be 10% of that in the corresponding water column (Garner et al., 2017), far slower dissolution would 429 
be anticipated from sediment exposures in this study.  Given that Ag NM toxicity to L. variegatus in 430 
sediment exposures is proposed to be a function of Ag ions (Rajala et al., 2018), a potential 431 
reduction in Ag NM dissolution offers further explanation towards the low toxicity observed.  Whilst 432 
additional testing would be required to confirm the mechanism by which sediment potentially 433 
mitigates Ag NM toxicity, exposure to pore waters in the absence of solid sediment constituents 434 
offers a worst-case exposure scenario in this instance.   435 

5.  Conclusion 436 

Given the propensity of NMs to homo- and hetero-aggregate and undergo sedimentation in aquatic 437 
environments, investigating the potential toxicity towards representative benthic species is 438 
essential.  The results from this study highlight the applicability of an ecological representative 439 
benthic species for acute NM ecotoxicological testing.  By using multiple timepoints, water-only test 440 
systems facilitated the investigation of transient endpoints (antioxidant enzyme activity and 441 
behavioural traits) that may otherwise go undetected in whole sediment testing due to their design 442 
(extended exposure, with only one timepoint investigated, following OECD 225).  Water-only testing 443 
revealed that Ag NMs may induce oxidative stress, as an increase in CAT activity was observed, 444 
however, this increase was short-lived. Furthermore, behavioural responses indicate the potential 445 
for L. variegatus to recover from such sub-lethal exposure.  Though not indicative of apical effects in 446 



chronic sediment exposures (where limited toxicity was observed), such data are important in 447 
gauging toxicity and modes of action for NM in an ecologically relevant benthic species.      448 
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