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The toxicity of manufactured nanoparticles varies greatly depending on the test species in consideration and estimates of toxicity may also be confounded by test media in which the organisms are cultured. For a more comprehensive toxicity evaluation, species at different trophic levels or with life strategies, tested in different media should be included. In this study, we examined the toxicity of tyrosine-coated silver nanonparticles (tyr-AgNP) to three Australian freshwater invertebrates: Hydra vulgaris, Daphnia carinata, and Paratya australiensis. Tyr-AgNPs were synthesized, characterized and their behavior was examined in different media used for acute toxicity tests. Additionally, the sensitivity of tested organisms to tyr-AgNPs was compared to ionic silver (Ag+). Based on the LC50 values of both tyr-AgNPs and Ag+ ions at different time points, D. carinata was found to be the most sensitive species followed by P. australiensis and H. vulgaris. NP stability studies revealed that tyr-AgNPs were least stable in hydra medium followed by daphnid and shrimp media. This study demonstrates that significant differences in NP toxicity to aquatic organisms exist and the test media and the life strategy of the species play a key role in these differences. Therefore, it is recommended that a multispecies approach is used in predictive risk assessment of NPs and to ensure protection of native species from possible toxic effects from NPs released into aquatic systems. Also recommended is to carefully investigate the fate and behavior of NPs in different media in assessing NP toxicity and emphasize the need to use native species in developing relevant regulatory frameworks.
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INTRODUCTION

Over the last 30 years, the number of products containing engineered nanomaterials increased across diverse fields mainly due to our growing capacity to synthesize and manipulate such materials (Nowack and Bucheli, 2007; Sun et al., 2017). Among the nanomaterials, silver nanoparticles (AgNPs) are considered as one of the most important due to its exceptional broad spectrum bactericidal properties (Durán et al., 2016; Kumar et al., 2018; Tian et al., 2018), relatively low cost of manufacturing AgNPs (Capek, 2004), unique properties and ability to form diverse nanostructures (Sohn et al., 2015). AgNPs are used in a growing number of applications across a diverse range of commercial consumer products such as food storage containers, coating materials, liquid fabric softeners and detergents, fabrics and clothing, sporting goods, cosmetics, wound dressings, toothbrushes, and antimicrobial coatings (Alarcon et al., 2015; Wei et al., 2015; McGillicuddy et al., 2017).

There are however concerns regarding the extensive application of NPs and rapid proliferation of NP-enabled products which may lead to a high release into the environment and cause deleterious effects on the organisms that are constantly exposed to these materials (Navarro et al., 2008a; Keller et al., 2013; León-Silva et al., 2016; McGillicuddy et al., 2017).

Tons of nanosilver are added into the aquatic environment annually from wastewater plants (Sohn et al., 2015), septic tanks (Benn and Westerhoff, 2008) and agricultural lands (Kaegi et al., 2011) with concentrations expected to range from 0.03 to 0.32 micrograms per liter (Batley et al., 2013; Keller et al., 2013; Keller and Lazareva, 2014). Despite the fact that most AgNPs tend to accumulate in the sludge solids in waste water treatment plants (WWTPs) (Wang et al., 2012), it is estimated that a significant proportion of AgNPs will be released in the effluent (Limbach et al., 2008; Gottschalk et al., 2009). The presence of AgNPs has already been detected in the treated effluent at concentrations of 12 ng L−1 (Siripattanakul-Ratpukdi and Fürhacker, 2014) and 0.1 mg L−1 (Mitrano et al., 2012).

The environmental impacts of AgNPs including their effects on different organisms within the aquatic environment are still largely unknown (Hu et al., 2016). The toxicity of NPs to organisms depend on the physicochemical characteristics of NPs (Fekete-Kertész et al., 2017). Organic coatings are widely investigated for NPs especially in biomedical research due to their green and ecofriendly characteristics (Daima et al., 2014; Park, 2014). Also, in aquatic systems, NPs undergo physical and chemical transformation (e.g., agglomeration, settling) and therefore, the organisms are not exposed solely to dissolved chemicals, for which test protocols in ecotoxicology were originally devised (Petersen et al., 2015). Therefore, it is necessary to characterize and assess the fate and behavior of NPs in the test medium (Hund-Rinke et al., 2016; Steinhäuser and Sayre, 2017; Rasmussen et al., 2018). The toxicity of Ag+ ions which are possibly released from AgNPs is a cause for concern since Ag+ ions have been traditionally considered as the most toxic form of silver in water prior to the interest in NPs (Ratte, 1999). Uncertainty on what causes their toxicity is one of the major issues when assessing effects of AgNPs (Yue et al., 2017). While the toxicity of AgNPs is partly explained by the release of Ag+ ions, the contribution of AgNPs remains unclear. Some studies presented evidence that toxicity is mainly due to the release of Ag+ ions (Li et al., 2015; Sakamoto et al., 2015; Shen et al., 2015), but others reported a specific nanoparticle effect that could not be simply explained by the dissolution of Ag+ ions (Fabrega et al., 2011; Sørensen et al., 2015). Interestingly, some recent studies have begun to point out that in certain cases metal nanoparticles may in fact be more toxic than the corresponding metal ions (Li et al., 2017; Pakrashi et al., 2017; Abramenko et al., 2018).

Complex and largely unknown properties of nanomaterials (Grieger et al., 2012) accompanied with lack of toxicological and exposure data (USEPA, 2015; Skjolding et al., 2016) are currently among the major barriers for robust risk assessment, which is otherwise critical to formulate sound policies around environmental regulation of nanomaterials (Hjorth et al., 2017). Knowledge gaps remain for many factors including dose-response relationships and differences across species to characterize the risk of NPs to aquatic organisms (Adam et al., 2015). Besides, there is no commensurate investment in environmental safety research while we invest heavily in the development of new nanotechnologies (Miller and Wickson, 2015). There are several known and unknown hurdles in evaluating the toxicity of NPs (Fabrega et al., 2011; Kumar et al., 2017) and the reported recommendation values for the protection of aquatic species in the literature vary greatly (USEPA, 1985, 2012; Fabrega et al., 2011; Gubbins et al., 2011; CCME, 2015; Kwak et al., 2016). Multispecies toxicity studies which include different trophic levels or species with different life strategies are scarce. Previous studies using more than one species showed that the toxicity of both Ag+ ions and AgNPs significantly differed based on the test species (Ribeiro et al., 2014; Kwak et al., 2016). Therefore, it is important to develop a species sensitivity distribution (SSD) which can be used to estimate the potentially affected fraction of species and to set up threshold concentrations (Garner et al., 2015; Belanger et al., 2017). Several studies have focused on deriving hazardous concentration values based on SSD (Gottschalk et al., 2013; Adam et al., 2015; Garner et al., 2015; Nam et al., 2015).

Kwak et al. (2016) and Chen et al. (2018) have studied SSDs of AgNPs and suggested hazardous concentration values (HC5) in the range of 1.1–31.73 μg L−1 at which 95% of species are not harmed in the aquatic environments. The objectives of the present study were to examine the toxicity of organic (tyrosine)-coated AgNPs (tyr-AgNP) and Ag+ ions to three freshwater invertebrates at different trophic levels: the cnidarian Hydra vulgaris, the daphnid Daphnia carinata, and the freshwater shrimp Paratya australiensis and to compare species sensitivity and the influence of culture media on the toxicity of AgNPs. Hydra (Medusozoa: Anthomedusae: Hydridae) is a freshwater coelenterate native to tropical and temperate regions. Their diploblastic body nature, recognizable morphological changes, ubiquitous presence in freshwater environments, easy maintenance in the laboratory, cost effectiveness, and the ability to reproduce asexually resulting in large number of genetically similar individuals make them an ideal organism for acute toxicity tests (Trottier et al., 1997; Beach and Pascoe, 1998). Daphnia sp. (Crustacea: Cladocera: Daphniidae) is widely used as a model organism in aquatic toxicology tests since they are one of the most sensitive organisms and their ecology, phylogeny, toxicology, and physiology are relatively well-understood and a great number of toxicants have been evaluated using daphnids (Von der Ohe and Liess, 2004; Altshuler et al., 2011; Edwards and Pascoe, 2018). The freshwater atyid shrimp, P. australiensis (Crustacea: Decapoda: Atyidae) inhabits streams and other freshwater habitats along the east coast of Australia (Hughes et al., 1995). There are no studies conducted to date on toxicity of NPs to P. australiensis though it has been used in toxicity studies as a bioindicator for other contaminants in the Australian environments (Phyu et al., 2005; Kumar et al., 2010a,b; Lanctôt et al., 2016).

MATERIALS AND METHODS

Test Materials

Silver nitrate, L-tyrosine, and KOH were obtained from Sigma-Aldrich. Tyr-AgNPs were produced in-house as described previously by Daima et al. (2014). Briefly, 10 mL of 10−3 M of aqueous silver nitrate (AgNO3) solution, 10 mL of 10−3 M aqueous tyrosine solution and 1 mL of 10−1 M solution of KOH were mixed, diluted to 100 mL with deionized water and allowed to boil until the colorless solution turned yellow, indicating the formation of silver nanoparticles. The NPs were prepared in the required concentrations through boiling the aqueous dispersions, followed by dialysis using a dialysis membrane (MWCO: 12.4 kDa) to remove potentially unreduced Ag+ ions and other reactants. For dialysis of NPs, the membrane containing NPs was submerged in 3 L of MilliQ water with stirring over 48 h. The water was replaced twice with fresh MilliQ water after 6 and 24 h. The dialysed NP stock solution was kept in the dark. 0.1 mL of NP was acid digested in 0.2 mL of ultra-pure grade 70% HNO3 on a heating block at 105°C for 12 h. The digested sample was diluted with MilliQ water and the silver (Ag+) concentration in solution was measured with ICP-MS (7700X, Agilent Technologies).

Preparation and Characterization of Test Materials

The NPs were characterized in the MilliQ water as follows. The surface plasmon resonance (SPR) analysis of tyr-AgNPs was performed using a Varian Cary 50 UV-visible spectrophotometer in a quartz cuvette with a path length of 1 cm. NP size was determined by drop casting the NP solution on carbon-coated copper grids and images were obtained by transmission electron microscopy (TEM) operated at 100 kV (JEOL 1010). The zeta potential and hydrodynamic diameter (HDD) of the nanoparticles were measured using a folded capillary cell and glass cuvette, respectively, on a Zetasizer (Dynamic light scattering; Malvern Zetasizer Nano series, NanoZS). Nominal concentrations of test solutions for toxicity tests were prepared based on the ICP-MS results. Required amounts of tyr-AgNP stock solution and AgNO3 were pipetted into relevant test media to obtain the different exposure concentrations.

Test Organisms and Culture Conditions

The original animal stock of pink hydra (H. vulgaris) was obtained from Southern Biological Pty Ltd, Australia and cultured in 1 L glass bowls. The hydra culture medium (CaCl2.2H2O: 147 mg L−1, TES buffer: 110 mg L−1, EDTA: 4 mg L−1) was prepared based on the protocol described previously by Trottier et al. (1997). The pH was adjusted to 7.0 ± 0.1 with 1 M NaOH. The culture was kept at 25°C with a photoperiod of 16:8 h light: dark cycle. Animals were fed daily with live Artemia salina nauplii (brine shrimp) for 1 h. After feeding, the bowls were washed, and the medium was replaced. All glassware used were washed with 5% nitric acid and rinsed with de-ionized water prior to use.

D. carinata was selectively cultured and cultures were maintained at 20 ± 1°C with 16:8 h light: dark cycle to obtain neonatal cladocerans. ASTM standard medium which consists of 192 mg L−1 NaHCO3, 120 mg L−1 CaSO4.2H2O, 120 mg L−1 MgSO4, and 8 mg L−1 KCl (Barry and Meehan, 2000) was used as the culture media. Daphnids were fed with the alga Pseudokirchneriella subcapitata which was maintained as per the OECD guidelines (OECD, 2011). The medium was aerated to saturation with oxygen before addition of daphnids and renewed three times a week. pH was maintained at 7.5 ± 0.2 throughout and cultures were maintained in glass beakers, which were loosely covered to prevent any contamination and evaporation.

P. australiensis were collected using a sieve (4 mm mesh size) from the Yarra River at Warrandyte, Victoria, Australia (Latitude: 37° 43′ 31.9454″ S Longitude 145° 14′ 8.1744″ E). This is a pristine site in the natural reserve area (pH: 7.12; t°: 12°C and DO: 80 %). They were then transported to our laboratories in plastic containers with aeration provided. Shrimps were maintained in an aerated aquarium containing a mixture of river water and dechlorinated carbon filtered tap water (dilution water) which had a mean conductivity of 0.126 mS cm−1 and an ionic composition of Ca: 6.8 mg L−1, Mg: 2.1 mg L−1, K: 1.0 mg L−1, Na: 8.9 mg L−1, Cl: 15.0 mg L−1, SO4: 9.6 mg L−1, CO3 < 5 mg L−1, and HCO3: 23.0 mg L−1. The temperature was maintained at 15 ± 1°C and the light intensity was 800 lux at the surface of the water with a 16: 8 h light: dark cycle. The river water was replaced with one fifth of dilution water daily and at the end of the first week, they were kept in 100% dilution water. Shrimps were fed with Seramin® tropical flake food twice a day but were not fed for 24 h prior to and during toxicity testing. The animals were acclimated for 2 weeks before the start of toxicity tests.

Tyr-AgNP Temporal Stability and Dissolution in the Test Media

The stability of tyr-AgNPs in different media and MilliQ water was investigated as described by Tejamaya et al. (2012) with some modifications. NP solutions of 5 mg L−1 were incubated in glass vials for 96 h under similar conditions to the acute toxicity tests. The SPR, HDD, zeta potential, and pH of the suspensions were monitored at 0, 24, 48, and 96 h. Release of Ag+ from tyr-AgNPs in each medium was investigated as described by Xia et al. (2008) with some modifications. Briefly, NP suspensions were sampled by extracting 1 mL into Eppendorf tubes and centrifuging for 15 min at 21,000 g in a Sigma 3-KL centrifuge. The tubes were carefully removed, and 0.75 mL of the supernatant was transferred to 15 mL tubes. Samples were diluted with MilliQ water and acidified (2% HNO3) with HNO3 before ICP-MS (7700X, Agilent Technologies) analysis to measure Ag+. The percentages of soluble Ag to the nominal concentrations of AgNP suspensions were calculated (Zhao and Wang, 2012).

Hydra Acute Toxicity Test

Acute tests were conducted as per the methodology described by Trottier et al. (1997) in the hydra medium described above. The definitive test concentrations for all acute tests were selected based on the data obtained from range finding tests (data not shown). The toxicity of ionic silver was significantly higher than AgNPs and therefore, two different range of concentrations were used for toxicity tests. The exposure tests were conducted in 12 well plates in triplicate as each well contains 4 mL test solution. The tyr-AgNP concentrations tested were 10.8, 27, 54, 108, 216, 539.3, 1,078, and 2,157 μg L−1 plus a blank control (0 μg L−1). For each concentration, one Petri dish with the same test solution concentration were used as intermediate “transfer wells” to minimize dilution of test concentrations (Trottier et al., 1997). EDTA is a chelating agent involved in metal complexation which may affect the toxicity (Nugegoda and Rainbow, 1988; O'Brien et al., 1990; Smékalová et al., 2018). Therefore, the experiment was repeated for hydra for the same AgNP concentration range in the absence of EDTA in the medium. The tests were conducted in the dark with gentle agitation for a period of 96 h. Similarly, the concentrations tested for toxicity of Ag+ ions in the hydra medium in the presence and absence of EDTA were 0.94, 1.9, 3.8, 7.5, 15, 30, 50, and 100 μg L−1. At time 0, all the organisms were observed under the microscope at 6–10 times magnification to make sure all organisms were healthy. Any hydra with clubbed or shortened tentacles were replaced with healthy individuals with extended tentacles which were approximately as same length as the body column. The morphological changes in hydra were observed at 24, 48, 72, and 96 h and any hydra at a tulip stage were considered dead (Trottier et al., 1997).

Daphnid Acute Toxicity Test

Semi-static acute toxicity testing of tyr-AgNP to D. carinata was conducted based on OECD guidelines (OECD, 2004). ASTM standard medium was used and six concentrations (10, 20, 40, 60, 80, and 100 μg L−1) of tyr-AgNP plus a blank control (0 μg L−1) were used in quadruplicate. Toxicity of Ag+ ions to daphnids was assessed with the Ag+ concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 μg L−1. Less than 24 h old daphnid neonates from the third brood progeny were used for experiments and each replicate had 6 neonates in a 40 mL glass vial containing 15 mL of test solution. The daphnids were not fed during the 48 h testing period. They were considered immobile if they could not move even after a gentle agitation and immobilization was recorded after 24 and 48 h. The toxicity tests were considered valid if the mortality was not >10% in the control and the DO concentration in all the test solutions exceeded 3 mg L−1.

Shrimp Acute Toxicity Test

Acute toxicity of tyr-AgNPs to P. australiensis was assessed by exposing them to 8 concentrations of tyr-AgNPs (5.4, 10.8, 21.6, 43.2, 75.5, 107.9, 539.3, and 1,078.7 μg L−1) plus a blank control (0 μg L−1). The shrimps (10–15 mm long) were exposed for 96 h in triplicate under static conditions with no replacement of the test solution. Each replicate had 10 animals in an aquarium containing 2 L of test solution and each aquarium was covered with a glass lid to reduce volatilization. The temperature was maintained at 15 ±1°C and a light intensity of 800 lux at the surface of the water with a 16: 8 light: dark cycle. Mortality was defined as lack of movement or response to gentle prodding (ASTM, 1998). Dead animals were removed every 12 h and the individual survival was assessed by counting the total number of dead animals at 24, 48, 72, and 96 h. pH, conductivity and dissolved oxygen (DO) were measured daily. The toxicity tests were considered valid if the mortality was not >10% in the control and the DO level in all the test solutions exceeded 60% saturation. Toxicity of Ag+ ions to shrimps was assessed with the Ag+ concentrations of 0.94, 1.9, 3.8, 7.5, 15, and 30 μg L−1.

Deriving the Species Sensitivity Distribution

For deriving the SSD, experimental toxicity data (LC50) of the present study and additional toxicity data retrieved from other published studies (amphibian, algae, bacteria, fish, nematodes, protozoa, and yeast) were used. Multiple toxicity data for the same species were summarized as geometric means. The SSD plots that show the proportion of species affected at different exposure levels in laboratory toxicity tests were developed by using the CADDIS SSD generator (Barron et al., 2013; Garner et al., 2015) that was downloaded from https://www.epa.gov/caddis-vol4/caddis-volume-4-data-analysis-download-software. The SSD toolbox that fits distributions to acute toxicity data was downloaded from https://www.epa.gov/endangered-species/provisional-models-endangered-species-pesticide-assessments.

Statistical Analysis

The median lethal concentrations (LC50) were obtained using the Trimmed Spearman-Karber method (Hamilton et al., 1977). This method is not subject to the problems of Probit and Logit models and has good statistical properties, is easy to use and recommended for accurate and precise calculations of LC50 values and their 95% confidence interval end points (Hamilton et al., 1977). All statistical analyses were based on a 0.05 significance level and are reported as the value with the range calculated as the standard deviation (±SD). Burr distribution and the maximum likelihood method were chosen for calculating the HC5 value based on the highest probability value generated from Chi square goodness of fit test. The HC5 was determined based on SSDs at a 95% protection level.

RESULTS

Nanoparticle Characterization

The UV-visible absorbance spectra of the tyr-AgNPs (Figure 1A) shows an SPR band at 406 nm, which is characteristic of AgNPs, while the peak at ~272 nm is due to the tyrosine coating (Selvakannan et al., 2004; Daima et al., 2014). The presence of NPs was further confirmed by TEM images. Also, TEM images revealed that the NPs were spherical in shape and were reasonably uniform in size. The HDD was 86.8 nm (Figure 1B) while core size determined by TEM was ~30 nm in diameter (Figure 1C). The negative charge of the AgNPs, −42.4 mV (Figure 1D), as determined by zeta potential suggest that tyrosine molecules formed strong coatings on the AgNPs (Daima et al., 2014).
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FIGURE 1. (A) UV visible spectra of the tyr-AgNPs with a peak at 406 nm, (B) SPR spectra of the tyr-AgNPs indicating hydrodynamic diameter of 86.82 nm, (C) TEM image of tyr-AgNPs indicates core size is ~30 nm. Scale bar represents 0.2 μm (D) Zeta potential of the tyr-AgNPs were −42.4 mV.



Tyr-AgNP Stability and Dissolution

Tyr-AgNP suspensions were yellowish in color initially with absorption peaks at 404, 402, and 406 nm in hydra, daphnid and shrimp media, respectively. Visual observation revealed that the color of NP suspension in hydra medium changed to gray within a few minutes (<10 min) and in daphnid medium changed to gray within a few hours (<3 h). The color in MilliQ water was stable even after 96 h. SPR (Figures 2A–D) revealed that the initial (<2 min) peak absorbance values in hydra (0.33) and daphnid media (0.50) were considerably lower than that in MilliQ water (0.77) and led to emergence of a second absorbance peak (broader) at higher wavelengths. The absorption peak in hydra medium completely disappeared within the first 24 h. There was a significant reduction of peak height in daphnid (53%) and shrimp (32%) media while in the case of MilliQ water only a marginal (~1%) decrease was observed. A further 12% decrease in the SPR peak was observed in all media and MilliQ water at 72 h. The HDD of tyr-AgNPs increased significantly in the hydra and daphnid media approximately by 3.5 and 6.5 times, respectively, in <5 min and approximately by 15 and 18 times, respectively, after 24 h (Table 1). The percentage intensity of different sizes (data not shown) in both media (weighted according to the scattering intensity of each particle fraction) revealed that the majority (90%) of aggregates remained in sub-micron level (100–1,000 nm) after 96 h. Less than 1.5 times size increase was observed in shrimp medium and MilliQ water at any time point. Percentage of aggregates at micrometer size in both shrimp medium and MilliQ water did not exceed 2.5% at any given time. Immersion of AgNPs in hydra, daphnid and shrimp media led to a considerable immediate decrease (34–67%) in zeta potential of NPs compared with the zeta potential of NPs in MilliQ water (Table 1). However, the decrease was 1–8% only in the next 3 days. In contrast, zeta potential changed only by 13% in MilliQ water at 4 d. Change of HDD and zeta potential of NPs in hydra and daphnid media and MilliQ water were in good agreement with changes observed in SPR spectra and color. Change of HDD of NPs in shrimp medium was in good agreement, but the significant decrease in zeta potential does not correlate with the other changes observed. Percentage dissolution of Ag ions after 96 h was 0.14, 0.26, and 0.13%, respectively, in hydra, daphnid, and shrimp media while it was 0.97% in the MilliQ water (Table 2).
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FIGURE 2. The effect of exposure time on the SPR of Tyr-AgNPs in (A) MilliQ water, (B) hydra, (C) daphnid, and (D) shrimp media.




Table 1. Effect of exposure time on HDD and zeta potential of tyr-AgNPs.
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Table 2. Influence of exposure time on percentage of soluble Ag+ released from tyr-AgNPs.
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Comparison of tyr-AgNPs and Ag+ Ion Toxicity to Hydra, Daphnids and Shrimps

Our data suggest that the acute toxicity of tyr-AgNPs and Ag+ ions to the three species tested is considerably different (Table 3). The results of our study indicated that the toxicity of Ag+ ions to all three test species was higher than the toxicity of the tyr-AgNPs. In the presence of EDTA, Ag+ ions were 25 times more toxic to hydra at all-time points. This was 27 times in the absence of EDTA at 24 h, but the ratio decreased to 10.5 at 48 h since the toxicity of AgNPs increased with time. Due to similar reason, the Ag+ ions were 90 times more toxic to daphnids at 24 h but decreased to 57 times at 48 h. Interestingly, the toxicity of Ag+ ions to shrimps increased from 17 times at 24 h to 553 times at 48 h compared with AgNPs due to the toxicity of Ag+ ions increased with time. tyr-AgNPs were 30 and 55 times more toxic to D. carinata than to hydra when 24 h and 48 h LC50 values are compared. However, this gap reduced to 11 and 7 times, respectively, when compared with the LC50 values for hydra in the medium without EDTA. In a similar pattern, Ag+ ions were 150 and 130 times toxic to D. carinata than to hydra when 24 and 48 h LC50 values are compared, but the gap reduced to 37 and 41 times when EDTA was absent in hydra medium. The toxicity of tyr-AgNPs to P. australiensis (LC50: 62.2 μg L−1) was similar to that of D. carinata (LC50: 62.0 μg L−1) in the first 24 h though they were more toxic to daphnids at 48 h (LC50: 35.4 μg L−1) compared to shrimps (LC50: 55.3 μg L−1). Interestingly, though Ag+ ions were 5 times more toxic to daphnids than shrimps at 24 h, they were 6 times more toxic to shrimps (LC50: 0.1 μg L−1) than to daphnids (LC50: 0.62 μg L−1) at 48 h. Overall, the toxicity of tyr-AgNPs and Ag+ ions to the three species was, respectively, in the order of daphnids > shrimps > hydra and shrimps > daphnids > hydra.


Table 3. Hydra vulgaris, Daphnia carinata and Paratya australiensis lethality (LC50) for tyr-AgNPs and Ag+ (± 95% confidence interval, n = 3) (CI, Confidence interval; ND, Not defined; NT, Not tested).
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Effect of Media and Exposure Time on Toxicity of tyr-AgNPs

The 24, 48 and 96 h LC50 values of tyr-AgNPs to H. vulgaris were similar (1941.66 μg L−1 in the presence of EDTA and 690.37, 269.67, and 269.67 μg L−1 in the absence of EDTA. The 96 h LC50 values of Ag+ ions at each time point were similar in the presence (80.0 μg L−1) and absence (25.6 μg L−1) of EDTA. However, NP toxicity to D. carinata approximately doubled from 24 h (LC50: 62.0 μg L−1) to 48 h (LC50: 35.4 μg L−1) while there was no significant change observed for Ag+ ions toxicity from 24 h (LC50: 0.69 μg L−1) to 48 h (LC50: 0.62 μg L−1). Toxicity of NPs to P. australiensis only slightly increased from 24 h (LC50: 62.2 μg L−1) to 96 h (LC50: 55.3 μg L−1). Conversely, the toxicity of Ag+ ion increased by 36 times from 24 h (LC50: 3.6 μg L−1) to 96 h (LC50: 0.1 μg L−1). To summarize, a significant increase in toxicity of tyr-AgNPs and Ag+ ions with time was observed for daphnids and shrimps, respectively. Tyr-AgNPs were effectively toxic to hydra and shrimps within 24 h only and thereafter, no toxic responses were observed.

Hazardous Concentration (HC) of Coated AgNPs and Ag+ Ions

There are several methodologies which are employed by regulatory bodies in different countries to derive HC5 values and we chose the species sensitivity distribution (SSD) approach. Since we only had acute toxicity test results, the USEPA protocol was adopted since it supports using acute toxicity values (Kwak et al., 2016). To predict more accurate HC5 values, toxicity values of sufficient species should be available representing a comprehensive ecosystem. USEPA (1985) recommends having results of acceptable acute tests with 8 different families to derive the SSD for freshwater aquatic organisms. Since we had acute toxicity data of only three families, more data were sourced from published journal papers and the ETOX database (ETOX, 2018). SSDs are models of variance and the model fits of the probability distributions were excellent with R2-values of 0.98 and 0.93 for AgNO3 and AgNPs, respectively (Figures 3A,B). The HC5 value obtained for Ag+ ions and AgNPs in this study were 0.51 and 18.41 μg L−1.


[image: image]

FIGURE 3. Species sensitivity distribution (SSD) derived by the CADDIS SSD generator and SSD toolbox. (A) SSD of AgNO3 acute toxicity, produced using fifteen species (P. australiensis, D. carinata, D. magna, H. Azteca, Leuctra sp., O. mykiss, P. promelas, R. pipiens, L. macrochirus, H. vulgaris, N. obscura, A. tonsa, A. hypnorum, P. trivolis, and T. dissimilis). (B) SSD of AgNP acute toxicity, produced using eight species (P. promelas, D. carinata, D. magna, P. australiensis, C. dubia, R. subcapitata, H. vulgaris, and R. catesbeiana).



DISCUSSION

Bondarenko et al. (2013) summarized LC50 values of AgNPs (48 h LC50: 1.0–40.0 μg L−1) from 17 previous studies with a median value of 10 μg L−1 and LC50 values of Ag+ ions (48 h LC50: 1.0–9.40 μg L−1) from 8 studies with a median value of 0.85 μg L−1. The authors could find only one study where 24 h LC50 (3.5–10.8 μg L−1) and 48 h LC50 (1.75–4.61 μg L−1) values of AgNPs using D. carinata were reported (Qin et al., 2015). These researchers exposed daphnids in two different media to AgNPs synthesized with the fungus Gibberella sp. and the HDD of the NPs were between 20 and 50 nm. The 48 h LC50 values obtained for D. carinata in our study (35.4 μg L−1) is in general agreement with LC50 values reported by others for Daphnia sp. though it is considerably less sensitive to tyr-AgNPs in comparison with the values obtained by Qin et al. (2015) for D. carinata. This may be due to different physichochemical characteristics of AgNPs tested and different chemical characteristics of the media used. This is the first study which used P. australiensis to assess NP toxicity. Similar toxicity of AgNPs to both shrimps and daphnids at 24 h, but higher toxicity to daphnids at 48 h compared with shrimps may be due to their different food habits. Daphnids being filter feeders take up larger volumes of the aqueous medium by habit as opposed to shrimps which are detritus feeders and utilize water only for respiration. Higher toxicity of Ag+ ions to daphnids at 24 h, but less toxicity at 48 h compared with shrimps may be a result of a change in the interaction of Ag+ ions with other trace elements in the daphnid medium over time changing the bioavailability of Ag+ ions (Wasmuth et al., 2016). Also, higher toxicity of AgNPs to daphnids at 48 h in contrast to shrimps which were more sensitive to Ag+ at 48 h is attributed to different mechanisms of toxicity on two organisms. Though hydra is a simple diploblastic organism with two simple cell layers in their body, the entry of the tested toxicants across their ectodermal cells may be less than across the gills of daphnids and shrimps, resulting in the lower toxicity of tyr-AgNP and Ag+ ions to hydra. Hydra is a predator and hence does not uptake the aquatic medium as much as daphnids that are filter feeders resulting in less exposure to the toxicants as a result.

Fate and behavior of NPs in the media affect bioactivity and bioavailability. Achieving a constant concentration of AgNPs in the media or actual measurement is challenging. However, monitoring certain attributes such as particle agglomeration size, SPR, and dissolution can favor understanding of observed toxicity. Appearance of additional and broader absorbance peaks, rapid absorbance loss, increased particle size and color change are indicative of formation of aggregates (Römer et al., 2011; Stebounova et al., 2011; Tejamaya et al., 2012). Results indicate that NPs highly aggregated in the hydra and daphnid media while it was marginal in shrimp medium. No aggregation was observed in MilliQ water. Decreased zeta potential values in the media with high ionic strength compared to MilliQ water with relatively low ionic strength are in accordance with the classical colloid theory (Hunter, 1981; Elimelech et al., 1995). A reduction of the thickness of the diffuse double layer with increased ionic strength allows for the attractive van der Waals interactions to dominate and increases the particle-particle interaction resulting in increased aggregation (Brant et al., 2005; Sharma, 2009; El Badawy et al., 2010). Aggregation of NPs affect the bioavailable concentration of NPs (Römer et al., 2011; Tejamaya et al., 2012) and hence, inter alia plays an important role in potential toxicity (Reidy et al., 2013; Völker et al., 2013; Park et al., 2015; Carnovale et al., 2016). Smaller particles can penetrate in to the body more easily (Smékalová et al., 2018) and release more Ag+ ions due to higher surface area than larger particles (Allen et al., 2010; Zhao and Wang, 2012). The observed insignificant ion release from AgNPs in the media in this study may also be due to the aggregation. SPR and HDD data from our study show that tyr-AgNPs aggregate fast in the hydra medium, forming a bigger fraction (85%) of aggregates with HDD being larger than 650 nm. This leads to deposition of particles making them less bioavailable in a short period of time. Daphnids and shrimps can eat precipitated NPs on the bottom, increasing their respective exposure rates, but hydras are not able to do that. Another reason for lower toxicity from tyr-AgNPs and Ag+ to hydra is the less bioavailability of NPs in the medium due to aggregation and precipitation.

The composition and the pH of the media affect the ecotoxicological potential of NPs (Seitz et al., 2015; Metreveli et al., 2016). The hydra medium Trottier et al. (1997) used contains EDTA. The hydra toxicity test was extended to see the effect of EDTA on toxicity by exposing hydra to both tyr-AgNPs and Ag+ ions in the absence of EDTA. The LC50 values at each time point for both AgNPs and Ag+ ions in the absence of EDTA are less than the corresponding LC50 values in the media with EDTA. EDTA chelates metals which may cause reduced toxicity due to decreased rate of metal uptake (O'Brien et al., 1990). Therefore, lower toxicity of both tyr-AgNPs and Ag+ ions in the EDTA containing hydra medium is mainly attributed to the complexation of Ag+ ions by EDTA. Also, hydra in the medium with EDTA are more robust than in the medium without EDTA since the former is the recommended recipe for optimum growth of hydra (Trottier et al., 1997). Some of the ions released are trapped by the halides (e.g., Cl−1) present in the media making insoluble precipitations (Römer et al., 2011) resulting in less detectable free ions. Precipitation of Ag+ ions as AgCl by high concentration of Cl−1 in the hydra medium is also a possible factor for observed less toxicity of AgNPs and Ag+ ions to hydra. AgNPs oxidize more easily with increasing pH resulting in higher dissolution (Liu and Hurt, 2010; Zhao and Wang, 2012). Higher pH of the media compared with MilliQ (pH: 6.44) water is a possible factor for observed lower dissolution of Ag+ ions in media.

It is well-understood that soluble silver compounds are highly toxic to aquatic organisms and best explained by the Biotic Ligand Model (BLM) (Bianchini and Wood, 2003). However, the mechanisms of how AgNPs are toxic to organisms are still in debate and there are divergent opinions on the effects (Völker et al., 2013). Several researchers have shown that the dissolved ions from the NPs is the dominant cause for acute toxicity (Li et al., 2015; Sakamoto et al., 2015; Shen et al., 2015) while some have claimed that the toxicity is attributed not only to the liberated ions from AgNPs, but also to the NPs themselves (Navarro et al., 2008b; Lapresta-Fernández et al., 2012; Davoudi et al., 2014). Corresponding Ag+ ion concentrations at LC50 values of tyr-AgNPs, calculated based on percentage dissolution are lower than the LC50 values of Ag+ ions. This indicates that there is a synergistic effect from both tyr-AgNPs and Ag+ ions in causing toxicity. Certain aquatic organisms such as algae alter the toxicity of NPs by releasing exopolymeric substances (Zhou et al., 2016) which is not expected with the tested organisms in the current study. However, reduced Ag concentrations in the media due to sorption of NPs to the organisms or excreta cannot be excluded (Bone et al., 2012).

The HC5 value we found (0.51 μg L−1) for ionic silver based on the acute toxicity values in this study and 12 other freshwaters species is about 6 times lower than the USEPA Criterion Maximum Concentration (CMC) value (3.2 μg L−1) (USEPA, 1985). However, it is 2 and 10 times higher than the recommended long-term freshwater Canadian water quality guideline (CWQG) for ionic silver (0.25 μg L−1) (CCME, 2015) and the Australia and New Zealand's water quality guideline (ANZWQG) for ionic silver (0.05 μg L−1) (ANZECC, 2000), respectively. Relatively higher ionic silver guideline values by USEPA is likely because CMC values reflect only acute effects in contrast to lower values by CWQG and ANZWQG which use chronic toxicity data (Kwak et al., 2016). The HC5 value (0.51 μg L−1) for ionic silver from this study is lower than the reported values by Garner et al. (2015) (~1.0 μg L−1) and Chen et al. (2018) (3.6 and 5.7 μg L−1). Ionic silver is significantly toxic compared to the HC5 values reported for other metallic ions (10–4,000 μg L−1) (Garner et al., 2015; Chen et al., 2018). The HC5 value derived in this study for ionic silver is 36 times lower than the HC5 value obtained for AgNPs (18.41 μg L−1). The HC5 value derived in this study for AgNPs is less than the HC5 value reported by Kwak et al. (2016) for PVP coated AgNPs (31.73 μg L−1). However, Chen et al. (2018) reported comparatively lower HC5 values for PVP coated (1.1 μg L−1), sodium citrate coated (3.0 μg L−1), and uncoated (6.3 μg L−1) AgNPs. The reported HC5 values for other metallic NPs fall in the range of 22–4,000 μg L−1.

There is a growing interest in using SSDs to derive hazard levels of contaminants. SSD approach has significant influence on assessment and decision making of chemical exposure to ecosystems (Belanger et al., 2017). The risk assessment approaches of NPs have not been tested and validated yet (Mattsson and Simkó, 2017). There are many reasons for the uncertainty in measuring the hazard of AgNPs such as broad range of parameters of NPs, indirect effects, lack of information, modifications of NPs in the environment, questionable validity and methods of test systems (Mattsson and Simkó, 2017). Several researchers highlighted the importance of SSDs in deriving HCs to protect native fauna from NPs (Adam et al., 2015; Garner et al., 2015; Kwak et al., 2016). Traditionally, SSDs were derived using the toxicity values based on the effects of the contaminant on organisms at different hierarchies. Experiments with several species with the same batch of each nanoparticle is challenging and therefore, it is not possible to safeguard the biota by concentrating on specific nanoparticles. In line with this, several researchers (Adam et al., 2015; Garner et al., 2015) have sourced toxicity values from literature to derive SSDs. Further, the accuracy of HCs predicted will increase when more data are available (Garner et al., 2015). Since this is the only study with tyrosine coated AgNPs, we sourced the toxicity values of AgNPs from published literature. However, this will bring some uncertainty due to several variabilities such as different exposure conditions, physichochemical characteristics of NPs, which has caused to question the applicability of using SSDs for deriving HCs for NPs (Adam et al., 2015; Garner et al., 2015). Better estimates can be obtained by developing SSDs based on grouping of NPs (Gottschalk and Nowack, 2013; Garner et al., 2015). However, Chen et al. (2018) did not observe a significant difference in the derived HC5 values for AgNPs based on the size, shape and exposure duration. This similarity was attributed to the transformation of particles in the medium and the biological effects are likely to result from the release of ions.

Also, chronic sublethal effects have enormous sublethal effects on organisms (Garner et al., 2015) and thus, chronic test results should be used in developing SSDs. However, studies on chronic end points are scarce in comparison to the acute test results which leads to a bias toward SSDs based on acute test data. Therefore, more useful chronic tests are recommended to generate SSDs. Besides, as observed in this study, it is acknowledged the difficulty in maintaining constant NP concentrations in the test media for such experiments.

This study shows the different sensitivity to tyrosine coated AgNPs across species using Australian native species and highlights the importance of considering species with different life habits in assessing toxicity of NPs. There is a considerable difference in fate and behavior of tyr-AgNPs in different media and quantification of such changes is important when performing and interpreting toxicity assessments. Also, it appreciates the importance of SSD in evaluating HC levels of differently coated NPs and adds new knowledge which will be important in AgNP risk assessment (Posthuma et al., 2001) and setting up water quality guidelines (Smetanová et al., 2014). Based on the results, the authors recommend further NP exposure studies for differently coated NPs using a broad range of freshwater aquatic species with different life habits to assess the toxicity of the range of novel manufactured NPs.

CONCLUSIONS

Freshwater aquatic organisms are potentially exposed to AgNPs and Ag+ ions. The objectives of the present study were to examine the toxicity of tyrosine-coated AgNPs (tyr-AgNPs) and Ag+ ions to three freshwater invertebrates at different trophic levels, to compare species sensitivity and the influence of culture media on the toxicity of AgNPs. The toxicity of tyr-AgNPs and Ag+ ions to the three species was, respectively, in the order of daphnids > shrimps > hydra and shrimps > daphnids > hydra. Fate and behavior of AgNPs and Ag+ ions were dependent on the test media and should be considered a key factor in assessing NP toxicity. To protect aquatic organisms from AgNP exposures, it is necessary to set water quality guidelines based on data gathered from toxicity studies relevant to different species in such environments. Assessing the sensitivity of species with different life habits and native species to AgNPs and Ag+ ions are highlighted.
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