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Abstract:

 The effects of nanomaterials have been primarily assessed based on standard ecotoxicity guidelines. However, by adapting alternative measures the information gained could be enhanced considerably, e.g., studies should focus on more mechanistic approaches. Here, the environmental risk posed by the presence of silver nanoparticles (Ag NM300K) in soil was investigated, anchoring population and cellular level effects, i.e., survival, reproduction (28 days) and oxidative stress markers (0, 2, 4, 6, 10 days). The standard species Folsomia candida was used. Measured markers included catalase (CAT), glutathione reductase (GR), glutathione S-transferase (GST), total glutathione (TG), metallothionein (MT) and lipid peroxidation (LPO). Results showed that AgNO3 was more toxic than AgNPs at the population level: reproduction EC20 and EC50 was ca. 2 and 4 times lower, respectively. At the cellular level Correspondence Analysis showed a clear separation between AgNO3 and AgNP throughout time. Results showed differences in the mechanisms, indicating a combined effect of released Ag+ (MT and GST) and of AgNPs (CAT, GR, TG, LPO). Hence, clear advantages from mechanistic approaches are shown, but also that time is of importance when measuring such responses.
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1. Introduction

The effects of nanomaterials have been primarily assessed via the use of standard ecotoxicity guidelines, although, there are evidences that adaptations and alternatives should be considered, e.g., the required exposure time should be adjusted [1]. The use of more mechanistic based studies can provide many advantages supporting the present standard tests, e.g., understanding the mode of action can be used as a background for extrapolating from short to long-term effects, an issue which has high priority [2].

Silver nanoparticles (AgNPs), which are widely used due to their bactericidal properties, have also been reported toxic for a diverse range of organisms, e.g., for soil invertebrates such as Eisenia fetida [1,3,4], Enchytraeus albidus [5], Eisenia andrei [6], Porcellio scaber [7] and Folsomia candida [8]. One of the known mechanisms related to Ag toxicity is the induction of oxidative stress. This process is the result of the increase of reactive oxygen species (ROS) in the organism, causing an unbalance and activation of the antioxidant defense mechanisms [9,10]. These include the activation of several enzymatic and non-enzymatic proteins, such as catalase (CAT), glutathione reductase (GR) or metallothioneins (MTs). The methodology to measure such markers has been optimized for various soil organisms, including Folsomia candida [11], Enchytraeus albidus [12] or Eisenia fetida [1].

Here, the environmental effect of silver nanoparticles (Ag NM300K) in soil was investigated, anchoring population and cellular level effects, i.e., survival, reproduction (standard test, 28 days) after which the oxidative stress markers were evaluated at the reproduction Effect Concentration that Causes 50% Reduction (EC50), along an exposure time series: 0, 2, 4, 6, 10 days. The species Folsomia candida (Collembola) was used as test species. Collembolans have been widely used to assess the environmental impact of e.g., organic chemicals [13], pesticides [14], metals [15], mixtures [16] or nanomaterials [8,17,18]. The markers used were catalase (CAT), glutathione reductase (GR), glutathione S-transferase (GST), total glutathione (TG), metallothionein (MT) and lipid peroxidation (LPO).



2. Experimental Section


2.1. Test Organism

Folsomia candida (Collembola) was used as test species [19]. Cultures were maintained in laboratory on a moist substrate of Paris plaster and activated charcoal (8:1 ratio) at 19 ± 1 °C, under a photoperiod regime of 16:8 (light:dark). The organisms were fed once a week with dried baker’s yeast (Saccharomyces cerevisae). Organisms of synchronized age (10–12 days) were used for the experiments, as within the standard protocol.



2.2. Test Materials

Test materials included Ag salt and Ag nanomaterial. The AgNO3 (high-grade, 98.5%–99.9% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The silver nanoparticles (AgNPs) used were the standard reference materials Ag NM300K from the European Commission Joint Research Centre (JRC), fully characterized [20]. The Ag NM300K is dispersed in 4% polyoxyethylene glycerol triolaete and polyoxyethylene (20) sorbitan monolaurate (Tween 20), thus the dispersant was also tested alone.



2.3. Test Soil and Spiking

Natural standard LUFA (Landesanstalt für Umwelt und Forschung) soil 2.2 (Speyer, Germany) was used. The general soil properties are as follow: pH = 5.5, organic carbon = 1.77%, cation exchange capacity = 10.1 meg/100 g, and grain size distribution of 7.3% clay; 13.8% silt and 78.9% sand.

Ag was spiked as aqueous solution and serially diluted. The soil was pre-moistened before spiking, to obtain a final water holding capacity of 50%, and aged for 72 h before test start. For Ag NM300K, spiking was done individually for each replicate. For AgNO3, the various replicates per treatment were spiked together and then divided into each test vessel as within standard. Concentration range for AgNO3 was: 0, 64, 100, 130, 320, 640 mg Ag/kg soil dry weight (DW) and for AgNP was: 0, 64, 130, 220, 320, 640 mg Ag/kg soil DW. A control dispersant was used adding the same volume as used with the highest concentration of Ag NM300K to assess the effect of the dispersant alone. Test concentration used for the biomarker exposure corresponded to the reproduction EC50 (value selected within the confidence interval). The choice of this EC50 was based on its relevance in Risk Assessment and linkage to reproduction chronic effects. Moreover, the tested concentration should be sub-lethal to ensure organisms’ survival for sampling and for mechanistic studies before narcosis (not relevant for biomarkers).



2.4. Test Procedure


2.4.1. Population Level—Standard Reproduction Test

Tests followed the standard reproduction ISO (International Standardization Organization) test guideline for collembolans [19]. In short, 10 juveniles (10–12 days) were transferred to the test vessels containing the soil. Four replicates were used per treatment. Test ran at 20 °C and 16:8 h (light:dark) photoperiod; food supply and water was replenished every week. Reproduction and adult survival were assessed after 28 days by flotation method to count the number of adults and juveniles.



2.4.2. Cellular Level—Oxidative Stress Biomarkers

Procedures followed the same as in the standard guideline [19] with adaptations [11]. A pool of 50 juveniles of 13–14 days was used as a replicate. Ten (10) replicates (five for MT measurements plus five for the other markers) per treatment were performed. Exposure period included samplings at 0, 2, 4, 6, 10 days. At each sampling time organisms were extracted by flotation, transferred to plaster to absorb the excess water and pooled into microtubes, weighted and snap-frozen in liquid nitrogen, being stored at −80°C until further analysis. Five replicates per condition were used for metallothionein (MT) quantification and the other five for the rest of all biochemical analysis, i.e., catalase (CAT), glutathione reductase (GR), glutathione S-transferase (GST), total glutathione (TG) and lipid peroxidation (LPO). Biomarkers measurements were performed following the procedures as described in Maria et al. [11].




2.5. Data analysis

One-way ANOVA and Post Hoc Dunnett’s test was used to identify significant differences between control and treatments [21]. The effect concentrations (ECx) were calculated using the Toxicity Relationship Analysis Program (TRAP 1.21) applying the 2-parameters Logistic model. To assess differences between control and control dispersant a t-test (p < 0.05) was used.

Multivariate analysis was done using Correspondence Analysis (CA) including all treatments. The analysis was performed using the software SAS Enterprise Guide 5.1 [22]. To compensate for the different scales of the biomarkers, the response was normalised before use, several different normalisation methods were tested overall giving the same pattern; the present normalisation was based on averaging in relation to the mean.




3. Results


3.1. Materials Characterization

The silver nanoparticles (AgNPs) used were the standard reference materials Ag NM300K from the European Commission Joint Research Centre (JRC), fully characterized [20]. In short, Ag NM300K are spherical and consist of a colloidal dispersion with a nominal silver content of 10.2 w/w %, dispersed in 4% w/w of polyoxyethylene glycerol trioleate and polyoxyethylene (20) sorbitan monolaurate (Tween 20), having > 99% number of particles with a nominal size of about 15 nm, with no coating. Transmisson Electron Microscopy (TEM) indicated a size of 17 ± 8 nm. Smaller nanoparticles of about 5 nm are also present.



3.2. Biological Characterization


Population Level—Standard Reproduction Test

The tests validity criteria were fulfilled, i.e., less than 20% mortality, >100 juveniles per replicate and the coefficient of variation < 30%. Results can be observed in Figure 1. For Ag NM300K no differences between control and control dispersant were observed (p > 0.05): Adult survival (average (AV) ± standard error (SE)): 10 ± 0; Juvenile Reproduction (AV±SE): 977 ± 50 and 1004 ± 47, respectively, hence data was modeled pooling both controls. A dose response effect was observed, with Ag NM300K being less toxic than AgNO3. The estimated ECx values can be seen in Table 1.

Figure 1. Survival (number of adults) and reproduction (number of juveniles) for Folsomia candida when exposed in LUFA 2.2 soil to (A) AgNO3 and (B) Ag NM300K. Results are expressed as average ± standard error (Av ± SE) (n = 4). *: Dunnett’s (p < 0.05) for differences between control and treatments. Lines represent the model fit to data.
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Table 1. Effect Concentrations (ECx) for survival and reproduction of Folsomia candida when exposed to AgNO3 and AgNPs (Ag NM300K). n.d.: not determined. n.e.: no effect (95% Confidence Intervals). EC10, 20, 50, 80: Concentration that causes 10%, 20%, 50%, 80% Effect, respectively. S: relative slope estimated at EC50, Y0: Average control value (average of control values for survival and reproduction).



	
Test Materials

	
EC10 (mg/kg)

	
EC20 (mg/kg)

	
EC50 (mg/kg)

	
EC80 (mg/kg)

	
Model and Parameters






	
Survival




	
AgNO3

	
82 (20–162)

	
118 (62–174)

	
179 (77–280)

	
240 (57–422)

	
Logistic 2 parameters (S:0.0057; Y0:8.7)




	
Ag NM300K

	
n.e.

	
n.e.

	
n.e.

	
n.e.

	
–




	
Reproduction




	
AgNO3

	
31 (−35–97)

	
76 (36–115)

	
152 (108–196)

	
228 (134–324)

	
Logistic 2 parameters (S:0.0045; Y0:610.0)




	
Ag NM300K

	
n.d.

	
173 (70–277)

	
540 (412–667)

	
906 (653–1159)

	
Logistic 2 parameters (S:0.0009; Y0:988.3)
















3.3. Cellular Level—Oxidative Stress Biomarkers


3.3.1. Univariate Analysis

For Ag NM300K the control dispersant was used as a reference because for LPO, TG and GR measurements there were differences (p < 0.05) between control and control dispersant (Figure 2).

Figure 2. Oxidative stress biomarker results for Folsomia candida when exposed in LUFA 2.2 soil to the reproduction EC50 of AgNO3 (black dots) and Ag NM 300K (white dots). Results are expressed as % and normalized to the respective controls (water and dispersant) mean values ± standard error (Av ± SE) (n = 5). Dotted horizontal line represents the control reference, i.e., 100%. CAT: Catalase; GR: Glutathione Reductase (GR), GST: Glutathione S-Transferase, TG: Total Glutathione; MT: Metallothionein; LPO: Lipid Peroxidation; *: Dunnett’s test (p < 0.05) for differences between control and treatments.
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For AgNO3, CAT activity decreased after 4 days exposure (p < 0.05) (0.4-fold to control), maintaining a tendency of low values in the remaining exposure time. GR activity shows an increase after 2 and 4 days (p < 0.05) followed by a decrease to levels lower than control at 6 and 10 days exposure. MT shows a similar pattern. GST activity shows an increase-decrease-increase behaviour at 4 (p < 0.05), 6 and 10 (p < 0.05) days respectively and TG increased only at day 4 (p < 0.05). Significant increase in LPO levels was observed at day 4 (1.2-fold, p < 0.05).

For Ag NM300K CAT activity was higher after 2, 4 and 10 days (p < 0.05), having a decrease tendency at day 6 (to levels similar to control). GST activity showed an increase (p < 0.05) up to day 4 and then continued on same levels until day 10 (p < 0.05). GR increased only after 4 days (p < 0.05). TG levels were lower than control after 4 days and superior at 10 days. MT levels increased after 6 days (p < 0.05), maintaining the higher level at day 10. LPO increased at day 2 (p < 0.05), after which it decreased to be increased again at day 10 (p < 0.05).





3.3.2. Multivariate Analysis

The multivariate analysis of the data (Correspondence Analysis) enabled an identification of the overall differences between the AgNO3 and AgNP exposures (Figure 3), with a mainly clear separation between the AgNO3 and AgNP throughout time. [It should be noted that whereas Figure 2 shows mean values and standard errors, the multivariate plot displays the individual replicates]. It is seen that LPO and GST were primarily associated with AgNP and MT and TG associated with AgNO3, hence these markers would be the primary identifiers of different exposures. In the later exposure stages (10 days) the GR was most pronounced for the AgNP exposure, when compared to AgNO3 exposure. The larger confidence ellipse (compared to others) related to the AgNO3 at day 6, seem to be related to one replicate having a relative high (again compared to the others) TG.

Figure 3. Correspondence Analysis (CA) of data from Folsomia candida exposed to AgNP (Ag NM300K) [640 mg Ag/kg soil] and AgNO3 [145 mg Ag/kg soil], as sampled at 0-2-4-6-10 days, in terms of Catalase (CAT), Glutathione Peroxidase (GPx), Glutathione S-Transferase (GST), Glutathione Reductase (GR), Total Glutathione (TG), Metallothionein (MT) and Lipid Peroxidation (LPO). Percentage (%) explanatory power is added for each axis. All time points showed significant differences (discriminant analysis), the day 6 time point shows largest overlap of the two confidence ellipse, which show the difference here is the least.
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4. Discussion


4.1. Population Level

Results showed that AgNO3 displayed higher toxicity than Ag NM300K for Folsomia candida, with increasing difference with higher concentration (EC20 to EC80). For AgNO3, the Effect Concentration (EC) values were within the obtained confidence interval as found by Waalewijn-Kool et al. [8] for F. candida tested under the same conditions. The same authors tested other AgNP (paraffin coated, 3–8 nm, water dispersed) and found no effect on survival or reproduction up to 673 mg Ag/kg soil DW. As concluded by the authors, the internal Ag concentrations for F. candida could not explain the higher toxicity of AgNO3 compared to AgNPs; it has been suggested that the higher internal Ag in F. candida exposed to AgNPs could be because these are taken up on the particulate form. Unlike ZnO NPs [18,23], porewater concentrations could not explain the toxicity of AgNPs. It seems that AgNPs aggregation and sorption to soil parts reduces dissolution. The fate of AgNPs in soil has been reported complex, with e.g., soil type, dissolution (rate), oxidation, nanoparticle size and the type of coating influencing the availability of Ag [8]. For other invertebrates, oligochaete studies has shown that AgNO3 was more toxic than AgNPs [5,6,24,25]. Van der Ploeg et al. [26] observed that low doses of the same Ag NM300K (15 mg Ag/kg soil DW) caused higher effects (for the same mass concentration) than AgNO3 in Lumbricus rubellus longer term reproduction study. Moreover, also focussing on longer term exposures, (Bicho et al., 2015 in preparation) showed that in an Enchytraeus crypticus full life-cycle test 20 mg Ag/kg soil DW of Ag NM300K caused an effect equivalent to the reproduction EC50, although the dose response model estimated an EC50 = 80 mg Ag/kg soil DW.



4.2. Cellular Level


4.2.1. AgNO3 Mechanisms

Overall, an induction of all measured antioxidant enzymes was observed, with the inhibition of CAT being the exception. Similarly, it has been shown that in C. riparius, exposure to AgNO3 decreases the CAT activity [27]. Also CuCl2 and CuNP have been shown to reduce CAT activity [12], possibly due to direct interaction of Cu with the protein’s thiol groups, altering the tertiary structure of the catalase and inhibiting it [28], possibly with a similar mechanism for Ag. On the other hand, CAT has also been reported activated (in other invertebrates) in the presence of AgNO3, e.g., in Eisenia fetida [1,4], and in F. candida when exposed to copper and cadmium [11].

The glutathione-related enzymes, GR and GST present different patterns for activation, GR early and GST later induction. It is known that Ag has a great affinity for thiol groups, besides inducing the production of ROS [29,30,31]. Therefore, the presence of Ag can mobilize the GSH levels in the cell (i.e., binding to this substrate) [32,33], so here it seems that an early activation of GR occurred to compensate the unavailable GSH, i.e., oxidized glutathione. The Ag-GSH detoxification is associated with the GST activation, similar to e.g., the detoxification mechanism of Cd [15], explaining its increase only after 4 days and again after 10 days. Additionally, the initial GR increase followed by a decrease is similar to the response to Cu by F. candida [11]. The GST activity and TG content increase after 4 days may be due to ROS generation, this also related with the LPO levels.

The increase in MT levels must be associated with the Ag chelation. This is in agreement with observations at the gene expression level in E. fetida exposed to AgNO3 [4] and Cu [34], and F. candida exposed to Cd [15]. It is known that Ag can be taken up by Cu transporters and interact with Cu homeostasis, which may contribute to Ag toxic effect [29].

Regarding LPO at day 4, this was similar to the response to Cd in F. candida [11] and Ag in aquatic invertebrates [35]. This could be the result of the imbalance in the redox in the organisms due to CAT reduced activity, as similarly observed to Cu in E. albidus [12]. Such reduced CAT activity leads to accumulation of hydroperoxides, which can be removed via the glutathione cycle enzymes. This is reflected in the initial activation of GR, followed by the increase in GST and TG. When the enzymes activity reach a point of saturation LPO occurs.



4.2.2. AgNP Mechanisms

In contrast to the AgNO3 exposure, CAT activity was significantly increased in the AgNP exposure, except after 6 days, a pattern similarly observed for Cu and Cd in F. candida [11]. The MT induction occurred after 6 and 10 days, i.e., later when compared to AgNO3. It is unknown if for longer exposure periods this would also be followed by a decrease like in AgNO3.

The increase in the glutathiones (higher GST throughout the exposure length, increased GR after 4 days and the increase in TG after 6-10 days), indicate interactions of AgNP with cytosolic and transmembrane proteins, changing the conformation and impairing the antioxidant defenses [36,37,38,39]. Hence, GST levels were continuously high to chelate the radical ligands in thiol groups in glutathione content [4,30,32,33]. The increase in GR was needed to balance the redox potential (GSH recycling), as a result of ROS production from NP interactions [31]. Because NPs can also cause DNA damage, leading to synthesis of nuclear GSH, this may explain the increase in the TG content [33,40,41].



4.2.3. Comparison of Ag Nano and Ag Salt Mechanisms

As discussed so far it is clear that Ag nano and Ag salt cause dissimilar oxidative stress mechanisms of response (see Figure 3). Differences in response patterns for AgNO3 and AgNP have also been described for e.g., the soil invertebrates Eisenia fetida [1,4] and Enchytraeus albidus [5].

The patterns observed in F. candida for GR, TG and MT seem to indicate a delayed effect of AgNP compared to AgNO3 (as shown by some authors [42,43]), suggesting an effect caused by the slower release of Ag or a slower uptake On the other hand, CAT and GST show clearly different patterns, indicating a specific NP effect. As already suggested, AgNPs uptake may be done by different pathways than AgNO3 [29,31,44,45]. There seems to be a combined effect of Ag+ and AgNPs which results in a different time of occurrence of events and consequently a different cascade. This is corroborated by the differences caused in terms of LPO, reflecting previous variations in REDOX enzymes. For instance, following the hypothesis of the Ag+ release from AgNPs the response of MT, GR and TG could be seen as a delayed response for the AgNP, however this is not the case for CAT, LPO and GST.





5. Conclusions

Oxidative stress was studied for the first time in F. candida to AgNPs. Reproduction effect concentrations (EC50) caused dissimilar oxidative stress mechanisms, indicating a combined effect of released Ag+ (MT and GST) and of AgNPs specifically (CAT, GR, TG, LPO). Ag NM300K were less toxic than AgNO3 in terms of population effects, i.e., survival and reproduction.






Acknowledgments

This study was supported by the EU-FP7 MARINA (Ref. 263215) and SUN (Ref. 604305) and by FEDER through COMPETE e Operational Programme for Competitiveness Factors (Programa Operacional Factores de Competitividade) and by the Foundation for the Science and Technology (FCT-Fundação para a Ciência e Tecnologia), through UID/AMB/50017/2013, a postdoctoral grant to Vera L. Maria (SFRH/BPD/95093/2013) and a PhD grant to L.A. Mendes (SFRH/BD/93596/2013).



Author Contributions

Luis André Mendes, Vera L. Maria performed the experiments. Luis André Mendes, Vera L. Maria, Janeck J. Scott-Fordsmand and Mónica J. B. Amorim conceived and designed the experiment, analysed the data and wrote the paper.



Conflicts of Interest

The authors declare no conflict of interest



References


	1. 
Gomes, S.I.L.; Hansen, D.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Effects of silver nanoparticles to soil invertebrates: Oxidative stress biomarkers in Eisenia fetida. Environ. Pollut. 2015, 199, 49–55. [Google Scholar] [CrossRef] [PubMed]

	2. 
Scott-Fordsmand, J.J.; Pozzi-Mucelli, S.; Tran, L.; Aschberger, K.; Sabella, S.; Vogel, U.; Poland, C.; Balharry, D.; Fernandes, T.; Gottardo, S.; et al. A unified framework for nanosafety is needed. Nano Today 2014, 9, 546–549. [Google Scholar] [CrossRef]

	3. 
Hayashi, Y.; Engelmann, P.; Foldbjerg, R.; Szabó, M.; Somogyi, I.; Pollák, E.; Molnár, L.; Autrup, H.; Sutherland, D.S.; Scott-Fordsmand, J.; et al. Earthworms and Humans in vitro: Characterizing evolutionarily conserved stress and immune responses to silver nanoparticles. Environ. Sci. Technol. 2012, 46, 4166–4173. [Google Scholar] [CrossRef] [PubMed]

	4. 
Hayashi, Y.; Heckmann, L.-H.; Simonsen, V.; Scott-Fordsmand, J.J. Time-course profiling of molecular stress responses to silver nanoparticles in the earthworm Eisenia fetida. Ecotox. Environ. Safe. 2013, 98, 219–226. [Google Scholar] [CrossRef] [PubMed]

	5. 
Gomes, S.I.L.; Soares, A.M.V.M.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Mechanisms of response to silver nanoparticles on Enchytraeus albidus (Oligochaeta): Survival, reproduction and gene expression profile. J. Hazard. Mater. 2013, 254–255, 336–344. [Google Scholar] [CrossRef] [PubMed]

	6. 
Schlich, K.; Klawonn, T.; Terytze, K.; Hund-Rinke, K. Effects of silver nanoparticles and silver nitrate in the earthworm reproduction test. Environ. Toxicol. Chem. 2013, 32, 181–188. [Google Scholar] [CrossRef] [PubMed]

	7. 
Tkalec, Ž.P.; Drobne, D.; Vogel-Mikuš, K.; Pongrac, P.; Regvar, M.; Štrus, J.; Pelicon, P.; Vavpetič, P.; Grlj, N.; Remškar, M. Micro-PIXE study of Ag in digestive glands of a nano-Ag fed arthropod (Porcellio scaber, Isopoda, Crustacea). Nucl. Instrum. Meth. B 2011, 269, 2286–2291. [Google Scholar]

	8. 
Waalewijn-Kool, P.L.; Klein, K.; Forniés, R.M.; van Gestel, C.A.M. Bioaccumulation and toxicity of silver nanoparticles and silver nitrate to the soil arthropod Folsomia candida. Ecotoxicology 2014, 23, 1629–1637. [Google Scholar] [CrossRef] [PubMed]

	9. 
Andrews, G.K. Regulation of metallothionein gene expression by oxidative stress and metal ions. Biochem. Pharmacol. 2000, 59, 95–104. [Google Scholar] [CrossRef]

	10. 
Valavanidis, A.; Vlahogianni, T.; Dassenakis, M.; Scoullos, M. Molecular biomarkers of oxidative stress in aquatic organisms in relation to toxic environmental pollutants. Ecotox. Environ. Safe. 2006, 64, 178–189. [Google Scholar] [CrossRef] [PubMed]

	11. 
Maria, V.L.; Ribeiro, M.J.; Amorim, M.J.B. Oxidative stress biomarkers and metallothionein in Folsomia candida—Responses to Cu and Cd. Environ. Res. 2014, 133, 164–169. [Google Scholar] [CrossRef] [PubMed]

	12. 
Gomes, S.I.L.; Novais, S.C.; Gravato, C.; Guilhermino, L.; Scott-Fordsmand, J.J.; Soares, A.M.V.M.; Amorim, M.J.B. Effect of Cu-nanoparticles versus one Cu-salt: Analysis of stress biomarkers response in Enchytraeus albidus (Oligochaeta). Nanotoxicology 2012, 6, 134–143. [Google Scholar] [CrossRef] [PubMed]

	13. 
Scott-Fordsmand, J.J.; Krogh, P.H. The influence of application form on the toxicity of nonylphenol to Folsomia fimetaria (Collembola: Isotomidae). Ecotox. Environ. Safe. 2004, 58, 294–299. [Google Scholar] [CrossRef]

	14. 
Amorim, M.J.B.; Römbke, J.; Scheffczyk, A.; Nogueira, A.J.A.; Soares, A.M.V.M. Effects of different soil types on the collembolans Folsomia candida and Hypogastrura assimilis using the herbicide phenmedipham. Arch. Environ. Con. Tox. 2005, 49, 343–352. [Google Scholar] [CrossRef]

	15. 
Nakamori, T.; Fujimori, A.; Kinoshita, K.; Ban-nai, T.; Kubota, Y.; Yoshida, S. mRNA expression of a cadmium-responsive gene is a sensitive biomarker of cadmium exposure in the soil collembolan Folsomia candida. Environ. Pollut. 2010, 158, 1689–1695. [Google Scholar] [CrossRef] [PubMed]

	16. 
Amorim, M.J.B.; Pereira, C.; Menezes-Oliveira, V.B.; Campos, B.; Soares, A.M.V.M.; Loureiro, S. Assessing single and joint effects of chemicals on the survival and reproduction of Folsomia candida (Collembola) in soil. Environ. Pollut. 2012, 160, 145–152. [Google Scholar] [CrossRef] [PubMed]

	17. 
Waalewijn-Kool, P.L.; Ortiz, M.D.; Lofts, S.; van Gestel, C.A.M. The effect of pH on the toxicity of ZnO nanoparticles to Folsomia candida in amended field soil. Environ. Toxicol. Chem. 2013, 32, 2349–2355. [Google Scholar] [CrossRef] [PubMed]

	18. 
Waalewijn-Kool, P.L.; Diez Ortiz, M.; van Straalen, N.M.; van Gestel, C.A.M. Sorption, dissolution and pH determine the long-term equilibration and toxicity of coated and uncoated ZnO nanoparticles in soil. Environ. Pollut. 2013, 178, 59–64. [Google Scholar] [CrossRef] [PubMed]

	19. 
Soil Quality—Inhibition of Reproduction of Collembola (Folsomia candida) by Soil Contaminants. Available online: http://www.iso.org/iso/catalogue_detail.htm?csnumber=57582 (accessed on 12 August 2015).

	20. 
Klein, C.L.; Stahlmecke, B.; Romazanov, J.; Kuhlbusch, T.A.J.; Van Doren, E.; De Temmerman, P.-J.; Mast, J.; Wick, P.; Krug, H.; Locoro, G.; et al. NM-Series of Representative Manufactured Nanomaterials NM-300 Silver Characterisation, Stability, Homogeneity; Publications Office of the European Union: Luxembourg, Luxembourg, 2011. [Google Scholar]

	21. 
Sigmaplot Overview. Available online: http://www.sigmaplot.com/products/sigmaplot/sigmaplot-details.php (accessed on 12 August 2015).

	22. 
Fecht, M.; Consulting, P.; Dhillon, R.; Consulting, D. SAS Enterprise Guide 5.1: A Powerful Environment for Programmers, Too! SAS Institute Inc.: Cary, NC, USA, 2012. [Google Scholar]

	23. 
Kool, P.L.; Ortiz, M.D.; van Gestel, C.A.M. Chronic toxicity of ZnO nanoparticles, non-nano ZnO and ZnCl2 to Folsomia candida (Collembola) in relation to bioavailability in soil. Environ. Pollut. 2011, 159, 2713–2719. [Google Scholar] [CrossRef] [PubMed]

	24. 
Heckmann, L.-H.; Hovgaard, M.B.; Sutherland, D.S.; Autrup, H.; Besenbacher, F.; Scott-Fordsmand, J.J. Limit-test toxicity screening of selected inorganic nanoparticles to the earthworm Eisenia fetida. Ecotoxicology 2010, 20, 226–233. [Google Scholar] [CrossRef] [PubMed]

	25. 
Shoults-Wilson, W.A.; Reinsch, B.C.; Tsyusko, O.V.; Bertsch, P.M.; Lowry, G.V.; Unrine, J.M. Effect of silver nanoparticle surface coating on bioaccumulation and reproductive toxicity in earthworms (Eisenia fetida). Nanotoxicology 2011, 5, 432–444. [Google Scholar] [CrossRef] [PubMed]

	26. 
Van der Ploeg, M.J.C.; Handy, R.D.; Waalewijn-Kool, P.L.; van den Berg, J.H.J.; Herrera Rivera, Z.E.; Bovenschen, J.; Molleman, B.; Baveco, J.M.; Tromp, P.; Peters, R.J.B.; et al. Effects of silver nanoparticles (NM-300K) on Lumbricus rubellus earthworms and particle characterization in relevant test matrices including soil: Silver nanoparticles affect Lumbricus rubellus earthworms. Environ. Toxicol. Chem. 2014, 33, 743–752. [Google Scholar] [CrossRef] [PubMed]

	27. 
Nair, P.M.G.; Park, S.Y.; Choi, J. Evaluation of the effect of silver nanoparticles and silver ions using stress responsive gene expression in Chironomus riparius. Chemosphere 2013, 92, 592–599. [Google Scholar] [CrossRef] [PubMed]

	28. 
Atli, G.; Alptekin, Ö.; Tükel, S.; Canli, M. Response of catalase activity to Ag+, Cd2+, Cr6+, Cu2+ and Zn2+ in five tissues of freshwater fish Oreochromis niloticus. Comp. Biochem. Phys. C 2006, 143, 218–224. [Google Scholar]

	29. 
Behra, R.; Sigg, L.; Clift, M.J.D.; Herzog, F.; Minghetti, M.; Johnston, B.; Petri-Fink, A.; Rothen-Rutishauser, B. Bioavailability of silver nanoparticles and ions: From a chemical and biochemical perspective. J. R. Soc. Interface 2013, 10, 20130396. [Google Scholar] [CrossRef] [PubMed]

	30. 
Leung, B.O.; Jalilehvand, F.; Mah, V.; Parvez, M.; Wu, Q. Silver(I) Complex Formation with Cysteine, Penicillamine, and Glutathione. Inorg. Chem. 2013, 52, 4593–4602. [Google Scholar] [CrossRef] [PubMed]

	31. 
Reidy, B.; Haase, A.; Luch, A.; Dawson, K.; Lynch, I. Mechanisms of Silver Nanoparticle Release, Transformation and Toxicity: A Critical Review of Current Knowledge and Recommendations for Future Studies and Applications. Materials 2013, 6, 2295–2350. [Google Scholar] [CrossRef]

	32. 
Hayes, J.D.; Flanagan, J.U.; Jowsey, I.R. Glutathione transferases. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 51–88. [Google Scholar] [CrossRef] [PubMed]

	33. 
Hellou, J.; Ross, N.W.; Moon, T.W. Glutathione, glutathione S-transferase, and glutathione conjugates, complementary markers of oxidative stress in aquatic biota. Environ. Sci. Pollut. Res. 2012, 19, 2007–2023. [Google Scholar] [CrossRef] [PubMed]

	34. 
Brulle, F.; Mitta, G.; Leroux, R.; Lemière, S.; Leprêtre, A.; Vandenbulcke, F. The strong induction of metallothionein gene following cadmium exposure transiently affects the expression of many genes in Eisenia fetida: A trade-off mechanism? Comp. Biochem. Phys. C 2007, 144, 334–341. [Google Scholar] [CrossRef] [PubMed]

	35. 
Géret, F.; Jouan, A.; Turpin, V.; Bebianno, M.J.; Cosson, R.P. Influence of metal exposure on metallothionein synthesis and lipid peroxidation in two bivalve mollusks: the oyster (Crassostrea gigas) and the mussel (Mytilus edulis). Aquat. Living Resour. 2002, 15, 61–66. [Google Scholar] [CrossRef]

	36. 
Krug, H.F.; Wick, P. Nanotoxicology: An Interdisciplinary Challenge. Angew. Chem. Int. Ed. 2011, 50, 1260–1278. [Google Scholar] [CrossRef] [PubMed]

	37. 
Saptarshi, S.R.; Duschl, A.; Lopata, A.L. Interaction of Nanoparticles with Proteins: Relation to Bio-Reactivity of the nAnoparticle. Available online: http://www.biomedcentral.com/content/pdf/1477-3155-11-26.pdf (accessed on 12 August 2015).

	38. 
Hayashi, Y.; Miclaus, T.; Scavenius, C.; Kwiatkowska, K.; Sobota, A.; Engelmann, P.; Scott-Fordsmand, J.J.; Enghild, J.J.; Sutherland, D.S. Species Differences Take Shape at Nanoparticles: Protein Corona Made of the Native Repertoire Assists Cellular Interaction. Environ. Sci. Technol. 2013, 47, 14367–14375. [Google Scholar] [CrossRef] [PubMed]

	39. 
McShan, D.; Ray, P.C.; Yu, H. Molecular toxicity mechanism of nanosilver. J. Food Drug Anal. 2014, 22, 116–127. [Google Scholar] [CrossRef] [PubMed]

	40. 
Markovic, J.; García-Gimenez, J.L.; Gimeno, A.; Viña, J.; Pallardó, F.V. Role of glutathione in cell nucleus. Free Radical Res. 2010, 44, 721–733. [Google Scholar] [CrossRef] [PubMed]

	41. 
García-Giménez, J.L.; Markovic, J.; Dasí, F.; Queval, G.; Schnaubelt, D.; Foyer, C.H.; Pallardó, F.V. Nuclear glutathione. Biochim. Biophys. Acta 2013, 1830, 3304–3316. [Google Scholar] [CrossRef] [PubMed]

	42. 
Kittler, S.; Greulich, C.; Diendorf, J.; Köller, M.; Epple, M. Toxicity of Silver Nanoparticles Increases during Storage Because of Slow Dissolution under Release of Silver Ions. Chem. Mater. 2010, 22, 4548–4554. [Google Scholar] [CrossRef]

	43. 
Notter, D.A.; Mitrano, D.M.; Nowack, B. Are nanosized or dissolved metals more toxic in the environment? A meta-analysis: Are nanosized or dissolved metals more ecotoxic? Environ. Toxicol. Chem. 2014, 33, 2733–2739. [Google Scholar] [CrossRef] [PubMed]

	44. 
Kaveh, R.; Li, Y.-S.; Ranjbar, S.; Tehrani, R.; Brueck, C.L.; Van Aken, B. Changes in Arabidopsis thaliana Gene Expression in Response to Silver Nanoparticles and Silver Ions. Environ. Sci. Technol. 2013, 47, 10637–10644. [Google Scholar] [PubMed]

	45. 
Buffet, P.-E.; Zalouk-Vergnoux, A.; Châtel, A.; Berthet, B.; Métais, I.; Perrein-Ettajani, H.; Poirier, L.; Luna-Acosta, A.; Thomas-Guyon, H.; Risso-de Faverney, C.; et al. A marine mesocosm study on the environmental fate of silver nanoparticles and toxicity effects on two endobenthic species: The ragworm Hediste diversicolor and the bivalve mollusc Scrobicularia plana. Sci. Total Environ. 2014, 470–471, 1151–1159. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijerph-12-12530


  
    		
      ijerph-12-12530
    


  




  





media/file3.png
Day 2 9,2% Day 4 4,1%
GST, 1
95% CE
o TG
15 E} 4),5. EA ! 1 s -1
o osuce  842% 95%CE > ’
OAgNO3
OAgNO3 1
OAgNP O AgNP
Day 6 19,2% Day10  11.2%
1 1
05
95% CE
[s
'GS 376
0GR 1 15 -15 E 05, 1 1s
ossce 17,8% o 95% CE 82,7%
O AgNO3 *

0 AgNP






media/file0.png
)

No. Adults (AV+SE)
o N A OO ® O
-

o
0 64130 220 320
AgNO3 (mg Ag/kg soil DW)

0 64130 220 320 640

Ag NM300K (mg Ag/kg soil DW)

A 0 @ =
S & © 9o
S & © ©

S

No. Juveniles (AV+SE)

N
o
S

Adults
—v— Juveniles





media/file1.png





media/file2.png
(3S+7V) (103U0D JO %)

uiyoud Buiyuiwyjown

(3SFAV) (104U0D 4o %)
utajoud Buwyuiwyjow

(3SFAV) (1013U0D Jo %)
ybiam ysauy buwyjowr

0,505050 OO WwoWwo OWwownwOoLwo
o oo N~ 0o oad <~ - oo
2 i
*\[*
3
x
* * (¥
s N g
o =
05,D505Dn~,05n~50 o w o wmwewo
o N N - ) NN~ 0ococ oado -« oo
(3SFAV) (josuod ho %) (3 SFAV) (jo4u0D Jo %)

urgjoud Buwi/uiwy/jownt

mﬂ><I_o‘_EoU*o£v
urgjoud Buwi/uiwy/jownt

urgjoud Buwyjown

Time (days)

—e— AgNO,

Time (days)

—0— Ag NM300K





