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13  Abstract

14  Aim of this study was to describe the toxicity of a set of different commercially
15 available silver nanoparticles (AgNPs) to the gram-negative bacterium Pseudomonas
16  putida (growth inhibition assay according to ISO 10712) in order to contribute to their
17  environmental hazard assessment. Different AgNP sizes and coatings were selected in
18  order to analyze whether those characteristics are determinants of nanoparticle
19  toxicity. Silver nitrate was tested for comparison. In general Pseudomonas putida
20  reacted very sensitive towards the exposure to silver, with an EC;y value of
21 0.058 pg/L for AgNOs and between 0.15 and 4.93 ng/L for the different AgNPs (ECs
22 wvalues 0.16 pg/L for AgNO3, resp. between 0.25 and 13.5 nug/L for AgNPs). The
23 results indicate that the toxicity is driven by the Ag’ ions, implying that an
24 environmental hazard assessment for microorganisms based on total silver
25  concentration and the assumption that AgNPs dissolve is sufficiently protective. The

26  characterization of particle behavior as well as the total and dissolved silver content in
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27  the medium during the exposures was not possible due to the high sensitivity of
28  Pseudomonas (test concentrations were well below detection limits), indicating the
29  need for further development in the analytical domain.

30

31 1. Introduction

32 Metal and metal oxide Nanoparticles (NPs) are currently the particles with the highest
33  production volume with an estimated annual use of 320 tons nanosilver (Nowack,
34 Krug and Height, 2011). According to the Woodrow Wilson Inventory

35  (http://www.nanotechproject.org, February 2013) silver nanoparticles (AgNPs) are

36 the dominating nanomaterial in consumer products. In order to assess wether a
37  significant environmental exposure might result from the continously increasing use
38 of AgNPs several studies modeled predicted environmental silver concentrations,
39 based on production volumes, the AgNP content in typical consumer products,
40 clearance rates in sewage treatment plants (STPs) and average water flows. The
41  resulting predicted environmental concentrations of AgNPs in surface waters were in
42 the range between 0.01 and 80 ng Ag/L (Mueller and Nowak, 2008). Effluents from
43  STPs are expected to contain higher concentrations in the range of 38-127 ng
44  Ag/L,(Gottschalk et al., 2010; Gottschalk et al., 2009). Also the steady release of
45  silver via abrasion, wash water and sewage treatment plants bears the risk of a
46  significant accumulation of silver in aquatic and terrestrial ecosystems (Nowak,
47  2010). A recent study from Mitrano and co-workers (2012) found that the effluents of
48 a sewage treatment plant in Boulder, Colorado (USA) contained concentrations of
49 100 ng/L AgNPs (determined by single particle ICP-MS) in the presence of 60 ng/L

50 dissolved silver.
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51  The driving factor for using AgNPs in a broad range of health care and consumer
52  products such as bandages, surface coatings, medical equipment, food packaging,
53  functional clothes and cosmetics is their broad-spectrum antimicrobial properties
54 (D’Britto et al., 2011; Marambio-Jones and Van Hoek, 2010). However, the
55  beneficial antimicrobial effects of silver nanomaterials might become problematic
56  when silver is released into the environment as its bactericidal effects might have
57  negative consequences for ecosystem health impairing critical bacteria-driven matter
58 cycles (nutrients, degradation of organic matter). Bacteria are usually amongst the
59 most sensitive species, although - depending on the tested bacterial species, biotest
60  system or the specific particle type - toxicity values range from ng Ag/L to mg Ag/L
61 (e.g. Fabrega et al., 2011, Marambio-Jones and Van Hoek, 2010).

62  The antimicrobial activity of silver can be mainly attributed to interactions of silver
63  ions with thiol groups of cellular proteins, leading to their inactivation. Processes such
64 as cell respiration, ion transport across membranes, (Marambio-Jones and Van Hoek,
65 2010), breakdown of ATP production and the ability of the DNA to replicate (Feng et
66 al., 2000) are affected as a consequence. However, the mechanisms of toxic action for
67  AgNPs are still not very well defined (Fabrega et al., 2011). In particular it is still not
68 clear whether the effects of AgNPs are dominated by released silver ions or are
69 caused by the unique properties of the particles themselves. Literature provides
70  evidence for both particle dominated (Sheng and Yang, 2011; Morones et al., 2005)
71 as well as silver ion dominated toxicity (Navarro et al., 2008). In summary, the
72  following three mechanisms are currently suggested in the literature to be mainly
73  responsible for the antimicrobial activity of silver and AgNPs:

74 1) The release of silver ions from silver nanoparticles and the resulting uptake of

75 these ions into the cells, leading to similar toxicological consequences as an
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76 exposure to silver salts, in particular the generation of reactive oxygen species

77 (ROS). ROS are in general produced by metals in the presence of dissolved
78 oxygen and cause DNA damage, uncontrolled oxidation of proteins,
79 breakdown of membrane functions, and as a result damage to cellular
80 structures such as mitochondria.

81 ii) Direct interactions of the AgNPs with the membrane lipids leading either to
82 membrane damage and/or inducing the uptake of the particles into the cells,
83 where they function as deposits for the release of silver ions. This was
84 demonstrated especially for the effects of small AgNPs (1-10 nm) on gram-
85 negative bacteria (e.g. Escherichia coli, Vibrio cholera, Pseudomonas.
86 aeruginosa, Morones et al., 2005).

87 iii) Interaction of AgNPs with sulfur containing membrane proteins of the
88 membrane cells which will lead to a disruption of the membran structure.

89  The huge diversity of bacterial physiology and morphology is a substantial challenge
90 for investigating the mode of action of AgNPs. Evidence from literature indicates that
91  gram-negative bacteria are in general more sensitive to the effects of silver and
92  AgNPs than gram-positive bacteria (Fabrega et al., 2011), which might be due to the
93 thinner peptidoglycan layer found in the cell wall of gramnegative species

94  For these reasons Pseudomonas putida, a gram-negative, aerobic, mobile rod which is
95  ubiquitously distributed in soils and surface waters, was selected as a test species in
96  the present study. Aim of the study was to describe the toxicity of a set of diverse
97  AgNPs to this organism in order to contribute to the environmental hazard assessment
98 of AgNPs. We tested AgNPs with different sizes and coatings in order to analyze
99  whether those characteristics are determinants of nanoparticle toxicity. Silver nitrate

100  was tested for comparison.
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101  We used the growth inhibition assay with Pseudomonas putida, which is standardized
102  according to ISO 10712 (1995) and is commonly used for hazard assessments of other
103  pollutants such as e.g. pharmaceuticals in the environment (Zounkova et al., 2007) or
104  metals (Teodorovic et al., 2009). However, despite its widespread use and the general
105  high sensitivity of bacteria to the various forms of silver, Pseudomonas has to our
106  knowledge not been used previously for the hazard characterization of AgNPs.

107

108 2. Materials and Methods

109  All selected AgNPs are available from commercial sources, but were partly acquired
110  through the FP7 project NanoFATE (nAgl and nAg7) and the German R&D project
111  UMSICHT (nAg2 and nAg3), see acknowledgements. An overview of suppliers,
112 reported primary particle size, reported silver content and coating is given in Tab. 1.
113

114  2.1. Preparation of test dispersions

115  All particles were delivered in aqueous dispersions, except nAg7 (powder) and nAg3
116  (viscous liquid). Pre-dilutions were made in Milli-Q water, if necessary. nAg7 and
117 nAg3 were weighed and dispersed in Milli-Q water for preparing the stock dispersion.
118 nAg7 was prepared according to the protocol given by the suppliers, i.e. 30 seconds
119  sonification after mixing with Milli-Q water to separate micron sized agglomerates.
120  The nAg3 dispersion contained an unknown stabilizing agent, which was also tested
121  purely without any nanoparticles, in order to determine its toxicity. The stabilizing
122 agent did not cause any toxicity up to a concentration that is present in the nAg3
123 dispersion at 100% toxicity (data not shown).

124

125  Tab. 1: Properties of the tested AgNPs
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126  2.4. Nanoparticle characterization

127  An initial range finding proved that both the silver nitrate as well as the silver
128 nanoparticles caused strong toxic effects to Pseudomonas putida. It was hence neither
129  possible to describe particle behavior nor could dissolved silver concentrations be
130  determined during the tests, as particle numbers and silver concentrations were below
131  the limit of detection and quantification for ICP-MS analyses and the NanoSight
132  Nanoparticles Tracking Analysis (NTA). Hence, stock dispersions were analyzed
133  prior to the experiments with transmission electron microscopy to ascertain
134  information about nanoparticle quality, shape and the homogeneity of the dispersion.
135  Diluted stock dispersions in Milli-Q water, which formed the basis for the dilution
136  series in the actual test medium, were checked for the particle behavior and the
137  particle concentration applying NTA.

138

139  2.4.1. Transmission Electron microscopy (TEM)

140  Experiments were carried out on a JEOL 2010 analytical TEM (JEOL Ltd, Japan),
141  equipped with a LaBg electron gun and operated between 80 and 200kV. Samples
142  were dispersed in water and a drop of the dispersion was deposited on a holey carbon
143  coated copper TEM grid and dried at room temperature for several hours before
144  examination.

145

146  2.4.2. NanoSight Nanoparticle Tracking Analysis (NTA)

147  Particle concentrations and size distributions of the stock dispersions were checked
148 with NTA, using a LMIOHSBF (NanoSight Ltd, Amesbury United Kingdom)
149  equipped with a 405nm laser and an EMCCD camera.

150
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151  2.2. Growth inhibition assay with Pseudomonas putida

152  Pseudomonas putida (DSM 50026) was purchased freeze dried from the German
153  Collection of Microorganisms and Cell Cultures (DSMZ) in Braunschweig, Germany.
154  All components for preparing the bacterial culture and test media were purchased
155 from Sigma-Aldrich (Stockholm, Sweden). The growth inhibition assay was
156  performed according to ISO guideline 10712 (1995). For this purpose the initial
157  bacteria culture was transferred into 200 mL sterilized culture medium (detailed
158  information on the medium composition is given in the supporting information, table
159  2) in Erlenmeyer flasks. Optical density was measured daily at 596 nm. As soon as
160  the culture reached an optical density of 0.2, which is indicative of the late
161  exponential growth phase, it was diluted by a factor of 1000. This daily procedure
162  ensured continuous exponential growth. Tests were carried out in 20 mL glass
163  scintillation vials (Wheaton, VWR 218-2245, Sweden) using test medium (details
164  given in table 2 supporting information) with a test incubation time of 16 hours on a
165  shaking unit with a shaking speed of 150 rpm. Both media — culture and test medium
166  — were prepared fresh every day using sterilized Milli-Q water.

167

168  2.3. Determination of concentration-response curves

169  For all compounds we determined the full concentration-response curve (0-100%
170  effect) in at least two independent experiments. Results were pooled for the final
171  determination of the concentration response relationships. These were modeled
172 following the strategy described in Scholze et al. (2001), and a series of 12 different
173  models were fitted to each data set. The best-fitting model was selected on the basis

174  of the absolute errors and from a visual inspection of the residuals.
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175  Frequently the effects at high concentrations were higher than 100%, i.e. the optical
176  density after the exposure is below the optical density at the beginning of the
177  experiment. This indicates that the cells undergo lysis. In order to account for this, the
178  concentration-response models f(x) — which are confined to the range of 0% to 100%
179  effect — were extended as follows:

180 f (X) modified = Omin + (Grnax — Bnmin) < T (CONC)

181  Details on the finally selected models and the corresponding parameter estimates are
182  provided in the supporting information, table 1.

183  Effect concentrations (ECys, EC;o and ECsy) were derived from the corresponding
184  inverses of these function and the 95% confidence intervals (CI) were estimated using
185  the standard Wald-based approach of SAS (Vers. 9.2, SAS Institute, Cary, USA).

186  All concentration-response calculations were based on the TEM-determined size
187  distribution and the NTA-determined particle numbers, assuming a spherical shape of
188  the particles.

189

190 3. Results

191  We first present the results from the particle characterization, and then provide details
192 on the toxicity of the different particles to Pseudomonas putida.

193

194 3.1 Nanoparticle characterisation by Transmission Electron microscopy (TEM)

195  The TEM micrographs of all tested particles are shown in Fig. 1.

196

197  Fig. 1: TEM micrographs of the different silver nanoparticle dispersions.
198 a) nAgl, 3-8 nm, no coating b) nAg2, 10 nm, no coating ¢) nAg3, 20 nm, no coating d) nAg4, 20 nm,
199 citrate coated e) nAgS, 20 nm, tannic acid coated f) nAg6, 40 nm, citrate coated g) nAg7, 50 nm,

200  powder, dispersed in Milli-Q water
PeerJ PrePrints | https://peerj.com/preprints/26v1/ | v1 received: 31 May 2013, published: 31 May 2013, doi: 10.7287/peerj.preprints.26v1l

8




201  The TEM micrographs generally revealed well defined homogenous spherical
202  particles within the anticipated size range (Fig. 1 a-g), with the exception of the nAg7
203  particles (Fig 1g) which show rather heterogeneous shapes and a broad size
204  distribution. The nAg2 dispersion (Fig. 1 b) consisted of spherical particles but with a
205  broad size range distribution of the primary particles (10 — 50 nm). The TEM picture
206  of the nAg5 AgNPs shows unexpectedly a dark inner core which was identified as a
207  gold core by Energy dispersive X-ray spectroscopy.

208

209  As the effect concentrations listed in table 3 are based on total silver and the
210 assumption that the particles consist of silver only and are spherical, the values
211  presented for nAgS are an underestimation. That is, the actual silver concentration in
212 the medium resulting from the nAg5 dissolution is lower than calculated, as a
213  consequence of the gold core. The listed effect concentrations are likely only a rough
214  estimate for the nAg7 particles, because of their pronounced dispersion heterogeneity.
215

216  3.2. Nanoparticle Tracking Analysis (NTA)

217  Particle concentrations and average particle sizes of the Milli-Q stock dispersions

218  obtained with Nanoparticle Tracking Analysis (NanoSight) are presented in Tab. 2.

219  The average size of the Ted Pella, Inc. (nAg4, nAg5), British Biocell International
220 (nAg6) and nAg3 particles were in accordance with supplier provided information.
221  nAg?2 particles, however, had an actual (NTA-determined, data not shown) size of 53
222 nm instead of the nominal 10 nm, corresponding to the heterogeneous size
223  distribution of 10 to 50 nm that was observed for the primary particles in the TEM

224 (Fig. 1 b, Tab.2).
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225  Also the nAgl particles were bigger than anticipated (NTA determined 63 nm instead
226  of 3-8nm, NTA data not shown) in average, which can be attributed to loose

227  agglomerates of the 3-8mm primary particles (Fig. 1 a).

228 Tab. 2: Size and particle concentration of the diluted AgNP stock dispersions (in Milli-Q) as
229  determined from TEM and NanoSight Nanoparticle Tracking Analysis (NTA)

230

231

232 3.1. Toxicity to Pseudomonas putida

233

234 Tab. 3: ECys, ECyy and ECs, values in [pg/L] total silver. Details on parameter estimates and
235 concentration-response models are given in the supporting information, Tab. 1.

236 *values in brackets denote approximate 95% confidence intervals

237

238  Exposure to AgNO; as well as AgNPs caused strong toxicity to Pseudomonas. In
239  some cases growth inhibitions higher than 100 % were observed, indicating cell lysis.
240  Reliable concentration-response relationships could be determined for all particles,
241 with ECys, ECjpand ECs values in the low pg/L range (table 2).

242 AgNOs; is the most toxic agent tested (ECyp = 0.058 pg/L), although the toxicity of
243  nAg3 and nAg5 reaches almost similar levels (nAg3, ECjp = 0.15png/L, and nAgS,
244  ECjp = 0.34 pg/L). The other particles were less toxic, with 10 to 85 times higher
245  ECj values (table 2).

246

247 4. Discussion

248  Silver is known to be highly toxic to aquatic wildlife. In fact, the metal is second only
249  to mercury in its toxicity (Fries et al., 2010) and its toxicity has been described in a
250  broad range of studies with vertebrates and invertebrates alike. Fabrega and co-

251  workers (2011) summarized recent studies on the toxicity of silver nanoparticles in
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252 aquatic ecosystems and describe a broad range of effect concentrations, ranging from
253  several ng Ag/L (zebrafish embryos, Yeo and Yoon, 2009) to mg Ag/L (zebrafish,
254  Griffitt et al., 2008 and 2009) for fish alone. For other aquatic organisms the span is
255  equally wide, ranging from 0.46 mg/L for Ceriodaphnia (Griffit et al., 2009) to 2.15
256 ng/LL for the diatom Thalassiosira weissflogii (Miao et al., 2009). Prokaryotic
257  organisms such as Escherichia coli, nitrifying bacteria, Pseudomonas fluorescence or
258  Pseudomonas putida biofilms tend to belong to the more sensitive organism groups,
259  ECs values are typically in the pg Ag/L range (Fabrega et al., 2009, 2011).

260

261  Especially the effects of silver to Escherichia coli have been studied intensively, with
262  the bulk of the recorded ECs values falling into the range of 1 to 10 mg/L (Hwang et
263  al., 2008, Lok et al., 2006,Morones et al., 2005), although Pal and coworkers (2007)
264  recorded lower ECs( values between 0.1-10 pg/L, and Lok et al (2006) even reported
265  ECs) values between 43 - 86 ng/L. The reasons behind this broad range of reported
266  ECs values are currently unknown, a clear relation between acute and chronic effects
267  on Escherichia coli seems to be absent.

268

269  Toxicity to bacteria is also heavily influenced by the life style of the exposed bacteria,
270  as demonstrated by Sheng and co-workers (2011) who comparatively analyzed the
271  toxicity of AgNPs on bacterial biofilms and planktonic bacteria. They found only low
272  toxicities when exposing biofilms (effects only visible at concentrations > 200 mg/L
273  after 24 hours incubation time) but with a dramatic increase in toxicity when the
274  bacteria were extracted from the biofilm and tested in their planktonic form. Then

275  nearly all bacteria died already at an exposure of 1 mg/LL over only one hour
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276  incubation time. This corresponds well with the high sensitivity of a planktonic
277  bacterium after an exposure of 16 hours, as reported in the present study.

278

279  Radniecki and co-workers (2011) found 20 nm particles to be more toxic than 80 nm
280  particles, which was attributed to the higher release rate of Ag' ions from the smaller
281  particles with a bigger surface area per mass. This hypothesis was also in concordance
282  with studies from Pal et al., (2007) and Sadeghi et al., (2012) who both investigated
283  the influence of different nanoparticle shapes (rods, triangles, spherical particles) on
284  bacterial toxicity. Both conclude that certain shapes increase or decrease the toxicity
285  of AgNPs which can be explained by an increased or decreased surface area of the
286  particles releasing more or fewer Ag" ions.

287

288  The assumption that the smallest primary particles were most toxic did not hold true
289  in the present study, as the nAgl particles with a nominal diameter of 3-8 nm only
290  had an intermediate toxicity (ECsy value =3.4 ng/L), far lower than the 20nm particles
291 nAg3. However the fact that the nAgl particles were present in loosely bound
292  agglomerates already in the stock suspension will most likely have led to a reduced
293  Ag' ion release into the medium (due to the lower volume to surface ratio) and
294  therefore to the observed apparently reduced toxicity. The same holds true for the
295 nAg2 particles. Using the NTA data, which sized nAgl as well as nAg2 particles in
296  the range >50nm diameter, i.e. similar to the nAg7 particles, would result in a toxicity
297  order of nAg3>nAg7~nAgl~nAg2, i.e. an increasing NTA-determined size leads to a
298  decreasing toxicity of the uncoated particles tested.

299
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300 Tannic acid and citrate are both relatively loosely attached coatings and can probably
301 be easily removed or exchanged with proteins and other compounds present in the
302  growth medium. Nevertheless the coating seems to stabilize the particles to a certain
303  point preventing them from agglomeration and therefore increasing their dissolution
304 rate. Results from Ahmed et al. (2010) investigated the influence of the coating on the
305  AgNP toxicity and found that coated AgNPs caused more severe DNA damage than
306 uncoated particles, probably caused by the lower surface area of the uncoated
307  particles as a result of their agglomeration. A similar result was also found by Aranout
308 and co-workers (2012) who investigated the effects of three different coatings (citric
309 acid, gum arabicum (GA) and polyvinylpyrrolidone (PVP)) coated AgNPs and found
310 that the citrate and the GA clearly increased the toxicity towards Nitrosomonas
311  europaea probably due to a higher Ag" ion release rate. Our findings also point to a
312 complex interaction between coating and toxicity: while the most toxic particles
313 (nAg3) were uncoated, citrate coated particles of the same diameter (nAg4) were less
314  toxic but tannic acid coated particles (nAg5) were, again, more toxic, despite the fact
315 that those particles contain a gold-core and hence the total silver based effect
316  concentrations in table 3 are an underestimation for nAg5. So far it is unclear whether
317  the observed high toxicity of the nAg5 particles is, at least partly, caused by particle-
318  specific effects of the insoluble gold core.

319

320  There seems to be a general agreement in the literature that the resulting concentration
321  of silver ions is the most important determinant for the toxicity of silver particles.
322  However, there is an ongoing discussion in the literature on whether and to what
323  extent particle specific effects contribute to the overall toxicity. Morones and co-

324  workers (2005), for example, demonstrated that selected gram-negative bacteria (e.g.
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325  Escherichia coli, Vibrio cholera, Pseudomonas aeruginosa) react with the formation
326  of so-called low molecular weight regions (a defense mechanism of to protect the
327 DNA) to an exposure to silver nitrate, but not to AgNPs. Also Ortega-Calvo and co-
328  workers (2011) found particle related effects on the tactic motility of Pseudomonas
329  putida: the bacteria were repelled by AgNPs but not by AgNO; suggesting a particle
330  specific effect. On the other hand, Xiu and coworkers recorded the toxicity of AgNPs
331  to Escherichia coli under strictly anaerobic conditions in order to avoid Ag oxidation
332  and inferred that “Ag+ is the definitive molecular toxicant”, in particular because the
333  toxicity of various differently sized, shaped and coated particles strictly followed the
334  concentration-response pattern observed for AgNO; (Xiu et al, 2012). Similar
335  conclusions were drawn by Radniecki and coworkers (2011).

336

337  The results presented in this study (table 3, figure 2) clearly show that ionic silver is
338 the most toxic form of silver, i.e. that silver ions dominate the overall toxicity.
339 However, the toxicity of the different particles is clearly different. Whether this is
340 caused by different dissolution kinetics, aggregation, uptake or even particle-specific
341  effects is a subject for further studies, as soon as sufficiently sensitive analytical
342  techniques are available.

343

344 Fig. 2: Graphical overview of the recorded EC,s values for AgNO; and the seven tested AgNPs in this
345 study in relation to the silver concentrations found in surface waters of various geographical regions
346 (numerical data and references for the surface water concentrations of the silver are given in the

347  supporting information)
348

349  Figure 2 also provides an overview of silver concentrations found in surface waters of
350  various regions (all numerical data and references are provided in the supporting

351 information). The highest silver concentrations of more than 100 pg/L total silver
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352  were detected in Ghanaian estuaries near silver mining areas (Essumang & Nortsu,
353  2008), closely followed (surprisingly) by silver monitoring data from German rivers,
354  compiled by Hund-Rinke et al (2008). Here, concentrations of up to 65 pg/L silver
355  where detected in Bavaria in 2006 (mean=1.17 ng/L, the average concentrations in
356  various German counties in 2000-2007 fall between 0.05 — 1.17 pg/L). Ahmed and
357 coworkers also determined silver concentrations in the pg/L range in a heavily
358 industrialized area in Bangladesh (max=14.9 ug/L, mean=5.23 nug/L) (Ahmed et al.,
359  2012). However, most other analytical surveys reported concentrations in surface
360 water in the ng/L range (see Fig 2). Roditi et al. even determined dissolved silver
361 concentrations below 0.1 ng/L for lake Erie, Ontario and the Niagara and Hudson
362  rivers, corresponding to total (unfiltered) concentrations between 1.3 and 8.3 ng/L
363  (Roditi et al, 2000). However, it should be pointed out that the analytical survey was
364  conducted already in 1997 and it is not known whether the continuously increasing
365 use of silver and silver nanoparticle containing products has led to increased silver
366  concentrations in those river systems since then.

367

368 This extremely broad range of environmental silver concentrations, which span six
369  orders of magnitude, indicates that a general conclusion on whether the current use of
370  silver and silver nanoparticles constitutes an environmental risk cannot be drawn. A
371  case-by-case evaluation is needed instead. The toxicity data that were recorded in the
372  present study only differ by a factor of less than 100, small in comparison to the
373  dynamics in environmental concentrations. However, a good proportion of analytical
374  determined silver concentrations are in a range that directly affects the growth pattern
375  of Pseudomonas (Figure 2), a common environmental bacterium.

376
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377 5. Conclusions

378  The objective of this study was to contrast the effects of different silver nanoparticle
379  sizes (3-8 nm, 10 nm, 20 nm, 40 nm and 50 nm) as well as different coatings
380 (uncoated, citrate coating and tannic acid coating) with the toxicity of ionic silver
381  (silver nitrate) to the gram-negative bacterium Pseudomonas putida.

382  Our results show no simple clear-cut relation between the toxicity of the different
383  particles and their shapes and coatings. They, however, strongly indicate that the
384  overall toxicity is driven by Ag’ions. The final toxic effect of a given AgNP can
385  hence be assumed to be linked to the actual Ag” ion release rate from the particles
386  during the test, which in turn is dependent on the coating (preventing agglomeration),
387 the primary particle size (higher release rate from smaller particles), the
388  agglomeration status, the medium components and the exposure conditions (e.g. light,
389  oxygen concentrations) (Fabrega et al., 2011; Marambio-Jones and von Hoek, 2010).
390 However the determination of the overall agglomeration behavior and ion release
391  kinetics remains highly challenging for test organisms as sensitive as Pseudomonas
392  putida. Detection limits of the available characterization equipment, in particular in
393  complex growth media, prevent a real time analysis of the exposure situation and
394  definite conclusions on the particle behavior.

395

396  As the free ions generally represent the most toxic silver form, an environmental
397  hazard assessment for aquatic microorganisms that is based on the total silver content
398 should be sufficiently protective. However, the hazard profiles of free silver and silver
399  nanoparticles might differ substantially for higher organisms which might take up
400  particles directly e.g. via gills, which would then deliver silver ions directly to certain

401  tissues. Available data seem to indicate that microorganisms are generally the most
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402  sensitive organismic group, i.e. they would be driving the hazard assessment. In this
403  context more data on the toxicity of silver and silver nanoparticles to algae, one of the
404  cornerstones of the standard “base set” of ecotoxicological data, used e.g. within
405 REACH or the Biocide Regulation (EU) 528/2012, would improve our current
406  understanding of the environmental risks of silver and silver nanoparticles.
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Fig. 2: Graphical overview of the recorded ECys values for AgNO; and the seven tested AgNPs in this
study in relation to the silver concentrations found in surface waters of various geographical regions
(numerical data and references for the surface water concentrations of the silver are given in the

supporting information).
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Tab. 1: Properties of the tested NPs according to the suppliers information.

Acronym Name Supplier Primary Coating Particle Silver Medium
particle size concentration concentration
(nm) [particles/mL] [ppm]
AgNO3 AgNO; Sigma Aldrich, - - - - Powder
Germany
nAgl AG7 Amepox, Poland 3-8 not not specified 1000 Aqueous
specified dispersion
nAg2 PL-Ag-S10 Plasmachem AG, 10 not not specified 100 Aqueous
Germany specified dispersion
nAg3 NM-300K OECD WPMN 20 none not specified 1000000 Aqueous
program, JRC, dispersion
Ispra, Italy stablised with 4%
Polyoxyethylene
Glycerol Trioleate
and
Polyoxyethylene
(20) Sorbitan
mono-Laurat
(Tween 20)
nAg4 PELCO® Ted Pella, Inc., 20 citrate 4.5%10" 20 2 mM citrate
NanoXact™ USA buffered
(84060-20) dispersion, pH 7.4
nAg5 PELCO® Ted Pella, Inc., 20 tannic 4.5%10" 20 2 mM citrate
NanoXact™ USA acid buffered
(84160-20) dispersion, pH 7.4
nAg6 Silver British Biocell 40 citrate 9%10° n.d. dispersed in water,
colloid International, UK no preservatives,
residual chemical
left from
manufacture (not
specified)
nAg7 AG6 NanoTrade, Czech 50 none not specified not specified powder

Republic
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623 Tab. 2: Size and particle concentration of the diluted AgNP stock dispersions (in Milli-Q) as

624  determined from TEM and NanoSight Nanoparticle Tracking Analysis (NTA)

Particle type Average size, nm Particle conc. silver conc. [ppm] | nominal silver
(TEM) [particles/mL] based on NTA conc.[ppm
(NTA) particle conc. and
TEM size

8 2.1¥10™ 590

nAgl 1000
14, but between | 9.3*10" 140 100

nAg2 10 — 50 nm,

mostly bound in
loose aggregates

nAg3 20 2.8*10" 122505 100000
nAg4 1.27%10" 55 20
20
nAg5s 7.6%10" 33 20
20
nAg6 40 9*10°7.6%10° 2.6 3.16*
60: primary | 3.9%10° 0.46 0.1
particles between
nAg7 30 — 60 nm,
bound in
mirconsized
agglomerates,
possible to
resuspend  with
sonification

625

626 *calculated based on the primary particle size and the particle number, no information about the silver
627  content was given by the supplier
628 Tab. 3: Overview of ECys, ECy and ECs values in [pg/L] total silver. Details on parameter estimates

629 and concentration-response models are given in the supporting information, table 1.

630

Particle Type Particle size Particle ECos [ng/L] ECio [ng/L] ECso [ng/L]
(TEM based) coating

AgNO; none none 0.043 0.058 0.16

[0.053- [0.071-0.05] [0.18-1.69]
0.036]

nAgl 8 nm none 0.73 1.11 3.46
[0.94-0.59] [1.36-0.92] [3.84-3.10]

nAg2 14 nm none 1.96 3.24 11.6

[-] [3.75-2.77] [12.5-11]

nAg3 20 nm none 0.13 0.15 0.25
[0.15-0.11] [0.17-0.13] [0.28-0.26]

nAg4 20 nm citrate 341 4.93 13.4
[4.82-2.59] [6.52-3.88] [15.3-11.6]

nAg5 20 nm tannic acid 0.22 0.34 1.03
[0.29-0.18] [0.41-0.28] [1.16-0.93]

nAgb6 40 nm citrate 0.42 0.69 2.40
[0.57-0.33] [0.86-0.55] [2.68-2.13]

nAg7 60 nm none 0.98 1.66 6.9
[1.43-0.71] [2.22-1.25] [7.95-5.90]

631
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