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ABSTRACT A total of 15 kg of silver nanoparticles (AgNPs) was added continuously over two 14 

ice-free field seasons to a boreal lake (i.e. Lake 222) at the IISD-Experimental Lakes Area in 15 

Canada. We monitored the accumulation of silver (Ag) in the tissues of yellow perch (Perca 16 

flavescens) and northern pike (Esox lucius) exposed to the AgNPs under environmentally 17 

relevant conditions. The greatest accumulation was observed in the liver tissues of pike, and a 18 

single pike sampled in the second year of additions had the highest concentration observed in 19 

liver of 5.1 µg/g wet weight. However, the Ag concentrations in gill and muscle tissue of both 20 

pike and perch did not exceed 0.35 µg/g wet weight. Following additions of AgNP, the Ag 21 

residues in fish tissues declined, with a half-life of Ag in pike liver of 119 days. Monitoring 22 

using passive sampling devices and single particle ICP-MS during the AgNP addition phase 23 
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confirmed that Ag nanoparticles were present in the water column and estimated mean 24 

concentrations of Ag increased over time to a maximum of 11.5 µg/L. These data indicate that 25 

both a forage fish and a piscivorous fish accumulated Ag in a natural lake ecosystem dosed with 26 

AgNPs, leading to Ag concentrations in some tissues of the piscivorous species that were 3 27 

orders of magnitude greater than the concentrations in the water. 28 

INTRODUCTION 29 

Silver nanoparticles (AgNPs) are used as additives in several hundred products, including 30 

textiles, antibacterial creams and consumer goods.1 Through their use in many of these products, 31 

AgNPs may be transported in domestic sewage into wastewater treatment plants (WWTP). The 32 

effluents of WWTPs may be a major point source, although AgNPs are expected to go through 33 

transformations in these systems.2-4 Nonetheless, depending upon the degree of removal of 34 

AgNPs, there is potential for AgNPs and transformation products to be discharged from WWTPs 35 

in amounts predicted from models to yield concentrations in surface waters in the ng/L range,5 36 

although more recent estimates of emissions of nanomaterials into the environment are greater, 37 

due to the rapid increase in production volumes.6 In addition to inputs from WWTPs, AgNPs 38 

may enter aquatic ecosystems from industrial discharges and from diffuse sources.7  39 

Once AgNPs are released into the aquatic environment, dissolution and agglomeration 40 

are the most important transformation processes.8 The extent of these transformations will 41 

depend on the physicochemical characteristics within the ecosystem, such as concentrations of 42 

dissolved organic carbon (DOC), pH, ionic strength, redox, as well as the particle size and 43 

surface coating.9 There is evidence that the majority of AgNP toxicity to aquatic organisms is 44 

due to exposure to Ag+ released from the AgNPs.10 On the other hand, developmental effects 45 
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were observed in early life stages of fish exposed to AgNPs that were not observed when fish 46 

were exposed to Ag+.11   47 

Our previous studies with yellow perch (Perca flavescens) exposed in the laboratory to 48 

AgNPs and Ag+ prepared from AgNO3 showed that Ag concentrations in gill, liver and muscle 49 

increased over time in all treatments.12 In studies with rainbow trout (Oncorhynchus mykiss) 50 

exposed to AgNPs, the greatest Ag accumulation was observed in the liver.13,14 In rainbow trout 51 

exposed to Ag+ in solution, Ag rapidly accumulated in gill tissue and then was transported to the 52 

liver.15,16 In rainbow trout exposed to different sizes of AgNP, the fish exposed to the smallest 53 

particles (i.e. 10 nm) accumulated the highest concentrations of Ag in the gills and liver.17 54 

Moreover, when rainbow trout were exposed to different types of AgNP suspensions, 55 

bioaccumulation was greatest in liver tissue for fish exposed to smaller “colloidal” AgNPs, while 56 

the highest concentrations were observed in the intestines of fish exposed to a larger “powder” 57 

form of AgNPs.18 Therefore, bioaccumulation may depend upon the characteristics of the AgNPs 58 

to which fish are exposed. In addition, dissolution of AgNPs to Ag+ may be an important factor 59 

controlling bioaccumulation in aquatic organisms.19 60 

Adult zebrafish (Danio rerio) exposed to AgNPs accumulated Ag in all tissues, but after 61 

exposure ceased, Ag concentrations in the intestines remained elevated.20 In another study with 62 

zebrafish exposed to AgNPs, tissue burdens of Ag did not decrease appreciably over a 63 

depuration period of a few days.21 However, these bench-scale investigations may not be 64 

applicable to whole ecosystems, where exposures of fish to AgNPs and transformation products 65 

may occur through both aqueous and dietary routes and over temporal scales of months to years. 66 

 Nanomaterials accumulated in lower trophic level organisms can transfer to higher level 67 

organisms, with some evidence of biomagnification.22 In a tropical aquatic food chain, trophic 68 
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transfer of AgNPs only occurred from algae to a cladoceran, and there was no evidence of 69 

bioaccumulation in fish.23 However, in a study with goldfish (Carassius auratus) exposed 70 

through waterborne or dietary routes to CuO and ZnO nanoparticles, rapid bioaccumulation of 71 

Cu and Zn, respectively was observed in goldfish exposed through both routes of exposure.24 72 

With marine species exposed to titanium dioxide nanoparticles, there was transfer of titanium to 73 

turbot (Scophthalmus maximus) that were fed dosed clamworms, but tissue residues declined 74 

rapidly over one week of depuration.25 75 

As described above, studies of the bioaccumulation and trophic transfer of nanoparticles 76 

have been primarily conducted using bench-scale systems. There have also been a small number 77 

of studies conducted in freshwater mesocosms dosed with AgNPs.26 However, these studies do 78 

not fully replicate the complex biogeochemical processes and trophic interactions that occur in 79 

natural aquatic ecosystems.27 We completed a study of the fate and effects of AgNPs released 80 

over two ice-free field seasons into a natural boreal lake at the International Institute of 81 

Sustainable Studies-Experimental Lakes Area (IISD-ELA) in Ontario, Canada. Here, we report 82 

the accumulation of Ag over time in tissues of yellow perch and northern pike (Esox lucius) that 83 

were collected from the lake.  84 

METHODS AND MATERIALS  85 

Whole lake additions 86 

AgNPs were added to Lake 222 at ELA over two field seasons in 2014 and 2015. 87 

Additions of 9 kg of AgNPs in 2014 (Year 1) over 18 weeks started in mid-June and ended in 88 

late October, and additions in 2015 (Year 2) of an additional 6 kg of AgNPs over 14 weeks 89 

started in early May and ended in late August. Lake 222 is a small oligotrophic lake with a 90 

maximum depth of approximately 6.5 meters, a lake area of approximately 16.4 hectares, and an 91 
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estimated lake volume of approximately 7.2 x 105 m3. The lake stratifies during the summer, and 92 

when the thermocline is stable, it forms at depths between 2 and 2.5 m. There is a small stream 93 

that seasonally enters the south side of the lake and a small ephemeral stream exiting through a 94 

wetland at the north end of the lake (Figure 1). However, all fish populations are resident in the 95 

lake and there is no recruitment from other locations. Fish species in the lake include northern 96 

pike, yellow perch and blacknose shiner (Notropis heterolepis). During the experiment, the mean 97 

concentration of dissolved organic carbon (DOC) was 12.1 mg/L, the mean pH was 6.6 and 98 

conductivity varied between 35 and 43 µS/cm.  99 

The AgNPs were purchased as a powder from NanoAmor (Houston, TX, USA). This 100 

material is capped with 0.2% (w/w) polyvinylpyrrolidone (PVP) and according to the 101 

manufacturer, consists of 99.9% silver, has a particle size range of 30-50 nm, and the particles 102 

are spherical in shape. This material has been used previously in bench-scale toxicity studies.12,28 103 

AgNPs were suspended in filtered lake water with 0.025% gum Arabic added as a stabilizer 104 

using a rotor-stator dispersion mill, as previously described.29 The hydrodynamic size 105 

distribution in a suspension determined by Dynamic Light Scattering (DLS) and a 106 

photomicrograph of the particles determined by transmission electron microscopy (TEM) are 107 

included in Supporting Information (Figure S1). These data confirm that the hydrodynamic size 108 

of the particles in suspension were within the range of 30-50 nm, although there were larger 109 

particles in the 200 nm range in the suspension, likely a result of homo-agglomeration. The mean 110 

levels of dissolved Ag in suspensions were 0.28 ± 0.08 mg/L.29 The AgNP stock suspension 111 

prepared every second day at a nominal Ag concentration of 5 g/L was added to the lake with a 112 

peristaltic pump from a point source along the southwestern shore of the lake. Daily discharges 113 

of AgNPs in suspension were approximately 62.5 g. 114 
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Fish collections  115 

Yellow perch and northern pike were sampled from Lake 222 and two reference lakes 116 

(i.e. Lakes 239 and 383) at IISD-ELA before AgNP addition, during the Year 1 and Year 2 117 

addition phases, and during the post-addition phase. Pike were collected by angling and perch by 118 

beach seining. Collected fish were sacrificed on-site by an overdose of tricaine methane 119 

sulfonate (i.e. MS-222) anesthetic and then weighed and measured for total length and fork 120 

length. In parallel studies of fish bioenergetics, fork length vs age relationships were determined 121 

for both species in Lake 222 (data not shown). Ages of pike were determined from cleithra bones 122 

and the ages of perch were determined from fin rays.  123 

Population estimates were made using mark-recapture methods, with marked perch 124 

identified by batch-marking of fins and marked pike identified by passive integrative transponder 125 

(PIT) tags. Perch population estimates were derived using a Schnabel census and pike populations were 126 

estimated using the POPAN Jolly-Seber model.30 Survivorship and capture probabilities in the POPAN 127 

model were assumed to be constant over the pre-addition, addition and post-addition phases. The mean 128 

number of perch of all ages in the lake during the study was estimated as 4,135 ± 791 129 

individuals. Because the pike population in Lake 222 was estimated over the four-year course of 130 

the study to be between 194 ± 37 and 396 ± 87 individuals, there were concerns about depleting 131 

the population during the sampling campaign, so no attempt was made to select pike of a certain 132 

size or sex. Therefore, the pike included both males and females, and fork lengths varied widely 133 

from approximately 25-50 cm, which corresponds to fish between 3 and 8 years old. The 134 

numbers of fish collected at each sampling interval were 8-12 perch and 4-6 pike.  135 

Muscle tissue was removed from both pike and perch from a location above the lateral 136 

line and below the dorsal fin and the skin was removed. The fish were then dissected and gill and 137 

liver tissues were removed from both pike and perch. The kidney and stomach contents (when 138 
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present) were also collected from pike. All tissues were stored with cold packs and then frozen at 139 

-20oC in a conventional freezer within 2 to 3 hours of collection. All procedures for collecting 140 

and sampling fish were approved by the Animal Care Committee at Trent University, 141 

Peterborough, ON, Canada, and followed the Guidelines of the Canadian Council on Animal 142 

Care (www.ccac.ca). 143 

Passive Samplers 144 

Carbon Nanotube Integrative Samplers (CNIS) and Diffusive Gradient in Thin Film 145 

(DGT) samplers were deployed in Lake 222 to monitor the distribution of suspended and 146 

dissolved Ag in the water column over the addition and post-addition phases. The CNIS passive 147 

sampler consists of a receiving phase of multi-walled carbon nanotubes functionalized with 148 

amine groups (i.e. NH2-CNT) sandwiched between cellulose acetate (0.8 µm) membranes.31 For 149 

the DGT samplers, the materials used to construct the samplers were purchased from DGT 150 

Research (Lancaster, UK) and consisted of a plastic housing with a surface area of 3.14 cm2, a 151 

receiving phase of Chelex resin (25 mm diameter) and a diffusive gel (2-5 nm pore size) covered 152 

with a 0.45 μm pore size polysulfone membrane (0.14 mm thickness).31  153 

For each monitoring period of 4-7 weeks, 3 of the CNIS samplers and 3 of the DGT 154 

samplers were deployed together in stainless steel cages.  In the Year 1 addition phase, CNIS and 155 

DGT samplers were deployed at five sites throughout Lake 222 (Figure 1), with samplers 156 

suspended at a 1 m depth at Sites 1, 2, 4 and 5, and at depths of 1 m and 4.5 m at Site 3, situated at 157 

the deepest point in the lake. In Year 2 of the addition phase and in the post-addition phase, the 158 

samplers were deployed only at Site 3 at depths of 1 and 4.5 m.  159 

CNIS passive samplers sequester any Ag present in the water column that can pass through 160 

the 0.8 µm confining membrane and adsorb to the carbon nanotubes.31 This can include AgNPs, as 161 

http://www.ccac.ca/
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well as colloidal Ag, agglomerated AgNPs with diameters <800 nm, and dissolved Ag. DGT 162 

passive samplers sequester silver ions (Ag+), as well as Ag associated with dissolved organic 163 

matter.32   Since the Ag that accumulates on DGT samplers is commonly referred to as “DGT-labile 164 

Ag”, the Ag that accumulates on the CNIS was similarly referred to as “CNIS-labile Ag”.31 The 165 

time-weighted average (TWA) concentrations of Ag in water over the deployment period were 166 

estimated from data on the amounts of Ag accumulated on the samplers over the time of 167 

deployment and the sampling rates determined for these devices.31 The methods used to make 168 

these estimates are summarized in Supplementary Information. Briefly, the sampling rates for the 169 

DGT and CNIS passive samplers were determined in the laboratory by spiking water collected 170 

from a nearby reference lake (i.e. Lake 221) with AgNO3 or AgNP, respectively. All 171 

concentrations were determined after subtraction of the mean levels of Ag detected in field blank 172 

DGT and CNIS samplers (n=3) that were carried into the field during deployment and retrieval.  173 

Ag analysis  174 

Both the receiving phases and the membranes of the CNIS and DGT samplers were 175 

digested together for 1 h in 70% nitric acid of BDH Aristar® Plus grade purchased from VWR 176 

(Radnor, PA, USA) heated to 120oC, as described previously.31 These digests were then 177 

evaporated to 1 mL at 150ºC and filtered through a 0.45 µm membrane. Frozen fish tissues were 178 

thawed and blotted dry, and then either the whole sample or subsamples (0.2-1.0 g wet weight) 179 

were weighed on a three decimal place balance. These samples were placed in 70% trace metal 180 

grade nitric acid of BDH Aristar® Plus grade and then spiked with indium (5 ng/mL) as an 181 

internal standard. Tissue samples were digested in the nitric acid at 120ºC for 2 h, then 182 

evaporated to 1 mL, and finally filtered through a 0.45 µm membrane, as described previously.12 183 
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All digested samples were diluted with MilliQ water to 4% nitric acid and stored at 4ºC until 184 

analyzed.  185 

To verify the analytical method for Ag in tissues, subsamples (n=5) of NIST Standard 186 

Reference Material (SRM) 1566b (i.e. freeze-dried oyster tissue) were analyzed. The certified 187 

mass fraction value for Ag in this material is 0.666 ± 0.009 µg/g dry weight. Our analyses of the 188 

SRM were consistent with the certified value, at 0.654 ± 0.023 µg/g dry weight. An alternative 189 

digestion method that included addition of 2 mL 30% hydrogen peroxide after 1 h of acid 190 

digestion at 120°C did not increase recoveries of the internal standard or the measured levels of 191 

Ag, as reported previously.12 192 

Ag in digested samples of fish tissues and passive samplers was measured by inductively 193 

coupled plasma mass spectrometry (ICP-MS). The methods used for ICP-MS analysis of Ag in 194 

digests from fish samples were previously described,12 as were the methods for analysis of 195 

digests from the CNIS and DGT passive samplers.31 Briefly, ICP-MS analysis was conducted 196 

with an X-Series instrument purchased from Thermo Scientific, (Nepean, ON, Canada) operated 197 

in peak hopping scan mode with a dwell time of 25 ms for monitoring of 107Ag and 115In. 198 

External calibration by analysis of standard solutions over a range of Ag concentrations (0.1 to 199 

200 μg/L) spiked with indium was the method used to generate a calibration curve. Procedural 200 

blanks (n=5) were prepared and analyzed with each batch of samples. The masses of Ag in 201 

procedural blanks averaged 0.16 ± 0.06 ng. The method detection limits were determined as 3 202 

times the standard deviation of the concentrations in each batch of the procedural blanks.  203 

Single particle ICP-MS  204 

Samples of surface water were collected at Site 2 in Lake 222 at the times of passive 205 

sampler deployment and retrieval throughout the addition phases in Year 1 and 2, and were flash 206 
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frozen in liquid nitrogen within a few hours of collection to preserve the particle size 207 

distribution.33 The particle sizes (nm) and number concentrations (particles/L), as well as levels 208 

of dissolved Ag (dAg) were determined by spICP-MS using a Nu AttoM magnetic sector 209 

instrument (Nu Instruments Ltd., Wrexham, UK) operated in single particle mode, as described 210 

previously.34 Briefly, a single m/z value of 107 was monitored and data was acquired using a 211 

dwell time of 50 µs, to give 8-12 points per particle peak. The peaks were differentiated from the 212 

continuous background signal from dAg by the Nu Quant software. AgNP standards with a range 213 

of sizes were used to construct a calibration of mean integrated counts per particle event as a 214 

function of particle volume. The particle number concentrations were estimated from the 215 

measured total Ag and the particle size distribution. The ionic sensitivity was determined daily 216 

using a minimum of three dissolved standards to measure the dAg concentration, and to estimate 217 

the particle size detection limit using the time-averaged background signal.  218 

Statistical analysis 219 

The data on concentrations of Ag in fish tissues did not conform to the assumptions for 220 

parametric analysis, even when log10 transformed. Therefore, the non-parametric Kruskal-Wallis 221 

test was used to analyze whether there were significant differences over time in Ag 222 

concentrations in the individual tissues (e,g, gill, liver) of pike and perch. Where significant 223 

temporal differences were observed, pair-wise comparisons were made between Ag 224 

concentrations in the individual tissues of pike and perch sampled at different dates using Dunn’s 225 

Method post-hoc test. These statistical analyses were conducted with the SigmaStat add-on to 226 

SigmaPlot© v.12 (Systat Software, San Jose, CA, USA).   227 

Data on the concentrations of Ag in liver tissues from individual pike collected at 228 

different dates during the addition phase were plotted as dependent variables vs the length of the 229 



 

11 
 

fish and vs the Fulton’s condition factor (i.e. 100*[weight/length] x103) and linear relationships 230 

calculated by least-squares linear regression analysis. The natural log (ℓn) of the concentration of 231 

Ag in liver tissue of individual northern pike during the post-addition phase of the study were 232 

plotted against the number of days post-addition to generate a regression line describing the first-233 

order kinetics of loss of Ag in the pike population over time. All regression analyses were 234 

conducted using Microsoft Excel® 2016. 235 

 RESULTS 236 

Ag in Water  237 

The mean concentrations of CNIS-labile Ag and DGT-labile Ag in the water column 238 

varied over time and location in Lake 222. Mean concentrations of DGT-labile Ag were <1.5 239 

µg/L, except for higher concentrations at Site 1 adjacent to the point source of AgNPs. The 240 

concentrations of CNIS-labile Ag in the lake during the addition phases were in the range of 1-241 

11.5 µg/L, except for higher concentrations adjacent to Site 1. The analysis of the passive 242 

samplers deployed at five sites in Year 1 of the addition phase showed that Ag was detected in 243 

surface waters throughout the lake.  244 

Ag was detected in samplers deployed at both 1 m and 4.5 m in the water column at Site 245 

3 over both Year 1 and Year 2 of addition. In the post-addition phase at Site 3, the mean 246 

estimated TWA concentrations of CNIS-labile Ag declined after the end of the addition phase 247 

(i.e. August 2015) and by the end of the post-addition monitoring phase in July 2017, Ag was not 248 

detected in CNIS or DGT samplers retrieved at Site 3 (Table 1). Data forthcoming in subsequent 249 

publications show that a large proportion of the Ag added to the lake was eventually deposited in 250 

bottom sediments. 251 
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AgNPs were detected by spICP-MS analysis of surface water samples collected at Site 2 252 

throughout the addition phase of the experiment. As illustrated for samples collected in August 253 

2014 and August 2015 (Figure 2), the mean particle sizes were around 20 nm and the size ranges 254 

were approximately 14-70 nm. Concentrations of dissolved Ag (dAg) measured as the 255 

background signal during spICP-MS analysis did not exceed 0.34 µg/L in any of the samples.  256 

Ag in fish tissues 257 

The mean concentrations of Ag in liver tissue of pike and perch sampled from Lake 222 258 

throughout the experiment are illustrated in Figure 3. The mean “baseline” concentrations 259 

determined for fish sampled in Lake 222, Lake 239 and Lake 383 in 2013 and 2014 were 4 ± 1 260 

ng/g wet weight in the livers of pike and 4 ± 2 ng/g wet weight in the livers of perch. There was 261 

no significant change in the mean concentrations of Ag in pike and perch collected from the 262 

reference lakes (i.e. Lake 239, Lake 383) over the study period. Once additions started in Lake 263 

222, the concentrations of Ag in liver tissue of both species increased rapidly (Figure 3). 264 

Concentrations in pike liver in Year 2 (i.e. 2015) were significantly different from concentrations 265 

in Year 1 of AgNP additions (i.e. 2014). These Ag concentrations increased to the low ppm 266 

range, with the highest concentration of 5,074 ng/g detected in the liver of an individual northern 267 

pike sampled in May 2015.  268 

The variability in Ag concentrations in the livers of northern pike was quite high. This 269 

could be because of variations in exposure, or alternatively, due to the wide variations in size or 270 

condition of the pike that were sampled. However, there were no relationships between liver Ag 271 

concentrations and the weight of individual fish sampled at each time during the addition phase, 272 

except for the relationship between weight and concentration for 6 northern pike collected in 273 

October 2015, with a linear regression slope of 4.1 (r2=0.78), as illustrated in Supporting 274 
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Information (Figure S2). No relationships were observed between liver Ag concentrations and 275 

the condition of the northern pike (Supporting Information, Figure S3).  276 

The mean Ag concentrations in the liver tissues of perch were much lower relative to 277 

pike (Figure 3). However, as with pike, the concentrations of Ag in perch livers increased 278 

throughout the addition phase of the experiment and declined in the post-addition phase. The 279 

highest concentration detected in the liver tissue of perch was 762 ng/g in an individual fish 280 

sampled in August 2015. In the final samples collected in the post-addition phase in June 2017, 281 

the Ag concentrations in the livers of perch were below the limits of detection. However, the 282 

mean Ag concentrations in livers of pike were still above detection limits, at 97 ± 51 ng/g wet 283 

weight (Figure 3). The decline in levels of Ag in livers of pike over the post-addition phase from 284 

October 2015 to June 2017 (t = 656 d) illustrated in Supporting Information (Figure S4) 285 

conformed to a first-order relationship yielding an estimated half-life of 119 d:  286 

Concentration (t) = 6.98 e(-0..0058 x t) , r2 = 0.97 287 

Mean Ag concentrations in the gill tissue of perch and pike were lower than in liver, but 288 

the concentrations were also elevated throughout the addition phase relative to the baseline 289 

concentrations and declined in the post-addition phase (Figure 4).  However, the mean 290 

concentrations in the gills of pike collected at all dates during the addition phase were not 291 

significantly different (Figure 4). In contrast to the data on liver concentrations, levels of Ag in 292 

the gills of perch were approximately 2 to 3 times higher than the concentrations in the gills of 293 

pike. During the post-addition monitoring phase in October 2016, mean concentrations of Ag in 294 

gill tissue declined to 1.7 ± 1.2 ng/g and 1.5 ± 0.8 ng/g in perch and pike, respectively. By June 295 

of 2017, the concentrations of Ag in the gills of both pike and perch were not above detection 296 

limits. 297 
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Concentrations of Ag in muscle tissue were low relative to Ag concentrations in liver 298 

tissue in both pike and perch sampled from Lake 222. Pike sampled in August 2015 had a mean 299 

Ag concentration of 78 ± 41 ng/g wet weight in dorsal muscle, with the highest concentration of 300 

133 ng/g wet weight in an individual pike. By the end of the post-addition sampling in June 2017, 301 

Ag was still detectable in the muscle tissue of pike, at a mean concentration of 13 ± 6 ng/g wet 302 

weight; significantly elevated above baseline levels. For perch muscle, the highest mean Ag 303 

concentration of 121 ± 15 ng/g wet weight was also observed in fish sampled in August 2015. 304 

Ag concentrations in the muscle of perch were not above detection limits in the fish collected in 305 

June 2017. The concentrations of Ag in muscle and kidney tissues of northern pike sampled 306 

throughout the addition phase and in October 2015 and 2016 of the post-addition phase are 307 

illustrated in Supporting Information (Figure S5). The Ag concentrations in the stomach contents 308 

of pike are also illustrated in Supporting Information (Figure S5). The range of Ag 309 

concentrations from 22 to 75 ng/g wet weight in the stomach contents during the addition phase 310 

was consistent with the levels of Ag detected in the muscle of yellow perch during this period. 311 

Yellow perch are a major forage fish for northern pike living in Lake 222. Some of the stomach 312 

contents were recognizable as perch that had been consumed recently by the pike. 313 

DISCUSSION  314 

Ag was distributed throughout the lake at concentrations in the low µg/L range, with 11.5 315 

µg/L as the highest TWA concentration estimated from CNIS deployed at Site 3. These estimates 316 

from the passive samplers are consistent with data from a concurrent study in Lake 222 where 317 

mean total Ag concentrations measured in the epilimnion throughout the lake varied between 0 318 

and 17.4 µg/L.35 Lake stratification was not a barrier to the mobility of the AgNPs, as CNIS-319 

labile Ag was detected below the thermocline at 4.5 m; consistent with a concurrent study of the 320 
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distribution of total and dissolved Ag in Lake 222.36  The concentrations of total Ag are about an 321 

order of magnitude higher than the Canadian water quality guideline for silver for protection of  322 

aquatic life of 0.25 µg/L.37 We found low estimated TWA concentrations of dissolved Ag in the 323 

water column during the addition phase. This is consistent with low dissolved Ag levels 324 

previously observed in mesocosms spiked with AgNPs that were deployed in a nearby high DOC 325 

lake at IISD-ELA.33 It is likely that any Ag+ released into the lake or generated in situ from 326 

dissolution of AgNPs was rapidly bound to dissolved organic matter.  327 

The distribution of particle sizes was skewed to mean diameters in the 20 nm range, 328 

which is lower than the 30-50 nm size range of the AgNP stock material reported by the 329 

manufacturer. However, particle sizes estimated from spICP-MS analysis refer to the particle 330 

diameter of the Ag core and do not include the dimensions of the particle coating. Previous 331 

analysis of the stock suspensions by DLS, which includes the coating, indicated that the mean 332 

hydrodynamic diameter of the AgNPs was 39.3 ± 3.6 nm, but there were also some larger 333 

particles in the 200 nm range.29 It is possible that a reduction in the size of AgNPs in the lake 334 

relative to the size range in the stock suspension was due to agglomeration and sedimentation of 335 

larger particles, leaving only smaller particles suspended in the water column. However, humic 336 

and fulvic acids can reduce Ag+ to form stable AgNPs, so in situ production of AgNPs could also 337 

have been a source of the smaller sized AgNPs.38,39 338 

Both yellow perch and northern pike accumulated Ag in their tissues during the Year 1 339 

and Year 2 addition phases, with the highest concentrations observed in liver tissue.  The highest 340 

Ag concentration of 5.1 µg/g wet weight was detected in the liver of an individual pike. This 341 

concentration is three orders of magnitude higher than the estimated concentrations of Ag in the 342 

water column. The degree of accumulation in liver was not related to the weight or the condition 343 
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of the fish, so pike that were heavier or were in better condition did not accumulate more Ag. 344 

Once AgNP additions ceased, the liver residues began to decline, with a half-life of 119 days for 345 

total Ag in liver tissue over the entire pike population. In bench-scale studies with fish,20,21 Ag 346 

concentrations declined to baseline levels within a few days of cessation of exposure. However, 347 

these Ag depuration studies are not directly comparable to the whole ecosystem study, because 348 

in Lake 222 the concentrations in fish tissues were declining concurrently with dropping levels 349 

of Ag in the water column. The rates of decline of Ag concentrations in the livers of yellow 350 

perch were not calculated because young fish (i.e. 1-2 years old) were monitored and the post-351 

addition trends would have been influenced by population recruitment. 352 

In perch, the Ag concentrations in gill tissue were almost as high as concentrations in 353 

liver. Previous bench-scale tests with various fish species exposed to suspensions of AgNPs have 354 

shown variable results, with the site of greatest accumulation usually being either the liver,14,15,19 355 

or the gill.15-17,21 Our previous laboratory studies with yellow perch exposed for 10 d to the same 356 

suspensions of AgNPs that were used in the experiment at Lake 222 at a nominal concentration 357 

of 100 µg/L showed that Ag accumulated to mean concentrations of 478 ng/g in the gill.12 These 358 

levels are comparable to the concentrations of Ag observed in gills of perch collected from Lake 359 

222 at the end of Year 2 additions.  360 

The differences in the Ag tissue distribution in pike and perch indicate that the kinetics of 361 

accumulation of Ag were different in the two species. Comparative studies on the kinetics of 362 

uptake and depuration of Ag in the tissues of rainbow trout (Oncorhynchus mykiss) and 363 

European eel (Anguilla anguilla) exposed to Ag free ion and AgCl showed that the two fish 364 

species showed different patterns of accumulation in gill tissue,40 as well as different rates of Ag 365 
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depuration from liver and kidney.41 Therefore, differences in Ag accumulation patterns in perch 366 

and pike from Lake 222 could have resulted from species-specific differences in Ag kinetics.  367 

The intestinal epithelium in fish may be a significant ligand for dietary silver,42 so dietary 368 

uptake may have been an important source of the Ag that accumulated in perch and pike from 369 

Lake 222. Data on the concentrations of Ag in the lower trophic levels of Lake 222 during 370 

additions of AgNPs are forthcoming in future publications. Hou et al.22 concluded in a review 371 

article that there is evidence of biomagnification of nanoparticles in food chains. However, it 372 

may be misleading to define the high concentrations of Ag observed in the liver tissue of pike as 373 

evidence of “biomagnification” from yellow perch to this piscivorous species. Only the liver 374 

contained elevated concentrations of Ag, as the mean concentrations of Ag in the gill and muscle 375 

tissue of pike were lower than the mean concentrations of Ag in these tissues in perch. The pike 376 

and perch were not homogenized and analyzed for total body burdens of Ag, so there are no data 377 

to compare the levels of Ag in the whole bodies of these two species. Bench-scale studies with 378 

element-based nanoparticles (i.e. CuO, ZnO, TiO2) indicate that fish can accumulate these 379 

elements through the diet.24,25 Further studies are needed to determine whether accumulation of 380 

Ag from the diet in piscivorous fish such as northern pike results in elevated concentrations in 381 

the liver relative to other tissues. 382 

The concentrations of Ag in the livers of pike and perch during the addition phases were 383 

within the range of concentrations that have been associated with sublethal biological responses 384 

in fish exposed to AgNPs in the laboratory.12,13,43 Data are forthcoming in future publications on 385 

biological responses in both pike and perch collected during the addition and post-addition 386 

phases in Lake 222. The tissues of pike and perch were analyzed for total Ag, so no information 387 

is available on the forms or speciation. While advances have been made in techniques for 388 
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analyzing AgNPs in aquatic matrixes, there are significant challenges to overcome in analyzing 389 

the accumulation of nanoparticles in biological tissues.44 If there are sufficiently high 390 

concentrations of Ag, it is possible to generate information on speciation of Ag in biological 391 

tissues using X-ray spectroscopy techniques.45 392 

Surprisingly, there are few recent data on the concentrations of Ag in the tissues of wild 393 

fish. However, in a recent study of the concentrations of several metals in the tissues of 394 

American eels (A. rostrata) collected in Quebec, Canada and European eels collected in France, 395 

Ag was detected in liver, kidney and muscle tissue, with the highest concentrations in liver in the 396 

range 2-3 µg/g dry weight, with much lower concentrations in muscle (<0.2 µg/g dry weight).46 397 

Assuming that the eel tissues are 75% water, a dry weight concentration of 3 µg/g Ag in eel liver 398 

would correspond to a wet weight concentration of approximately 0.7 µg/g Ag; an order of 399 

magnitude lower than the highest concentration of Ag detected in the livers of pike from Lake 400 

222 (i.e. 5.1 µg/g). In the wild eels, there were no significant relationships observed between the 401 

weights of the fish and the concentrations of Ag in the tissues.46 The highest concentration of Ag 402 

detected in a sample of muscle from a northern pike in Lake 222 was 133 ng/g wet weight (i.e. 403 

133 µg/kg). The US EPA reference dose for human consumption of silver is 5 µg/kg/d.47 In order 404 

to reach this reference dose, a 70 kg person would have to consume daily approximately 2.6 kg 405 

per day of the pike tissue contaminated with Ag at this level. 406 

This whole lake experiment was conducted with Ag concentrations in water greater than 407 

the Ag nanoparticle levels expected in the aquatic environment,5,6 and greater than the 0.25 µg/L 408 

guideline for Ag recommended in Canada for protection of aquatic life.36 In addition, these 409 

nanoparticles had not gone through an aging process or the transformations that are typical of 410 

nanoparticles released into the environment,8 including the transformations of AgNPs that occur 411 
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in municipal wastewater.2-4 However, in a recent study of TiO2 nanoparticles in municipal 412 

wastewater, the majority of these materials were removed to activated sludge in two WWTPs, 413 

but Ti levels were still elevated in fish collected from a river impacted by discharges from the 414 

WWTPs.48  More work is needed to evaluate the fate and effects of aged and transformed 415 

AgNPs, but this unique whole lake experiment showed that releases of AgNPs at ppb 416 

concentrations in water can result in accumulation of Ag to ppm levels in the liver tissues of a 417 

piscivorous fish species at the top of the aquatic food chain. 418 
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• Figure showing the distribution of particles in a stock suspension determined using DLS 435 
analysis and a photomicrograph of the nanoparticles in a suspension. 436 

• Figure illustrating the relationships between silver concentrations in the livers of northern 437 
pike and the wet weight of the fish during the AgNP addition phase of the study. 438 

• Figure illustrating the relationships between silver concentrations in the livers of northern 439 
pike and the condition factor of the fish during the AgNP addition phase of the study. 440 

• Figure illustrating the relationship between the concentration of silver in liver tissue of 441 
individual northern pike and the number of days post-addition. 442 

• Figure illustrating the mean concentrations of silver in muscle and kidney tissues and the 443 
stomach contents of northern pike during the study. 444 
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Figure 1: Map of Lake 222 showing the location of sites for deployment of passive samplers 

relative to the site of addition of the AgNPs. The small arrows indicate ephemeral inlet and outlet 

streams. 
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Figure 2:  Particle size histograms, mean particle sizes and particle concentrations for AgNPs 

and dissolved Ag detected in surface water samples collected at Site 2 in August of 2014 and 

2015. Data are from single aliquots diluted by x50 prior to analysis. The estimated size detection 

limit was 12 nm. 

 



 

 

Figure 3:  Mean (±SD) concentrations of Ag in liver (ng/g wet weight) of yellow perch (n=8-12 

per sampling time) and northern pike (n=4-6 per sampling time) throughout the pre-addition 

phase (baseline), Years 1 (2014) and 2 (2015) of the addition phase, and the post-addition phase 

(2016 and 2017).  ND = Not detected. Letters in capitals for perch and lower case for pike 

indicate that mean concentrations were significantly different from the baseline concentrations, 

and bars with the same letter indicate data where concentrations were not significantly different 

from each other. 
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Figure 4:  Mean (±SD) concentrations of Ag in gills (ng/g wet weight) of yellow perch (n=8-12 

per sampling time) and northern pike (n=4-6 per sampling time) throughout the pre-addition 

phase (baseline), Years 1 (2014) and 2 (2015) of the addition phase, and the post-addition phase 

(2016 and 2017). ND = Not detected. Letters in capitals for perch and lower case for pike 

indicate that mean concentrations were significantly different from the baseline concentrations, 

and bars with the same letter indicate data where mean concentrations were not significantly 

different from each other. 
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Table 1:  Mean ± SD (n=3) estimated TWA concentrations (µg/L) of CNIS-labile and DGT-labile Ag at sites in Lake 222 where 

passive samplers were deployed every 4-7 weeks throughout the addition phases (Years 1 and 2) and the post-addition phase. ND 

=Not detected at levels above the field blanks.  

 

Phase of Project Deployment 
Period 

Site 1 Site 2 Site 3 
1 meter 

Site 3 
4.5 meters 

Site 4 Site 5 

                            DGT-labile Ag (µg/L) 

Addition Phase – Y1 
June 24 to July 23, 2014 9.9 ± 0.5 0.33 ± 0.02 0.37 ± 0.02 0.36 ± 0.02 1.28 ± 0.06 0.17 ± 0.01 
July 23 to Aug 28, 2014 12.6 ± 0.1 ND 0.28±<0.01 0.39 ± 0.02 0.81 ± 0.01 0.25 ± 0.01 
Aug 28 to Oct 15, 2014 31.0 ± 1.6 0.33 ± 0.02 1.14 ± 0.06 1.02 ± 0.05 ND 0.26 ± 0.01 

Addition Phase – Y2 
May 27 to June 25, 2015   0.29 ± 0.01 0.26 ± 0.01   
June 25 to July 23, 2015   0.14 ± 0.01 0.10±<0.01   
July 23 to Aug 20, 2015   0.22 ± 0.01 0.75 ± 0.09   

Post-Addition Phase 
Aug 20 to Oct 7, 2015   0.10 ± 0.01 0.12 ± 0.01   
June 3 to July 2, 2016   0.25 ± 0.08 0.44 ± 0.11   
June 5 to July 8, 2017   ND ND   

                             CNIS-labile Ag (µg/L) 

Addition Phase – Y1 
June 24 to July 23, 2014 48.3 ± 9.3 2.1 ± 0.8 2.4 ± 0.9 1.0 ± 0.4 1.2 ± 0.5 1.6 ± 0.6 
July 23 to Aug 28, 2014 176.6 ± 70.6 9.0 ± 3.6 2.5 ± 1.0 2.8 ± 1.1 1.0 ± 0.4 1.1 ± 0.4 
Aug 28 to Oct 15, 2014 850.6 ± 140.2 7.4 ± 3.0 11.5 ± 4.6 8.3 ± 3.3 1.1 ± 0.4 1.3 ± 0.5 

Addition Phase – Y2 
May 27 to June 25, 2015   2.8 ± 1.1 1.3 ± 0.5   
June 25 to July 23, 2015   8.5 ± 4.2 5.2 ± 2.1   
July 23 to Aug 20, 2015   9.5 ± 3.8 7.3 ± 2.9   

Post-Addition Phase 
Aug 20 to Oct 7, 2015   1.6 ± 0.6 1.8 ± 0.7   
June 3 to July 2, 2016   0.2 ± 0.1 0.3 ± 0.1   
June 5 to July 8, 2017   ND ND   
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Calculation of time weighted average concentrations of Ag in passive samplers 19 

The CNIS measures all forms of Ag with a size less than the pore size of the membranes 20 

that enclose the receiving phase (i.e. 800 nm), including dissolved Ag (dAg). The time weighted 21 

average (TWA) concentration of “CNIS-labile Ag” in water over the deployment period (CCNIS) 22 

was estimated from the amounts of Ag accumulated on the sampler (MS) over the time t of 23 

deployment, according to the equation: 24 

                                           CCNIS = MS / (Rs.t)  25 

Where: RS is the sampling rate previously determined by Shen et al. (2016) in bench-scale 26 

experiments with water from a reference lake (i.e. Lake 221) as 3.8 mL d-1 at 24 ± 2oC and 1.1 mL 27 

d-1 at 4 ± 2oC.  28 

DGT samplers measure “DGT-labile Ag” in the water column, which includes Ag+ or dissolved 29 

complexes with diameters <5 nm, as defined by the pore size of the diffusive gel. The TWA concentration 30 

(CDGT) in water was calculated from the mass of Ag accumulated on the receiving phase (MS) over the 31 

deployment time (t) using the equation: 32 

       CDGT = MS.Dg / (D.t.A)                 33 

Where: Dg (cm) is the thickness of the diffusive gel (0.8 mm) plus the thickness of the membrane 34 

(0.14 mm), A is exposure area (3.14 cm2), and D is the diffusion coefficient previously 35 

determined by Shen et al. (2016) in bench-scale experiments with Lake 221 water as 4.0×10-6 36 

cm2/s and 4.3×10-6 cm2/s at temperatures of 24 ± 2oC and 4 ± 2oC, respectively. 37 
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 42 

Figure S1: Relative frequency (y-axis) vs hydrodynamic diameter (nm) of AgNPs (x-axis) 43 

determined by DLS in a suspension prepared for addition to Lake 222 (A) and TEM 44 

photomicrograph of AgNPs from the suspension (B). 45 

46 
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 48 

Figure S2: Relationships between wet weight (g) and concentrations of Ag in liver tissue (ng/g 49 

wet weight) of individual northern pike collected at different dates during the addition phase.  50 

 51 
 52 

Figure S3:  Relationships between condition factor and concentrations of Ag in liver tissue (ng/g 53 

wet weight) of individual northern pike collected at different dates during the addition phase. 54 
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 56 

Figure S4: Relationship between the natural log of the concentration of Ag in liver tissue of 57 

individual northern pike and the number of days of monitoring during the post-addition phase of 58 

the study. 59 
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 62 
Figure S5:  Mean (±SD) concentrations of Ag (ng/g wet weight) in muscle and kidney tissues 63 
and stomach contents of northern pike throughout the study.  NA = Stomach contents not 64 
analyzed. 65 
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