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Abstract: The use of silver nanoparticles in consumer products and industrial applications, as
well as recent detection in waste streams, has created concern over potential impacts on aquatic
ecosystems. The effect of complex environmental media on silver nanoparticle toxicity was
investigated using wetland mesocosms and smaller scale microcosms. Mesocosms were dosed
with 2.5 mg Ag/L as gum arabic (GA) coated Ag-NPs, polyvinylpyrolidone (PVP) coated AgNPs, or AgNO3. Water samples were taken from mesocosms 24 hs post-dosing for acute toxicity
tests with embryos and larvae of Atlantic killifish (Fundulus heteroclitus) and the nematode
Caenorhabditis elegans. Acute toxicity tests were also performed on Atlantic killifish with
AgNO3, GA Ag-NPs and PVP Ag-NPs prepared in the laboratory with similar water. For
killifish embryos, mesocosm samples were much less toxic than laboratory samples for all types
of silver. In contrast, for larvae, all three silver mesocosm treatments exhibited toxicity.
Interestingly, mesocosm samples of AgNO3 were less toxic than laboratorysamples; GA Ag-NP-

containing samples were similar in toxicity, and PVP Ag-NP-containing samples were more

toxic. For C. elegans, results were similar to killifish larvae. Results obtained from the
mesocosms were not replicated on the smaller scale of the microcosms. These results indicate
that environmental factors unique to the mesocosms acted differentially on AgNO3 to reduce its

toxicity in a manner that does not translate to Ag-NPs for larval fish. This article is protected by
copyright. All rights reserved
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INTRODUCTION

Silver nanoparticles (Ag-NPs) are used commercially and in consumer products, often

due to their antibacterial properties. Production volumes of Ag-NPs have increased steadily over
the past decade, and Ag-NPs have been detected in final wastewater treatment plant sludge [1].
As their use has increased, and with their recent environmental detection, concerns have been

raised over the potential effects they may have on the natural environment.
To this end, the toxicity of Ag-NPs has been increasingly studied in recent years. While

Ag-NPs have been found to be acutely toxic to various organisms including fish, invertebrates,
plants, and bacteria, in general, their toxicity is lower than ionic silver in the form AgNO3 on a
mass basis[2, 3]. In addition, many studies have attempted to differentiate the mechanisms of

toxicity between Ag-NPs and AgNO3 to determine if toxicity is solely related to Ag+ released

from the NPs, or if there is a nanoparticle-specific effect. While dissolved silver clearly plays a
major role in toxicity [4, 5], there is some evidence of nanoparticle-specific toxicity, particularly

related to oxidative stress [6-8].
However, few studies have focused on understanding if and how Ag-NP exposure and

toxicity differs from that of Ag+ within natural ecosystems. The stability, dissolution, and
speciation of Ag-NPs are highly sensitive to environmental factors such as sunlight [9, 10],

natural organic matter [11-13], ionic strength [14, 15], and presence of plants, sediments and
bacteria [11-14]. Ag-NPs are often coated or capped with stabilizing agents as well, which also

affect their stability, size and dissolution rates and can control NP interactions with
environmental factors [2]. Therefore, the behavior of Ag-NPs in highly controlled laboratory

exposures is unlikely to be reflective of their behavior under environmentally relevant
conditions. The role that individual factors such as organic carbon play in modifying Ag-NP
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toxicity has been explored [5, 11, 13, 16] and some studies have used microcosm and mesocosm
approaches to employ a more holistic approach [17-20]. However, none have yet compared the
use of large scale mesocosm to conventional laboratory testing directly in order to assess how

increasing complexity affects the toxicity of Ag-NPs in comparison to AgNO3.
The Atlantic killifish (Fundulus heteroclitus) is a small, euryhaline teleost fish that is

native to the Eastern seaboard of the United States. The small size, hardiness and other features
of the Atlantic killifish make it an excellent aquatic laboratory model [21]. Several studies have

examined the toxicity of Ag-NPs to killifish, as well as how external factors control uptake and

toxicity. A study of killifish embryos exposed to citrate coated Ag-NPs showed that uptake is
controlled both by the chorion and by the salinity of the exposure media [15]. Another study
showed that sulfidation of Ag-NPs resulted in decreased toxicity to killifish embryos [22]. To
extend the applicability of our results to another organism, we also carried out toxicity tests using
the nematode Caenorhabditis elegans, which has been widely used for studies of toxicity [23]

and nanotoxicity [24], including mechanisms of reproductive toxicity of Ag-NPs [7, 25]. While
dissolved silver likely accounts for the majority of Ag-NP induced toxicity in this species [26], in
some cases oxidative stress also appears to play a role [25, 26]. In addition, the presence of

natural organic matter reduced uptake and toxicity of Ag-NPs to C. elegans [12].
The goals of the present study were to evaluate how the use of mesocosms to perform

toxicity testing of Ag-NPs and AgNO3 compared to more traditional laboratory testing and to
determine the utility of microcosms to explain differences seen in a more controlled format. To
achieve this goal, we chose to expose early life stage fish to silver in two different formats: first,
Atlantic killifish were exposed to water samples collected from field mesocosms dosed at a
nominal concentration at 2.5 mg Ag/L of gum Arabic coated Ag-NPs (GA Ag-NPs),
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polyvinylpyrollidone coated Ag-NPs (PVP Ag-NPs), and AgNO3. These experiments were
complemented by growth studies in another aquatic toxicology model, the nematode C. elegans.
Fish were also exposed to the same three types of silver incubated in the laboratory at the levels
measured in the mesocosms. The contribution of plants and sediments to the differences in

toxicity observed between mesocosms and laboratory samples in killifish larvae was further

explored using aquatic microcosms. We expected that toxicity would be reduced in mesocosm

samples compared to laboratory samples and that the presence of organic carbon associated with
plants and soils would be responsible for this reduction.

METHODS

Animals: Collection, care, breeding
Adult F. heteroclitus were collected from King’s Creek, VA, USA (37° 18’16.2”N, 76°

24’58.9”W). Killifish were kept in 30 or 40 L tanks in a recirculating system. Fish were
maintained at 25°C in 15‰ salinity artificial seawater (ASW; Instant Ocean, Blacksburg, VA,
USA) on a 14:10 h light:dark cycle. Fish were fed pelleted food (Aquamax Fingerling Starter
300, PMI Nutritional International, LLC) ab libidum. Embryos were obtained for experiments by
manual spawning and fertilization. Fertilized embryos were rinsed in 0.3% hydrogen peroxide

followed by 3 washes in 20‰ ASW. Larvae were obtained by incubating embryos at 28°C on
moist filter paper for 14 days before hatching them out by gently shaking in 20‰ ASW. Once
hatched, larvae were kept at 28°C in 20‰ ASW on a 14:10 light:dark cycle before dosing at 6
days post hatch (dph). All fish care and experimental techniques were performed as reviewed
and approved by the Duke University Institutional Animal Care and Use Committee (A184-13-

07).
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Wild-type (N2 Bristol strain) C. elegans were cultured in petri dishes on K-agar (yeast

extract 2.5 g/L; peptone 5.0 g/L; glucose 1.0 g/L; tween 1.0 g/L; agar 15 g/Las described by
Williams and Dusenberry [27] seeded with OP50 strain Escherichia coli to prepare nematodes
for liquid medium exposure, which was carried out in 96-well plates as previously described
[28]. N2 strain nematodes and OP50 bacteria were obtained from the Caenorhabditis Genetics
Center (CGC).
Chemicals
Preparation and characterization of 12 ± 9.2 nm GA Ag-NPs and 49.3 ± 22.5 nm PVP

Ag-NPs were as described in Unrine et al., Colman et al. and Cheng et al. [9, 29, 30]. Briefly,
GA Ag-NPs were prepared by injection of trisodium citrate into a boiling mixture of GA and
AgNO3 while stirring. The mixture was stirred and boiled vigorously for 10 minutes prior to
ultracentrifugation and redispersion of the precipitate. This purification process was repeated
three times. PVP Ag-NPs were prepared using a modified polyol method by dissolving MW 10K
PVP in ethylene glycol then adding solid AgNO3. The mixture was slowly heated to 120°C and
kept at this temperature for 24 h prior to centrifugation and redispersion of the precipitates. As
with GA Ag-NPs, this process was repeated three times. Particles were characterized with
transmission electron microscopy (TEM) and were found to be fairly monodispersed. Silver
nitrate and potassium nitrate were obtained from Sigma Aldrich.
Mesocosm design, dosing and sample collection
The Duke mesocosm facility, experimental design, and treatment methods were described

in detail by Colman et al [30]. Briefly, 19 wetland mesocosms were constructed in the Duke

Forest, Durham, NC, USA. Mesocosms were constructed from wood and lined with
polypropylene to make 3.66 X 1.22 X 0.81 m boxes. A slant board was used to establish
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terrestrial, transitional (partially flooded), and aquatic environments within each mesocosm. The
aquatic portion was planted with Egeria densa, Potamogeton diversifolius, and Landolsia

punctate and algae and zooplankton were introduced from a local wetland. Pristine groundwater
and a topsoil blend consisting of 63.9% sand, 28.3% silt, and 13.0% clay were used to establish
sustainable ecosystems. Water was circulated twice between all mesocosms using pumping and
siphoning in order to achieve homogenization of water chemistry and algal composition.
Treatments included 2.5 mg/L Ag as AgNO3, GA Ag-NP and PVP Ag-NP in triplicate. Controls

included PVP-coating and GA-coating in triplicate as well as four untreated control mesocosms.
In order to control for elevated nitrate in the AgNO3 treatment, equivalent nitrate was added to
the other 5 treatments as KNO3. Mesocosms were dosed using funnels on a grid throughout the

aquatic compartment of each mesocosm. Subsurface water samples were collected at 24 hs post
dosing to use in toxicity testing and stored at 4°C prior to use.

Laboratory incubated sample preparation
In order to compare silver incubated in the mesocosms for 24 hs (mesocosm samples) to

silver incubated in the laboratory (laboratory samples), water was collected from the control
mesocosms and pooled to ensure similar initial starting water chemistry. Dosing solutions were

prepared by spiking untreated control mesocosm water with AgNO3, GA Ag-NP and PVP Ag-NP

to reach the concentrations of total silver at which they were measured in the mesocosms at 24 hs
(0.85 ± 0.24, 2.02 ± 0.24 and 1.99 ± 0.07 mg Ag/L, respectively), to the nearest hundredth ppb
(0.9, 2 and 2 mg Ag/L, respectively) [30]. Solutions were prepared in plastic 50 mL conical tubes
and vortexed briefly to mix. Dosing solutions were aged for 24 hs at 28°Con a 14:10 light dark
cycle to match the 24 h sampling of the mesocosms and thus control for any kinetic effects,
before using them for acute toxicity testing (laboratory). PVP and GA were not included due to
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previous work in our laboratory showing them to be non-toxic at the levels used in the
mesocosms (data not shown). See Figure 1 for experimental design.
Microcosm design, dosing and sample collection
In order to understand how the presence of plants and sediment affected Ag toxicity,

microcosms were prepared in 1 quart (0.95 L) Ball jars as described in Bone et al. [18]. Briefly,
48 microcosms were prepared in 4 separate scenarios (12 of each): water only (W), water &
sediment (WS), water and plants (WP), and water, plants & sediment (WPS). Each microcosm
contained 600 mL water. Microcosms with soils received 200 g field most soil and those with
plants received 3 g of Potamogeton diversilfolius and 6 g of Egeria densa. Water was circulated
between the microcosms to achieve consistent water chemistry. Each scenario was then dosed
with AgNO3, GA Ag-NP, or PVP Ag-NPs in triplicate at a nominal dose of 2.0 mg/L Ag. As
with the mesocosms, treatments other than AgNO3 received equivalent nitrate as KNO3. After
incubation for 24 hs at 25°C on an 18 h light: 6 h dark cycle with cool fluorescent lamps, water

samples were taken from the microcosms and mixed 1:1 with 2X EPA moderately hard water
[31] for use in acute toxicity testing in order to achieve an adequate pH.

F. heteroclitus acute toxicity testing
Killifish embryos were screened for normal development at the 4-8 cell stage and

immediately dosed in 0.2 mL/embryo of mesocosm, laboratory incubated, or microcosm sample
in 96-well plates with 24 individuals per treatment. Killifish larvae (6 days post hatch, dph) were
dosed in 1 mL/larvae of sample in 48-well plates with 24 individuals per treatment. Experiments
were screened for mortality at 24 and 48 hs post dosing (hpd).
C. elegans 3-day growth assay
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We measured growth over 3 days in developing (1st larval stage, “L1,” to adulthood) C.

elegans exposed to mesocosm water. Precisely age-matched L1s were obtained via bleaching (a

treatment that destroys all stages except eggs) and overnight hatch of embryos in the absence of

food, as described [32, 33]. Mesocosm water was amended by addition of the same volume of
2X moderately hard EPA water [31] to attain a final ionic strength equivalent to EPA water (1X).

This amendment was necessary to ensure adequate ionic strength for nematode health. Exposures
were carried out in 96 well plates. Four replicate dosing wells were assigned for each exposure,
with 50 nematodes per well. Ultraviolet radiation-killed bacteria (UVRA strain; a gift from
Bennett Van Houten) was used in the experiment to eliminate any potential indirect effects of the
exposures on food quality, as described [28]. Food density was optimized through preliminary

trials to ensure addition of only the minimally required food for optimal growth, due to the
significant mitigation of bacterial food on silver toxicity [12]. Growth was quantified by
measuring the length (time of flight; TOF) and optical density (extinction; EXT) of the
nematodes 24, 48 and 72 hs after the onset of the assay, using a COPAS Biosort (Union
Biometrica). 72 hs is approximately the time required to reach adulthood under these

experimental conditions. Details of the growth assay have been described previously [26].
Statistical analysis
F. heteroclitus experiments. Effects of treatment, matrix, and timepoint on toxicity for F.

heteroclitus experiments were determined by multivariate ANOVA with post-hoc analysis using

Tukey HSD test, with p < 0.05 considered significant. Statistical replicates were considered to be
either by individual mesocosm/microcosm or by overall experiment for laboratory prepared
samples with n = 2-8. All exposure concentrations were nominal except for mesocosm samples.

All statistics were performed with JMP 10.0 (SAS Institute Inc.).
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C. elegans experiments. The 3-day growth assay yields both TOF and EXT values, which

are highly correlated values associated with worm length and optical density, respectively [26].

We used EXT values and then compared to control for each sample [34, 35]. To test the effect of
treatment on nematode growth, we used R (SAS institute) to carry out data plotting and the nonparametric Wilcoxon rank sum test, with p < 0.05 considered statistically significant.
Experiments comparing mesocosm samples to laboratory samples for C. elegans were not
performed.
RESULTS

Toxicity of silver incubated in mesocosms and in laboratory to F. heteroclitus embryos
Laboratory samples caused significant mortality for 2 mg/L GA Ag-NP and 0.9 mg/L

AgNO3 at both 24 (ANOVA, Tukey HSD) and 48 hpd (Figure 2). AgNO3 was more toxic than
GA Ag NPs at 24 hpd, but by 48 hpd they were not significantly different. None of the silver

mesocosm samples were more toxic than samples from control mesocosms at 24 or 48 hpd
(ANOVA, p > 0.05). Both GA Ag-NP and AgNO3 toxicities were significantly reduced by
having the NP incubated in the mesocosms rather than the laboratory. Toxicity was not elevated
above controls for either laboratory or mesocosm samples of 2 mg/L PVP Ag-NP.
Toxicity of silver incubated in mesocosms and in laboratory to F. heteroclitus larvae
Laboratory samples caused significant larval mortality for 2 mg/L GA Ag-NPs and 0.9

mg/L AgNO3 at both 24 and 48 hpd (ANOVA, Tukey HSD) (Figure 3). 2 mg/L PVP Ag-NP
toxicity was not significantly different from controls. For mesocosm samples, the patterns for
larvae differed from embryos. GA Ag-NPs were significantly more toxic than controls at both 24
and 48 hpd. PVP Ag-NPs were not significantly different from controls at 24 hpd but were by 48
hpd, although less toxic than GA Ag-NPs. Therefore, by 48 hpd, samples from both NP-dosed
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mesocosms were significantly more toxic than controls and AgNO3. Mesocosm AgNO3 samples
were much less toxic than laboratory samples at both 24 and 48 hpd, mirroring the embryo

results. While 24 hpd mortality for GA Ag-NPs was reduced by incubation in the mesocosm, that
reduction disappeared by 48 hpd. By 48 hpd, toxicity for PVP Ag-NPs was significantly
increased by incubation in the mesocosm as opposed to laboratory samples. Thus, not only were

both types of NP more toxic in mesocosm samples than AgNO3, but incubations that took place
in the mesocosms actually increased the toxicity of PVP Ag-NPs, although toxicity was still

quantitatively less than that observed for GA Ag-NPs and AgNO3.
Toxicity of silver incubated in mesocosms to C. elegans
All treated mesocosm water samples induced significant growth inhibition in C. elegans

except for the PVP only treatment (p = 0.051, compared to p < 0.001 for all other treatments)
(Figure 4). 2 mg/L PVP Ag-NPs, 2 mg/L GA Ag-NPs and 0.9 mg/L AgNO3 induced 21%, 45%
and 25% growth inhibition, respectively. Thus, as with killifish, the GA Ag-NPs were the most
toxic form of silver in the mesocosms.
Toxicity of silver incubated in microcosms to F. heteroclitus larvae
In order to test the hypothesis that the presence of plants and sediment were responsible

for the unexpected pattern of Ag-NP toxicity observed in the mesocosms and in the laboratory
for larvae, we carried out additional experiments in which we exposed F. heteroclitus larvae to
samples from laboratory microcosms with water only, water + sediment, water + plants, and

water + plants + sediments were used. PVP Ag-NPs were not significantly more toxic than
controls in any matrix (Figure 5). AgNO3 was more toxic than both types of NPs and controls in

all matrices at 24 and 48 hpd. GA Ag-NPs were more toxic than controls for all matrices except
plants + sediment at 24 hpd, but by 48 hpd were more toxic in all four matrices.
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DISCUSSION

The goal of the present study was to use a large scale replicated mesocosm approach to

compare the toxicities of AgNO3, PVP Ag-NPs, and GA Ag-NPs incubated in a simulated
freshwater wetland ecosystem to the same forms of silver incubated in control mesocosm water
in the laboratory using early life stage Atlantic killifish (Fundulus heteroclitus) as a model
organism. Mesocosm samples were also tested using C. elegans exposed throughout their
developmental trajectory (first larval stage to adulthood). Finally, we compared the results of our

mesocosm toxicity testing to a parallel study conducted in microcosms using the same NPs in
order to determine the role that different environmental compartments (water, plants, sediment)
play in modifying silver toxicity.
In the experiments using laboratory samples, both types of Ag-NPs were less toxic than

AgNO3 on a silver mass basis over the 48 h exposure period. Embryos exposed to mesocosm
samples, however, were completely protected from toxicity, despite the fact that the total levels
of silver were the same (Figure 2). These changes likely relate to the fact that at the time that

samples were taken from the mesocosms, several water chemistry parameters had changed in
mesocosms dosed with silver, but not controls. Most notably, levels of DOC increased by 20 mg
C/L over initial DOC concentrations (12.5 +/- 0.4 mg C/L) for AgNO3 and GA Ag-NP
mesocosms and by about 5 mg C/L for PVP Ag-NP mesocosms [30]. The most likely source of
DOC was from submerged aquatic plants releasing DOC as a response to Ag exposure. This
release of silver could be due to leakage of cellular contents due to death, but some studies have
also shown that plants have the ability to release small molecular weight organic compounds as a

means of binding silver and reducing its bioavailability [29]. A previous study by our group
found that in microcosms with aquatic plants dosed with Ag-NPs, the plants released a
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compound that may have been involved in reducing water concentrations and bioavailability of
silver and ultimately reducing its toxicity to zebrafish (Danio rerio) embryos [18]. DOC also
reduced toxicity to silver and Ag-NPs in C. elegans [12]. Binding of silver to organic carbon is
known to effectively reduce its toxicity [36]. In addition, Ag-NP toxicity in general can be
reduced in the presence of DOC [37]. Since the samples prepared in the laboratory consisted

only of the starting mesocosm water without the input of additional DOC (12.5 mg C/L), this
increased level of DOC could be responsible for the reduced toxicity to killifish embryos. Even
though the levels of silver in the mesocosm samples and the laboratory prepared solutions were

the same and started out in the same water, after 24 hs of incubation the silver in the mesocosms

was exposed to this DOC and likely some percentage of the silver became bound to it, while the
silver in the laboratory samples did not. Thus, this reduction could be dependent on the
interaction of the silver with plants.
In addition, water column chloride increased in all silver treated mesocosms over the

first 24 hs. Compared to the control level of 0.30 ± 0.12 mg Cl-/L, AgNO3 and GA Ag-NP
treated mesocosms increased to 2.2 ± 0.24 mg Cl-/L while PVP Ag-NP treated mesocosms only
increased to 0.77±0.48 mg Cl-/L [30]. This increase in chloride, like the increase in DOC, was

likely due to the release of intracellular plant contents. While these increases do not seem as
dramatic as the DOC increase, Visual MINTEQ modeling suggests that the increased chloride
levels could have had a more significant influence on the speciation of silver. Using the chloride

levels in controls, ~0.30 mg Cl-/L, results in a system in which Ag+ dominates [30]. This would
correspond to the chloride levels in the laboratory samples. However, when calculating
speciation using the increased chloride levels observed in silver treated mesocosms, the system
becomes dominated by Ag(Cl)(solid). Toxicity of silver to fish is dependent on the speciation of
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silver; and Ag(Cl) species, both solid and dissolved, are significantly less toxic than Ag+ [36].
Thus, the increased Ag(Cl) corresponds to the reduced toxicity to embryos that was seen in
mesocosm samples.
However, the patterns for killifish larvae were very different. While a similar pattern of

protection was observed for AgNO3, the NP toxicity to larvae was not reduced in the mesocosm

samples compared to laboratory samples (Figure 3). For GA Ag-NPs, the toxicity was not
significantly different over the 48 h exposure period from the laboratory sample toxicity of

100%. In contrast, for PVP Ag-NPs, the toxicity was significantly increased in mesocosms
compared to laboratory samples. Clearly, the alterations in silver complexation and possibly
bioavailability that resulted in decreased embryo toxicity for NPs did not translate to the same

patterns in larval fish, and were coating dependent. In addition, the C. elegans data exhibited a
similar pattern in which GA Ag-NPs were the most toxic Ag treatment in the mesocosms while
AgNO3 exhibited minimal toxicity (Figure 4). Although complementary experiments comparing

these mesocosm results to laboratory samples prepared in the same initial starting water as the
mesocosms were not performed, previous research shows that increasing the chloride content of
the media used can reverse the order of toxicity for GA Ag-NPs compared to AgNO3 for C.
elegans [26]. Although the GA coating itself also caused some growth inhibition, the effect while

statistically significant was not large. This indicates that the toxicity of GA Ag-NPs to fish larvae
and to nematodes is not as readily ameliorated by mesocosm conditions as AgNO3. Despite not

having matching laboratory comparison data, the replication of this pattern in an invertebrate
species and using a sublethal endpoint (growth inhibition) is intriguing.
In general, larval fish are more sensitive to metals toxicity than embryos or adults [38].

This is supported by our data showing that in spiked laboratory samples of AgNO3 and GA Ag-
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NPs, embryos exhibited slightly less mortality than larvae (Figures 2 and 3). McNulty et al. [38]
suggest that this increased sensitivity could be due to the transition from cutaneous to branchial
respiration, leading to increased Ag uptake from simultaneous use of both respiratory pathways.

They also suggest that increased sensitivity could be due to the sensitivity of gills as a target site
for metals toxicity in larvae. Finally, the chorion could be acting as a barrier to Ag uptake [15]
Therefore, the reduction of toxicity for GA Ag-NPs in mesocosms seen for embryos that

was not seen for larvae could be occurring because the level of GA Ag-NPs (2 mg Ag/L) could
be closer to the threshold where mortality goes below 100% for embryos than it is for larvae, i.e.
the mesocosms could exhibit the same protective effect for larvae if the concentration of GA AgNPs was closer to that threshold. The reduction in 24 hpd mortality for mesocosm GA Ag-NPs

when compared to laboratory samples of GA Ag-NPs at 24 hpd supports that some rescue might
be occurring, although this difference disappears by 48 hpd (Figure 3).
However, this does not explain the increased mortality for PVP Ag-NPs in mesocosm

samples vs. laboratory samples. In order to further explore this result, microcosm experiments
were used to elucidate the role that plants and sediments play in influencing toxicity killifish
larvae. Microcosms allowed us to manipulate the conditions we used in a way that can not be

done with mesocosms but with an increased level of complexity over conventional laboratory
studies. While the same increases in DOC and chloride were evident in microcosms containing
plants [18], PVP Ag-NP toxicity was not found to be increased in the presence of plants,
sediment, or plants + sediment when compared to microcosms containing only water (Figure 5).
In addition, there was no protective effect of higher complexity on AgNO3 toxicity, and AgNO3
was the most toxic silver treatment. These results are not in line with what was seen in the
mesocosm results and thus while these data suggest that although the microcosms simulated the
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mesocosms in some ways, they were not capable of replicating the larger-scale mesocosm
experiment. The presence of plants does not appear to reduce toxicity to killifish larvae for
AgNO3 at similar levels, while the presence of plants and sediments does appear to decrease
toxicity for GA Ag-NPs at 24 hpd (Figure 5). A possible explanation for these findings is that
unlike the mesocosms, the microcosms were not subject to intense UV light from sunlight.
In the presence of DOC and UV, Ag+ can form Ag-NPs [39], and in the presence of PVP

these particles can change in shape. The presence of UV in the mesocosms could be resulting in
fluctuation between types of nanoparticles that alters their toxicity, as toxicity has been shown to
be shape dependent [2]. UV light has also been shown to destabilize both PVP and GA Ag-NPs

resulting in decreased toxicity to Lolium multiflorum [9]. This is especially relevant to fish
because their exposure can be directly related to the location of the NPs in the dosing medium.
As more stable particles are more evenly distributed throughout the exposure medium, they
could interact more readily with a free-swimming larval fish. Another study showed that

simultaneous exposure to UV light and organic matter can increase the rate of Ag+ dissolution
from PVP Ag-NPs as well as rapidly reduce the Ag+ to small (4 nm) nanoparticles [40]. While
these processes ultimately reduced toxicity of the NPs to Daphnia, the changes in the NP
dissolution, size, and aggregation state could be contributing to the increased toxicity seen in the

present study. In contrast, a study using zebrafish embryos showed that exposure to simulated
sunlight increased toxicity of PVP Ag-NPs by causing surface oxidation which resulted in
increased dissolution and bioavailability of silver [41].The combination of increased DOC and
sunlight could be resulting in stable particles with altered shape and/or size, ability to release
ionic silver once taken up, and different species of Ag-DOM in the mesocosm samples than in
samples prepared in the lab. PVP Ag-NPs in these microcosms did behave differently from GA
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Ag-NP in the presence of DOC, particularly in regards to aggregation, as shown in a previous
study using the same microcosm experimental set up and particles [29]. Finally, while the influx
of plant-derived DOC in the first 24 hs after mesocosm dosing appeared to reduce toxicity for
embryos, it is possible given the different mechanisms of uptake in larvae and embryos that the
species of Ag formed by complexation with DOC could actually be subject to increased uptake
in larvae. Unfortunately, due to high mortality in several treatments, measurement and
comparison of Ag uptake was not possible.
CONCLUSIONS

In conclusion, the patterns of toxicity of Ag-NPs and AgNO3 observed in mesocosm

water were not replicated in laboratory studies. The more complex environment of the
mesocosms resulted in reduced toxicity to embryos. Interestingly, for larval fish, Ag-NPs in
mesocosms were more toxic than AgNO3, and PVP Ag-NPs showed increased toxicity in the

mesocosms when compared to laboratory experiments. The result that GA Ag-NPs were more
toxic on a mass basis than AgNO3 was supported by C. elegans data showing that growth
inhibition was highest in mesocosms with GA Ag-NP treatments; however, the increased toxicity

seen for larval fish in PVP-AgNPs was unique. These differences could be attributed to the
release of DOC in combination with UV that occurred from plants in the mesocosms. However,
the high concentrations of Ag used to generate such a strong acute effect in the plants are not
likely to be environmentally relevant. Microcosm experiments designed to replicate mesocosms
on a smaller scale and understand the contributions of plants and sediment to toxicity differences
were unable to recapitulate mesocosm results. There are a number of potential factors that may
explain this, of which the most likely might be the reduced amount of UV light used in the
microcosm experiments.
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Figure 1. Experimental design comparing toxicity of 2 mg/L GA Ag-NPs, 2 mg/L PVP Ag-NPs,
and 0.9 mg/L AgNO3 incubated in field mesocosms and in the laboratory. Mesocosm testing was
performed by dosing F. heteroclitus and C. elegans with water samples taken from the

mesocosms 24 h after dosing and compared to laboratory testing done by spiking control
mesocosm water with the same types of silver at the concentrations they were measured in the
mesocosms.
Figure 2. 24 and 48 hs post dosing (hpd) % mortality ± SEM of Atlantic killifish (F. heteroclitus)
embryos exposed to 2 mg/L GA Ag-NPs, 2 mg/L PVP Ag-NPs, and 0.9 mg/L AgNO3.

“Mesocosm” indicates fish were exposed to samples collected from mesocosms. “Laboratory”
indicates fish were exposed to equivalent levels of silver prepared in the lab. n=2-4 experimental
replicates, 24 larvae/sample. Results shown as mean ± SEM. Bars not connected by the same
letter are significantly different (multivariate ANOVA, Tukey HSD post hoc testing).
Figure 3. 24 and 48 hs post dosing (hpd) % mortality ± SEM of Atlantic killifish (F.
heteroclitus) larvae exposed to 2 mg/L GA Ag-NPs, 2 mg/L PVP Ag-NPs, and 0.9 mg/L AgNO3.
“Mesocosm” indicates fish were exposed to samples collected from mesocosms. Laboratory

indicates fish were exposed to equivalent levels of silver prepared in the lab. n=2-8 experimental
replicates, 24 larvae/sample. Results shown as mean ± SEM. Bars not connected by the same
letter are significantly different (multivariate ANOVA, Tukey HSD post hoc testing).
Figure 4. Size (relative to untreated controls) ± SEM of the nematode C. elegans exposed to
water samples from mesocosms dosed with 2 mg/L GA Ag-NPs, 2 mg/L PVP Ag-NPs, and 0.9
mg/L AgNO3, and appropriate controls. Water samples were amended with 2X EPA moderately
hard water. Size was measured as optical density 72 hs after development from the first larval
stage was initiated, which permits growth to adulthood in unexposed nematodes. Optical density
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increases with nematode size. n=4 experimental replicates, 50 larvae/sample/replicate. Results
shown as mean ± SEM. * indicates statistical significance at p<0.05 using Wilcoxon rank sum
test.

Figure 5. 24 and 48 hs post dosing (hpd) % mortality ± SEM of Atlantic killifish (F. heteroclitus)
larvae exposed to nominal doses of 2 mg Ag/L GA Ag-NPs, PVP Ag-NPs, and AgNO3 from
microcosms by treatment and matrix. n = 3 experimental replicates, 24 larvae/sample. Results

shown as mean ± SEM. Bars not connected by the same letter are significantly different
(multivariate ANOVA, Tukey HSD post hoc testing).
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