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ABSTRACT: Silver nanoparticles (AgNPs) are currently the most
commonly used nanoparticles in consumer products, yet their environmental
fate in natural waters is poorly understood. In the present study, we
investigated the persistence, transformations and distribution of polyvinyl-
pyrrolidone (PVP) and citrate (CT) coated AgNPs in boreal lake mesocosms
dosed either with a 6-week chronic regimen or a one-time pulse treatment at
environmentally relevant dosing levels. In the chronic treatments, total Ag
(TAg) concentrations reached ∼40% of target concentrations by the end of
the experiment, and in the pulsed mesocosms, TAg dissipated slowly, with a
half-life of ∼20 days. Sediments and periphyton on the mesocosm walls were
an important sink for Ag. We found little effect of AgNP loading and surface
coating on the persistence of TAg. There were also no differences between
treatments in the degree of agglomeration of AgNPs, as indicated by the
accumulation and distribution of Ag in the particulate and colloidal fractions.
The low ionic strength and relatively high dissolved organic carbon concentrations in the lake water likely contributed to the
relative stability of AgNP in the water column. The low concentrations of dissolved Ag (<1 μg L−1) in the size fraction <3 kDaA
reflect the importance of natural ligands in controlling the concentrations of Ag released by dissolution of AgNPs. Overall, these
data indicate that AgNPs are relatively stable in the tested lake environment and appear to result in quantities of highly toxic ionic
Ag+ that are below our limit of detection.

■ INTRODUCTION

Silver nanoparticles (AgNPs) are increasingly being used in
consumer products because of their antibacterial properties,
raising concerns about the potential environmental impacts of
these materials. Life cycle analysis and modeling studies
indicate that AgNPs can enter surface waters through
wastewater discharge.1,2 Although AgNPs entering wastewater
treatment plants can accumulate in biosolids,3−5 the release of
AgNPs into surface waters via untreated runoff or uncontrolled
leaching from consumer products or textiles remains a concern.
AgNP toxicity has been reported for a variety of aquatic
organisms, including bacteria,6 zooplankton,7 algae,8 and fish.9

However, insufficient knowledge of AgNP fate in natural waters
has made it challenging to assess the impacts of this emerging
contaminant.
Physical and chemical transformations influence the

distribution and toxicity of AgNPs in aquatic environments.
In natural waters, AgNPs may persist as stable free-floating
particles in nanoform or agglomerate with other particles,
leading to sedimentation.10,11 Homoagglomeration with other
AgNPs or heteroagglomeration with natural organic materials
are important fate processes.12 In oxic environments,
dissolution of AgNPs may also occur through the release of
Ag+ from core surfaces,13 increasing the potential for toxicity

from exposure to free ions.14−16 The extent of these AgNP
transformations depends on a variety of factors. Site-specific
physicochemical conditions such ionic strength,13,17 dissolved
organic carbon (DOC),11,18 pH,19 dissolved oxygen,19,20

temperature,14,19 and light21 may affect agglomeration and
dissolution. Particle-specific properties, such as surface coating,
can also affect AgNP stability14,22−24 as can AgNP concen-
tration18.24

AgNP transformations have been evaluated primarily under
controlled laboratory conditions that manipulate only one or
two environmental factors. These results may not predict the
fate and behavior of AgNP in natural environments, where
numerous physicochemical and biological factors interact and
vary temporally. The environmental fate of AgNPs has been
evaluated in estuarine25 and wetland26 environments. However,
these studies used single doses of AgNPs at concentrations
several orders of magnitude higher than estimated exposure
levels, which are in the low μg L−1 or ng L−1 range.27 Responses
may vary depending on the actual exposure scenario. Exposure
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may be chronic, such as the continuous addition of untreated
wastewater effluent, or pulsed, such as a spill. AgNPs vary in
surface coating, which may affect environmental fate. For
example, citrate (CT) AgNPs show increased agglomera-
tion22,24 and lower dissolution14,15 compared to polyvinylpyr-
rolidone (PVP) AgNPs, which may reduce CT AgNP toxicity.
The objective of this study was to investigate the environ-

mental fate of AgNPs in a freshwater lake using environ-
mentally relevant concentrations for both continuous and
pulsed exposure scenarios. We added AgNPs to littoral
mesocosms to determine if (1) loading influences AgNP
transformations and accumulation, (2) AgNPs with different
surface coatings behave differently from each other, and (3)
there are differences in the fate of AgNPs added incrementally
over time (chronic exposure) versus in a single dose (pulse
exposure). The persistence and transformations (i.e., agglom-
eration and dissolution) of AgNPs were monitored through
time by measuring the silver (Ag) content of the following size
fractions using sequential filtration: total, particulate (>0.2 μm)
and dissolved (<3 kDa) Ag pools. Colloidal Ag (<0.2 μm) was
also measured to quantify unagglomerated AgNPs. The fate of
AgNPs within the lake environment was assessed via a mass
balance of total Ag in the water column, periphyton, and
sediments.

■ MATERIALS AND METHODS
Field Site and Experimental Mesocosms. The study was

conducted at the Experimental Lakes Area (ELA) in north-
western Ontario, Canada (49°40′N, 93°44′W). Twelve open-
bottomed mesocosms constructed of polypropylene sheeting
(Curry Industries, Winnipeg, Manitoba, Canada) were installed
in a sheltered bay at the south end of Lake 239, a small pristine,
oligotrophic lake surrounded by boreal forest. Mesocosms were
suspended from a floating ring and sealed to sediments with
sandbags. The mesocosms were installed 1 week before dosing
to allow any particulate material suspended during installation
to settle. Mesocosm walls were impermeable, so water loss
occurred via evaporation, sample withdrawal, and exchange
with sediment pore water. Mesocosms were 2 m in diameter
and 1.5−1.7 m in depth, giving theoretical volumes of >5000 L.
However, because of evaporation and collapsing of the
mesocosm walls, the actual volumes of water in the mesocosms
varied among replicates and declined over time. Mesocosm
volume at the end of the study was determined by adding 12.31
g chloride (as NaCl) and measuring the resulting Cl−

concentration using a chloride ion selective electrode. These
volumes ranged from 2392 to 3475 L (Supporting Informaiton
(SI) Table S1). The background Cl− concentration represented
0.002% of the total Cl− added and had minimal impact on this
measurement. At the bottom of the mesocosms was a sandy
loam, organic poor sediment (loss on ignition <4%), with bulk
densities varying from 0.18 to 0.45 g cm−3 (SI Table S2).

Treatments. Mesocosms were divided into treatments to
address the research objectives, with two replicates per
treatment. Two control mesocosms received no AgNP
addition. The effects of loading rate were tested by 26
additions (every other day) of 0.89 mL, 3.56 mL, and 14.24 mL
each of PVP-capped AgNP stock suspension (1.0 mg L−1) to 3
pairs of mesocosms (referred to hereafter as PVP chronic) to
achieve target nominal concentrations of approximately 6, 23,
and 93 μg L−1 (low, medium and high). To test for differences
between surface coating, CT-capped AgNPs were added to a
pair of mesocosms (referred to hereafter as CT chronic) in a
manner similar to the high PVP chronic treatment. PVP and
CT are the most common AgNP coatings and represent two
dominant methods for stabilization, sterical and electrostatical
stabilization, respectively.28 Further details about the source,
preparation and properties of the AgNPs used in this study is
provided in the SI. Dosing for chronic mesocosms began on
June 23rd, 2012 and ended on August 12th, 2012. To test for
the effects of the dosing regimen (chronic vs pulse) PVP
AgNPs were also added as a single dose to another pair of
mesocosms (referred to hereafter as pulse). 240 mL of the PVP
AgNP stock suspension was added to the pulsed treatments for
a target nominal concentration of 60 μg L−1 on July 11th, 2012.
AgNPs were added approximately 10 cm below the water
surface of all mesocosms. The water column was mixed after
each addition by several vertical passes with a plastic disk (∼45
cm diameter), taking care to not disturb the sediments.

Determination of Silver in the Water Column. Water
samples were collected weekly for Ag analysis. Before sampling,
the water column was mixed with a disk for a few minutes.
Immediately following mixing, 8 L of water was collected from
∼10 cm below the surface and prefiltered through a 35 μm
mesh to remove zooplankton and large detritus (referred to
hereafter as unfiltered water). This unfiltered water was
separated into size fractions using different filtering regimes,
operationally defined as total Ag (TAg) in the unfiltered
sample, total particulate Ag (>0.2 μm), colloidal Ag (0.2 μm
filtrate), and dissolved Ag (dAg; 3 kDa ultrafiltrate) (Table 1, SI
Figure 1). The amount of particulate Ag measured in this study
is indicative of both the degree of AgNP agglomeration
occurring and the amount of Ag that is either adsorbed or
absorbed by plankton or inert particles. The colloidal fraction
includes Ag complexed with DOC or inorganic ligands, as well
as colloidal Ag. All Ag fractions were acidified and digested in
4% HNO3. Silver concentrations were determined by
inductively coupled plasma mass spectrometry (ICP-MS). A
complete description of the filtration and ICP-MS analysis
procedure is provided in the SI.

Water Chemistry. Temperature, conductivity, and dis-
solved oxygen (DO) were measured at the surface, 1 m depth,
and just above the sediments in each mesocosm prior to each
sampling using multiparameter probes (YSI 35 and YSI PRO

Table 1. Operationally-Defined forms of Ag in Various Size Fractions Prepared by Sequential Filtrationa

possible forms include

Ag fractions size (μm) agglomerated, bioaccumlated AgNP and Ag+ nanoform AgNP ccomplexed Ag+ ionic Ag+

Total <35 √ √ √ √
Particulate 35−0.2 √
Colloidal <0.2 √ √ √
Dissolved <3 kDa √b √

aThe possible forms of Ag in each fraction are indicated. bOnly small molecular weight complexes less than 1−2 nm in size (i.e., AgCl or Ag
associated with small organic molecules that are part of the fulvic acid fraction). cI.e., Ag-DOC, AgCl, AgS.
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ODO, YSI30-25FT, YSI Inc., Yellow Springs, Ohio).
Subsamples of unfiltered water samples were analyzed for pH
using a ROSS Ultra Electrode (Thermo Scientific). Samples
used for DOC were filtered with a 0.2 μm polycarbonate
membrane and were kept at 4 °C until analysis. DOC
concentration was analyzed by persulfate digestion using an
O.I. Analytical 1030D carbon analyzer (Xylem Scientific,
graden Instruments, Oakville, Ontario Canada).29 The
concentrations of major inorganic anions and cations were
also measured from subsamples of unfiltered water collected on
July 2nd, 2012 using ion chromatography (Dionex ICS-1100,
Thermo Scientific, Bannockburn, IL; EPA Method 9056A) and
flame atomic adsorption spectrophotometry (Varian FS240,
Varian Inc., Walnut Creek, CA; EPA Method 7000B),
respectively.
Sediment Ag. At the end of the experiment, two intact

sediment cores were collected from each mesocosm. Cores
were sectioned into three layers (0−2 cm, 2−4 cm, 4−6 cm),
which were frozen until analysis. Thawed cores were dried at 80
°C, homogenized, and weighed for bulk density. Subsamples of
the 0−2 cm layer were weighed, ashed at 400 °C for 10 h, and
reweighed to determine loss on ignition. Particle size was
determined using a Horiba LA-950 particle sizing instrument.
Sediment Ag concentration was measured from 3 subsamples
per core after acid digestion and analysis by ICP-MS, as
described in the SI.
Periphyton Ag. Two strips of polypropylene wall material

(100 × 5 cm) were suspended in each mesocosm to be
naturally colonized with periphyton over the course of the
experiment. At the end of the experiment, periphyton was
scraped from each strip and diluted with lake water. The
resulting slurry was homogenized, and two sub- samples from
each strip were filtered through preweighed glass microfiber
filters (Whatman GF/F, nominal 0.7 μm pore size). Filters
were frozen until analysis and then were dried at 60 °C and
weighed to determine periphyton biomass. The Ag concen-
tration of these samples was determined using acid digestion
and ICP-MS analysis, as described in the SI. Residual Ag
adsorbed to the plastic was sampled by placing a 6 × 5 cm piece
of cleaned strip in 40 mL of 4% HNO3 and analyzing the
extract by ICP-MS.
Mass Balance. Partitioning of Ag in the mesocosms was

estimated by calculating the mass balance at the end of the
experiment in four compartments: (1) colloidal Ag, (2) total
particulate Ag, (3) Ag in periphyton, and (4) Ag in sediment.
Ag mass in the colloidal and particulate compartments were
calculated based on the Ag content in those fractions and the
mesocosm volume measured at the end of the study. The Ag
mass in the periphyton was calculated as the Ag mass per strip
surface area (μg Ag cm−2) multiplied by the estimated surface
area of the mesocosm walls. Ag mass in the sediment was
calculated as the average sediment Ag concentrations in cores
(corrected for background Ag concentrations using cores
collected prior to the experiment; 0.27 ± 0.05 μg Ag g−1)
multiplied by sediment bulk density (μg cm−3) and volume of
mesocosm sediment (2 m benthic area × 2 cm sampling
depth). The total Ag recovered (%) in each mesocosm was
determined as the sum of Ag in each of the four compartments
divided by the total Ag added (23 140 μg for low chronic
treatments, 92 560 μg for medium chronic treatments, 370 240
μg for high chronic treatments, and 240 000 μg for pulsed
treatments).

Statistical Analysis. Analysis of covariance (ANCOVA)
was used to test for differences in total, particulate, and colloidal
Ag accumulation among individual mesocosms over time, with
the mesocosm as the categorical variable and days as the
continuous variable. All variables were log10 transformed to
optimize linearity. Colloidal Ag concentration data for three of
the mesocosms were not normally distributed after trans-
formation. However, ANCOVA was used for all treatments
because this statistical test is robust to violations of normality.30

ANCOVA tests were performed using JMP10 statistical
software (SAS Institute Inc.).
To determine if loading rate influenced AgNP persistence

and agglomeration, we regressed the proportion of total Ag
measured to total Ag added and the proportion of particulate
Ag measured to total Ag measured in each PVP AgNP chronic
treatment on 1, 25, and 51 days into the experiment, as a
function of loading amount. The effect of loading rate on AgNP
distribution in the sediment and periphyton was also assessed
using regression analysis performed with SigmaPlot software
(Systat Software Inc.).

■ RESULTS
Water Chemistry. Mesocosm DO concentrations ranged

from 7 to 8 mg L−1 and did not vary with depth. Temperature
increased over the duration of the study from 21 to 24 °C, with
the surface waters usually a few degrees warmer than the
bottom waters. Conductivity ranged from ∼31−37 μS cm−1,
with a gradual increase over time and the pH ranged from 6.8
to 7.4. The lake had low ionic strength, as indicated by low
concentrations of major anions and cations. Concentrations of
DOC ranged between 7.4 and 10.9 mg L−1. All water chemistry
data are presented in the SI (Tables S5−S10).

Effect of Concentration. Total Ag concentration increased
incrementally over time in the chronic mesocosms (Figure 1A).
The final TAg concentration was proportional to the total mass
of AgNP added to each treatment, ranging from 1.7 to 2.4 μg
L−1 in low chronic PVP treatments, 8.2−8.7 μg L−1 in medium
chronic PVP treatments, and 35.4−40.2 μg L−1 in high chronic
PVP treatments. TAg accumulated at the same relative rate over
time in each mesocosm, regardless of loading (ANCOVA, p =
0.676). Low but detectable TAg concentrations were found in
the control mesocosms after 18 days due to carry over of small
volumes of water from one mesocosm to another from an in
situ detector system used for a separate experiment. Despite net
accumulation over time in all chronic mesocosms, TAg
measured in the water column was always less than the
cumulative amount of Ag added (Figure 1B). The concen-
trations measured at the end of the study were approximately
∼40% of the target concentrations. Loading rate had no effect
on the proportion of TAg remaining in the water column
(Figure 2 A−C).
Particulate and colloidal Ag together accounted for 99 ± 7%

of the TAg in the PVP chronic mesocosms. Colloidal Ag
concentrations generally increased over time (Figure 3A),
ranging from 0.7 to 0.9 μg L−1 in the low chronic PVP AgNP
treatments, 3.5−6.2 μg L−1 in the medium chronic PVP AgNP
treatments, and 23.9−24.8 μg L−1 in the high chronic PVP
AgNP treatment at the final collection. Particulate Ag
concentrations initially increased and then fluctuated (Figure
3B), ranging from 1.0 to 1.4 μg L−1 in the low chronic PVP
AgNP treatments, 2.6−4.9 μg L−1 in the medium chronic PVP
AgNP treatments, and 18.2−30.9 μg L−1 in the high chronic
PVP AgNP treatments at the final collection. Rates of
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accumulation were similar among treatments for both fractions
(ANCOVA, p > 0.643).
The proportions of TAg found in colloidal and particulate

fractions varied temporally and were inversely related (Figure
3C−D). Colloidal Ag was the dominant fraction early in the
experiment but sharply declined after 11 days, with a
corresponding increase in the proportion of particulate Ag.
The temporal patterns in the proportion of TAg in these two
fractions appeared similar between treatments. Furthermore,
loading rate had no consistent effect on the proportion of
particulate Ag (Figure 2D-F).
Ag accumulation in the 0−2 cm sediment horizon increased

with loading rate, with mean values ranging from 0.37 ± 0.03 to
0.75 ± 0.06 μg Ag g−1 for the low chronic PVP mesocosms,
0.94 ± 0.11 to 1.3 ± 0.24 μg Ag g−1 for the medium chronic
PVP mesocosms, and 2.1 ± 0.06 to 3.7 ± 0.91 μg Ag g−1 for the
high chronic PVP mesocosms (SI Figure S2). In all mesocosms,
the majority of Ag accumulated in the first 2 cm, with
concentrations decreasing with sediment depth (SI Figure S2).
Ag concentrations in periphyton also increased with loading
rate, with mean (±SD) values ranging from 173 ± 1 to 288 ±
32 μg Ag g−1 for the low chronic PVP replicates, 612 ± 27 and
898 ± 69 μg Ag g−1 for the medium chronic PVP replicates,
and 3,245 ± 269 and 3,827 ± 52 μg Ag g−1 for the high chronic

PVP replicates (SI Figure S3). However, loading rate did not
influence the proportion of Ag in the sediment and periphyton
(Figure 4).

Effect of Surface Coating. Ag accumulated at the same
rate in all high chronic mesocosms, regardless of the surface
coating, for the total (ANCOVA, p = 0.098; Figure 1A),
colloidal (ANCOVA, p = 0.968; Figure 3A) and particulate
(ANCOVA, p = 0.404; Figure 3B) fractions. In addition, the
proportion of Ag found in these fractions in the CT AgNP
treatments were generally within the 95% CI of the regression
line for the chronic PVP treatments (Figure 2), suggesting
similar Ag persistence and agglomeration between surface
coatings. The temporal patterns in the proportions of TAg in
the particulate and colloidal fractions also appeared similar
among PVP and CT high chronic treatments (Figure 3C−D).
The influence of surface coating on Ag accumulation in

attached compartments was less clear. Surface coating appeared
to influence the amount of Ag accumulated in sediment and
periphyton in different ways. The Ag concentration was 1.2−
2.3 times greater in sediments from chronic CT AgNP
treatments compared to chronic PVP AgNP treatments (SI
Figure S2). Conversely, concentrations in periphyton were
1.2−1.7 times greater in the PVP AgNP treatments compared
to the CT AgNP treatments (SI Figure S3). However, these
differences must be interpreted with caution as the proportions
of Ag in the sediments and periphyton for the CT AgNP
replicates were not consistently outside the 95% CI of the
regression line for the PVP chronic treatments (Figure 4).

Effect of Dosing Regimen. TAg dissipated slowly from
the water column in the pulse mesocosms. TAg concentrations
declined from 71 and 70 μg L−1 at 1 h after addition to 16 and
18 μg L−1 after 33 days (Figure 5A). The dissipation half-life
(DT50) values for TAg in the two mesocosms were 17 and 21
days.31 The percentage of TAg measured relative to the amount
of total Ag added declined more rapidly over the first 24 h from
>80% to ∼60% (Figure 5B). After 33 days, the proportion of
TAg remaining in the pulse treatment was less than the
proportion remaining in the chronic mesocosms over the same
time interval, with values of 20% and >30%, respectively.
In pulse mesocosms, colloidal Ag concentration decreased

with time (Figure 5C), while particulate Ag concentration
increased for the first 3−4 days, and then consistently declined
during the remainder of the experiment (Figure 5D). The
percentage of TAg found in the particulate and colloidal phases
also varied over time (Figure 5E−F). A greater proportion of
Ag was in the colloidal phase then particulate phase (44−74%
versus 21−56%, respectively). Concentrations of Ag in the
sediment at the end of the pulse treatment ranged from 3.7 ±
1.3 to 5.6 ± 0.2 μg g−1 (SI Figure S2). These values are within
the ranges of the sediment Ag high chronic mesocosms, even
though less Ag was added to the pulse mesocosms. The amount
of Ag measured in the sediment relative to the total amount of
Ag added was generally greater than the other chronic
mesocosms (Figure 4). Ag concentration in periphyton ranged
from 1770 ± 76 to 2,115 ± 169 μg g−1 for the pulse
mesocosms, which was lower than the high chronic PVP
mesocosms, as expected due to lower total Ag loading (SI
Figure S3). However, there were no consistent differences
between PVP chronic and pulse mesocosms in the proportion
of Ag associated with the periphyton (Figure 4).

Dissolved Ag. Very little dAg was detected in the 3 kDa
ultrafiltrate (SI Table S11). In low and medium chronic PVP
AgNP treatments, dAg concentrations were generally below the

Figure 1. TAg concentration (μg L−1) (A) and proportion of the TAg
mass measured to the cumulative TAg mass added (B) in water
column of chronic mesocosms over time. Reference lines in (A) show
target nominal Ag concentrations for high, medium, and low
exposures. TAg masses for all time points in (B) were based on
mesocosm volumes measured at the end of the study.
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limit of detection throughout the entire study. The dAg was
consistently detected after 39 days in the high chronic
treatments, but at concentrations <1 μg/L. The dAg
concentrations in the high chronic mesocosms were variable
through time and between replicates. Pulse mesocosms also had
low amounts of dAg (concentrations <1 μg/L).
Mass Balance. By the end of the experiment, the total Ag

recovered in all of the environmental compartments ranged
from 41 to 77% (SI Table S12). Generally, the proportion of
total Ag partitioned into each compartment was, in decreasing
order, the water column (colloidal + particulate Ag) > sediment

> periphyton. Almost no Ag (0.2 ± 1%) remained adsorbed to
mesocosm wall material after the periphyton was removed.

■ DISCUSSION

Little difference was observed in the behavior or environmental
fate of AgNPs among chronic treatments. The rate of loading
did not affect the relative proportions of TAg, colloidal Ag, or
total particulate Ag in the water column, indicating little
influence of concentration on AgNP persistence, stability and
agglomeration in this study. Surface coating also appeared to
have little effect on these parameters.

Figure 2. Proportions of total silver (TAg) mass measured to TAg mass added (A−-C) and particulate Ag (pAg) concentration measured to TAg
concentration measured (E−F) as a function of cumulative Ag mass added 1, 25, 51 days following first AgNP addition. Ag masses for all time points
(A−C) were determined using mesocosm volumes measured at the end of the study. Linear regressions (solid lines) with a 95% CI (dashed lines)
show relationships between loading rate and Ag proportions for chronic PVP mesocosms. Symbols represent one sample taken from each
mesocosm.
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We used AgNP concentrations that were orders of
magnitude lower than those used in other studies showing
significant effects of concentration18 and surface coating.14,22−24

Kennedy et al.18 showed increased agglomeration with
increased AgNP concentration, but added up to 4 orders of
magnitude more Ag to their treatments (500 mg L−1 − 4000
mg L−1), which likely caused more particle−particle inter-

actions. Huynh and Chen22 reported greater stability of PVP
AgNPs as compared to CT AgNPs, but also at high AgNP
concentrations (8 mg L−1). Agglomeration kinetics are
inversely proportional to nanoparticle concentration.22,32 We
did not observe differences in stability and agglomeration
among treatments, perhaps because interactions between
particles are infrequent at low concentrations limiting the rate

Figure 3. Concentration (μg L−1) of (A) colloidal Ag and (B) total particulate Ag in chronic mesocoms over time. Percentage of measured total Ag
found in the (C) colloidal and (D) particulate fractions over time.

Figure 4. Proportion of Ag added in sediments (A) and periphyton (B) as a function of total Ag added. Linear regressions (solid line) with 95% CI
(dashed lines) show relationships between loading rate and proportions of chronic PVP mesocosms. Symbols represent means (±SD) of individual
periphyton strip and sediment cores. Data for one periphtyon strip from the high chronic PVP replicate 1 mesocosm, one sediment core from the
high chronic CT replicate 1 and pulse PVP replicate 1, and both sediment cores from the medium chronic PVP replicate 1 mesocosm are missing
due to errors in sample collection/processing. Periphyton results are based on upper bound estimates of periphyton biomass present in the
mesocosm as explained in the Supporting Information.
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of homoagglomeration. This may have been particularly true in
the chronic treatments where individual AgNP additions
resulted in very low concentrations. Single-particle ICP-MS
analysis of our samples also suggested homoagglomeration was
rare in the higher dosed pulse treatment with PVP AgNPs,31

supporting the suggestion of greater stability of PVP imparted
by steric repulsion.24,28 Our results suggest that homoagglom-
eration may not be a major factor affecting AgNP behavior at
concentrations approaching those expected in natural waters.27

However, it is important to note that site-specific phys-
icochemical parameters, such as DOC concentration, ionic
strength, and presence of biotic particles, almost certainly
contribute to AgNP behavior in natural environments.
DOC concentration may explain the relative persistence of

AgNPs in the water column we observed across treatments.
AgNP persistence in our mesocosms was comparable to the 8
day settling time reported in wetland mesocosms dosed with

PVP AgNPs.26 The 8 day settling time was longer than
anticipated based on homoagglomeration studies which was
attributed to the high organic matter content in the water
column.26 DOC prevents homoagglomeration and improves
stability by adsorbing to AgNP surfaces and causing both steric
and electrostatic repulsion.11,18,22 Stable AgNPs are more
persistent in the environment, especially in the presence of
DOC.10,11 DOC concentrations as low as 4 mg L−118 and as
high as 10 mg L−1,10 a range that encompasses the
concentrations found in our mesocosms, have been shown to
completely inhibit agglomeration in laboratory experiments.
However, surface coating appears to modify this relationship.
For example, humic acids (4 mg L−) prevented the rapid
agglomeration of CT AgNPs in synthetic freshwater, but had
no effect on PVP AgNP agglomeration, which did not
agglomerate in any of the tested media.24 Conversely, plant-
derived DOC prevented PVP AgNP agglomeration.33 The

Figure 5. Ag concentration (μg L−1) and percentage of Ag found in various pelagic fractions of pulse mesocosms. (A) total Ag (reprinted from
Furtado et al.31 (B) total Ag measured relative to the total Ag added (C) colloidal Ag, (D) particulate Ag, (E) % colloidal Ag, (F) % particulate Ag.
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moderately high DOC concentrations in this study may have
reduced the agglomeration of CT AgNPs to levels similar to
that of PVP AgNPs and may have prevented differences in
agglomeration across PVP AgNP loading rates.
Low ionic strength likely contributed to the stability

observed across our treatments. Our results differed from
estuarine mesocosms where AgNPs were removed rapidly from
the water column during the first 24 h.25 This difference was
likely due to differences in Cl− concentrations. Excess
electrolytes present in high ionic strength environments screen
the surface charge and reduce the electrical double layer that
surrounds particles, which then increases the extent of particle−
particle interactions and AgNP agglomeration.13,28 This is
particularly important for electrostatically stabilized CT
AgNPs.22,24 The ionic strength of Lake 239 water was well
below the threshold that induces rapid agglomeration of PVP
AgNPs (111 mM NaCl; 4.9 mM CaCl2) and CT AgNPs (48
mM NaCl; 2.1 mM CaCl2).

22 Furthermore, agglomeration
induced by surface precipitates on AgNPs has only been
demonstrated at high concentrations of S2− (10−3 M Na2S)
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and Cl− (100 mM NaCl).13

Biotic factors in natural environments may also influence
AgNP persistence. In our mesocosms, Ag retained in the
particulate fraction may include both homoagglomerates of
AgNPs and Ag associated with organic matter fractions (e.g.,
DNA), bacteria, algae, and other protists.35−37 Given the low
AgNP concentrations and high DOC levels, we hypothesize
that the majority of particulate Ag in our study was comprised
of heteroagglomerates or bioaccumulated forms of AgNP/Ag+.
Unrine et al.33 found no AgNP agglomeration in the presence
of plant-derived dissolved organic material (DOM) as a result
of the influence of DOM on AgNP stability. The adsorption of
AgNPs to biotic particles may have contributed to the
persistence of Ag observed in the mesocosms as bacteria have
been reported to disagglomerate and stabilize titanium dioxide
(TiO2) nanoparticles in marsh water due to preferential
adsorption of nanoparticles with bacterial cell surfaces.38

AgNPs have been shown to associate with bacterioplankton
and phytoplankton in our previous studies with natural
communities.6,8 Variations observed in the percentage of TAg
found in the particulate fraction over time in our study may also
reflect temporal variations in these organisms. Heteroagglom-
eration between AgNPs and biotic particles, such as
bacterioplankton and phytoplankton, is an important fate
process that requires further investigation, particularly in regard
to its impact on AgNP stability and sedimentation.
Very little dAg was detected in any of our mesocosms.

Previous laboratory studies have demonstrated increased
particle dissolution at lower particle concentrations24,39 and
higher dissolution rates of PVP AgNPs compared to CT
AgNPs.14,23 We expected AgNP dissolution given the oxic
conditions, neutral pH of the water, and the relatively high
water temperatures in the mesocosms during the study.14,19,20

However, inferring dissolution from measuring dAg pools may
lead to underestimates of dissolution in natural waters, as Ag+

complexes with natural ligands to form colloids that may be
retained on the 3 kDa filter. High amounts of oxidized Ag, have
been found to complex with DOM after the addition of AgNPs
to microcosms containing plants.40 Asymmetric flow field flow
fractionation (AF4) ICP-MS analysis of samples from pulse
treatments also suggest Ag-DOC complexes were present in
our mesocosms.31 Predictions of Ag+ speciation by MINEQL+

modeling (refer to SI for details) indicated that binding with
DOC was an important process in the mesocosms.
In natural waters, there are many factors that may prevent

AgNP dissolution including (i) the presence of electrolytes (i.e.,
S2−, Cl−) causing precipitated Ag species to accumulate at the
surface,34,41 (ii) the presence of organic ligands that may reduce
Ag+ to Ag(0) or absorb to the surface and block oxidation sites,
19 and (iii) the influence of agglomeration preventing access to
reactive sites.17 Li and Lenhart21 suggested that these processes,
in addition to the sorption of Ag+ to particles, might explain the
low concentration of dAg measured in natural waters after the
addition of AgNPs (i.e., 3% of the TAg present after 15 days).
Despite the presence of Ag in the colloidal and particulate

fractions, Ag was continuously being removed from the water
column. The accumulation of Ag in sediments and periphyton
indicate that these compartments may be important sinks for
Ag in lakes. Ag likely enters the sediments via agglomeration or
absorption/adsorption to particulate organic matter and
subsequent sedimentation. This process is dependent on
aggregate size18 and can reduce exposure of planktonic biota
to AgNPs.42 The adsorption of AgNPs and/or Ag+ to
periphyton was another important sink for AgNPs and/or
dAg, which has been reported in other experiments as well.25,43

We observed differences in the concentrations of Ag found in
sediment and periphtyon between CT and PVP AgNP
treatments. CT AgNP treatments accumulated greater
concentrations of Ag in the sediment, whereas PVP AgNP
treatments accumulated greater concentrations of Ag in the
periphtyon. Previous studies have suggested that surface
coating influences AgNP interactions with biological44 and
soil surfaces.45 However, our results contrast the findings of
Whitney et al.45 that suggest PVP AgNPs have a greater affinity
to soil than negatively charged CT AgNPs. We may have found
more Ag in the sediments of CT AgNP treatments compared to
PVP treatments because periphyton sequestered more Ag in
the PVP treatments. However, differences in the proportions of
Ag residing in the sediment and periphyton were not consistent
in our study. The effect of surface coating on Ag incorporation
in benthic compartments is an area that requires further
investigation.
The results of our mass balance calculations indicate that Ag

is sequestered by other compartments. The colloidal,
particulate, sediment, and periphyton fractions accounted for
41−77% of the Ag added. Likely pools unaccounted for in this
study include zooplankton and macrophytes. Zooplankton
species were present in the mesocosms (Vincent et al.,
unpublished) and have been shown to accumulate Ag when
exposed to both ionic and particulate forms.46,47 The
mesocosms also contained a relatively uniform cover of
submerged macrophytes, which may have accumulated Ag in
their tissues or epiphytic communities48−50

To our knowledge, this is the first investigation of the
environmental fate of AgNPs using large, in situ enclosures at
environmentally relevant AgNP concentrations and using two
dosing regimens, chronic and pulse. Our results indicated that
AgNPs are moderately persistent in the water column, but also
partition into the benthic compartment of soft water lakes. The
data indicate that site specific characteristics, such as high DOC
concentration, low ionic strength and the presence of biotic
particles promoting heteroagglomeration may have mitigated
the role of loading rate or surface coatings on AgNP
transformations in natural environments. Our results have
implications for biotic responses to AgNPs as AgNP persistence
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may increase the exposure of pelagic organisms to this
contaminant. However, the low amount of dissolved Ag
observed in our study also suggests that high concentrations
of DOC may mitigate the toxic impacts of AgNPs in fresh water
as a result of Ag+ complexation.11,18,20 Our results suggest
several research avenues for the future. First, as most AgNPs are
expected to be transformed into Ag2S during wastewater
treatment,3,4 we suggest that future experiments evaluate the
fate of treated AgNP effluent in surface waters. Second, we
inferred the degree of agglomeration and persistence using Ag
pools. This approach has limitations as pool size does not
always reflect flux and the size-fractionating method used to
measure particulate Ag cannot distinguish among AgNP
homoagglomerates, AgNP heteroagglomerates, or Ag+ ad-
sorbed to particulate organic matter (POM). We suggest that
particle sizing techniques should be used to confirm the
presence of AgNPs in different fractions and that measuring
rates of AgNP transformation will increase our understanding
of the fate of these particles in natural environments as well as
their potential ecological impacts. Finally, our results describe
AgNP behavior in oligotrophic boreal lakes. The fate of AgNPs
in agricultural and urban systems is required for a
comprehensive understanding of the consequences of AgNP
introduction to freshwater ecosystems.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed procedure and additional figures and tables. The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.est.5b01116.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: 705-748-1011 ×7659; e-mail: hhintelmann@trentu.ca.
Present Address
§(B.C.N.) Michigan State University, Department of Micro-
biology and Molecular Genetics, East Lansing, Michigan 48824,
United States.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank all ELA researchers, particularly Mike Paterson, Jane
Kirk, Alain Dupuis, and Scott Higgins, for their support during
this experiment. Thanks to Jonathan Martin, Jillian Fischer,
Graham Blakelock, Jennifer Vincent, Daniel Braun, Paul
Finigan, Nicole Novodvorsky, Md. Ehsanul Hoque, Andrew
Scott, and Brian Dimock for help with the mesocosm sampling
and analysis and to three anonymous reviewers for their helpful
comments. This work was funded by a grant from the Natural
Sciences and Engineering Research Council (NSERC) of
Canada through the Strategic Grants program and a grant from
Environment Canada. L.F. received postgraduate scholarships
from NSERC and the Ontario Graduate Scholarship program.

■ REFERENCES
(1) Blaser, S. A.; Scheringer, M.; MacLeod, M.; Hungerbuehler, K.
Estimation of cumulative aquatic exposure and risk due to silver:
Contribution of nano-functionalized plastics and textiles. Sci. Total
Environ. 2008, 390 (2−3), 396−409, DOI: 10.1016/j.scito-
tenv.2007.10.010.
(2) Nowack, B.; Ranville, J. F.; Diamond, S.; Gallego-Urrea, J. A.;
Metcalfe, C.; Rose, J.; Horne, N.; Koelmans, A. A.; Klaine, S. J.

Potential scenarios for nanomaterial release and subsequent alteration
in the environment. Environ. Toxicol. Chem. 2012, 31 (1), 50−59,
DOI: 10.1002/etc.726.
(3) Kaegi, R.; Voegelin, A.; Ort, C.; Sinnet, B.; Thalmann, B.;
Krismer, J.; Hagendorfer, H.; Elumelu, M.; Mueller, E. Fate and
transformation of silver nanoparticles in urban wastewater systems.
Water Res. 2013 , 47 (12), 3866−3877, DOI: 10.1016/
j.watres.2012.11.060.
(4) Kaegi, R.; Voegelin, A.; Sinnet, B.; Zuleeg, S.; Hagendorfer, H.;
Burkhardt, M.; Siegrist, H. Behavior of metallic silver nanoparticles in a
pilot wastewater treatment plant. Environ. Sci. Technol. 2011, 45 (9),
3902−3908, DOI: 10.1021/es1041892.
(5) Li, L.; Hartmann, G.; Doeblinger, M.; Schuster, M. Quantification
of nanoscale silver particles removal and release from municipal
wastewater treatment plants in Germany. Environ. Sci. Technol. 2013,
47 (13), 7317−7323, DOI: 10.1021/es3041658.
(6) Das, P.; Williams, C. J.; Fulthorpe, R. R.; Hoque, M. E.; Metcalfe,
C. D.; Xenopoulos, M. A. Changes in bacterial community structure
after exposure to silver nanoparticles in natural waters. Environ. Sci.
Technol. 2012, 46 (16), 9120−9128, DOI: 10.1021/es3019918.
(7) Das, P.; Xenopoulos, M. A.; Metcalfe, C. D. Toxicity of silver and
titanium dioxide nanoparticle suspensions to the aquatic invertebrate,
Daphnia magna. Bull. Environ. Contam. Toxicol. 2013, 91 (1), 76−82,
DOI: 10.1007/s00128-013-1015-6.
(8) Das, P.; Metcalfe, C. D.; Xenopoulos, M. A. Interactive effects of
silver nanoparticles and phosphorus on phytoplankton growth in
natural waters. Environ. Sci. Technol. 2014, 48 (8), 4573−4580,
DOI: 10.1021/es405039w.
(9) Farmen, E.; Mikkelsen, H. N.; Evensen, O.; Einset, J.; Heier, L.
S.; Rosseland, B. O.; Salbu, B.; Tollefsen, K. E.; Oughton, D. H. Acute
and sub-lethal effects in juvenile Atlantic salmon exposed to low μg/L
concentrations of Ag nanoparticles. Aquat. Toxicol. 2012, 108, 78−84,
DOI: 10.1016/j.aquatox.2011.07.007.
(10) Chinnapongse, S. L.; MacCuspie, R. I.; Hackley, V. A.
Persistence of singly dispersed silver nanoparticles in natural
freshwaters, synthetic seawater, and simulated estuarine waters. Sci.
Total Environ. 2011, 409 (12), 2443−2450, DOI: 10.1016/j.scito-
tenv.2011.03.020.
(11) Gao, J.; Powers, K.; Wang, Y.; Zhou, H.; Roberts, S. M.;
Moudgil, B. M.; Koopman, B.; Barber, D. S. Influence of Suwannee
River humic acid on particle properties and toxicity of silver
nanoparticles. Chemosphere 2012, 89 (1), 96−101, DOI: 10.1016/
j.chemosphere.2012.04.024.
(12) Hotze, E. M.; Phenrat, T.; Lowry, G. V. Nanoparticle
aggregation: Challenges to understanding transport and reactivity in
the environment. J. Environ. Qual. 2010, 39 (6), 1909−1924,
DOI: 10.2134/jeq2009.0462.
(13) Li, X.; Lenhari, J. J.; Walker, H. W. Aggregation kinetics and
dissolution of coated silver nanoparticles. Langmuir 2012, 28 (2),
1095−1104, DOI: 10.1021/la202328n.
(14) Kittler, S.; Greulich, C.; Diendorf, J.; Koeller, M.; Epple, M.
Toxicity of silver nanoparticles increases during storage because of
slow dissolution under release of silver ions. Chem. Mater. 2010, 22
(16), 4548−4554, DOI: 10.1021/cm100023p.
(15) Yang, X.; Gondikas, A. P.; Marinakos, S. M.; Auffan, M.; Liu, J.;
Hsu-Kim, H.; Meyer, J. N. Mechanism of silver nanoparticle toxicity is
dependent on dissolved silver and surface coating in Caenorhabditis
elegans. Environ. Sci. Technol. 2012, 46 (2), 1119−1127,
DOI: 10.1021/es202417t.
(16) Newton, K. M.; Puppala, H. L.; Kitchens, C. L.; Colvin, V. L.;
Klaine, S. J. Silver nanoparticle toxicity to Daphnia magna is a function
of dissolved silver concentration. Environ. Toxicol. Chem. 2013, 32
(10), 2356−2364, DOI: 10.1002/etc.2300.
(17) He, D.; Bligh, M. W.; Waite, T. D. Effects of aggregate structure
on the dissolution kinetics of citrate-stabilized silver nanoparticles.
Environ. Sci. Technol. 2013, 47 (16), 9148−9156, DOI: 10.1021/
es400391a.
(18) Kennedy, A. J.; Chappell, M. A.; Bednar, A. J.; Ryan, A. C.;
Laird, J. G.; Stanley, J. K.; Steevens, J. A. Impact of organic carbon on

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b01116
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

I

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.5b01116
mailto:hhintelmann@trentu.ca
http://dx.doi.org/10.1016/j.scitotenv.2007.10.010
http://dx.doi.org/10.1016/j.scitotenv.2007.10.010
http://dx.doi.org/10.1002/etc.726
http://dx.doi.org/10.1016/j.watres.2012.11.060
http://dx.doi.org/10.1016/j.watres.2012.11.060
http://dx.doi.org/10.1021/es1041892
http://dx.doi.org/10.1021/es3041658
http://dx.doi.org/10.1021/es3019918
http://dx.doi.org/10.1007/s00128-013-1015-6
http://dx.doi.org/10.1021/es405039w
http://dx.doi.org/10.1016/j.aquatox.2011.07.007
http://dx.doi.org/10.1016/j.scitotenv.2011.03.020
http://dx.doi.org/10.1016/j.scitotenv.2011.03.020
http://dx.doi.org/10.1016/j.chemosphere.2012.04.024
http://dx.doi.org/10.1016/j.chemosphere.2012.04.024
http://dx.doi.org/10.2134/jeq2009.0462
http://dx.doi.org/10.1021/la202328n
http://dx.doi.org/10.1021/cm100023p
http://dx.doi.org/10.1021/es202417t
http://dx.doi.org/10.1002/etc.2300
http://dx.doi.org/10.1021/es400391a
http://dx.doi.org/10.1021/es400391a
http://dx.doi.org/10.1021/acs.est.5b01116


the stability and toxicity of fresh and stored silver nanoparticles.
Environ. Sci. Technol. 2012, 46 (19), 10772−10780, DOI: 10.1021/
es302322y.
(19) Liu, J.; Hurt, R. H. Ion release kinetics and particle persistence
in aqueous nano-silver colloids. Environ. Sci. Technol. 2010, 44 (6),
2169−2175, DOI: 10.1021/es9035557.
(20) Xiu, Z.; Ma, J.; Alvarez, P. J. J. Differential effect of common
ligands and molecular oxygen on antimicrobial activity of silver
nanoparticles versus silver ions. Environ. Sci. Technol. 2011, 45 (20),
9003−9008, DOI: 10.1021/es201918f.
(21) Li, X.; Lenhart, J. J. Aggregation and dissolution of silver
nanoparticles in natural surface water. Environ. Sci. Technol. 2012, 46
(10), 5378−5386, DOI: 10.1021/es204531y.
(22) Huynh, K. A.; Chen, K. L. Aggregation kinetics of citrate and
polyvinylpyrrolidone coated silver nanoparticles in monovalent and
divalent electrolyte solutions RID A-3399−2010. Environ. Sci. Technol.
2011, 45 (13), 5564−5571, DOI: 10.1021/es200157h.
(23) Dobias, J.; Bernier-Latmani, R. Silver release from silver
nanoparticles in natural waters. Environ. Sci. Technol. 2013, 47 (9),
4140−4146, DOI: 10.1021/es304023p.
(24) Angel, B. M.; Batley, G. E.; Jarolimek, C. V.; Rogers, N. J. The
impact of size on the fate and toxicity of nanoparticulate silver in
aquatic systems. Chemosphere 2013, 93 (2), 359−365, DOI: 10.1016/
j.chemosphere.2013.04.096.
(25) Cleveland, D.; Long, S. E.; Pennington, P. L.; Cooper, E.;
Fulton, M. H.; Scott, G. I.; Brewer, T.; Davis, J.; Petersen, E. J.; Wood,
L. Pilot estuarine mesocosm study on the environmental fate of silver
nanomaterials leached from consumer products. Sci. Total Environ.
2012, 421−422, 267−72.
(26) Lowry, G. V.; Espinasse, B. P.; Badireddy, A. R.; Richardson, C.
J.; Reinsch, B. C.; Bryant, L. D.; Bone, A. J.; Deonarine, A.; Chae, S.;
Therezien, M.; Colman, B. P.; Hsu-Kim, H.; Bernhardt, E. S.; Matson,
C. W.; Wiesner, M. R. Long-term transformation and fate of
manufactured Ag nanoparticles in a simulated large scale freshwater
emergent wetland. Environ. Sci. Technol. 2012, 46 (13), 7027−7036,
DOI: 10.1021/es204608d.
(27) Gottschalk, F.; Sun, T.; Nowack, B. Environmental concen-
trations of engineered nanomaterials: Review of modeling and
analytical studies. Environ. Pollut. 2013 , 181 , 287−300,
DOI: 10.1016/j.envpol.2013.06.003.
(28) El Badawy, A. M.; Luxton, T. P.; Silva, R. G.; Scheckel, K. G.;
Suidan, M. T.; Tolaymat, T. M. Impact of environmental conditions
(pH, ionic strength, and electrolyte type) on the surface charge and
aggregation of silver nanoparticles suspensions. Environ. Sci. Technol.
2010, 44 (4), 1260−1266, DOI: 10.1021/es902240k.
(29) Wilson, H. F.; Xenopoulos, M. A. Ecosystem and seasonal
control of stream dissolved organic carbon along a gradient of land
use. Ecosystems 2008, 11 (4), 555−568, DOI: 10.1007/s10021-008-
9142-3.
(30) Olejnik, S. F.; Algina, J. Parametric ANCOVA vs. rank transform
ANCOVA when assumptions of conditional normality and homo-
scedasticity are violated. J. Educ. Stat. 1984, 9, 129.
(31) Furtado, L. M.; Hoque, M. E.; Mitrano, D. F.; Ranville, J. F.;
Cheever, B.; Frost, P. C.; Xenopoulos, M. A.; Hintelmann, H.;
Metcalfe, C. D. The persistence and transformation of silver
nanoparticles in littoral lake mesocosms monitored using various
analytical techniques. Environ. Chem. 2014, 11 (4), 419−430,
DOI: 10.1071/EN14064.
(32) Chappell, M. A.; Miller, L. F.; George, A. J.; Pettway, B. A.;
Price, C. L.; Porter, B. E.; Bednar, A. J.; Seiter, J. M.; Kennedy, A. J.;
Steevens, J. A. Simultaneous dispersion-dissolution behavior of
concentrated silver nanoparticle suspensions in the presence of
model organic solutes. Chemosphere 2011, 84 (8), 1108−1116,
DOI: 10.1016/j.chemosphere.2011.04.040.
(33) Unrine, J. M.; Colman, B. P.; Bone, A. J.; Gondikas, A. P.;
Matson, C. W. Biotic and abiotic interactions in aquatic microcosms
determine fate and toxicity of Ag nanoparticles. Part 1. Aggregation
and dissolution. Environ. Sci. Technol. 2012, 46 (13), 6915−6924,
DOI: 10.1021/es204682q.

(34) Levard, C.; Reinsch, B. C.; Michel, F. M.; Oumahi, C.; Lowry,
G. V.; Brown, G. E., Jr. Sulfidation processes of PVP-coated silver
nanoparticles in aqueous solution: Impact on dissolution rate. Environ.
Sci. Technol. 2011, 45 (12), 5260−5266, DOI: 10.1021/es2007758.
(35) Gimbert, L.; Haygarth, P.; Beckett, R.; Worsfold, P. Comparison
of centrifugation and filtration techniques for the size fractionation of
colloidal material in soil suspensions using sedimentation field-flow
fractionation. Environ. Sci. Technol. 2005, 39 (6), 1731−1735,
DOI: 10.1021/es049230u.
(36) Sondi, I.; Salopek-Sondi, B. Silver nanoparticles as antimicrobial
agent: A case study on E-coli as a model for Gram-negative bacteria. J.
Colloid Interface Sci. 2004, 275 (1), 177−182, DOI: 10.1016/
j.jcis.2004.02.012.
(37) Turner, A.; Brice, D.; Brown, M. T. Interactions of silver
nanoparticles with the marine macroalga, Ulva lactuca. Ecotoxicology
2012, 21 (1), 148−154, DOI: 10.1007/s10646-011-0774-2.
(38) Horst, A. M.; Neal, A. C.; Mielke, R. E.; Sislian, P. R.; Suh, W.
H.; Maedler, L.; Stucky, G. D.; Holden, P. A. Dispersion of TiO2
nanoparticle agglomerates by Pseudomonas aeruginosa. Appl. Environ.
Microbiol. 2010, 76 (21), 7292−7298, DOI: 10.1128/AEM.00324-10.
(39) Hadioui, M.; Leclerc, S.; Wilkinson, K. J. Multimethod
quantification of Ag+ release from nanosilver. Talanta 2013, 105,
15−19, DOI: 10.1016/j.talanta.2012.11.048.
(40) Bone, A. J.; Colman, B. P.; Gondikas, A. P.; Newton, K. M.;
Harrold, K. H.; Cory, R. M.; Unrine, J. M.; Klaine, S. J.; Matson, C.
W.; Di Giulio, R. T. Biotic and abiotic interactions in aquatic
microcosms determine fate and toxicity of Ag nanoparticles: Part 2-
toxicity and Ag speciation. Environ. Sci. Technol. 2012, 46 (13), 6925−
6933, DOI: 10.1021/es204683m.
(41) Li, X.; Lenhart, J. J.; Walker, H. W. Dissolution-accompanied
aggregation kinetics of silver nanoparticles. Langmuir 2010, 26 (22),
16690−16698, DOI: 10.1021/la101768n.
(42) Velzeboer, I.; Hendriks, A. J.; Ragas, A. M. J.; Van de Meent, D.
Aquatic ecotoxicity tests of some nanomaterials. Environ. Toxicol.
Chem. 2008, 27 (9), 1942−1947, DOI: 10.1897/07-509.1.
(43) Fabrega, J.; Zhang, R.; Renshaw, J. C.; Liu, W.; Lead, J. R.
Impact of silver nanoparticles on natural marine biofilm bacteria.
Chemosphere 2011, 85 (6), 961−966, DOI: 10.1016/j.chemo-
sphere.2011.06.066.
(44) El Badawy, A. M.; Silva, R. G.; Morris, B.; Scheckel, K. G.;
Suidan, M. T.; Tolaymat, T. M. Surface charge-dependent toxicity of
silver nanoparticles. Environ. Sci. Technol. 2011, 45 (1), 283−287,
DOI: 10.1021/es1034188.
(45) Whitley, A. R.; Levard, C.; Oostveen, E.; Bertsch, P. M.;
Matocha, C. J.; von der Kammer, F.; Unrine, J. M. Behavior of Ag
nanoparticles in soil: Effects of particle surface coating, aging and
sewage sludge amendment. Environ. Pollut. 2013, 182, 141−149,
DOI: 10.1016/j.envpol.2013.06.027.
(46) Asghari, S.; Johari, S. A.; Lee, J. H.; Kim, Y. S.; Jeon, Y. B.; Choi,
H. J.; Moon, M. C.; Yu, I. J. Toxicity of various silver nanoparticles
compared to silver ions in Daphnia magna. J. Nanobiotechnol. 2012, 10,
14 DOI: 10.1186/1477-3155-10-14.
(47) Zhao, C.; Wang, W. Biokinetic uptake and efflux of silver
nanoparticles in Daphnia magna. Environ. Sci. Technol. 2010, 44 (19),
7699−7704, DOI: 10.1021/es101484s.
(48) Geisler-Lee, J.; Wang, Q.; Yao, Y.; Zhang, W.; Geisler, M.; Li,
K.; Huang, Y.; Chen, Y.; Kolmakov, A.; Ma, X. Phytotoxicity,
accumulation and transport of silver nanoparticles by Arabidopsis
thaliana. Nanotoxicology 2013, 7 (3), 323−337, DOI: 10.3109/
17435390.2012.658094.
(49) Rascio, N. The underwater life of secondarily aquatic plants:
Some problems and solutions. Crit. Rev. Plant Sci. 2002, 21 (4), 401−
427, DOI: 10.1080/0735-260291044296.
(50) Jackson, L.; Rowan, D.; Cornett, R.; Kalff, J. Myriophyllum
spicatum pumps essential and nonessential trace-elements from
sediments to epiphytes. Can. J. Fish. Aquat. Sci. 1994, 51 (8), 1769−
1773, DOI: 10.1139/f94-178.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b01116
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/es302322y
http://dx.doi.org/10.1021/es302322y
http://dx.doi.org/10.1021/es9035557
http://dx.doi.org/10.1021/es201918f
http://dx.doi.org/10.1021/es204531y
http://dx.doi.org/10.1021/es200157h
http://dx.doi.org/10.1021/es304023p
http://dx.doi.org/10.1016/j.chemosphere.2013.04.096
http://dx.doi.org/10.1016/j.chemosphere.2013.04.096
http://dx.doi.org/10.1021/es204608d
http://dx.doi.org/10.1016/j.envpol.2013.06.003
http://dx.doi.org/10.1021/es902240k
http://dx.doi.org/10.1007/s10021-008-9142-3
http://dx.doi.org/10.1007/s10021-008-9142-3
http://dx.doi.org/10.1071/EN14064
http://dx.doi.org/10.1016/j.chemosphere.2011.04.040
http://dx.doi.org/10.1021/es204682q
http://dx.doi.org/10.1021/es2007758
http://dx.doi.org/10.1021/es049230u
http://dx.doi.org/10.1016/j.jcis.2004.02.012
http://dx.doi.org/10.1016/j.jcis.2004.02.012
http://dx.doi.org/10.1007/s10646-011-0774-2
http://dx.doi.org/10.1128/AEM.00324-10
http://dx.doi.org/10.1016/j.talanta.2012.11.048
http://dx.doi.org/10.1021/es204683m
http://dx.doi.org/10.1021/la101768n
http://dx.doi.org/10.1897/07-509.1
http://dx.doi.org/10.1016/j.chemosphere.2011.06.066
http://dx.doi.org/10.1016/j.chemosphere.2011.06.066
http://dx.doi.org/10.1021/es1034188
http://dx.doi.org/10.1016/j.envpol.2013.06.027
http://dx.doi.org/10.1186/1477-3155-10-14
http://dx.doi.org/10.1021/es101484s
http://dx.doi.org/10.3109/17435390.2012.658094
http://dx.doi.org/10.3109/17435390.2012.658094
http://dx.doi.org/10.1080/0735-260291044296
http://dx.doi.org/10.1139/f94-178
http://dx.doi.org/10.1021/acs.est.5b01116

