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Due to the wide use of silver nanoparticles (AgNPs) in various fields, it is crucial to explore
the potential negative impacts on the aquatic environment of AgNPs entering into the
environment in different ways. In this study, comparative experiments were conducted to
investigate the toxicological impacts of polyvinylpyrrolidone-coated silver nanoparticles
(PVP-AgNPs) with two kinds of dosing regimens, continuous and one-time pulsed dosing, in
different exposure media (deionized water and XiangJiang River water). There were a
number of quite different experimental results (including 100% mortality of zebrafish,
decline in the activity of enzymes, and lowest number and length of adventitious roots) in
the one-time pulsed dosing regimen at high PVP-AgNP concentration exposure (HOE)
compared to the three other treatments. Meanwhile, we determined that the concentration
of leached silver ions from PVP-AgNPs was too low to play a role in zebrafish death. Those
results showed that HOE led to a range of dramatic ecosystem impacts which were more
destructive than those of other treatments. Moreover, compared with the continuous
dosing regimen, despite the fact that higher toxicity was observed for HOE, there was little
difference in the removal of total silver from the aquatic environment for the different
dosing regimens. No obvious differences in ecological impacts were observed between
different water columns under low concentration exposure. Overall, this work highlighted
the fact that the toxicity of AgNPs was impacted by different dosing regimens in different
exposure media, which may be helpful for assessments of ecological impacts on aquatic
environments.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

With the rapid development of nanotechnology,
nanomaterials have already migrated from laboratory re-
search into daily life. The increasing use of nanomaterials in
consumer products has resulted in multiple effects on human
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o-Environmental Science
health and the environment (Feng et al., 2010; Gong et al.,
2009; Hu et al., 2016, 2017; Xu et al., 2012; Zhang et al., 2007;
Zeng et al., 2013). Silver nanoparticles (AgNPs) are one of the
most popular nanomaterials in the Consumer Products
Inventory, being present in 435 products (24% of total
products) (Vance et al., 2015). Commonly, AgNPs are applied
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in household antiseptic sprays, food packaging, clothes, and
antimicrobial coatings of medical devices, because of their
low manufacturing cost and broad-spectrum antimicrobial
properties (Quadros and Marr, 2011; Faunce and Watal, 2010;
Fabrega et al., 2011). The wide applications of AgNPs have
inevitably released AgNPs into the aquatic environment,
which has given rise to continuously increasing worldwide
concern about their toxicological impacts. Hitherto, large
numbers of reports have suggested that AgNPs exhibit
harmful effects toward most organisms and even important
ecosystem processes. For example, AgNPs show toxicity
toward organisms including zooplankton (Das et al., 2013),
algae (Das et al., 2014), fish (Farmen et al., 2012), and fungus
(Huang et al., 2017). In addition, many studies have concluded
that the toxicity of AgNPs toward organisms was not solely
due to the nanoparticles themselves (Choi et al., 2017;
Massarsky et al., 2013). AgNPs in aquatic environments could
release silver ions (Ag+) (Huang et al., 2018). Ag+ is considered
to be more toxic to most aquatic organisms compared to
AgNPs (Massarsky et al., 2013).

Although the toxicity mechanism of AgNPs and Ag+ on
fish is well-studied, especially for zebrafish, it is quite hard
to extrapolate their effects to an aquatic environment. The
majority of AgNPs are released into aquatic ecosystems
(Kaegi et al., 2013; Keller et al., 2013). Simulated natural
environments have been widely used to understand the
processes and impacts of pollutants in the aquatic environ-
ment. Hence, many researchers have chosen to study the
impacts of AgNPs in simulated environments. In previous
studies, Colman et al. (2014) investigated the impacts of
AgNP size (12 vs. 49 nm) and Ag+ concentration on a
simulated aquatic ecosystem. Potamogeton diversifolius and
Egeria densa in the microcosms (with and without sedi-
ments) reduced both the concentration and toxicity of
AgNPs and Ag+ in the water column (Bone et al., 2012).
Lowry et al. (2012) simulated an emergent wetland environ-
ment to determine the long-term behavior of polyvinylpyr-
rolidone-coated AgNPs (PVP-AgNPs) in microcosms.
Furtado et al. (2015) investigated the fate (persistence,
transformations, and distribution) of PVP-AgNPs and cit-
rate-coated AgNPs in boreal lake microcosms by dosing
with either a chronic regimen or a one-time pulse at
environmentally relevant dosing levels. It is well-known
that the heavy use of AgNPs will increase the potential for
accidental (uncontrolled leaching from consumer products
or textiles) or incidental (untreated runoff) release into the
environment. Therefore, it is worthwhile to explore the
toxic impacts of AgNPs on natural environments for
different ways of entry. Besides, compared to lab scenarios,
which are conducted in clean water conditions or in simple
media, experiments performed in conditions approaching a
real environment will offer more meaningful information.
In this work, we not only tested the impacts of PVP-AgNPs
on an aquatic environment with two kinds of exposure
media and different dosing regimens, but also explored the
roles of PVP-AgNPs or released Ag+ in zebrafish mortality.

To date, there have been a large number of articles on the
toxicity mechanism of AgNPs. Currently, the best-developed
mechanism of nanoparticle toxicity for eukaryotes is the
generation of reactive oxygen species (ROS), which cause an
oxidative stress response (Kahru et al., 2008). Cellular
damage and death on exposure to AgNPs can be induced by
oxidative stress, bymeans of ROS such as superoxide anions,
hydrogen peroxide, and hydroxyl radicals (Grossklaus et al.,
2013). To prevent oxidative damage, cells have developed
indirect defense mechanisms (physical defense and cell
repair systems) and direct defense systems (antioxidant
enzymes and low-molecular-weight antioxidants). Superox-
ide dismutase (SOD) and hydrogen peroxidase (CAT) are
used to relieve oxidative damage. The amount of
malondiadehyde (MDA) in organisms indicates the degree
of damage to cell membranes (Grossklaus et al., 2013). As a
consequence, the activities of SOD, CAT and MDA were
evaluated in an attempt to reflect the damage to the cell
membrane as well as the levels of antioxidant enzymes,
which protected them from the oxidative stress induced by
AgNPs.

The objectives of this study were to (1) explore the
ecological response and toxicity of AgNPs entering the
environment in different ways; (2) compare the toxicity of
AgNPs on organisms in different water column microcosms;
(3) explore the roles of PVP-AgNPs or released Ag+ in
zebrafish mortality. Through these efforts, we hope that
the results may help to elucidate differences in toxicity of
AgNPs between different exposure media, and explore the
ecological response to AgNPs entering the environment in
different ways.
1. Materials and methods

1.1. Preparation and characterization of AgNPs

PVP-AgNPs were prepared as described in our previous work
(Guo et al., 2016). In short, 5 mL of 3.4 mg/L silver nitrate and
12 mL of 5.67 mg/L sodium borohydride (>99% purity, Sigma
Aldrich) were mixed in an ice bath with the presence of 0.3%
polyvinyl pyrrolidone (PVP10) (molecular weight 10,000, Sigma
Aldrich) for 3 min. Then, the solution was stirred at ambient
temperature for 2 hr continuously. All prepared suspensions
were purified by diafiltration using a 1 kDa regenerated
cellulose membrane to remove excess PVP and Ag+. The
concentration of PVP-AgNPs was monitored by flame atomic
absorption spectrometry (AAS700, PerkinElmer, USA). The
obtained AgNP solutions were stored at 4°C in the dark. PVP-
AgNP suspensions and AgNO3 solutions were freshly prepared
before use.

The morphology of PVP-AgNPs was characterized by
transmission electron microscopy (TEM) on a JEOL JEM-3010
(JEM-3010, JEOL, Japan) at 100 kV. The mean hydrodynamic
diameter of particles in the suspension of PVP-AgNPs was
determined by dynamic light scattering analysis (including
exposure in deionized water and natural water). The zeta
potential of AgNPs (including exposure in deionizedwater and
in natural water) was determined using a Zetasizer
Nanoseries instrument (Nano-ZS, Malvern Instruments, UK).
The ultraviolet (UV) absorption spectrum of the stock AgNP
solution was obtained using ultraviolet–visible (UV–vis) light
spectrophotometer (Model UV-2550, Shimadzu, Japan) in the
wavelength range from 300 to 600 nm.
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1.2. Water sample collection and determination of water
chemistry

The natural water was taken from the XiangJiang River at
112.95 E and 28.18 N. Before experiments, the water samples
were filtered using 0.45-μm filter membranes to remove
excessive algae and zooplankton. No observable interfering
concentrations of silver were detected in the pretreated water.
The pH, temperature and redox potential of the water were
recorded in the center of the microcosms. The total nitrogen
and total phosphorus were also assayed. Dissolved organic
carbon was analyzed for non-purgeable organic carbon using
total organic carbon (TOC) analyzer. (TOC-V CPH, Shimadzu,
Japan).

1.3. Experimental setup

1.3.1. Microcosm design
Matrices were constructed in 3000-mL beakers containing
900-g silica sand, 3000-mL water, and aquatic organisms (16 g
of E. densa and 12 zebrafish). Quartz sand with particle size 10–
20 mesh was purchased from the Changsha Shengyang
Chemical Materials Limited Company. The microcosms were
divided into two groups with different waters: (1) 3000-mL
river water; (2) 3000-mL deionized water (DI). Other compo-
nents were the same. Then, microcosms were incubated at
25°C with a 14:10 hr light/dark cycle under a fluorescent lamp.
Four different environmental matrices were established, and
all the treatments were conducted in triplicate for each
concentration matrix.

Microcosms were designed with four environmental ma-
trices as shown in Table 1, including two concentration
categories: low concentration PVP-AgNP exposure (0.1 to
1 mg/L) and high concentration PVP-AgNP exposure (1.5 to
2 mg/L). The low concentration exposures included low
concentrations of PVP-AgNPs in deionized water (LDW) and
in natural River water (LRW). The high concentration PVP-
AgNP exposures included high concentrations of PVP-AgNPs
with one-time pulsed exposure (HOE) and continuous expo-
sure (HCE).

1.3.2. Microcosm dosing
Dosing in the HCE was maintained for 15 days, and with 3
additions (every day) of 11.96, 14.52, and 16.24 mL of PVP-
AgNP stock suspension to the microcosms to achieve nominal
concentrations of 1.5, 1.8, and 2.0 mg/L, respectively. The PVP-
Table 1 – Four environmental matrices (LDW, LRW, HOE and HC
each matrix.

Category Concentration of AgNPs

Low concentration High concentration Continuou

LDW + − −
LRW + − −
HOE − + −
HCE − + +

AgNPs: silver nanoparticles; LDW: the experiment was conducted in deion
concentration of AgNPs; HOE: at high concentration of AgNPs with one-t
continuous dosing regimen; + and – refer to having and having not the c
AgNP stock suspension was added to the treatments for target
nominal concentrations of 0.1, 0.3, and 0.5 mg/L in the LDW;
0.3, 0.5, and 1 mg/L in the LRW, and 1.5, 1.8, and 2.0 mg/L in
the HOE treatment. The water column was mixed after each
addition by vertical passes with a plastic disk to avoid
disturbing the E. densa and fish.

1.3.3. Sampling time
During the 21-day exposure, water samples of LDW, LRW, and
HOE were taken at specific time intervals (0.5, 1, 3, 6, and
24 hr; 3, 5, 10, 15 and 21 days). For HCE, water samples were
taken every three days during the first 15 days, and then were
taken every day for analysis during days 16–21.

1.4. Determination of silver concentration

1.4.1. Total Ag measurements
PVP-AgNP suspensions were digested with ultrapure HNO3

and measured by flame atomic absorption spectrometry
(AAS700, PerkinElmer, USA).

1.4.2. Silver ions
Silver ions released by PVP-AgNPs were separated by centrif-
ugal ultrafiltration (Amicon Ultra-0.5 3K, Millipore, USA) using
a membrane with a nominal molecular weight limit of 3 KDa.
Suspensions were centrifuged at 3000 r/min for 30 min.
Filtered solutions were acidified with 4% HNO3 and measured
by inductively coupled plasma optical emission spectrometry
(ICP-OES, IRIS Intrepid II XSP, Thermo Electron Corporation,
USA).

1.5. Biological assay

1.5.1. Cultivations of zebrafish and E. densa
Adult zebrafish were obtained from the Pearl River Fisheries
Research Institute (mixed sex, 3–4 cm in length). E. densa was
collected from a specialized plant breeding base. E. densa was
placed in clean water and washed gently. Then zebrafish and
E. densa were placed in a rectangular pool respectively,
containing river water under a light and dark cycle (14 hr :
10 hr) for at least two weeks to adapt. A cool fluorescent lamp
with a photosynthetic photon flux of 100 μmol/(m ∙sec)2 was
placed above the rectangular pool. At the same time, an
oxygen pump was placed in the pool to provide enough
oxygen for the zebrafish every day before the formal exper-
iment. The water was renewed every seven days to remove
E) designed for the experiments, and the configurations of

Dosing regimens Exposure media

s dosing One-time dosing Deionized water River water

+ + −
+ − +
+ − +
− − +

ized water at low concentration of AgNPs; LRW: in river water at low
ime pulse dosing regimen; HCE: at high concentration of AgNPs with
onfiguration, respectively.
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waste during the acclimation period, while the water was not
renewed in the formal experiment. Zebrafish were fed every
two days at noon with dry flake food and brine shrimp during
the acclimation period and formal experiment.

1.5.2. Enzyme assays
At the endpoint of exposure, zebrafish were frozen at −80°C
until analysis. The E. densa and zebrafish were collected at the
end of the 21th day. The whole fish bodies for the same
treatment were ground and homogenized before analysis. All
E. densa for the same treatment were ground and mixed. The
subsequent steps followed methods appropriate to the
different parameters.

The supernatant of SOD was centrifuged at 4000 r/min at
4°C for 15 min. SOD activity was assayed by the nitro-blue
tetrazolium colorimetric method (Qiu et al., 2008), and the
samples were read at 560 nm. For SOD, inhibition of 50% of
the reaction was defined as one unit of enzyme and the
enzyme activity was expressed as U/g fresh weight (U/g
FW).

The CAT activity was evaluated according to the method
reported by Qiu et al. (2008). The reaction mixture consisted of
1.5-mL phosphate buffer, 0.2-mL enzyme extract and 1.0-mL
ultrapure water. The reaction was started by adding 0.3-mL
hydrogen peroxide (34 mg/L), and a control assay was carried
out in the absence of hydrogen peroxide. For CAT, the enzyme
activities were expressed as U/g FW, and one unit of enzyme
was defined as the increase (decrease) of 0.1 unit of
absorbance at 240 nm (A240). The CAT and SOD were moni-
tored by a UV–vis light spectrophotometer (Model UV-2550,
Shimadzu, Japan).

1.5.3. Determination of malondialdehyde
The lipid peroxidation level was expressed by the production
of MDA. The reaction mixture consisted of 5-mL 5%
thiobarbiturate and the zebrafish or E. densa extract. Then
the reaction mixture was placed in boiling water for 10 min
until the appearance of small bubbles, and cooled at room
temperature. The mixture was centrifuged at 3500 r/min for
15 min, and the supernatant was extracted. The control
sample only consisted of 5-mL 5% thiobarbiturate. The MDA
was monitored by the absorbance at 450, 532, and 600 nm
using a UV–vis spectrophotometer (Model UV-2550,
Shimadzu, Japan) (Zeng et al., 2012).

1.5.4. Quantification of total silver in biota
The thawed fish were charred in crucibles on a hot plate first,
followed by moving the crucibles to a muffle furnace at 550°C
for 6 hr and cooled to room temperature, followed by
digestion of the ashed samples. Ashed samples were digested
with acid (concentrated nitric acid) using a Graphite digester.
The digestion solutions were diluted to constant volume for
analysis.

The E. densa was washed with deionized water to remove
the adhered PVP-AgNPs. Then, the E. densa was stored
individually in paper bags, and dried in an air oven at 70°C
for 48 hr. All E. densa for the same treatment were weighed
when the temperature naturally cooled to room temperature
after drying. The subsequent processes followed the steps
described for zebrafish.
The silver content of E. densa and zebrafish was deter-
mined for each subsample by flame atomic absorption
spectrometry (AAS700, PerkinElmer, USA) after digestion.

1.6. Auxiliary experiments

1.6.1. Experiments for color change
The experimental conditions were with the same as for HOE,
but the river water used in HOE was changed to deionized
water.

1.6.2. Experiments on Ag+ toxicity
The toxicity of Ag+ toward zebrafish was assessed by
concentration-response experiments, by exposing zebrafish
to increasing concentrations of AgNO3. AgNO3 concentrations
ranged from 5 to 40 μg/L, and the concentration-response
experimental conditions were consistent with those for HOE.

1.7. Statistics analysis

Analysis of variance (ANOVA) was performed by using SPSS
19.0 (SPSS, USA) with Tukey's multiple comparisons. Signifi-
cant differences were determined using one-way ANOVA
(p < 0.05). All reported error bars represent one standard
error of the arithmetic mean.
2. Results

2.1. AgNP characterization and water chemistry

The average diameters of PVP-AgNPs in DI water and river
water were 23.67 ± 0.90 and 85.86 ± 5.6 nm, respectively,
detected by dynamic light scattering. The shape of PVP-
AgNPs was characterized by TEM, which showed that the
PVP-AgNPs were spherical, without intense aggregation. The
concentration of PVP-AgNPs was 25 mg/L. The UV absorption
peak of the synthesized PVP-AgNPs was 392 nm, which
corresponded to the results of Zuo et al. (2015). The zeta
potential of the PVP-AgNPs in DI water was −35.3 ± 6.8 mV,
and that in river water was −3.5 ± 0.9 mV. The temperature
increased over the duration of the experiment from 25 to 28°C.
The redox potential was −33 mV and the pH ranged from 7.23
to 7.48. Concentrations of TOC ranged between 9.0 and
10.9 mg/L. The concentrations of total nitrogen and total
phosphorus were 6.14 and 0.06 mg/L, respectively.

2.2. Total silver concentration in water column

In general, the total Ag (TAg) concentration gradually de-
creased over time in the one-time pulsed microcosms (Fig. 1a,
b, and c). The TAg concentration increased incrementally
when PVP-AgNPs were added into HCE proportionally, and
then a decline occurred after the 15th day because the
addition of PVP-AgNPs was stopped (Fig. 1d). A common
feature during the one-time addition was that the TAg
concentration declined sharply within 24 hr, decreasing
from 0.300 to 0.116 mg/L for LDW treatment, 0.500 to
0.289 mg/L for LRW treatment, and 2.00 to 1.06 mg/L for HOE
treatment, respectively (Fig. 1a, b, and c). Similarly, the initial



Fig. 1 – Variation of total Ag (TAg) concentration over time in the four treatments, containing low concentration of
polyvinylpyrrolidone-coated Ag nanoparticles (PVP-AgNPs) in (a) deionizedwater and (b) in river water, and high concentration
of PVP-AgNPs with (c) one-time pulsed exposure and (d) continuous exposure.
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relatively rapid decline of TAg became slow in the LDW, LRW,
and HOE treatments after the 5th day (Fig. 1a, b, and c). The
TAg concentration in the HOE (nominal PVP-AgNP concentra-
tion 2.0 mg/L) was 0.281 mg/L after 21 days of exposure, while
that in the HCE was about 0.214 mg/L, which was lower than
the TAg concentration in the HOE treatment. The TAg
concentration was below the detection limit after 7 days
following exposure to 0.3 mg/L PVP-AgNPs. The HCE treat-
ment was expected to reach the target concentration in
14 days, but the final concentration was approximately
19.1% of the target concentration at the end of addition.
Different treatments showed a similar result, that the TAg
concentration determined in the water column was always
less than the concentration of Ag added (Fig. 1).

2.3. Effects of AgNPs on zebrafish

2.3.1. Mortality of zebrafish
The trend of mortality rates in LDW was similar to that in the
LRW treatment. The mortality rates of zebrafish in both LDW
and LRW increased with the elevation of PVP-AgNP concen-
tration. In the LDW treatment, the mortality rates of zebrafish
were 8.33%, 16.67%, and 25.00% at 0.1, 0.3, and 0.5 mg/L PVP-
AgNP concentration, respectively. In the LRW treatment, the
mortality rates of zebrafish were 19.44%, 30.55%, and 36.11% at
PVP-AgNP concentrations of 0.3, 0.5, and 1 mg/L, respectively
(Fig. 2). However, the mortality of the zebrafish in the HOE
(100%) was significantly higher than that in the HCE treat-
ment, with maximum and minimum mortality of 66.7% and
41.6%, respectively (ANOVA, p < 0.05).

2.3.2. Oxidative stress
To explore the impacts of oxidative damage on zebrafish (Fig.
3) and E. densa (Fig. 4) under AgNP stress, the activities of SOD
and CAT in response to PVP-AgNP exposure were determined.
In low-concentration treatments (LDW and LRW), there was
no significant difference in the SOD activity of zebrafish
(p > 0.05). The SOD activity of zebrafish in the HCE treatment
showed an obvious decreasing trend, and the magnitude of
the change was greater than that in low-concentration
exposure (Fig. 3b). The CAT activity in zebrafish showed
large variability for the LDW and LRW treatments, however,
no significant difference was found between the LDW and
LRW treatments (p > 0.05). The CAT activity in zebrafish
decreased in the HCE (p < 0.05) and was lower than that of
other treatments (Fig. 3a). The decreasing levels of enzymatic
activity corresponded to increased oxidative stress. Similar
results were observed by García-Sánchez et al. (2012).

Membrane damage in cells of zebrafish and E. densa was
evaluated by quantifying the production of MDA after PVP-



Fig. 2 – Mortality of zebrafish in the four treatments obtained
at the end of the experiment. Different letters (A, AB and B)
over the bars represented statistically different concentra-
tions within treatments (LDW, LRW, HOE and HCE), respec-
tively. LDW: in deionized water at low concentration of
AgNPs; LRW: in river water at low concentration of AgNPs;
HOE: at a high concentration of AgNPs with one-time pulse
dosing regimen; HCE: at a high concentration of AgNPs with
continuous dosing regimen.

Fig. 3 – (a) Hydrogen peroxidase (CAT) activity, (b) superoxide
dismutase (SOD) activity and (c) malondiadehyde (MDA)
content of zebrafish in different exposure treatments. Data
are not available for HOE due to 100% mortality of zebrafish.
Treatments with no letters indicate p > 0.05 (ANOVA) within
treatments (LDW, LRW and HCE). Different letters (A and B)
over the bars represent statistically different concentration
matrices within treatments (LDW, LRW and HCE). FW: fresh
weight.
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AgNP exposure. MDA is a product of lipid peroxidation, and its
release levels are indicative of membrane damage (Zeng et al.,
2012). The results showed that the MDA content of zebrafish
in the LDW was higher than that of control. However, no
significant difference was detected between the LRW and
LDW treatments. There was an ascendant trend of MDA in
zebrafish (Fig. 3c), and no significant difference was observed
in the HCE treatment (p > 0.05).

2.4. Effects of Ag+ on zebrafish

Fig. 4a shows that the dissolution rate of PVP-AgNPs increased
rapidly in the first 12 hr, and reached a plateau at about 48 hr.
The amount of leached Ag+ from PVP-AgNPs was low, less
than 0.7%. As shown in Fig. 4a, the exposure concentrations of
1.5–2.0 mg/L PVP-AgNPs contributed amounts of Ag+ ranging
from 9 to 13 μg/L. Therefore, AgNO3 concentrations were set at
5, 10, 20, 30, and 40 μg/L. Fig. 4b demonstrates that AgNO3

concentrations less than 30 μg/L did not cause the death of
zebrafish.

2.5. Effects of AgNPs on E. densa

2.5.1. Oxidative stress
E. densa maintained a good growth status in the low-
concentration exposures. The SOD activity of E. densa
displayed variability for LDW and LRW treatments, but no
significant difference (p > 0.05) was observed among LDW and
LRW treatments (Fig. 5b). When the nominal PVP-AgNP
concentration was 2.0 mg/L, the SOD of E. densa in the high
concentration treatments (the HOE and HCE) compared to
control (15.68 U/g FW) was significantly higher than those in
the HOE and HCE treatments (Fig. 5b). Significant differences
of SOD in E. Densa were detected among the HOE and HCE
treatments (p < 0.05).



Fig. 4 – (a) Dissolved concentration of AgNPs in HOE and (b)
mortality of zebrafish in concentration-response experi-
ments. The concentrations of Ag+ in (b) were according to the
concentration of Ag+ released by AgNPs. Different letters (A,
AB and B) over the bars represent statistically different
concentration matrices within treatments.

Fig. 5 – (a) CAT activity, (b) SOD activity and (c) MDA content
of Egeria densa in four treatments. Treatments with no letters
indicate p > 0.05 (ANOVA) within treatments (LDW, LRW,
HOE and HCE). Different letters (A, AB and B) over the bars
represent statistically different concentration matrices
within treatments (LDW, LRW, HOE and HCE).
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There was no observable difference in the CAT activity in E.
densa among LDW and LRW treatments (p > 0.05), although
the CAT activity showed variability in the LDW and LRW
treatments. The CAT activity of E. densa was significantly
lower (p < 0.05) in the HOE (1.15 U/g FW) and HCE (0.96 U/g
FW) treatment than control (1.99 U/g FW) when the added
concentration of AgNPs was 2.0 mg/L (Fig. 5a). An increase of
MDA content for E. densa was observed in the LDW, HCE and
HOE with elevation of the PVP-AgNP concentration (Fig. 5c).

2.5.2. Effect of AgNP toxicity on the growth of E. densa
The E. densa was green in the low-concentration exposure. In
the HOE treatment, E. densa turned yellow, which suggested
that the condition was unfavorable for growth. E. densa will
grow adventitious roots to adapt to changing environments;
therefore, growth of adventitious roots reflects the growth
state of E. densa (Norie et al., 2003). In the LDW, the quantity of
adventitious roots was higher in the blank control (11.33 ±
1.24) compared to the 0.1 mg/L (9.00 ± 1.60), 0.3 mg/L (8.33 ±
1.24) and 0.5 mg/L (8.67 ± 1.69) treatments, but the LDW
treatments showed no significant differences among each
other (Fig. 6a) (p > 0.05). The quantities of roots in the LRW
treatment for the control (19.67 ± 2.60) and 0.3 mg/L treat-
ment (20.33 ± 2.86) were significantly higher than those for
0.5 mg/L (12.44 ± 4.70) and 1 mg/L (14 ± 2.16) (p < 0.05) treat-
ments. The quantity of roots in the LRW was higher than that
in the LDW treatment. There was a slight decrease in root



Fig. 6 – Length and quantities of E. densa roots as impacted by different concentrations of PVP-AgNPs under (a) low
concentration exposure treatment and (b) high concentration exposure treatment. Different letters (A, AB and B) over the bars
represent statistically different concentration matrices within treatments (LDW, LRW, HOE and HCE). Treatments with no
letters indicate p > 0.05 within treatments (LDW, LRW, HOE and HCE).
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quantity for the high concentration exposure treatments (the
HOE and HCE treatments). The quantity and length of
adventitious roots decreased with increasing PVP-AgNP con-
centration, and this was a common trend among the four
treatments (Fig. 6).

2.6. Accumulation of Ag in E. densa and zebrafish

In all treatments, the silver content in E. densa and zebrafish
exhibited an increasing trend with elevated exposure concen-
tration. When exposed to AgNP concentrations of 0.3, 0.5, and
1 mg/L, zebrafish accumulated 1.31 ± 0.64, 10.7 ± 7.50, and
30.9 ± 1.10 μg Ag/g in LRW, respectively. In the LDW treat-
ment, the silver contents of zebrafish were 3.03 ± 0.17 μg Ag/g
(exposed to nominal concentration of 0.3 mg/L) and 5.50 ±
Fig. 7 – Silver content of (a) zebrafish and (b) E. densa in different
represent statistically different concentration matrices within tre
0.32 μg Ag/g (0.5 mg/L). No significant trend in body accumu-
lation was found between different water columns (p > 0.05).
In the HCE, there was an increasing trend (p < 0.05) with the
elevation of exposure concentration (Fig. 7a).

E. densa accumulated 40 ± 2.8 μg Ag/g (nominal concentra-
tion of AgNPs was 0.3 mg/L), 67 ± 2.7 μg Ag/g (0.5 mg/L) and
226 ± 43.0 μg Ag/g (1 mg/L) in the LRW treatment. In the LDW
treatment, the silver content in E. densawas 18.3 ± 2.6 μg Ag/g
(0.1 mg/L), 46.9 ± 14.5 μg Ag/g (0.3 mg/L) and 74.8 ± 8.0 μg Ag/g
(0.5 mg/L). Similar ascending trends of accumulation in E.
densa were observed among all treatments (p < 0.05). More-
over, it was obvious that plants were more likely to accumu-
late silver than animals and that the tissue burden of Ag
increased with elevation of PVP-AgNP concentrations in the
aquatic environment (Fig. 7b).
treatments. Different letters (A, B, AB and C) over the bars
atments (LDW, LRW, HOE and HCE).



189J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 7 5 ( 2 0 1 9 ) 1 8 1 – 1 9 2
3. Discussion

3.1. Removal of AgNPs from aquatic environment

AgNPs' inherent properties (e.g., size and capping agents) and
environmental factors affect the stability, transformation, and
fate of AgNPs (Ramskov et al., 2015). Kennedy et al. (2012)
reported that agglomeration increased with increasing AgNP
concentration, and high concentrations of AgNPs could lead
to more homoagglomeration. In this study, the exposure
concentrations of AgNPs (0.1–2 mg/L) that we used were
reasonable compared to values found in the actual environ-
ment, and lower magnitude than those in other studies
expressing obvious effects. Although realistic exposure con-
centrations of AgNPs are likely to be low in the natural
environment, their fate also can be affected by the complex
and varied environmental media (Bernhardt et al., 2010). The
enlargement of PVP-AgNPs' average diameter and increase in
the zeta potential suggested that the stability of the PVP-
AgNPs had been impaired in the river water column.
Gottschalk et al. (2013) reported that heteroagglomeration
may be a major factor impacting AgNP behavior as the
concentrations approach those expected in natural water. It
is known that many factors in natural waters affect the fate of
AgNPs: (1) the appearance of organic ligands that may reduce
Ag+ to Ag0; (2) the presence of electrolytes (e.g., S2−, Cl−) leading
to precipitated Ag species (Levard et al., 2011); (3) the impact of
agglomeration in blocking reaction sites (He et al., 2013); and
(4) accumulation in biota. In our experiment, different
treatments showed a similar trend whereby the TAg deter-
mined in the water column was always less than the
concentration of Ag added (Fig. 1). This might be attributed
to the fact that once the AgNPs are released into the water, the
TAg concentration could be reduced after interaction of the
nanoparticles with various factors in the aquatic environ-
ment. The accumulation of AgNPs in biota is possibly
influenced by the exposure concentrations and media condi-
tions, as well as the differences among species (Cong et al.,
2011; Huang et al., 2008). As shown in Fig. 7, the E. densa
accumulated more silver in tissue compared to zebrafish. In
addition, the mass of AgNPs accumulated in zebrafish and E.
densa was elevated with increasing exposure concentration.
Thus, interaction with various factors in the natural environ-
ment and accumulation in biota were the dominant reasons
for AgNP removal from the aquatic environment. In this
study, the TAg concentration for nominal AgNP concentra-
tions under 0.5 mg/L did not reach the detection limit, and the
TAg concentration reached 14.0% of the target concentration
in HOE and 10.7% in HCE at the end of the experiment after
exposure to 2 mg/L PVP-AgNPs (Fig. 1). Undoubtedly, the TAg
concentration declined over time. Those results suggested
that AgNPs were ultimately removed from the water column,
ending up in plants and influenced by many other factors in
the actual water.

The mortality of zebrafish and the damage exhibited by
antioxidant enzymes had similar magnitudes in the LDW and
LRW treatments. Likewise, no significant difference of TAg
concentration appeared in the LDW and LRW treatments. On
the basis of these results, little difference was observed in the
biotoxicity or environmental fate of AgNPs between the two
kinds of water column. There were indications that the
exposure concentrations of AgNPs, which approached realis-
tic concentrations in the natural environment, caused minor
harm in the actual ecosystem.

3.2. Effects of different dosing regimens

There was no color change in the water in HCE; in contrast, a
visual color change from the initial yellow color to red was
observed in HOE after about 24 hr. Meanwhile, to further
investigate the color change, comparison experiments were
implemented in DI water under the same experimental
conditions as HOE. No color change was observed in the
comparison experiment. Thus, the reason for the color change
was related to the matters in river water. Specifically, the
color change might be ascribed to the aggregation of AgNPs,
which would cause a color change as reported by Guo et al.
(2014). They found that AgNP heteroagglomeration increased
as the concentration of Tween 20-AgNPs varied from 0.5 to
17 mg/L, and a change of color was also observed. In
particular, the color was not changed while the concentration
of Tween 20-AgNPs was as low as μg/L (Guo et al., 2014). In this
experiment, the heteroagglomeration of PVP-AgNPs occurred
by reaction with matters in the aquatic environment, causing
color change in the one-time dosing regimen at high
concentration. The reason for the lack of color change in the
continuous dosing regimen treatment was that the initial
concentration was not changed.

There were a number of quite different experimental
phenomena in HOE compared to the other three treatments
(including 100% mortality of zebrafish, E. densa becoming
yellow, the edges of leaves gradually decaying and falling off,
and the lowest numbers and lengths of adventitious roots).
These phenomena showed that HOE was more toxic to the
ecosystem compared with the other treatments. Several
studies have researched AgNP toxicity in vivo in aquatic
organisms (Handy et al., 2011; Baker et al., 2014). For fish,
lethal and sublethal toxic concentrations were reached in the
low (mg/L) or high (μg/L) range (Chae et al., 2009; Laban et al.,
2010). Coincidentally, 100% mortality of zebrafish appeared in
the one-time dosing regimen (Fig. 2). Naturally, our results
suggested that those obvious detriments were caused after
exposure to a high concentration of AgNPs. For the continu-
ous dosing regimen, there were moderate impacts at the end
of the experiment.

The TAg concentrations remaining at the end of the
experiment were 0.281 and 0.214 mg/L for exposure to 2 mg/
L PVP-AgNPs in the HOE and HCE treatments, respectively (Fig.
1). No significant trend of silver content in E. densa was found
between the HOE and HCE treatments (Fig. 7). Furtado et al.
(2015) found that various factors, such as the presence of
electrolytes, high dissolved organic carbon (DOC) concentra-
tion, and the presence of biotic particles accelerating
heteroagglomeration, may have alleviated the effects of
continuous dosing on AgNP fate in a realistic aquatic
environment. Likewise, our data proved that the continuous
dosing regimen did not lead to longer persistence of the
AgNPs in the aquatic environment. In brief, different dosing
regimens would result in different magnitudes of damage to
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the ecosystem, but had little influence on the removal of
AgNPs from the aquatic environment.

3.3. Ecological responses

In the HOE treatment, there was a cascade of ecosystem
effects. The initially green leaves turned yellow and senes-
cence was observed for the macrophytes, together with a
decline in the rate of leaf photosynthesis. Colman et al. (2014)
reported that high concentration of PVP-AgNP prevented
photosynthesis and caused a swift several-fold increase in
DOC, CO2, and Cl−, and rapid depletion of O2 in the water
column. Some papers have demonstrated that the presence of
aquatic plants would reduce the toxicity of AgNPs (Das et al.,
2014). It should be pointed out that the photosynthesis of
impaired plants was limited and the plants needed oxygen for
respiration, leading to the depletion of O2 in the aquatic
environment.

Additionally, because AgNPs will release Ag+ in an aquatic
environment, whether dissolved Ag or AgNPs play the
predominant role in the toxicity toward biota has always
been controversial. In this work, the concentration of Ag+

leached from AgNPs in HOE ranged from 9 to 13 μg/L.
Subsequent experiments demonstrated that the concentra-
tion of Ag+ (which was less than 30 μg/L) did not cause the
zebrafish mortality (Massarsky et al., 2013). Consequently, the
dissolution of AgNPs did not play a key role in zebrafish death.
In fact, the zebrafish died of AgNP toxicity.

The biota will be prone to oxidative stress when exposed to
heavy metal pollutants (García-Sánchez et al., 2012), and the
antioxidant defense mechanism has been well-studied in
recent years. Normally, SOD is regarded as the first line of
defense against ROS (Colman et al., 2014). CAT plays an
important role in this process, the inactivation of hydrogen
peroxide. The activities of CAT and SOD were reduced (Fig. 5)
for high concentrations of PVP-AgNPs in the HCE treatment.
This might be due to long-term stress caused by PVP-AgNPs,
with oxidative damage beyond the cell tolerance range. PVP-
AgNPs would cause cell damage or even cause death when the
defense systems were overloaded (Dazy et al., 2009), just as
with themortality of zebrafish in the HOE treatment. Different
kinds of organisms have different tolerances for AgNPs.
According to Figs. 3 and 5, zebrafish were more sensitive to
AgNPs than E. densa in the aquatic ecosystem. Hence, the
highly sensitive zebrafish can be a sentinel species to monitor
environmental pollution, particularly heavy metal pollution.

The results in Fig. 7 revealed that the content of Ag in E.
densa was increased with the elevation of PVP-AgNP concen-
tration, and similar results were also observed for
manufactured nanoparticles (e.g., nano-TiO2, nano-CeO2, and
nano-Au) (Wang and Wang, 2014). Undoubtedly, plants are an
important sink for Ag, no matter whether due to uptake by
plants, biofilms (Yang et al., 2010; Cheng et al., 2016), or
sorption (Pietrobelli et al., 2009). Consequently, bioremedia-
tion using plants and other organisms has been often
employed for removing toxic pollutants from the aquatic
environment (Fan et al., 2008; Hu et al., 2011; Zeng et al., 2017).

This study shines light on the ecological response and
toxicity of AgNPs with different dosing regimens in the
natural aquatic environment. Our results revealed that the
one-time dosing regimen presented more serious impacts
than the continuous dosing regimen, and little difference was
observed in the magnitude of these changes among different
water columns under low concentration exposure to AgNPs.
These results suggest that adoption of an intermittent
discharge pattern may alleviate impairment of the environ-
ment when discharging wastewater containing AgNPs into
the aquatic environment.
4. Conclusions

In summary, the HOE treatment caused a range of dramatic
ecosystem impacts that were more severe than those in the
other three treatments (LDW, LRW, and HCE). However, there
was little difference in the removal of TAg from the aquatic
environment among the different dosing regimens. Moreover,
there were no obvious differences in ecological impacts
between different water columns at close to realistic concen-
trations. Plants are the dominant biotic sink of silver in
aquatic environments. Zebrafish are sensitive to AgNPs, and
can be the sentinel species to monitor environmental
pollution.
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