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� Using leaf extract of herbal plant
Alcea rosea, AR-AgNPs were
synthesized.

� Coating agents of AR-AgNPs showed
no toxicity to organisms of the stud-
ied food chain.

� Agþ ions were more toxic in com-
parison to AR-AgNPs at all the three
trophic levels.

� Toxicity of AR-AgNPs stemmed
mainly from AR-AgNPs rather than
Agþ ions.
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Although biosynthesized nanoparticles are regarded as green products, research on their toxicity to
aquatic food chains is scarce. Herein, biosynthesized silver nanoparticles (Alcea rosea-silver nano-
particles, AR-AgNPs) were produced by the reaction of Ag ions with leaf extract of herbal plant Alcea
rosea. Then, the toxic effects of AR-AgNPs and their precursors such as Agþ ions and coating agent
(A. rosea leaf extract) on organisms of different trophic levels of a freshwater food chain were investi-
gated. To the three studied aquatic organisms including phytoplankton (Chlorella vulgaris), zooplankton
(Daphnia magna) and fish (Danio rerio), the coating agents of AR-AgNPs showed no toxic effects, and Agþ

ions were more toxic in comparison to AR-AgNPs. Further investigations revealed that the release of Agþ

ions from AR-AgNPs to the test media were not considerable due to the high stability of AR-AgNPs, thus
the toxicity stemmed mainly from the particles of AR-AgNPs in all the three trophic levels. Based on
values of 72-h EC50 for C. vulgaris, 48-h LC50 for D. magna and 96-h LC50 for D. rerio, the most sensitive
organism to AR-AgNPs exposure was D. magna (the second trophic level).

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticles (NPs) are widely used in various areas including
energy, optoelectronics industry, chemical sensors, medical care,
environmental protection, agricultural and food productions
(Sharma et al., 2015; Khoshnamvand et al., 2020a, 2020b). Thou-
sands of tons of NPs are produced worldwide every year, and it is
estimated that the annual output of NPs will be far more than 5
million tons around the world by 2020 (Weinberg et al., 2011), and
more than 1800 products containing NPs are in the market (He
et al., 2019; Nie et al., 2020). Among them, silver nanoparticles
(AgNPs) are employed in various areas like microelectronics, in-
formation storage and antimicrobial (Yu et al., 2013), which make
their inevitable discharge into the environment accidently or
deliberately (He et al., 2015). After entering into the aquatic envi-
ronments, AgNPs would exert their toxic effects on numerous or-
ganisms through different pathways (Khoshnamvand et al., 2020a;
Nie et al., 2020). The key to ameliorate adverse impacts of AgNPs to
the environment is to avoid the release of AgNPs and develop green
synthetic methods in which toxic chemicals are minimally used.

AgNPs can be biosynthesized by using the biological systems
such as actinomycetes, yeast, fungi, bacteria, algae and plant at
normal temperature and pressure in the absence of toxic materials
(Shankar et al., 2016). Although the biosynthesis procedure is
green, it is uncertain if the biosynthesized AgNPs is a green product
as knowledge on their toxic effects to environment is scarce.

Previous studies have showed that the toxicity of physio-
chemically synthesized AgNPs depended on some parameters
such as the particle size (Shen et al., 2015), coating agent (Sakka
et al., 2016), released Agþ ions from AgNPs themselves (Shen
et al., 2015) and released reactive oxygen species and binding to
DNA (Lubick, 2008; Choi et al., 2010; Mulenos et al., 2020). How-
ever, these findings are not necessarily applicable to biosynthesized
AgNPs due to the differences in coatings. Currently, a few studies
evaluated the toxicity of biosynthesized AgNPs to a single aquatic
species (Rani and Rajasekharreddy, 2011; Ali et al., 2019;
Khoshnamvand et al., 2020a), but there is no detailed study on their
toxicity to aquatic organisms of different trophic levels. Therefore,
studies on the toxic effects of biosynthesized AgNPs to different
organisms are urgently needed.

Various aquatic organisms of different trophic levels have been
adopted as models to evaluate the toxicity of different pollutants.
Chlorella vulgaris is widely used as a model aquatic organism for
toxic studies as it multiplies asexually and rapidly in optimum
conditions within 24 h (Oukarroum et al., 2012); thus, it was
selected as the first tropic level. As a standard species in acute
toxicity testing, Daphnia magna with characteristics of a short life
cycle and sensitive to contaminants (Persoone et al., 2009) was
employed as the second tropic level. Danio reriowas adopted as the
third trophic level as it has similar characteristics of morphology,
histology and physiology to the mammals (Howe et al., 2013), and
has become a popular laboratory animal model for nanotoxicology
researches (Jang et al., 2014).

As an important herbal plant, Alcea rosea is traditionally used as
diuretic, cooling, emmenagogue and expectorant substance
(Ebrahiminezhad et al., 2017; Khoshnamvand et al., 2019a). Some of
these characteristics might be inherited by biosynthesis of AgNPs
with A. rosea (AR-AgNPs), leading to the production of AgNPs with
different effects to the environment in comparison to physic-
chemically synthesized ones. Hence, in this study, AR-AgNPs were
produced by using the aqueous extract of dry leaves of A. rosea as
reducing and capping agent. Then, the toxic effects of AR-AgNPs
and their precursors to different trophic levels of a food chain
were studied including microalgae Chlorella vulgaris, micro-
crustacean Daphnia magna and zebrafish Danio rerio. In addition,
the contributions of AR-AgNPs, released free Agþ ions from AR-
AgNPs, and the coating agent to toxicity were evaluated. The
findings of this study provide a better understanding and new
insight on potential toxicity risks of biosynthesized AgNPs towards
aquatic organisms of different trophic levels.

2. Materials and methods

2.1. Chemicals and materials

Silver nitrate (AgNO3 � 99.8%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further purifica-
tion. Other chemicals were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Milliporewater was prepared by
a Milli-Q Gradient system (Millipore, Bedford, MA, USA) and used
throughout the experiments.

2.2. Synthesis of AR-AgNPs

The A. rosea was collected from Shahe University Park, Beijing
(China). The A. rosea leaves were washed with deionized water and
dried in air at room temperature, and milled to powder with a
grinder. The aqueous leaf extract was prepared by boiling 5 g of fine
leaf powder in Millipore water (100 mL) at 60 �C for 30 min. The
extract was then carefully filtered using 0.45 mm membrane filters
(mixed cellulose esters, Millipore, Billerica, MA, USA). Subse-
quently, 1 mL of the aqueous extract was added into 60 mL of 1 mM
AgNO3 aqueous solution at 60 �C under stirring. With the passing of
time, the mixture color altered from colorless to brown, denoting
formation of AR-AgNPs.

The yield of AR-AgNPs was determined according to a reported
procedure (Yuan et al., 2017). Briefly, Ag(I) ions were separated
from AR-AgNPs with an ultrafiltration tube (Amicon Ultra-15, 30
kD, Millipore, MA, USA) conducted at 10000 rpm for 30 min. Sub-
sequently, the unreacted Ag(I) ions in the filtrate were measured by
the inductively coupled plasma-mass spectrometer (ICP-MS, Agi-
lent 7700, Santa Clara, CA, USA), and the yield of AR-AgNPs was
finally calculated by deducting the remaining Ag(I) ions in the
filtrate from the total Agþ ions as reactant (1 mM).

2.3. Characterization of AR-AgNPs

Different instruments/techniques such as UVevis spectropho-
tometer (UV-3600, Shimadzu, Japan), Zetasizer (Nano-ZS zen 3600,
Malvern Instruments, Worcestershire, UK), transmission electron
microscopy (TEM, Hitachi H-7500, Japan), scanning electron mi-
croscopy (SEM, Hitachi SU8020, Japan), energy-dispersive X-ray
spectroscopy (EDX, Hitachi SU8020, Japan), X-ray diffractometer
(XRD, X’ Pert Pro P Analytical X-ray diffractometer instrument,
Almelo, Netherlands) and Fourier transform infrared spectroscopy
(FTIR, Nicolet 6700, Madison, WI, USA) were used to characterize
the formed AR-AgNPs (see Supplementary Material for details).

2.4. C. vulgaris culture and toxicity tests

C. vulgaris were cultivated in our laboratory. The culture con-
ditions and toxicity tests of algae biomass and chlorophyll a were
carried out based on the standard of Organization for Economic
Cooperation and Development, OECD guideline number of 201
(OECD, 2011; see Supplementary Material).

2.5. D. magna culture and toxicity tests

D. magna originates from Birmingham University (U.K). The
culture conditions and acute (48 h) toxicity tests of AR-AgNPs and



M. Khoshnamvand et al. / Chemosphere 258 (2020) 127346 3
their precursors to D. magna were conducted according to the
Daphnia Sp. acute immobilization test (OECD guideline number of
202 (OECD, 2004; see Supplementary Material).

2.6. D. rerio toxicity tests

Adult zebrafish (D. rerio) were obtained from China zebrafish
resource center (Wuhan). To evaluate the toxic effects of AR-AgNPs,
Agþ ions and the coating agent of AR-AgNPs to D. rerio, the acute
(96 h) toxicity tests were carried out based on the OECD guideline
number of 203 (OECD, 1992). Moreover, to test the effects of
treatments on inhibition of acetylcholinesterase activity, a
biomarker of neurotoxicity (Manzo et al., 2001), muscle and gill of
D. rerio were studied (see Supplementary Material).

2.7. Data analysis

Data were tested using Kolmogorov-Smirnov and Levene’s tests
for normal distribution and homogeneity of variances, respectively.
SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA) was used to
analyze the results of experiments which are presented as
mean ± standard deviation. The values of 72 h-EC50 for C. vulgaris,
48-LC50 for D. magna and 96 h-LC50 for D. rerio after exposure to
corresponding treatments were calculated using the probit analysis
in SPSS. In addition, one-way analysis of variance (ANOVA) was
used to find differences among exposure groups at similar/different
times with a post-hoc Duncan’s test, and P-values less than 0.05
were considered statistically significant. Nonlinear regression
sigmoidal dose-response curves were drawn using Origin software
version 2017 (OriginLab Corporation, Northampton, MA, USA),
whereas the others were drawn by Microsoft Excel version 2016
(Microsoft Corporation, Redmond, WA, USA).

3. Results and discussion

3.1. Optimization of synthesis conditions

It has been proved that the biomolecules existing in plant
extract play an important role in the features of obtained AgNPs
(Sanchez et al., 2016). However, the function of other parameters
such as temperature, pH, amount of extract and reaction time
cannot to be ignored (Sanchez et al., 2016; Ajitha et al., 2015). In this
work, different volume (mL) ratios of leaf extract to AgNO3 (1 mM),
i.e. 1:30, 1:40, 1:50 and 1:60 were used to evaluate the effect of leaf
extract quantity on the AR-AgNPs synthesis (Fig. S1). Dependent on
the volume ratio of leaf extract to AgNO3, the surface plasmon
resonance (SPR) peaks recorded using UVevis were between 420
and 460 nm, except for the 1:30 ratio due to high aggregation. The
highest and lowest SPR bands were observed at ratios of 1:50 and
1:30, respectively. However, at 24 h after synthesisation, aggrega-
tion was observed in all samples except for that with 1:60 ratio.
Therefore, this 1:60 ratio was chosen for further studies.

The effect of AgNO3 concentration on synthesis of AR-AgNPs
was further investigated. UVevis recording showed that the AR-
AgNPs formed at 4 mM AgNO3 had the highest peak (Fig. S1b),
but aggregation occurred for AR-AgNPs synthesized with 2 and
4 mM AgNO3. Therefore, 1 mM AgNO3 was used in this study.

Although the pH of the synthesis reaction is expected to influ-
ence the formation of AR-AgNPs, it was not optimized to avoid the
use of chemical agents like NaOH or HCl to establish an environ-
mentally friendly biosynthesis procedure. The reaction tempera-
ture was set at 60 �C, under which the mixture gradually changed
from colorless to brown due to excitation of SPR of the formed AR-
AgNPs (Fig. S2). After reaction for 6 h, the mixture color did not
change (Fig. S2), suggesting the reach of reaction equilibrium. Thus,
a reaction time of 7 h was adopted.
Under the above optimized conditions, approximately 100% of

Agþ ionswere converted into AR-AgNPs. Such very high yield of AR-
AgNPs suggested that A. rosea leaves have a considerable potential
for manufacturing of AR-AgNPs through green synthesis process.

3.2. Characterization of AR-AgNPs

Themean sizes of AR-AgNPs at the start (0 h), 24, 48, 72 and 96 h
after synthesis were analyzed by dynamic light scattering (DLS),
(Fig. S3), and the mean size of the synthesized AR-AgNPs was
49.05 ± 25.34 nm and finally increased to 76.94 ± 36.82 after 96 h.
This indicated an increase trend of hydrodynamic size of the AR-
AgNPs during the studied period. In addition, all the zeta poten-
tial values of AR-AgNPs collected at different times were negative
and the absolute values decreased slightly with the passage of time
(Fig. S3), suggesting the electrostatic repulsion between AR-AgNPs,
and thus, stability of NPs (Khoshnamvand et al., 2019b).

Fig. 1a and Fig. 1b show the TEM and SEM analyses of the pre-
pared AR-AgNPs, which were polydispersed particles with spher-
ical and quasi-spherical shapes, and had high density and regular
dispersity. EDX analysis indicates the presence of elemental Ag
peaks ranged from 2 to 4 keV (Fig. S4). The intense peak at around
1.7 keV corresponds to Si peak due to fixing sample on siliconwafer,
and the EDX analysis proved the purity of the prepared AR-AgNPs.
These results agreed well with previous reports (Ajitha et al., 2015;
Yuan et al., 2017).

Fig. 1c shows XRD spectrum of synthesized AR-AgNPs, in which
the Bragg reflections at 2q ¼ 27.40�, 31.81�, 37.85�, 45.86�, 68.87�,
76.51� and 85.91� correspond to (210), (122), (111), (200), (220),
(311) and (222) lattice planes, respectively. These results indicated
the face-centered cubic (FCC) structure of AR-AgNPs.

Fig. 1d shows the FTIR spectrum of AR-AgNPs. The band at
865 cm�1 could be from vibration of eCH stretching (Nayak et al.,
2016). The peaks at 1010 cm�1 and 1061 cm�1 were assigned to
the CeO stretching in phenolic compounds (Edison et al., 2016),
while the band at 1334 cm�1 was attributed to OeH stretching of
flavonoids (Joseph and Mathew, 2015). The appearance of the two
peaks at 1581 cm�1 and 1731 cm�1 could represent the existence of
amide I and II bands in proteins (Solomun et al., 2004; Sheny et al.,
2011). The band at 2818 cm�1 could be the sign of CeH groups in
aliphatic acids (Karthik et al., 2016). In addition, the wide peak at
3244 cm�1 indicated the OH group in phenolic compounds and
alcohols (Liu et al., 2017).

Previous studies found that A. rosea was rich in galacturonic
acid, glucuronic acid, rhamnose and galactose compounds
(Ebrahiminezhad et al., 2017). A. rosea leaf extract contained high
amounts of alkaloids, flavonoids and proteins (Ebrahiminezhad
et al., 2017; Khoei et al., 2012), and carbohydrates like galactur-
onic acid, glucuronic acid, rhamnose and galactose compounds
(Ebrahiminezhad et al., 2017). Various functional groups in these
compounds could function as reducing agents to reduce the Agþ

ions into AgNPs, and capping agents to stabilize the formed AR-
AgNPs. Thus, the possible formation mechanism of the AR-AgNPs
has been proposed and presented in Fig. S5.

3.3. C. vulgaris experiments

3.3.1. Toxic effects of AR-AgNPs, Agþ ions and coating agent on C.
vulgaris

For perceiving toxicity of AR-AgNPs and their precursors (Agþ

ions and coating agent) to algae biomass, their impacts during the
exposure period i.e., 24, 48 and 72 h were investigated (Fig. 2). The
algal biomass in the tested media were lower than that in control
with different concentrations of AR-AgNPs and Agþ ions at the



Fig. 1. TEM image (a), SEM image (b), XRD spectrum (c) and FTIR spectrum (d) of the synthesized AR-AgNPs. Synthesis conditions: AgNO3 concentration, 1 mM; leaf extract/
AgNO3 ¼ 1:60; reaction time, 7 h; temperature, 60 �C.
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given interval time (p < 0.05). The greater reduction of algae
biomass appeared at higher contents of AR-AgNPs and Agþ ions
(50 mg/L) compared to the lower reduction at lower concentration
of AR-AgNPs (Fig. 2a and b). This result suggested a dose-dependent
effect of AR-AgNPs or Agþ ions on C. vulgaris biomass, which agreed
with previous report on the toxicity of chemical AgNPs and Agþ

ions on biomass changes of microalgae D. salina (Johari et al., 2018)
and M. aeruginosa (Xiang et al., 2018). The biomass changes were
not observed in the presence of the coating agent, indicating no
toxicity to C. vulgaris (Fig. 2c, p > 0.05). It should be noted that the
algae in Fig. 2c were exposed to different volumes of coating agents
(A. rosea leaf extract) contained the corresponding AR-AgNPs sus-
pensions, and the listed numbers (e.g., 5, 10, 20, 30, 40 and 50 mg/L)
were just the concentrations of AR-AgNPs. This is the same as the
following figures for the coating agent.

The relationship between concentrations of AR-AgNPs/Agþ ions
and their effects on growth inhibition of C. vulgaris (after 72 h) were
obtained by using the dose-response curves (Fig. S6). The 72 h-EC50
of AR-AgNPs to C. vulgaris biomass was 33.63± 2.10 mg/L, whichwas
higher than 72 h-EC50 of Agþ ions (20.12 ± 1.55 mg/L), indicating the
higher toxicity of Agþ ions than AR-AgNPs.

To further assess the toxicity of AR-AgNPs, Agþ ions and the
coating agent to C. vulgaris, the total chlorophyll a contents of algae
during the toxicity tests were determined (Fig. 2def). There were
statistically significant difference among chlorophyll a contents in
the control and media treated with different concentrations of AR-
AgNPs or Agþ ions at the same exposure period (ANOVA, p < 0.05).
The reduction of chlorophyll a contents increased with the increase
of concentrations of AR-AgNPs and Agþ ions, which indicated the
growth inhibition of AR-AgNPs and Agþ ions on algal growth. As
with previous tests, there was no substantial differences of the
chlorophyll a contents between the control and algae treated with
the coating agents (Fig. 2f, ANOVA, p > 0.05), further indicating no
toxicity of coating agent to algae cells.

Algae communities are important because they can generate
oxygen and be as primary producer in aquatic ecosystems, thus
AgNPs pollution may cause serious disturbances on algae functions
or even the overall function of aqueous ecosystems (Oukarroum
et al., 2012). Usually, the damage of NPs to multicellular organ-
isms happens at their respiration system or skin, while unicellular
organisms like microalga can be affected overall by NPs (Moreno-
Garrido et al., 2015). Many mechanisms can explain the toxicity
caused by AgNPs, including adhesion to membranes, increasing
porosity of the cells, collapse of proton pumps, generation of ROS,
degradation of lipopolysaccharide molecules, DNA damage, inhi-
bition of DNA synthesis, inactivation of proteins and enzymes, and
denaturation of ribosomes (Hu et al., 2018; Moreno-Garrido et al.,
2015; Xiang et al., 2018).
3.3.2. Agþ ions release from AR-AgNPs to algal medium and their
contribution to growth inhibition of C. vulgaris

In general, the toxicity of AgNPs may result from their particles
directly or from the release of Agþ ions indirectly. Thus, it is
important to determine the content of the released Agþ ions from
AgNPs and its exact contribution to toxicity of AR-AgNPs to
C. vulgaris. The existence of Agþ ions in algal mediummight be from
the presence of Agþ ions as precursor of biosynthesis process or the
dissolution of AR-AgNPs, but the former one could be ignored
because the biosynthesis yield was approximately 100%. The
released Agþ ions from AR-AgNPs to C. vulgaris media at different
exposure concentrations and different times were less than 1% of
initial amounts of AR-AgNPs (Fig. S7), indicating the high stability
of AR-AgNPs. The relationship between concentrations of Agþ ions
(X axis) and algae growth inhibition (Yaxis) was presentedwith the



Fig. 2. The effects of varied concentrations of AR-AgNPs (a), Agþ ions (b) and coating agent (c) on biomass changes of algae C. vulgaris at different exposure durations. Changes in
chlorophyll a content of C. vulgaris after exposure to different concentrations of AR-AgNPs (d), Agþ ions (e) and coating agent (f) at different time intervals. Letters represent
significant differences among treatment groups within the same exposure period and asterisks display significant differences among different time intervals for the same con-
centration (one-way ANOVA with a post-hoc Duncan’s test, p < 0.05).

M. Khoshnamvand et al. / Chemosphere 258 (2020) 127346 5
dose-response equation in sigmoid curve (Fig. S6b), and indicated
the insignificant contribution of released Agþ ions compared to the
whole toxicity (less than 7%, Table S1).

3.3.3. Morphological changes of C. vulgaris after AR-AgNPs
exposure

The morphological changes of C. vulgaris caused by AR-AgNPs
were observed by using a light microscope with LCD display
(Fig. S8). No algal cell aggregation was seen in the control group
after 72 h exposure (Fig. S8a), while cellular aggregates formed and
increased with increasing AR-AgNPs concentration (Figs. S8bed).
Extensive cellular aggregates were observed in cells exposed to
50 mg/L AR-AgNPs. These findings revealed that AR-AgNPs had
direct toxicity to C. vulgaris cells by increasing cell aggregate for-
mation. Such an effect on freshwater microalga C. vulgaris and
marine microalga Dunaliella tertiolecta was also observed for
chemical AgNPs (Oukarroum et al., 2012). This phenomenon can
reduce algae access to light and absorption of required elements
and nutrients from the aqueous medium, which inevitably inhibi-
ted algal growth (Oukarroum et al., 2012).

3.4. D. magna expriments

3.4.1. Toxic effects of AR-AgNPs, Agþ ions and coating agent on D.
magna

To evaluate the toxicity of AR-AgNPs and Agþ ions towards
D. magna, the dose-response curves under 24 and 48 h exposure
were drawn (Fig. 3). No obvious change was observed in the per-
centages of living daphnids after exposure of D. magna to coating
agent (Fig. S9), indicating no significant effect of coating agent on
the mortality of D. magna (ANOVA, p > 0.05). However, after
exposure of D. magna to AR-AgNPs and Agþ ions, mortality was
observed and the higher the concentration, the greater the mor-
tality rate (Fig. 3). The 48-h LC50 of AR-AgNPs and Agþ ions to
daphnids were 1.86 ± 0.12 and 1.30 ± 0.07 mg/L, respectively,
suggesting the higher toxicity of Agþ ions toDaphniamortality than
AR-AgNPs. These results are in agreement with the previous reports
about the lower toxicity of chemical AgNPs than Agþ ions (Allen
et al., 2010; Zhao and Wang, 2011). In addition, AR-AgNPs still
had high toxicity to D. magna, probably indicates that the D. magna
was vulnerable to AR-AgNPs.

The toxicity of AgNPs to aquatic organisms usually arisen from
the release of free Agþ ions and themselves (Liu and Hurt, 2010;
Asharani et al., 2008). The toxicity of Agþ ions to organisms might
attribute to ion regulatory disturbance and competitive inhibition
of potassium or sodium ion-dependent adenosine triphosphate
(Naþ, Kþ-ATPase) activity, which inhibited the Daphnia’s uptake of
Naþ (Bianchini et al., 2002). After penetrating into living cells,
AgNPs can generate ROS and oxidative stress and cause negative
effects such as membrane lipid peroxidation, mitochondrial dam-
age, DNA damage, and consequently cell apoptosis (Choi et al.,
2010; Lubick, 2008).

3.4.2. The release of Agþ ions from AR-AgNPs to Daphnia medium
and their contribution to mortality of D. magna

The release of Agþ ions from AR-AgNPs to D. magna media
occurred in all samples, and the amounts of Agþ ions after 24 and
48 h were less than 6% of the initial AR-AgNPs concentrations
(Fig. S10). This indicates that AR-AgNPs were relatively stable in
D. magnamedia. By using dose-response equation, the released Agþ

ions from AR-AgNPs contributed 4.39e10.10% to Daphnia mortality
after 48 h of exposure (Table S1), demonstrating the small impact of
Agþ ions on Daphnia mortality. Similar result has been reported
that the released Agþ ions from citrate-coated AgNPs contributed to
the acute toxicity of D. magna, but the main cause of toxicity was
AgNPs (Hu et al., 2018).

3.4.3. Uptake of AR-AgNPs to D. magna
After 48 h exposure of 1.5 mg/L AR-AgNPs, some brownpigments

in the gill area and on the trunk limbs were observed under the



Fig. 3. Relationship between different concentrations of AR-AgNPs (a)/Agþ ions (b) and their effects on mortality (%) of D. magna after 24 and 48 h exposure based on dose-response
curve.
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light microscope, which was not seen in the control group
(Fig. S11). This phenomenon was also observed when D. magna
exposed to chemical AgNPs (Gaiser et al., 2011; Volker et al., 2013;
Asghari et al., 2012). These pigments probably implied AR-AgNPs
accumulation (Asghari et al., 2012). Although previous studies re-
ported that AgNPs were mainly accumulated in Daphnia gut tract
(Zhao and Wang, 2011; Asghari et al., 2012), this was not observed
in this study probably due to the low concentration of AR-AgNPs
(1.5 mg/L) that used. Other researchers also reported the uptake of
AgNPs by daphnids from the test solutions (Roberts et al., 2007;
Heinlaan et al., 2011). Given that D. magna locates at lower trophic
levels and is food for other organisms at higher trophic levels, AR-
AgNPs might be transferred from daphnids to higher organisms
(Asghari et al., 2012). Change of storage lipids to lipid droplets
under the Daphnia carapace caused by AR-AgNPs was another
observed abnormality (Fig. S11c), these lipid droplets may cause
negative effects on growth, regulate moulting and reproduction in
D. magna (Fuertes et al., 2018). Appearance of lipid droplets was
also reported when daphnids exposed to chemical AgNPs (Asghari
et al., 2012).

3.5. D. rerio experiments

3.5.1. Toxic effects of AR-AgNPs, Agþ ions and coating agent on D.
rerio

Fig. 4 shows the toxicity of AR-AgNPs and their precursors (Agþ

ions and coating agent) towards D. rerio, suggesting that coating
agent had no effect on D. rerio mortality (p > 0.05), whereas the
mortality increased with time and the concentrations of AR-AgNPs
and Agþ ions. Additionally, the 96-h LC50 values for AR-AgNPs and
Agþ ions were 10.09 ± 0.05 and 4.74 ± 3.25, respectively, indicating
the higher toxicity of Agþ ions than AR-AgNPs. During the initial
phase of exposure, D. rerio showed the raised swimming activity,
respiratory rate and efforts to escape from the glass beakers espe-
cially at higher AR-AgNPs concentrations (>15 mg/L) after 1 h of
exposure. This suggested the toxic stress of AR-AgNPs on D. rerio.

The toxicity of Agþ ions and AgNPs might arise from their
accumulation, penetration and gene alterations to target organs.
Agþ ions were reported to be able to accumulate and bind to gill
epithelium, thus fish gills were the primary target organs for Agþ

ions in AgNPs, and the normally active uptake of Naþ and Cl� was
thus inhibited (Wood et al., 1996; Ratte, 1999). NPs could penetrate
different layer of skin (such as epithelium, epidermis and mito-
chondrion), gills, brain and liver, which would damage these organs
and alter the gene expression (Lee et al., 2012).
As a Cholinesterase (ChEs) enzyme, AChE principally situated in
themembrane of post-synaptic nervous cells and usually employed
as a biomarker for neurotoxic studies (Behra et al., 2002; Payne
et al., 1996). AChE can terminate neurotransmission by catalyzing
the breakdown of acetylcholine (a neurotransmitter) into choline
and acetate (Silman and Sussman, 2008). As toxic pollutants can
change the AChE activity (Payne et al., 1996), the toxicity of AgNPs,
Agþ ions and coating agent can be evaluated by AChE activity.

Fig. 5 presents the muscle and gill AChE activity of adult
zebrafish after exposure to sub-lethal concentrations of AR-AgNPs
(2 and 3 mg/L) and their precursors (Agþ ions and coating agent)
at 0, 48 and 96 h. The results showed no difference in muscle AChE
activity of zebrafish for AR-AgNPs, Agþ ions and coating agent
(Fig. 5aec) compared to the controls (ANOVA, p > 0.05). This
indicated that AR-AgNPs and their precursors were non-toxic to
zebrafish muscle. Although previous study reported the reduction
of AChE activity in zebrafish muscle after exposure to chemical
AgNPs (Katuli et al., 2014), this different result might be caused by
the different exposure time with 7 days vs 4 days.

In contrast to muscle AChE activity, the gill AChE activity of
zebrafish decreased when exposed to AR-AgNPs (Fig. 5d) and Agþ

ions (Fig. 5e) in compare with the controls (ANOVA, p < 0.05),
indicating the adverse effects of AgNPs and Agþ ions on fish gill. No
significant change of AChE activity was observed when exposed to
coating agent, (p > 0.05, Fig. 5f), and indicated the safety of the
coating agent.

AChE plays an important role in neural pathways of fishes and
muscular development, and the decreased AChE activity may lower
fish survival rate (Behra et al., 2002; Fulton and Key, 2001). In
addition, the physiological functions of AChE included food and
feeding, spatial distribution pattern, social interactions, locomotor
capacity, prey location and predator evasion (Bradbury et al., 2008).
Hence, the results above indicated that the exposure of zebrafish to
AR-AgNPs and Agþ ions would lead to the inhibition of AChE ac-
tivity and further cause physiological and morphological
abnormalities.

3.5.2. Role of Agþ ions released from AR-AgNPs in D. rerio mortality
Unlike the media of algae and daphnids, the fish medium

renewed each 24 h based on OECD 203 guideline. Therefore, the
amounts of free Agþ ions in fish media were measured each 24 h
before changing of water. It was found that the media with 20 and
25 mg/L of AR-AgNPs released less than 0.3% of free Agþ ions based
on initial concentrations. While other concentrations released too
little Agþ ions to be detected by ICP-MS. This suggested the high



Fig. 4. Toxicity of different concentrations of AR-AgNPs (a) and Agþ ions (b) to zebrafish mortality at different exposure times, and the effect of coating agent (c) on zebrafish
survival at different time intervals. Letters denote significant differences among treatment groups within the same exposure period and asterisks indicate significant differences
among different time intervals for the same concentration (one-way ANOVA with a post-hoc Duncan’s test, p < 0.05).

Fig. 5. Muscle AChE activity of zebrafish after exposure to sub-lethal concentrations (2 and 3 mg/L) of AR-AgNPs (a) and their precursors (Agþ ions (b) and coating agent (c)). The
changes of gill AChE activity of zebrafish exposed to AR-AgNPs (d), Agþ ions (e) and coating agent (f) at 0, 48 and 96 h. Letters show significant differences among treatment groups
within the same exposure period and asterisks display significant differences among different time intervals for the same concentration (one-way ANOVAwith a post-hoc Duncan’s
test, p < 0.05).
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stability of AR-AgNPs in fish medium and the little even no
contribution of free Agþ ions to fish acute toxicity. This agreed well
with previous report that AgNPs were lethal to zebrafish (Bilberg
et al., 2012).

3.5.3. Abnormalities of D. rerio exposed to AR-AgNPs
After 24 h of acute toxicity tests and the removal of dead

zebrafish from media containing AR-AgNPs, two clear abnormal-
ities were observed for the dead zebrafish. These abnormalities
included ascites (accumulation of fluid in the abdomen) and color
change (fading color) (Fig. S12), which were more severe for fish
exposed to 25 mg/L of AR-AgNPs. This further indicated the adverse
effects of AR-AgNPs on zebrafish growth.
4. Conclusions

Many studies have explored the toxic effects of physio-
chemically synthesized AgNPs to organisms. However, the
toxicity and negative effects of biosynthesized AgNPs remain un-
clear, particularly in aquatic food chains. Herein, facile, cost effec-
tive and eco-friendly AR-AgNPs were synthesized by the reaction of
silver nitrate with A. rosea leaf extract, and their potential toxicity
towards organisms in aquatic food chainwas investigated.With the
increase of exposure dose, the biomass of C. vulgaris decreased with
the occurrence of photosynthetic pigments, the mortality of
D. magna andD. rerio increased, and gill AChE activity ofD. reriowas
inhibited. This indicated that the biosynthesized AgNPs could exert
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toxic effects to numerous organisms at different trophic levels of
aquatic ecosystems. Because this study referred to conventional
OECD test methods, the roles of important parameters like pH,
dissolved organic carbon (DOC), water hardness, cations (Ca2þ,
Mg2þ and Naþ), sulfides and chlorides, which strongly affect the
physio-chemical behaviors and toxicity of NPs (Kennedy et al.,
2012) should be investigated in the future studies. Moreover, the
toxicity of AgNPs synthesized using other plants or other biological
methods towards other food chains/webs should be further
studied.
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