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• The ionic strength significantly affected
the transformation of AgNPs.

• The new, smaller AgNPs were observed
in ionic strength exposure media.

• A higher ionic strength medium re-
sulted in greater toxicity of AgNPs to
C. elegans.

• The higher toxicity of AgNPs to
C. elegans probably because of the for-
mation of new, smaller AgNPs.
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In the environment, silver nanoparticles (AgNPs) undergo a number of potential transformations, such as aggre-
gation, dissolution, and redox reactions. However, the transformation in ionic strength condition, as well as their
related toxicity was not quite clear, especially in the in vivo system. In the present study, we comprehensively
evaluated three different characteristics (ddH2O, EPA water and K+ medium (KM)) mediated changes in the
physical morphology of AgNPs and the alteration of the toxicity to Caenorhabditis elegans (C. elegans). Our results
showed besides the changes of AgNPs behavior such as the transformation of morphological, with the transmis-
sion electron microscopy we found for the first time that smaller nanoparticles (b5 nm) appeared around the
pristine AgNPs after incubation in EPA or KM for 5 days. Together with these changes, the toxicity of AgNPs to
C. elegans changed significantly, showing that a higher ionic strength medium resulted in greater toxicity to
C. elegans, as measured by germ cell apoptosis, brood size and lifespan. More importantly, our results indicated
that the higher toxicity of AgNPs to C. elegans reproduction was probably related to the appearance of the
smaller-size AgNPs in higher ionic strength media. These findings highlight that toxicity assessments for the re-
lease of nanomaterial to the environment need to be improved to assess environmental safety more accurately.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Silver nanoparticles (AgNPs) have been extensively produced and
widely used because of their excellent antimicrobial properties
(Ahamed et al., 2010; Sintubin et al., 2012). However, the increased
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use of AgNPs has led to elevated environmental and human health con-
cerns (Hu et al., 2018; Kang and Park, 2018; Maurer-Jones et al., 2013;
Seltenrich, 2013). The potential toxicity risks of AgNPs has been docu-
mented with many models, including bacteria (Sotiriou and Pratsinis,
2010; Zheng et al., 2018; Zille et al., 2015), mammalian cells (Sun
et al., 2016), zebrafish (Cambier et al., 2018; Devi et al., 2015;
Krishnaraj et al., 2016), and Caenorhabditis elegans (C. elegans) (Luo
et al., 2016; Luo et al., 2017). For instance, Das et al. proved that
AgNPs influenced bacterial community structure (Das et al., 2012) and
Schultz et al. reported that AgNPs could cause reduced body length
and compromised reproductive performance in C. elegans (Schultz
et al., 2016). Our previous study also demonstrated that AgNPs could
be accumulated in the food chain and cause toxicity to higher organ-
isms, suggesting that they are harmful to ecosystems (Luo et al.,
2016). However, a great majority of toxicity assessments still utilize
pristine AgNPs which organisms are not likely to encounter.

Recently, many studies have indicated that environmental factors,
such as ionic strength, pH, or ionic type could induce transformations
of AgNPs that are expected to dominate in the environment. For exam-
ple, Chambers et al. reported that agglomeration of AgNPs under higher
ionic strength conditions was enhanced (Chambers et al., 2014). Other
studies also showed that the experimental conditions such as the pres-
ence of sulfide or thiolate influence the release of Ag+ (Gondikas et al.,
2012; Levard et al., 2012). Moreover, the toxicity of AgNPs is dependent
on the behavior and fate of AgNPs in the exposure medium (Afshinnia
et al., 2018; Behra et al., 2013; Fabrega et al., 2011; Liu et al., 2010).
Cupi et al. demonstrated that different pH in exposure media were ex-
pected to influence the behavior and the toxicity of AgNPs (Cupi et al.,
2016). Xue et al. found that different dispersion media influenced the
toxicity of AgNPs toHepG2 cells, asmeasured by parameters such as ap-
optosis rate, cell-cycle arrest, and ROS generation (Xue et al., 2016). In
another study, media composition was found to influence the bioavail-
ability and toxicity of AgNPs in fish intestinal cells (Minghetti and
Schirmer, 2016). However, the effects of environmental factors on
AgNPs properties and how these alterations impact their toxicity is
still limited, especially in living systems.

In the environment, ionic strength plays an important role in the en-
vironmental fate and transformation of nanomaterials by influencing
their physicochemical properties and thereby altering their toxicity. To
date, most AgNPs toxicity studies have been performed at the bacterial
or cellular level. For instance, as the ionic strength increased, the degree
of AgNPs aggregation and the rate of silver release increased, and
Escherichia coli (E. coli) demonstrates reduced tolerance to AgNPs
(Chambers et al., 2014). In another study, the ionic strength was
found to affect the agglomeration of cit-AgNPs and correlated with
higher toxicity in fish gill cells (Yue et al., 2015). However, few of the
studies were carried out at the in vivo level. C. elegans is well suited for
toxicity assays of nanoparticles due to its characteristics and ability to
grow and reproduce in soil and aqueous environments (Ellegaard-
Jensen et al., 2012; Hanna et al., 2016; Kim et al., 2012; Meyer et al.,
2010; Roh et al., 2010). The purpose of this study was to investigate
the effect of ionic strength on the physicochemical properties of
AgNPs and their toxicity in the in vivomodel organism. Here Zetasizer,
UV–Vis, ICP-AES, and microscopy techniques were employed to obtain
information about the physical attributes of the AgNPs. In addition, re-
productive assays such as the germ cell corpses, brood size, and lifespan
were used to assess the AgNP toxicity to C. elengans and thus to expand
our knowledge about the impact of environmental factors on themech-
anisms of AgNPs toxicity.

2. Materials and methods

2.1. AgNPs preparation and characterization in different exposure media

Suspensions of PVP-coated AgNPs (PVP25 and PVP75) were pur-
chased from NanoComposix, Inc. (San Diego, CA, USA) in the form of
stock dispersions (5 mg mL−1) and stored in the dark. According to
previous studies, the moderately hard reconstituted water (EPA
water) and K+ medium (KM) were chosen as a low and high ionic
strength exposure medium, respectively (Media compositions are
described in Table S1) (Levard et al., 2013; Yang et al., 2012). The
morphology, hydrodynamic diameter and zeta potential of the
AgNPs were determined after incubation for 5 days in each type of
exposure medium at a concentration of 5 μgmL−1 by Energy filtering
transmission electron microscopy (TEM, LIBRA 120 TEM, Carl Zeiss,
Germany) and a Zetasizer (Nano ZS, Malvern Instruments, UK). In
addition, the UV absorption spectrum of 5 μg mL−1 AgNPs suspen-
sions was scanned from 250 nm to 650 nm using a UV−Vis spectro-
photometer (HITACHI, Japan).
2.2. C. elegans strain and culture

Wild-type, Bristol strain N2 C. elegans were obtained from the
Caenorhabditis Genetics Center (CGC, University of Minnesota, USA)
and were maintained at 20 °C. C. elegans were grown in Petri dishes
on nematode growth medium (NGM) and fed E. coli OP50 according
to a standard protocol (Brenner, 1974). To produce age-synchronized
cultures, eggs from mature adults were isolated using NaClO/NaOH so-
lution. Age synchronous L1 nematodes were obtained from eggs main-
tained overnight in M9 medium.
2.3. Quantification of dissolved silver ions and speciation of silver in expo-
sure media

The released silver ions in different exposure media was assessed
with two different methods: ultra-centrifugation and LC-ICP-MS
(Zhou et al., 2014). For ultra-centrifugation, 10 mL of AgNPs suspen-
sions were centrifuged at 100,000g for 3 h. The Ag element content of
the supernatant was measured by ICP-AES (Agilent 7500, Japan). For
LC-ICP-MS, the calibration curve was prepared by plotting the peak
area against the concentration of a series of standards of 0.1, 0.2, 0.5,
1, 2. 5, 10, 20, 50 and 100 μg L−1 Ag+ prepared in 2 mM Na2S2O3. Just
before injection into the LC-ICP-MS system, 2 mM Na2S2O3 were
added into the different AgNPs samples. The concentration of AgNPs
samples was 100 μg L−1. Each standard and sample solution were
injected into the LC-ICP-MS system in triplicate, and the mean peak
area of silver was adopted to calculate the concentration of dissoluble
silver.

Silver ions can react with different medium components and
form different species in the aqueous system. Visual MINTEQ (Vi-
sual MINTEQ, ver. 3.1) was used to calculate the distribution of
silver species, based on dissolved silver, in different exposure
media.
2.4. Quantification of the new small particles in different exposure media

To quantify the new small particles, we first separated the new
small particles from the pristine particles by centrifugation. In this
assay, 10 mL of PVP25 or PVP75 suspensions were centrifuged at
20,000g for 30 min or 1500g for 10 min, respectively. Then, half of
the supernatant was transferred into a new tube containing 2% v/v
HNO3 and 0.5% v/v HCl and allowed to digest at room temperature
for one day prior to silver concentration quantification by ICP-AES
(Yang et al., 2012). The value of silver concentration assessed from
ICP-AES contains the concentrations of dissolved silver and new
small particles. The remaining part of the suspensions was prepared
to LC-ICP-MS for determination of dissolved silver. The concentra-
tion of the new small particles was estimated by the value of ICP-
AES minus the value of LC-ICP-MS.
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2.5. Assessment of the toxicity of AgNPs exposure in different media using
C. elegans

The nematode C. eleganswas used to test for reproductive inhibitory
effects of transformed AgNPs in EPA and KM, respectively. Three repro-
ductive toxicity assays were performed, including germ cell death,
brood size and life span. AgNPs were incubated in ddH2O, EPA or KM
for 5 days or 0 h. Then, C. elegans was exposed to the ddH2O, EPA or
KM-treated AgNPs at a final concentration of 5 μg mL−1 based on our
previous study (Luo et al., 2016). The group exposed without AgNPs
were used as control during toxicity assessment.We compared changes
in germ cell death between control and three different exposure media
without AgNPs. Because we did not find any statistically significant dif-
ferences between the samples analyzed (Fig. S1), we concluded that the
three different exposure media used in the experiments were not toxic
to the C. elegans.

Germ cell death was measured using acridine orange (AO, Sigma).
Briefly, L4 larvae C. elegans were added to each well of a 12 well plate
along with the AgNPs for 24 h. Then, the treated worms were stained
into 500 μL of AO (25 μg mL−1) for 1 h in the dark at 20 °C. They were
then transferred to a new NGM plate and allowed to recover for
40 min on bacterial lawns. Dead germ cells stained positive for AO
were counted using an Olympus IX71 fluorescence microscope (Olym-
pus, Japan). For brood size assay, wild-type L3 larvae were added to
each well of a 12 well plate along with the AgNPs for 24 h. Then each
hermaphrodite was subsequently transferred to fresh NGM plate with
E. coli every 24 h during egg layingperiod. Thenumber of newly hatched
larvae was counted after the hermaphrodites were removed for 24 h.
Fig. 1.Representative TEM images of AgNPs in different exposuremedium after 5 days. (A) PVP
in EPA medium; (F) PVP75 in KM. The particle average size was determined by counting at lea
The brood size was calculated by combining all the hatched larvae. For
the life span assay, after 24 h exposure of L4 larvae C. elegans in
AgNPs, hermaphrodites were transferred daily to fresh NGM plate
with E. coli for the first 4 days of adulthood. Nematodes were checked
every two days and would be scored as dead if they did not move
even after repeated taps with a pick.

2.6. Data analysis

All values were expressed as means± standard errors of themeans.
One-way analysis of variance (ANOVA) was used to determine the sig-
nificance of differences between the groups. The criterion for statistical
significance was p b 0.05. The value of EC50 (effective concentration for
50% of the organisms) was performed using GraphPad Prism7 software
by fitting data using a variable-slope model.

3. Results

3.1. Formation of small AgNPs from pristine AgNPs in higher ionic strength
media

The AgNPs used in our study were spherical and monodisperse in
ddH2O (Fig. 1A and D). After incubation for 5 days in exposure media,
two types of AgNPs were still well dispersed, both in EPA and KM, as re-
vealed by TEM images (Fig. 1). However, DLS analysis showed that the
Z-average size of AgNPs in exposure media was decreased than that in
ddH2O, and that the AgNPs had the smallest Z-average size in KM,
which has a much higher ionic strength (Fig. S2). The zeta potential
25 in ddH2O; (B) PVP25 in EPAmedium; (C) PVP25 in KM; (D) PVP75 in ddH2O; (E) PVP75
st 200 particles with the Nano Measurer 1.2 software.
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values (in absolute terms) of the AgNPs were also reduced both in EPA
and KM compared with that in ddH2O, especially in KM, where the zeta
potential values changed from −14.7 ± 0.7 to −10.59 ± 0.752 and
from−22± 0.451 to−13.7 ± 0.458 for PVP25 and PVP75 respectively
(Fig. S2).

It is noteworthy that new small particles were formed in the expo-
sure media. In EPA and KM, small particles with a size of 2–5 nm were
observed around pristine AgNPs and the lattice fringe spacing of these
nanoparticles was consistent with the (111) lattice planes of the face
centred cubic (fcc) structure of metallic silver identified by X-ray dif-
fraction analysis (XRD) (2.4 Å) (Fig. 2). Energy-dispersive X-ray spec-
troscopy (EDS) and EDS element mapping were used to further
explain the reason for the formation of the small AgNPs. In Fig. 3 and
S3, the EDS elementmapping images showed the different ionic constit-
uents of exposure solutions such as Na and Ca covered on the surface of
pristine AgNPs. The high signals of different ions element in EDS data
also demonstrated that different ions attached to the surface of the pris-
tine particles (Fig. 4). According to these results, we concluded that the
different ionic constituents of EPA and KM attached to the surface of
AgNPs could cause etching to the pristine AgNPs. This is in accordance
with previous studies, which have shown that ionic species can act as
an etchant to AgNPs (An et al., 2008; L. Zhang et al., 2015).The observa-
tion of small particles was fantastic because AgNPs dispersed in ddH2O
showed no evidence of small particles, and AgNPs stock solutions were
stable at−4 °C in dark environments. These results indicated that ionic
strength induces the formation of the small AgNPs. Consist with these
results, the AgNPs in KMhad the smallest Z-average size and size distri-
bution range (Fig. S2 and 4). UV−Vis spectroscopy also confirmed the
Fig. 2. TEM images of AgNPs exposed in different ionic strength medium for 5 days show the a
(C) 75 nm AgNPs in EPA medium; (D) 75 nm AgNPs in KM.
size change of AgNPs in EPA and KM (Fig. S5). Taking all these parame-
ters together, these results indicated that ionic strength can affect
the physical properties of AgNPs and induce the formation of small
AgNPs.

3.2. Effects of ionic strength on dissolution of silver and speciation of silver
in exposure media

To determine the effects of ionic strength on the concentration of
soluble silver species, the concentration of soluble silver species was
measured using LC-ICP-MS and ultra-centrifugation methods for the
pristine AgNPs in both EPA and KM. The dissolved silver levels in
PVP25 and PVP75 suspensions in different media are shown in
Table 1. The concentration of dissolved silver was significantly lower
in EPA and KM than to ddH2O. This result was consistent with previous
studies which suggested that ionic strength affected the release of silver
(Chambers et al., 2014; Li et al., 2012).Meanwhile, in the same exposure
solutions, the concentration of dissolved silver of PVP75was lower than
that of PVP25. This indicates that the smaller particles release silver ions
more easily. Furthermore, dissolved silver determined by LC-ICP-MS
was much lower than that indicated by ultra-centrifugation. Overesti-
mation by ultra-centrifugation could be due to the small AgNPs (espe-
cially in EPA and KM) remaining in the supernatant under the applied
centrifugation conditions.

Another factor influencing the transformation of AgNPs is the dis-
solved silver species. We used the Visual MINTEQ software to calcu-
late the theoretical equilibrium speciation for AgClx(x−1)−. Fig. 5
shows the distribution of silver ion species in the different media,
ppearance of small particles. (A) 25 nm AgNPs in EPA medium; (B) 25 nm AgNPs in KM;



Fig. 3. EDS element mapping images of PVP75 in KM.
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as calculated by Visual MINTEQ for different value of silver. The per-
centage of silver ionic species detected by ultracentrifugation and
LC-ICP-MS in the same samples showed little variation. In the KM
medium, most of the silver species can be expected to be existed as
Fig. 4. Energy-dispersive X-ray spectroscopy (EDS
AgCl2−, AgCl0 (aq), and AgCl32−, and only 0.001% of the total silver
existed in the free Ag+ form. In contrast, free Ag+ in the EPAmedium
was approximately 61% and 49% of the total silver in PVP25 and
PVP75, respectively.
) images of PVP25 (A) and PVP75 (B) in KM.



Table 1
Concentrations of dissolved silver in AgNPs suspensions.

PVP25 Ag+ (μM) PVP75 Ag+(μM)

ICP-MS LC-ICP-MS ICP-MS LC-ICP-MS

ddH2O 832.4974 ± 17.29 516.3152 ± 9.82 ddH2O 150.0736 ± 7.56 97.8045 ± 3.45#

EPA 618.8107 ± 18.34# 357.845 ± 12.24# EPA 131.257 ± 7.30# 66.5164 ± 4.22#

KM 525.1779 ± 21.28# 154.7968 ± 9.12# KM 63.76457 ± 3.39# 27.3482 ± 2.08#

Total silver: 1 mg mL−1. Separation of dissolved silver from AgNPs in different exposure media after 5 days. Silver concentration was measured by ICP-MS after centrifugal ul-
trafiltration or by LC-ICP-MS. Values are given as μMof dissolved silver from AgNPs. Significant difference (#p b 0.05) from ddH2O group. These results are representative of three
separate experiments (N = 3).
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3.3. Ionic strengths influenced the reproductive toxicity of AgNPs

In our previous study, we indicated that AgNPs could affect the re-
productive capacity of C. elegans (Luo et al., 2017). Next,we investigated
whether the reproductive toxicity of AgNPs was changed after transfor-
mation in different ionic strength media. We compared the toxicity of
AgNPs after 0 and 5 days in the medium using the germ cell apoptosis,
brood size, and life span assay as the endpoints. There were no signifi-
cant changes in the germ cell corpses, brood size and lifespan of
PVP25 and PVP75 after exposure for 0 h in EPA and KM compared
with the group in ddH2O (Table 2). However, for PVP 25 and PVP75,
after exposure for 5 days in EPA, the germ cell corpses of C. elegans com-
paredwith group in ddH2O increased from 3.03 to 3.73 and from 2.87 to
3.33, respectively. In KM, the germ cell corpses of C. elegans increased
from 3.03 to 4.13 and from 2.87 to 3.64. Similarly, the brood size and
lifespan assays demonstrated that the toxicity of the AgNPs in EPA and
KM for 5 days was much higher than that for 0 h. Compared with
PVP25 and PVP75 pristine AgNPs, EPA and KM significantly enhanced
reproductive toxicity in C. elegans, with the greater toxicity in the higher
ionic strength media (Table 2 and Fig. 6).

3.4. The new small particles play an important role in the enhanced toxicity
of AgNPs in higher ionic strength media

As we clearly showed that increasing toxicity in high ionic strength
media was not related to dissolved silver (Table 1) or free silver ionic
(Fig. 5), we assumed that the new small particles played an important
role in the increasing toxicity of AgNPs. Firstly, three different size par-
ticles (5 nm, 25 nm and 75 nm) were used to investigate the size-
dependent toxicity of AgNPs. The germ cell corpses assay showed that
the small AgNPs (PVP5) was more toxicity for C. elegans than PVP25
Fig. 5. Silver ion species distribution in the three-exposure media. Silver ion species
distributions were calculated by Visual MINTEQ ver.3.1. Here the calculation for total
silver recorded from ICP-MS and LA-ICP-MS results are shown.
and PVP75 (Fig. 7A). Thiswas a strong indication that the enhanced tox-
icity observed was associated with the small secondary particles. For
further provide direct evidence of the important role of small particles
in the increase of the toxicity in higher ionic strength media, we ana-
lyzed the concentration of the small particles and the correlation be-
tween the concentration of the small particles with EC50. Using
centrifugation method, TEM images indicated that the new small parti-
cles were successfully separated from pristine particles (Fig. S6) More-
over, the concentration of small particles formed in EPA and KM was
dramatically increased compared with in ddH2O both for 25 nm and
75 nm AgNPs (Fig. 7B). For brood size assay, EC50 values were calcu-
lated from six concentrations of AgNPs (1, 2, 4, 8, 16 and 32 μg mL−1).
With the non-linear regression curve-fit, we demonstrated that EC50
values of AgNPs were decreased with the increase of ionic strength
(Fig. 7C and D). Moreover, there was a clear inverse linear relationship
(r2 = 0.9988 for PVP25; r2 = 0.8301 for PVP75) between percentage
of small particles and toxicity (Fig. 7E and F), with PVP25 in KM being
the most toxic with the highest concentration of small particles, and
PVP75 in H2O being the least toxic with the lowest concentration of
small particles. These data indicated that the enhanced reproductive
toxicity of the AgNPs to C. elegans could be attributed to the formation
of small particles.

4. Discussion

Studies indicated that environmental componentswill inevitably in-
teract with AgNPs, influence their physicochemical properties, and al-
ters their transport, fate, and toxicity. For instance, oxidation is a
primary process for AgNPs transformations, such as the formation of
Ag+, silver complexes, and new large size AgNPs during movement in
an aquatic environment (Levard et al., 2012; Ma et al., 2014;
Table 2
Reproductive responses for evaluating the toxicity of AgNPs in different exposure media
after 0 h or 5 days.

AgNPs Exposure time Groups Germ cell corpses Brood size Lifespan

PVP25 0 h Ctr 2.24 ± 0.17 246.16 15.46 ± 0.65
ddH2O 2.82 ± 0.1 186.5 12.13 ± 1.13
EPA 2.8 ± 0.07 185.66 11.97 ± 0.52
KM 2.84 ± 0.1 189 12.04 ± 0.41

5 days Ctr 2.47 ± 0.07 244.61 14.5 ± 0.1
ddH2O 3.03 ± 0.1 183.46 11.42 ± 0.79
EPA 3.73 ± 0.23# 170.49 10.52 ± 0.25
KM 4.13 ± 0.13# 156.78# 9.88 ± 0.7#

PVP75 0 h Ctr 2.24 ± 0.17 246.16 15.46 ± 0.65
ddH2O 2.62 ± 0.08 200.5 13.52 ± 0.27
EPA 2.67 ± 0.07 194.17 13.53 ± 0.09
KM 2.67 ± 0.07 205.6 13.5 ± 0.71

5 days Ctr 2.47 ± 0.07 244.61 14.5 ± 0.1
ddH2O 2.87 ± 0.07 216.58 11.9 ± 0.7
EPA 3.33 ± 0.07 199.34 11 ± 0.4
KM 3.64 ± 0.06# 180.78# 10.1 ± 0.8#

Significant difference (#p b 0.05) from ddH2O group. These results are representative of
three separate experiments (N = 3).



Fig. 6. Reproductive responses for evaluating the toxicity of AgNPs in different exposure media after 5 days. (A) The germ cell apoptosis in the gonad of adult hermaphrodite induced by
different exposure media treated AgNPs. (B) Brood size of young adult hermaphrodite with different exposure media treated AgNPs. The fraction alive (C) and mean lifespan (D) of
C. elegans with different exposure media treated AgNPs. These results are representative of three separate experiments. The error bars indicate SD. Significant difference (*p b 0.05)
from control, significant difference (#p b 0.05) from ddH2O group. These results are representative of three separate experiments (N = 3).
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Peretyazhko et al., 2014; Yue et al., 2015; Z. Zhang et al., 2015). Other
environmental factors such as exposure medium conditions or ionic
strength can also greatly influence the dissolution of silver (Cupi et al.,
2016; Levard et al., 2012; Yue et al., 2015). In the present research,
ionic strength was indeed found to influence the concentration of dis-
solved silver and silver species distribution in the exposure media, and
lower dissolved silver and free Ag+ could be observed in the medium
with higher ionic strength (KM). In accordance with previous studies
(Cupi et al., 2016; Hanna et al., 2016), TEM and the zeta potential results
revealed that different exposure media did not have any significant in-
fluence on the aggregation of AgNPs even in higher ionic strength
media, showing a sterically stabilized AgNPs. However, a remarkable
phenomenon observed by TEM was the formation of small particles in
the vicinity of the AgNPs in EPA and KM (Fig. 3). A reduced Z-average
and blue-shift of UV-Vis absorption spectrum in EPA or KM also con-
firmed the presence of small AgNPs. In previous studies, during the re-
duction process, small AgNPs were observed due to the reduction of
ions to particles. For example, very small spherical (or semispherical)
particles were found in a mixture of dissolved organic matter and
AgNPs (Yin et al., 2012; Yin et al., 2014; Zou et al., 2015). Additionally,
the reductive transformation of dissolved silver to small AgNPs is a pre-
dominant process under sunlight irradiation in the presence of dis-
solved organic matters (Yu et al., 2016). It is possible that
environmental factors such as Cl− can act as an etchant to manipulate
themorphology of the AgNPs from triangular plates with sharp corners
to disk-like plates (An et al., 2008; L. Zhang et al., 2015). The EDS
analysis and EDS element mapping also explained the existence of dif-
ferent ionic on the surface of AgNPs.

Besides the transformation of AgNPs in the environment, their re-
lated biological toxicity has also been a topic of concern. Studies have in-
dicated that the toxicity of AgNPs is dependent on the type of exposure
medium (Minghetti and Schirmer, 2016; Xue et al., 2016; Zhang et al.,
2016). Comparing the behavior and toxicity of AgNPs in the different
media, the strong agglomeration of the AgNPs can be correlated with
higher toxicity to fish gill cells (Yue et al., 2015). With increased dis-
solved silver in solution, E. coli demonstrated reduced tolerance to
AgNPs under higher ionic strength conditions (Chambers et al., 2014).
C. elegans as an in vivomodel organism is well suited to toxicity assays
for the assessment of the effect of AgNPs on reproductive toxicity. For
instance, Levard and Yang et al. recently reported that lower ionic
strength media resulted in greater toxicity of AgNPs to C. elegans
(Levard et al., 2013; Yang et al., 2012). On the contrary, we found that
the toxicity of the AgNPs was enhanced with an increase in ionic
strength (Fig. 6). This discrepancy may be explained by the differing
amounts of dissolved silver. In the previous reports, the toxicity of the
AgNPs was attributed partly to dissolved silver, but in our study, the
amount of dissolved silver was the lowest in KM, which had the highest
toxicity. In fact, the data for the silver ion species distribution also illus-
trated that the percentage of Ag+ was negligible in KM as compared
with that in EPA (Fig. 5). This indicates that the amount of dissolved sil-
ver is not necessarily correlated with the serious toxicity of the AgNPs.
While, a study by J.-M. Ahn et al. showed that the toxicity caused by



Fig. 7. (A) The germ cell apoptosis in the gonad of adult hermaphrodite induced by different size of AgNPs. (B) The concentration of new small AgNPs in different exposure media after
5 days. Total silver: 5 μg mL−1. Non-linear regression curve-fit of the brood size of young adult hermaphrodite with various concentrations of PVP25 (C) or PVP75 (D) in different
exposure media. EC50 values are shown in the plots. (E and F) Correlation between EC50 values and the percentage of the small particles that was formation after exposure in
different ionic strength media. Significant difference (*p b 0.05) from control, significant difference (#p b 0.05) from ddH2O group.
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the AgNPs changes in a particle size-dependent manner (Ahn et al.,
2014). There is also evidence suggesting that the toxicity of smaller
AgNPs is more toxic than that of larger ones. For example, Liu et al.
found that 5 nm AgNPs were more toxic to human cells than 20 and
50 nm AgNPs (Liu et al., 2010). Our previous study also reported that
25 nm PVP-AgNPs were more toxic to C. elegans through the food
chain than 75 nm AgNPs (Luo et al., 2016). According to our research,
AgNPs in EPA and KM exhibited higher toxicity to C. elegans probably
because of the formation of new small AgNPs.

5. Conclusions

In summary, our findings demonstrated that the ionic strength of
the exposure medium has a dominant effect on the behavior of
AgNPs, such as particle morphology, zeta-potential, and dissolved
silver species and could further enhance the reproductive toxicity
of the AgNPs to C. elegans. Our results indicated for the first time
that the formation of the new, smaller AgNPs in exposure media in-
duced by ionic strength had notable effects on the increased toxicity
of the AgNPs to C. elegans, and showed a correlation between the
transformation of the AgNPs and their toxicity. Taken together with
the toxicity data from other reports, the effect of the ionic strength
of exposure media on the AgNPs behavior and toxicity should be
considered to portray their potential toxicity risks accurately. Never-
theless, the influence of environmental factors on the behavior and
toxicity of AgNPs in natural environments is not yet well understood
and needs to be further investigated.
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