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a b s t r a c t

Fish embryo toxicology is important because embryos are more susceptible than adults to toxicants. In
addition, the aquatic toxicity of chemicals depends on water quality. We examined the toxicities to
medaka embryos of three types of silverdAgNO3, silver nanocolloids (SNCs), and silver ions from silver
nanoparticle plates (SNPPs)dunder three pH conditions (4.0, 7.0, and 9.0) in embryo-rearing medium
(ERM) or ultrapure water. Furthermore, we tested the later-life-stage effects of SNCs on medaka and their
population growth. “Later-life-stage effects” were defined here as delayed toxic effects that occurred
during the adult stage of organisms that had been exposed to toxicant during their early life stage only.
AgNO3, SNCs, and silver ions were less toxic in ERM than in ultrapure water. Release of silver ions from
the SNPPs was pH dependent: in ERM, silver toxicity was decreased owing to the formation of silver
chloro-complexes. SNC toxicity was higher at pH 4.0 than at 7.0 or 9.0. AgNO3 was more toxic than SNCs.
To observe later-life effects of SNCs, larvae hatched from embryos exposed to 0.01 mg/L SNCs in ultrapure
water were incubated to maturity under clean conditions. The mature medaka were then allowed to
reproduce for 21 days. Calculations using survival ratios and reproduction data indicated that the
intrinsic population growth rate decreased after exposure of embryos to SNC. SNC exposure reduced the
extinction time as a function of the medaka population-carrying capacity.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Because of the emergence of silver nanotechnology and the
global growth of related industries, the effects of silver on aquatic
environments are being studied, and silver nanotoxicology is
emerging as a research area. Silver is comparatively rare in the
Earth's crust. Although silver concentrations tend naturally to be
elevated in crude oil and inwater from hot springs and steamwells,
anthropogenic sources can also be associated with elevated con-
centrations of silver (Howe and Dobson, 2002b). The maximum

concentrations of total silver that have been reported in aquatic
systems are 6.0 mg/L (groundwater), 260 mg/L (river water), and
300 mg/L (treated photoprocessing wastewater) (Howe and Dobson,
2002a). Silver concentrations are relatively high in aquatic organ-
isms near sewage outfalls, electroplating plants, and mine waste
dumps (Eisler, 1996). In addition to conventional anthropogenic
silver sources, emerging new silver nanomaterial products likely
are contributing to predicted increases in silver concentrations in
aquatic environments. According to maximum scenario modeling,
silver concentrations are expected to reach 18 mg/L in sewage
treatment plants and 320 ng/L in river water (Blaser et al., 2008).
Furthermore, the release of silver ion, which is very toxic to or-
ganisms, from silver is pH dependent (Kashiwada et al., 2012), thus
prompting concern because of the wide range of pH of environ-
mental waters (~4e~12) (Schwedt, 2001). The fate of silver and
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silver ion in aquatic environments is currently poorly understood.
Various organisms have been used to investigate the biological

effects of silver nanomaterials in aquatic environments. These
species include algae (Navarro et al., 2015), water fleas (Kim et al.,
2016; Sakamoto et al., 2014), trout (Salari Joo et al., 2013), carp
(Oprsal et al., 2015), sea urchins (Magesky and Pelletier, 2015), and
coral (Suwa et al., 2014). In addition, medaka and zebrafish are
frequently used as small-fish models for nanotoxicology. The eggs
of these two species have similar advantages for embryogenesis
research (i.e., a transparent chorion and rapid embryo develop-
ment), and sufficient genomic information is available on both.
Previously, we demonstrated that silver nanocolloids (SNCs)
interfere with medaka embryogenesis by disrupting vital gene
expression (Kashiwada et al., 2012). Moreover, we have found that
Agþ released from SNCs and from the silver chloro-complexes that
form from Agþ and Cl� ions induces silver toxicity in medaka under
environmentally relevant conditions (Kataoka et al., 2015). In
addition, the toxicity of Agþ is higher than that of silver chloro-
complexes; the LC50 value of SNCs in ultrapure water (0.050 mg/
L; 95% confidence limit, 0.039 to 0.070 for 96 h at pH 7.0) is lower
than that in embryo-rearing medium (ERM), which contains chlo-
ride ions (>10 mg/L for 96 h at pH 7.0) (Kataoka et al., 2015).

In nanotoxicology, AgNO3 has been used as a reference silver-ion
source in toxicological studies of nanosized silver (Newton et al.,
2013; Scown et al., 2010; van der Zande et al., 2012), but AgNO3

also includes NO3
�, and a silver-ion source devoid of nitrate ions is

needed. In this regard, all three silver nanomaterials coated with
different materials are three to 10 times less toxic to medaka eggs
than AgNO3 on a mass-concentration basis (Kwok et al., 2012);
thus, the toxicity of silver nanomaterials depends on how effi-
ciently silver ions are released from the nanomaterials. Both AgNO3
and silver nanomaterials show similar toxicity to adult medaka at
silver ion concentrations of 10e100 mg/L (Kim et al., 2011). Indeed,
silver nanomaterials are sources of dissolved silver (silver ions or
silver chloro-complexes or both), and the silver nanomaterials
themselves contribute to toxicity in fish (Kwok et al., 2012). Not
only the resulting concentration of dissolved silver but also the size
of the nanomaterial may be important for toxicity. For example, the
growth, reproduction, and behavior of Caenorhabditis elegans are
adversely affected by ZnO nanoparticles in a particle-size-
dependent manner (Khare et al., 2015). In another study
(Neubauer et al., 2015), the production of reactive oxygen species
depended on the size of palladium and nickel nanoparticles.

The biological effects associated with metal nanomaterials are
known to be due to the presence of dissolved metals (ions and
complexes) as well as reactive oxygen species; irritation can also
occur through contact with the nanomaterials themselves. How-
ever, determining the ecological risks posed by chemicals simply by
using individual toxicity data is difficult. The probability of popu-
lation extinction is determined partly by the reduction in the
population's intrinsic growth rate as a result of acute and chronic
toxicity (Stark et al., 2004). Ecological parameters such as popula-
tion growth are well known to be important in estimating the
ecotoxicological effects on an organism's growth and reproduction
(Gentile et al., 1982). To achieve more realistic ecological risk as-
sessments of chemicals, we need to use indices of population dy-
namics, such as population carrying capacity relative to time to
extinction (Lande, 1993). Previously, we successfully assessed the
ecological risk of the neurotoxic insecticide carbaryl on medaka
populations by using later-life viability and population growth rate
(Kashiwada et al., 2008).

Here, to investigate and compare the biological effects of
different types of silver on medaka eggs at different pH, we
developed a silver nanoparticle plate (SNPP), in which silver
nanoparticles are fixed to the bottoms of the wells in a six-well

plastic plate. Only silver ions (without nitrate ion) are released
from the adhered nanoparticles and into solution for exposure of
medaka embryos. We conducted a comparative toxicity study of
AgNO3, SNCs, and dissolved silver ions from SNPPs in medaka
embryos under different pH conditions. Furthermore, we deter-
mined the ecological risk of SNCs to medaka embryos. To examine
the later-life effects of SNC exposure on medaka embryos, we used
later-life survival ratios and reproduction data to calculate the per-
capita growth rate; we then simulated the time to extinction as a
function of the environment's medaka population carrying capacity
as an indicator of the ecological risk posed by SNCs to medaka
populations.

2. Materials and methods

2.1. Medaka eggs (embryos)

Japanese medaka (Oryzias latipes, orange-red strain, inbred line)
were obtained from the medaka broodstock of the National Insti-
tute for Environmental Studies (Tsukuba, Japan). Breeding groups
of medaka were incubated at Toyo University and were fed Artemia
salina nauplii and Otohime b-2 (Marubeni Nissin Feed, Tokyo,
Japan). The fishweremaintained in amedaka culture system (Small
Fish Culture System Type Meito-Hikosaka, Meitosuien, Nagoya,
Japan). Tap water, which was dechlorinated by using an activated
carbon filter and temperature controlled (25 ± 0.5 �C), was supplied
(pH 7.8) to the medaka culture system. Room conditions included a
16:8-h light:dark photocycle and a temperature of 25 ± 0.5 �C.

Spawned eggs were harvested from female medaka, and fertil-
ized eggs were collected under a dissecting microscope (model
M165-FC, Leica Microsystems, Tokyo, Japan). The fertilized eggs
were rinsed with ERM, which was composed of 1.0 g NaCl, 0.03 g
KCl, 0.04 g CaCl2$2H2O, and 0.163 g MgSO4$7H2O in 1 L of ultrapure
water; the pH was adjusted to 7.2 by using 1.25% NaHCO3 in water
solution, and the medium was then filter-sterilized. Egg embryos
were placed in the ERM and incubated at 25 ± 0.1 �C.

Stage 21 medaka embryos (at the brain regionalization and otic-
vesicle formation stage (Iwamatsu, 1994)) were used in these ex-
periments. The medaka embryo goes through 39 developmental
stages before hatching; we chose stage 21 because it is the onemost
susceptible to the effects of SNCs (Kashiwada et al., 2012). Stage 21
embryos were harvested, rinsed with ultrapure water or ERM, and
used immediately. All reagents were purchased from Nacalai Tes-
que (Kyoto, Japan).

2.2. SNCs

Purified SNC solution (20 mg/L; 99.99% purity; particle diameter
in distilled water, 28.4 ± 8.5 nm) was purchased (Utopia Silver
Supplements, Utopia, TX, USA). The purity and concentration of the
silver were validated by inductively coupled plasmaemass spec-
troscopy (ICP-MS) analyses (X series 2, Thermo Scientific, Pitts-
burgh, PA, USA). Transmission electron microscopy (TEM) of SNCs
was performed (model 2100, JEOL, Tokyo, Japan) (Fig. 1a). SNC so-
lutions (mixtures of SNCs and silver ions) for exposure tests were
prepared in ultrapure water or ERM at three different pH values
(4.0, 7.0, or 9.0). The pH of the test solution was adjusted by using
minimal-drop additions of 0.1mol/L HNO3 solution (for pH 4),1.25%
NaHCO3 in water (for pH 7), or 0.1 mol/L NaOH solution (for pH 9).
Distributions of particle size (diameter) and the zeta potential of
1mg/L SNCs at pH 4.0, 7.0, or 9.0 weremeasured (Zetasizer Nano ZS
analyzer, Malvern Instruments, Malvern, Worcestershire, United
Kingdom). Before the pH adjustment, the zeta potential of the SNC
solution was �28.68 mV. In the pH-adjusted ultrapure water (pH
4.0, 7.0, or 9.0), the three peaks of the zeta potential of the SNCs
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