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Commercial nanometer sized silver iswidely used for its antibacterial effect; however, nanoparticles may also
have ecotoxicological effects after being discharged into water. Nanometer sized silver can flow into aquatic
environments, where it can exert a variety of physiologically effectsin living organisms, including fish. The
present study aimed to investigate the effect of nanometer sized silver on the development of zebrafish
embryos, analyze the properties of commercial nanometer sized silver and define the toxicity relationship
between embryogenesis and hatched flies. The commercial nanometer sized silver was anayzedinthe Ag*ion
form. The hatch rate decreased in the nano-silver exposed groups (10 and 20 ppt); furthermore, the hatched flies
had an abnormal notochord, weak heart beat, damaged eyesand curved tail. The expression of the Sel N1 gene
decreased in the nano-silver exposed groups, and the catal ase activities of the exposed groupsincreased relative
to those in the control group. Therefore, the Ag* ionsin commercial nanometer sized silver could accumulate
in aguatic environments and seriously damage the development of zebrafish embryos.
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Introduction

Nanometer sized silver materials are now used in various
areas, including cloths, cosmetic materias, tooth pastes and
washing machines.>? The major property of nano-silver
materials is their antibacterial effect.>* However, there is no
information regarding this antibacteria effect of silver nano-
materiad when used by ordinary people. Furthermore, sci-
entists worry about the toxicity of nanometer sized material,
but little is known about its pathway into the cell. Lundborg
et al.>® found that rat and human alveolar macrophages had
impaired function due to aggregates of ultrafine carbon
particles, which may be linked to increased infection risk
and decreased protection of sengitive lung cells, which were
different from the common image of nano-materia. Silver is
known as a safe metal; however, the antibacterial effect does
not result from silver metal, but rather the silver ion. . It is
widely known that the silver ions in nano-silver washing
machines made by the company SEC (http://www.sec.co.kr)
are produced by applying an electric current to asilver metal
plate in the machine, where they have an antibacterial effect
on the washed clothes.” The silver nanoparticles used in
washing machines, cleaner products and coated textures will
largely be discharged into sewer systems. These silver pro-
ducts will probably be persistent and continue to have
bactericidal effects. Of course, some of the contaminant will
form AgCl, which could ultimately form adeposit. AgCl has
alower antibacterial effect than Agions, but may also attach
to underwater organisms, since AgCl particles are ultrefine
and similar to TiO, powder (—100 nm).2° For these reasons
AQgCI could pose a potential hazard to ecosystems, including
the bacteria used in sewage treatment.’®* Abnormal noto-

chord development during embryogenesis was observed in
zebrafish exposed to nano-silver. Selenoprotein N1 (Sel N1)
isrelated to vertebra development, aswell as heart diseasein
zebrafish.'? The relationship of the Sl N1 gene with nano-
silver was aso investigated. Moreover, the anti-oxide effects
were investigated with regard to the catalase (EC: 1.11.16)
activity. Catalase decreases the presence of free radicals, but
some damage still occurs because the role of catalase is to
protect enzymes of living organisms when free radical
concentrations are increased within the cell **°

To investigate these hypotheses, the constituent materials
of nano-silver particles were initially investigated using TEM
and X-ray diffraction methods. Secondly, the biologica
effects of nano-silver in aquatic environments were assess-
ed. Therefore, several exposure groups were investigated: 1)
Control, 2) Nano-silver (Ag 10 ppt) and 3) Nano-silver (Ag
20 ppt). The animas used in this study were zebrafish
(Danio rerio, wild type). The biological effects of nano-
silver during embryogenesis and after hatching were investi-
gated. Also, the catalase activity and expression of the Sel
N1 gene were investigated.

Experimental Section

The characterizations of nano-sized silver material.
The Nano-silver material was purchased from N corporation
(Korea) and diluted with water to a concentration of 500
ppm. This type of silver is widely used within nano-silver
products in Korea, including baby bottles, socks and under-
wear. A HRTEM (High Resolution Transmission electron
Microscope, JEOL, Japan), with an accelerating voltage of
300 kV, was used to study the structure and morphology of
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the nano-silver. For TEM imaging, a nano-silver solution
was centrifuged, a small drop of the supernatant then placed
on copper grids and dried at room temperature. Nano-silver
specimens were prepared by placing several drops of nano-
silver solution onto glasses and dried at 35 + 5 °C, and then
subjected to X-ray diffraction (XRD, modd PW 1830,
Philips), with nickd-filtered CuKe radiation (30 kV, 60
mA), at angles ranging from 5 to 70°, at a scan speed of 10%
min and time constant of 1 s. A diffraction angle of 25.0°
was selected to evaluate the crystaline structure of the
sample. Also, nano-silver solution was added to HCI (1:1) to
generate a precipitate, which was treated as outlines above.
The prepared precipitates, including nanometer-sized silver,
were analyzed by powder X-RD. The size, shape and
composition of the precipitates were observed by scanning
electron microscopy (SEM, modd JEOL-JSM35CF). The
power and working distance were set to 15 kV and 39 cm,
respectively.

Experimental animals. Zebrafish (Danio rerio, wild-
type), approximately 7-8 months old and bred in our
laboratory, were used. The zebrafish breeding conditions,
development stage, morphology and hatching rate were
examined according to previous research.’® A 60 L glass
water tank contained the aquatic environment, which was
filtered by a carbon filter. The water temperature was main-
tained at 28 + 1 °C; with a light/dark cycle 14/10 h. Adult
fish were fed blood worms, dry flake food and brine shrimp.
Eggs were laid and fertilized within 1 h of the beginning of
the light cycle, which provided large populations of syn-
chronously developing embryos. The embryos were collect-
ed, pooled and rinsed with severa times. Embryonic staging
was carried out according to the standardized staging series
set forth by Kimmel et al.'” The embryos were immersed in
exposure or vehicle control solutions at the 64- to 256-cell
stages, and 2.5 hour post-fertilization (hpf). Dead embryos
were removed to avoid contaminating the test solutions.
Embryos were observed with a microscope (Olympus, SZ61,
Japan) to determine the morphological effects.

Chemicals exposure during development stage. The
nano-silver stock solution was diluted with city water, which
was alowed to stand for 24 hours to evaporate the chlorine.
The final nano-silver exposure concentrations were 10 and
20 ppt. Each group of embryos were placed in 1 L glass
beakers and maintained in a carbon-filtrated water system at
28 + 1 °C. Each group contained 300 variable embryos.

Embryos were randomly divided into the following groups.
Group 1 wasthe general control group; Groups 2 and 3 were
exposed to two nano-silver concentrations (10 and 20 ppt,
respectively). Embryos were observed a 2, 5, 8, 22, 27, 32,
48, 52 and 72 hpf, which were time points based on known
developmental stages (Kimmel et al., 1995). Dead embryos
were removed during development. The hatching rates were
calculated at 72 hpf for the experimental and control groups.

Biological effects of nanometer sized silver. Samples
were taken from each group and treated as described below.
Five zebrafish were homogenized in 1 mL phosphate buffer
(0.1 M, pH 7.3). The homogenate was centrifuged at 9000 x
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g for 5 min at 4 °C. The supernatant, containing the enzyme,
was reacted with H,O,for 1 min at 37 °C. The reaction was
stopped with 32.4 mmol/L ammonium molybdate, and the
enzyme activity measured at 405 nm with a UV-Vis spectro-
photometer (UV-1601PC, Shimadzu, Japan). The expression
of the sepnl genein wild-type zebrafish was assessed by RT-
PCR performed on total RNA samples isolated from 72 hpf
flies (n = 30), using a modification to the method described
by Deniziak et al.'? Total RNA was obtained using the easy-
BLUE™ Tota RNA Extraction Kit (iNtRON Biotechno-
logy, Inc.) according to the manufacturer's instruction.
Reverse transcription was performed using 8 u of a One-
Step RT-PCR premix kit (iNtRON Biotechnology, Inc.),
~200-500 pg of each total RNA matrix and 10 pmol of AL
299 reverse primer hybridizing in the 3 region of the SelN
coding sequence (5-GAGAGCTCTTGACAGAGG-3). The
reaction was conducted at 45°C for 60 min, in a 20 ulL
reaction mixture, containing 50 mM KCI, 4 mM MgCl,, 50
mM Tris-HCl pH 8.3, 10 mM DTT, 1 mM dNTPs mix and
20 u RNasin (Promega). For each RNA sample, a“RT con-
trol” (reaction without reverse transcriptase) was performed.
Reverse transcribed cDNAs (5 uL) were then amplifiedin a
50 uL PCR reaction, containing 10 mM Tris-HCI pH 9.0, 50
mM KClI, 1.5 mM MgCl,, 0.1% Triton X-100, 0.2 mg/mL
BSA, 200 uM each dNTPR, 20 pmol of each primer and 1 u
Taq Polymerase (Qbiogene). PCR was conducted under the
following conditions: one cycle of denaturation at 94 °C for
5min, 30 cyclesof 94 °Cfor 45s, 65 °Cfor L minand 72 °C
for 2 min; amplification was terminated by one cycle of
elongation at 72 °C for 10 min. The following oligonucleo-
tides were used in the PCR reaction: sepn-ex1, hybridizing
to the 3 region of exon 1 (5-GGGACTCCATCCAGCAG-
ACG-3) and sepn-ex3, a reverse primer complementary to
exon 3 (5-TGCAGGGTCAGCGTCTCTCC-3). Amplifi-
cation products were analyzed by electrophoresis on a 1.2%
agarose gel. The band intensities of the amplification pro-
ducts were obtained using gel documentation and analysis
systems (UVITEC, Cambridge, UK). All graphs and statisti-
ca analyses were carried out using Excel 2003 (Microsoft,
USA). All data were collected for groups consisting of 300
embryos. Each experiment was conducted in triplicate. Data
were analyzed using a paired one-tailed Student’s t-test to
determine the lowest statistically significant concentration
relative to an unexposed baseline control.

Results

Characteristics of commercial nanometer sized silver
material. TEM images of the nanometer sized silver
material are shown Figures 1A and B. The silver particles,
supported by Ti (Figure 1A) are approximately 10-20 nmin
size (Figure 1B) and consist of AgsO, AgsH and titanium
oxide, similar to the XRD analysis pattern (Figure 1C); the
supporter material was proven to be titanium oxide. When
HCl was introduced into the commercia nanometer sized
silver solution, a precipitate formed (Figure 2A). The preci-
pitate according to X-RD analysis was AgCl (Figure 2C),
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Figure 1. HRTEM images of nanometer sized silver are shown in
(A) and (B). The nano-silver sol (A), and extension images (B).
The X-RD pattern is shown in (C). There are several compounds
(Ag:0, AgzH and titanium oxide) in the nanometer sized silver
material.

with a size of above 800 nm (Figure 2B). From these resullts,
the presence of silver ions in the commercial nanometer
sized silver solution was confirmed.

The effects of nanometer sized silver on the develop-
ment stages of zebrafish. The effect of nanometer sized
silver on the embryogenesis zebrafish is shown Figure 3.
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The embryos were evaluated 48 hpf (hours post fertilization)
during the Long-pec stage. In the control group, black
colored eyes, vacuolated differentiating cells in the noto-
chord, and ayolk sack approximately equal to the volume of
the head were observed. However, the groups exposed to
nanometer sized silver very sariously injured flies were
detected, and many had abnormal notochord devel opment,
which were very short and curved in both (10 and 20 ppt)
groups. Furthermore, the eyes were not developed in some
flies (Figures 3B-2 and C-1). At this stage, the size of the
yolk sack was approximately equal to the head, but the size
of the head was smaller than the yolk sack in fish with
damaged eyes. Figure 4 denotes the accumulation of specific
abnorma morphologies'total numbers of surviving indivi-
duals (%). Almost al the individuas in the nano-silver (10
ppt and 20 ppt) exposed groups had abnormal properties,
including weak heartbeats, edema and abnormal notochords.
Especialy, there were increased edema and weak heartbeats
in the 20 ppt nanometer-sized silver exposed group com-
pared with those in the 10 ppt and control groups. The
hatching rates were significantly decreased in both the nano-
silver (10 ppt and 20 ppt) exposed groups compared to the
control (Figure 5A). The catalase activities in the hatched
flies of both the treated groups were increased compared to
the contral, while that in the 20 ppt nano-silver group was
significantly greater than in the control group (Figure 5B).
The RT-PCR results of the Sd N-1 gene expression in the
hatched zebrafish are noted in Figure 6. S&l N1 and N2 are
located on exons land 3, respectively. Line O in Figure 6
denotes the expression marker. S-actin is shown at 536 bp,
Sel Nlisfound at 317 bp and Sel N2 is at 196 bp. The data
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Figure 2. The property of nanometer sized silver materias. The process for the formation of the nano silver precipitate is shownin (A). The
FE-SEM analysis of the precipitate (B); the X-RD pattern of the precipitate (C). The sediment analysis yielded AgCl by X-RD, which

suggests the presence of Ag ionsin the nanometer the silver solutions.
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A. Control group

C-1. Nano-Ag(20ppt) group

C-2. Nano-Ag(20ppt) group

Figure 3. The effects of nanometer sized Ag on the development of zebrafish. Embryos were exposed to Ag 10 ppt (B-1, B-2) and Ag 20 ppt
(C-1, C-2). Theseimages show exposed zebrafish at 48 hpf. Abbreviations: b, brain; e, eye; n, notochord; t, tail; ys, yolk sac.
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Figure 4. Rates of specific abnormal morphologies among surviving
embryos are shown. The properties of abnorma morphologies are
weak heartbeats, edemaand abnormal vertebra.

for the contral group are shown in 1-1 (S-actin), 1-2 (Sd
N1) and 1-3 (S& N2). The data lines for the 10 ppt
nanometer-sized silver exposed group are noted a 2-1 (5-
actin), 2-2 (Sl N1) and 2-3 (Sel N2). Data for zebrafish
treated with 20 ppt of nanometer sized silver are shownin 3-
1to 3-3 (Figure 6A). The band intensity of the amplification
products was obtained using gel documentation and analysis
systems (Figure 6B). Gene expressions were made relative
to S-actin by calculating the relative band intensities. Values
arerepresented as Sel N1 or Sel N2/#-actin expression ratios
(n = 30). In the exposed groups (10 and 20 ppt), the Sl N2
gene expression decreased compared to the control group. In
particular, when exposed to a high concentration (20 ppt),
the Sel N gene expression was greetly reduced. This pheno-
menon was shown for both S&l N1 and Sdl N2. Further-
more, the Sel N2 expression in the 20 ppt exposed group
was about 38% that of the control group.
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Figure5. The effects of nanometer sized silver on the hatching rate
(A) and catdase activity (B). The hatching rate decreased in groups
exposed to nanometer sized silver (10 ppt, 20 ppt) compared to the
control group. The catalase activities in the nano-silver exposed
groups are also shown to be increased. In particular, the catalase
activity in the 20 ppt nano-silver exposed group is significantly
greater than that in the control group.

Discussion

The materia analysis of the commercial nanometer sized
slver demonstrated that silver is unstable in ion form
(Figures 1 and 2). The largest application of commercia
nanometer sized silver is in antibacterial products. It is
widely known that the antibacterial effect of silver ions is
better than that of stable metal silver. Silver ions generated
electrically have good antibacterial effects.’® Textiles have
the antibacterial property that is used for underwear, sacks
and baby wear in Korea. At present, the texture of the
coating or attachment methods of nanometer sized silver is
gtill under development.’® In the present study, the nano-
meter sized silver ionsin commercial products are discussed
(Figures 1 and 2). Silver ions could increase the antibacterial
effect; moreover, the nanometer size results in an increased
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Figure 6. RT-PCR results for the S&l N-1 and Sel N-2 genes in
hatched zebrafish under nanometer sized silver exposed conditions
(10 ppt and 20 ppt). (A) Theline O denotesthe marker. S-actinis at
536 bp, Sel N1lisfound at 317 bp and Sel N2 isat 196 bp. The date
for the control group are shown in 1-1 (S-actin), 1-2 (S&l N1) and
1-3 (S N2). The data for the 10 ppt nanometer sized silver
exposed group are 2-1 (F-actin), 2-2 (Sel N1) and 2-3 (Sel N2).
The data lines for the 20 ppt nanometer sized silver exposed group
are denoted by 3-1 to 3-3. (B) Band intensities of the amplification
products were obtained using gel documentation and analysi<
systems. The gene expression was evaluated relative to f-. Values
are represented as Sel N1 or Sel N2/f-actin expression ratios in
zebrafish (n = 30).

surface area. Furthermore, from the analyses, the nanometer
sized silver was found to remain on the support materia (Ti)
(Figure 1). If the rejoined nanometer sized materials form a
complex, the properties of such materials will be likely to
change.

From this result, it is suggested that nanometer sized silver
materials should be in the ionic form for use in antibacterial
applications. However, silver ions could join with other
materials, resulting in a secondary contaminant that may
flow into another ecosystem. Upon binding with another
material, the properties of the nanometer sized materias are
likely to be lost. However, nanometer sized silver not bound
to another materia could enter a cell. The size relationship
observed in this study has been reported by severa other
researchers 8202t

The Ag ion is a type of metd ion; meta ions, such as
Mg?*, act as cofactors to enzymes that utilize nucleotides as
substrates and synthesize or cleave DNA .22 Also, Ag' is
known to undergo strong covdent binding with DNA.
Furthermore, the PBR 322 plasmid when exposed to Ag*
has been reported to suffer DNA damage. The increased
DNA damage was believed to be due to the free radicals
produced from the oxidation of ascorbate by molecular
oxygen, where the Ag* ion played a catalytic role.*

In this study, exposure to nanometer sized silver caused
zebrafish embryos to develop abnormally (Figure 3), which
may be due to nanometer sized silver entering the embryo
membrane. Ag" ions could bind DNA, resulting in possible
DNA damage. Abnormal notochords and very weak heart
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beat were observed; furthermore, some of the flies had no or
damaged eyes. Specifically, when the concentration of nano-
silver was high (20 ppt), the noted abnormalities increased.
The extent of exposure is suggested to be related to the
observed abnormdities. In particular, the presence of ab-
normal notochords was increased in both the nanometer
silver exposed groups (10 and 20 ppt). The Sel N gene hasa
relationship with abnorma notochord development and
heart disease during the early development stages in zebra-
fish'2 and humans.” In this study, the Sel N1 gene expression
was decreased in the nanometer silver exposed groups
compared to the control group. Moreover, the S&l N2 gene
expression was decreased in the nanometer silver exposed
groups relative to control group. Therefore, the nanometer
sized silver materid is suggested could enter the nucleus
and; thereby, affect the gene expression. Furthermore, this
result is similar with the reported DNA damage associated
with Ag" metal ion,? but the authors did not report the type
of gene damage. The zebrafish is a species of vertebrate that
live in an aguatic environment and have homologous genes
with humans?® In this study, the aquatic environment
consisted of civil water used in a washing machine with an
electrically produced Ag* product. Of course, other ions or
materia are present in civil water, but all of the Ag*ionswill
not bind with other ions. Since civil water formed via severd
filtering steps, alot of material and ions have to be removed
to produce water suitable for drinking.

Ag' ionsin commercial nanometer sized silver could flow
into an aquatic environment, where they could possibly
cause DNA damage during the early development stagesin
zebrafish. This may be the cause of the decreased hatching
rate observed in the nanometer silver exposed groups in this
study. Although anticancer activity is associated with its
covalent bonding to the N7 centers of guanine and adenine
in DNA,? metal ions, including Ag", could covaently bind
with DNA,?* and the resultant anticancer activity could be
affected by metal ion binding. In this study, the antioxidation
enzyme catalase activities were increased in the nanometer
sized silver exposed groups (10 and 20 ppt). This result, like
that of the increased DNA damage, was believed to be due
to the free radicals produced,? whileit is the role of catalase
to remove free radicals. The increased catalase activities in
the Ag" exposed groups are suggested to be the result of
DNA damage dueto free radicals.

Conclusion

In conclusion, exposure to commercial nanometer sized
silver significantly decreased the hatching rate of zebrafish
embryos, furthermore, the hatched embryos exposed to
nanometer sized silver had abnormal notochord, wesk heart
beat and curved tail. In the nanometer sized silver exposed
group, the Sel N1 and Sel N2 gene expressions were aso
decreased compared to those in the control groups. The
catalase activities of the exposed groupsincreased relative to
those in the control group. The commercial nanometer sized
silver was in the ion form, and as a result, could flow into
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aguatic environments, resulting in serious damage to the
development of zebrafish embryo.
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