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Abstract

Nanoparticles are being widely investigated for a range of applications due to their unique 

physical properties. For example, silver nanoparticles are used in commercial products for their 

antibacterial and antifungal properties. Some of these products are likely to result in silver 

nanoparticles reaching the aquatic environment. As such, nanoparticles pose a health concern for 

humans and aquatic species. We used a medaka (Oryzias latipes) cell line to investigate the 

cytotoxicity and genotoxicity of 30 nm diameter silver nanospheres. Treatments of 0.05, 0.3, 0.5, 3 

and 5 μg/cm2 induced 80, 45.7, 24.3, 1 and 0.1% survival, respectively, in a colony forming assay. 

Silver nanoparticles also induced chromosomal aberrations and aneuploidy. Treatments of 0, 0.05, 

0.1 and 0.3 μg/cm2 induced damage in 8, 10.8, 16 and 15.8% of metaphases and 10.8, 15.6, 24 and 

24 total aberrations in 100 metaphases, respectively. These data show that silver nanoparticles are 

cytotoxic and genotoxic to fish cells.
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1. Introduction

Nanotechnology is considered to be the next industrial revolution and is expected to become 

a 1 trillion dollar industry within the next 10 years (Hood, 2004). Nanoparticles are currently 

in use in commercial products including sunscreen, stain-resistant clothing, semiconductors, 

tires, and even in sports equipment such as bowling balls (Hood, 2004). Interestingly, the 

physical properties of nanomaterials often deviate dramatically from the properties of the 

bulk materials, often exhibiting mechanical, chemical, magnetic, electronic, and optical 

properties unachievable in the bulk materials. For example, bulk gold and larger gold 

particles were historically considered to be almost completely inert. However, gold 

nanoparticles can behave as strong catalysts and are now being investigated for a broad 

range of commercially and industrially viable chemistries (Haruta, 2005; Hughes et al., 

2005). These new properties have resulted in the use of nanoparticles in a number of novel 

applications which include: printable inks for flexible electronics, biomedical assays, drug 

delivery, colorants and paints, solar cells, liquid crystal displays, and chemical catalysis, to 

name a few (Haruta, 2005; Bishop, 2002; Fuller et al., 2002; Maxwell et al., 2002; Shiraishi 

et al., 2002; Salata, 2004; Law et al., 2005). Consequently, a whole new industry is 

emerging with vastly significant new products and markets. However, the same properties 

that make these particles exciting in technology and consumer markets also make them 

public health concerns. Simply put, it is unknown how these new properties will enhance, 

diminish or otherwise alter the toxicity of the compounds that they are made from. The 

toxicity of nanoparticles is unclear and relatively unexplored.

Engineered nanoparticulate materials, such as carbon nanotubes, exhibit toxic effects as 

rodent studies have shown that inhaled nanoparticles accumulate in the nasal passage, lung, 

and brain (Oberdorster et al., 2004). In another study it was found that they can cause lesions 

that interfere with oxygen absorption (Lam et al., 2004) and cause suffocation due to 

immune system cells clumping around the particles, which then block bronchial passages 

(Warheit et al., 2004). However, these studies were conducted at very high exposure levels. 

Recently, it has been shown that lower doses also cause respiratory toxicity including 

proinflammatory and fibrotic responses (Muller et al., 2005). Cell culture studies confirm 

the toxicity of engineered nanoparticles reporting cytotoxicity, decreased cell viability, and 

the production of proinflammatory agents (Shvedova et al., 2003; Sayes et al., 2004; 

Monteiro-Riviere et al., 2005). These cell culture studies indicate that size and particle 

composition can dramatically modify toxicity, with some sizes and forms highly toxic and 

others nontoxic (Sayes et al., 2004; Goodman et al., 2004). There are fewer data for metal-

based engineered nanomaterials and only a few reports focusing on genotoxicity. Iron 

nanoparticles including bare iron particles and polyaspartic acid-modified iron particles 

were genotoxic, while iron modified with dextran was not (Sadeghiania et al., 2005; 

Bourrinet et al., 2006). These data suggest that metal nanoparticles may be genotoxic and 

indicate the need for further study.
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The extent to which chemical properties of nanomaterials deviate from that of larger 

particles is often inversely proportional to size (surface area) and is dependent on 

composition (surface energy). Accordingly, future studies must accurately and 

simultaneously correlate the distribution of nanoparticle sizes and geometries present, for 

each material type, with any observed toxicological effects.

The purpose of this study was to investigate the cytotoxicity and genotoxicity of metal 

nanoparticles, focusing on silver nanoparticles due to their now widespread use in 

commercial products such as clothes and washing machines. Because of the potential for 

environmental exposures from these sources, we have initially focused on cultured cells 

from medaka, a small, teleost fish that is a well-established model aquatic organism 

(Hawkins et al., 2003; Shima and Mitani, 2004; Kasahara et al., 2007). Silver nanoparticles 

have been shown to be toxic to fish inducing death, changes in gene expression and 

embryotoxicity (Asharani et al., 2008; Griffitt et al., 2008, 2009). However, studies of the 

genotoxicity of these materials in fish model systems have not been done. Accordingly, we 

investigated the ability of silver nanoparticles to induce chromosome damage in cultured 

fish cells. In order to better understand possible correlations between the nanoparticle 

geometry (and aggregation state) and potential toxicity, we have also characterized the 

nanoparticle size distributions under all cellular treatment conditions.

2. Materials and methods

2.1. Chemicals and reagents

All plasticware was purchased from Corning, Inc. (Acton, MA). Potassium chloride, crystal 

violet, and demecolchicine were purchased from Sigma–Aldrich (St. Louis, MO). L-

Glutamine, Gurr's buffer, Dulbecco's phosphate buffered saline (PBS), trypsin/EDTA, 

sodium pyruvate and penicillin/streptomycin were purchased from Invitrogen Corp. (Grand 

Island, NY). Giemsa stain was purchased from Biomedical Specialties, Inc. (Santa Monica, 

CA). Methanol and acetic acid were purchased from J.T. Baker (Phillipsburg, NJ). DMEM 

and Ham's F-12 (DMEM/F12) was purchased from Mediatech Inc. (Herndon, VA). Fetal 

Bovine Serum (FBS) was purchased from Hyclone (Logan, UT).

2.2. Cell culture

For these studies we used OLHNI2 cells, a medaka cell line established from adult fin tissue 

(Komura et al., 1988). These cells have a normal (for medaka) chromosome number of 48 

and were maintained as adherent subconfluent monolayers in DMEM/F12 medium plus 20% 

fetal bovine serum, 1% L-glutamine, 1% penicillin/streptomycin and 0.1% sodium pyruvate. 

Cells were incubated at 33 °C in a 5% CO2-humidified environment.

2.3. Silver nanoparticle preparation

Silver nanospheres were synthesized using single-pot redox solution chemical techniques 

according to published methods (Turkevich et al., 1951; Pillai and Kamat, 2004). These 

methods make use of a soluble metal salt (silver nitrate), a reducing agent (sodium citrate) 

and a stabilizing agent (excess sodium citrate). Following the nucleation and nanoparticle 

growth, the stabilizing agent caps the particle leaving a negatively charged surface inhibiting 
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aggregation (Rivas et al., 2001). Due to the sensitivity of the growth mechanism to 

contaminants, all reactants were filtered and monitored for purity prior to use. Briefly, 600 

mg of sodium citrate was dissolved in 160 ml of 18 MΩ ultrapure water in a nitric acid 

cleaned 500 ml round bottom flask. This was brought to a temperature of 95 °C in an oil 

immersion bath. Simultaneously, 40 mg of silver nitrate was dissolved in 40 ml of 18 ΩM 

ultrapure water in a clean beaker. This was then heated to the same temperature and added 

under vigorous stirring. The temperature was maintained until the reaction was complete, 

usually less than 1 h. The solution was allowed to cool to room temperature. To ensure long-

term nanoparticle size stability an excess of stabilizing agent was also used. Just prior to cell 

application, this excess was removed by dialysis in 18 ΩM ultrapure water, eliminating any 

unwanted effects of the stabilizing agent on the cell studies. The concentration (mg/L) of the 

silver dispersions was determined using inductively coupled plasma—atomic emission 

spectroscopy. In addition to providing an accurate assessment of the silver concentration, 

together with the particle sizing data, this information is used to determine the nanoparticle 

number density (# particles/cm3). Following this quantification, concentrations were 

normalized by dilution before treatment of the cells. Fig. 1A shows a transmission electron 

micro-graph (TEM) image of the as-prepared silver nanoparticles prior to use. From the 

image data the average diameter was estimated to be approximately 30 nm.

2.4. Characterization of silver nanoparticle in tissue culture media

The nanoparticles were fully characterized for size and dispersity before and after 

application to media or tissue culture conditions. This was accomplished using dynamic 

light scattering (DLS), UV–vis spectroscopy and tunneling electron microscopy (TEM). 

DLS measurements were made using a Malvern NanoZS where particle size distributions 

were determined on the basis of number, volume and scattering intensity. The same 

instrument (Malvern NanoZS) was used to determine the zeta-potential of the as-prepared 

particle solutions. UV–vis absorption spectroscopy (Ocean Optics Inc.) was used primarily 

to confirm the presence of an absorbance peak centered around 430 nm, consistent with that 

expected for the plasmon resonance of silver nanoparticles in the 20–30 nm size range (data 

not shown). Tunneling electron microscopy was used to confirm the particle sizes 

determined by the Zetasizer.

2.5. Cytotoxicity assay

Cytotoxicity was assessed with a colony forming assay based on our published methods 

(Wise et al., 2002, Goodale et al., 2008). 90,000 cells per well were seeded into 2.3 ml of 

cell culture medium per well in 6-well plates (9.5 cm2 surface area per dish) and allowed to 

resume growth. After 48 h, cells were then treated with 0.05–5 μg/cm2 of 30 nm silver 

nanoparticles for 24 h. After treatment, cells were reseeded at a density of 600 cells per 60 

mm dish with 4 dishes per treatment. Cells were allowed to grow and form colonies, which 

were stained with crystal violet and counted. At least 3 independent experiments were 

conducted.

2.6. Genotoxicity assay

Genotoxicity was assessed by measuring chromosomal aberrations according to our 

published methods (Wise et al., 2002; Goodale et al., 2008). Briefly, 750,000 cells were 
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seeded into 13 ml culture medium in 100 mm dishes (55 cm2 surface area per dish) and 

allowed to grow. After 48 h, cells were then treated with 0.05–5 μg/cm2 of 30 nm silver 

nanospheres for 24 h. Two hours before the end of treatment, demecolchicine (0.1 μg/ml) 

was added to arrest cells in metaphase and the cells were harvested for metaphase analysis. 

0.075 M KCl was added to the cells for 23 min to swell the nuclei followed by fixation in 

3:1 methanol:acetic acid. Cells were then dropped on clean, wet slides and scored for 

chromosome aberrations. At least 3 independent experiments were conducted with one 

hundred metaphases analyzed for each treatment. Chromosome aberrations were scored by 

standard criteria (Wise et al., 2002; Goodale et al., 2008). Percent damage was defined as 

the percentage of metaphases with at least one chromosomal aberration. Total damage was 

defined as the total number of aberrations in 100 metaphases. During the scoring of the 

chromosome damage the number of aneuploid cells was also tracked.

2.7. Statistical analysis

For each mean value, standard errors were calculated based on the unbiased estimate of 

variance. Differences among means were evaluated using Student's t-test and 95% 

confidence limits, based on the approximate t statistic proposed by Cochran and Cox and 

Satterthwaite's approximate degrees of freedom for unequal variances (Satterthwaite, 1946; 

Cochran and Cox, 1950). The criterion for statistical significance was p < 0.05. The LC50 

for cytotoxicity and its 95% confidence limits were calculated using the SAS procedure 

PROC PROBIT. All analyses were conducted using the SAS software package (SAS, 2004). 

Since all comparisons among means were considered to be of substantive interest a priori, 

no adjustment for multiple comparisons was incorporated into the analysis (Rothman, 1990).

3. Results

3.1. Characterizations of the particles

The size distributions of the nanoparticles in: complete medium (serum-containing), serum-

free medium (our controls) and in the extracellular medium (complete) of cells as a function 

of nanoparticle concentration were compared using dynamic light scattering (DLS). In 

particular, the extent to which aggregation varied between cellular and control samples was 

assessed in order to affect meaningful comparisons. While DLS does allow for quantitative 

assessment of the size distribution of nanoparticles present in solution, these distributions 

are calculated based on a statistical model and interpretation of the data must be done with 

care. For example, the size distributions for dilute silver colloids in complete media (0.03 

ivg/cm2) calculated based on number and intensity are shown in Fig. 1B. Based solely on 

the number distribution shown in Fig. 1B(1), one would conclude that the mean nanoparticle 

diameter is approximately 8 nm, inconsistent with the TEM data presented in Fig. 1A, 

suggesting that the particle diameter was reduced. However, if one calculates the size 

distribution based on scattering intensity, as shown in Fig. 1B(2), a mean diameter of ~30 

nm is obtained in reasonable agreement with the TEM data. The apparent discrepancy arises 

due to the differing weighting factors for each distribution. In the former case, the 

distribution is weighted by the relative number of particles in each size class. In this case, 

the distribution is biased towards those particles which are most abundant. Hence, the peak 

at 8 nm is likely a result of other abundant nanoparticulates intrinsic to the media and not 
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representative of the silver nanoparticles present. In contrast, the intensity distribution is 

weighted by which particles generate the largest scattering intensity (scaled by the volume2 

in each size class). In this case, the presence of large particles or aggregates can be assessed 

despite their small relative population. As shown in Fig. 1B(2), multiple peaks are now 

evident and a mean diameter of 32 nm is obtained in better agreement with the TEM data. In 

order to quantitatively compare cellular and control data, an assessment of the extent of 

aggregation is critical as a small number of aggregates can effectively deplete the available 

concentration of non-aggregating (and potentially toxic) nanoparticles. A detailed 

description of the relevant size distribution calculations and their interpretation can be found 

in the text by Berne and Pecora (1975).

While the first and second peaks in Fig. 1B(2) are likely due to the medium and our original 

nanoparticle colloid, respectively, the third peak is most likely due to aggregation of silver 

colloids. It is known that aggregation can be induced by the presence of electrolyte ions or 

by a shift in the equilibrium surface concentration of citrate ions after the excess citrate is 

removed via dialysis and the colloid is diluted into media (Enusten and Turkevich, 1963; 

Evans and Wennerström, 1999). If this peak is indeed due to aggregation of smaller particles 

then an increase in the initial nanoparticle concentration should result in a larger relative 

population of aggregates. This is evidenced in Fig. 2 which shows the size distributions, 

calculated based on intensity, for increasing nanoparticle doses. As expected with increasing 

dose, the formation of larger (~200 nm) nanoparticle aggregates increases, whereas the 

contribution of smaller particles decreases monotonically. This concentration-dependent 

aggregation is observed in all sample types, as shown in Fig. 3A, and is therefore not a result 

of a cellular mechanism. In fact, of the three samples measured, the resulting aggregates 

appeared to be slightly smaller (or less abundant) when the particles were incubated with 

complete media in the presence of cells and largest when the particles were incubated as a 

control in serum-free media. In fact, this effect has been previously observed, where the 

presence of serum was shown to inhibit aggregation (Kühnel et al., 2009). According to this 

work, adsorption of protein from the medium decreased the zeta-potential, reducing the 

effect of charge stabilization, which resulted in a significant stabilizing effect due to steric 

repulsion.

Owing to the difficulty in interpreting size distributions, it is often informative to ask how 

the dispersity of the population is changing with experimental conditions. The polydispersity 

of a colloidal suspension is a unitless parameter calculated as the ratio of the volume average 

diameter (volume averaged distributions not shown) to the number average diameter (Dv/

Dn), which by definition must be >1. A summary of the calculated polydispersity for all 

sample types is given in Fig. 3B. It is immediately evident that both the complete 

extracellular media and complete media (1 and 2, respectively) samples show significant 

increases in polydispersity. The sample which did not contain serum (3), however, shows 

almost no change in polydispersity. This appears to be in contrast to the data shown in Fig. 

3A. However, the PDI is not a direct measure of the average nanoparticle size, but rather 

how the nanoparticle sizes within a sample are distributed (see description of Figs. 1 and 2 

above). For the serum-free samples, aggregation due to the presence of electrolyte ions in 

the media appears to result in a relatively narrow size distribution suggestive of Ostwald 
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ripening (Madras and McCoy, 2003). For the serum-containing samples two distinct 

populations are being measured; proteins found in the serum and the silver nanoparticles. At 

relatively low silver nanoparticle doses, aggregation is minimal (as described above) and the 

resulting PDI reflects the average of the large relative population of proteins and the less 

abundant nanoparticles. At larger relative doses, the relative availability of proteins is lower 

and nanoparticle aggregation increases. This has the effect of dramatically shifting the 

volume weighted mean relative to the number weighted mean, increasing the PDI. In all, this 

suggests that the relative concentrations of nanoparticles, protein from serum, and 

electrolytes from media dictates the nature of aggregation in a somewhat complicated 

manner.

In all, some concentration-dependent aggregation appears to be present in all sample types. 

This is consistent with what one expects for particles carrying relatively small negative 

surface charge. The zeta-potential of the as-prepared particles was determined to be 

approximately −20 mV, in good agreement with previously reported results for citrate 

reduced silver particles in this size range (data not shown). Though not large, this surface 

charge is sufficient to promote nanoparticle stability by simple charge repulsion. In the 

presence of electrolyte ions found in the cell culture environment, this charge is at least 

partially screened and the effective nanoparticle surface potential is consequently reduced. 

As a result of this charge reduction aggregation is expected. When serum is included, some 

steric stability against aggregation results, but is ultimately overwhelmed at larger 

nanoparticle concentrations. Hence, at higher nanoparticle doses the likelihood of observing 

larger aggregates is expected to increase, as is indicated by both an increase in average 

particle diameter and polydispersity index. The extent of aggregation and the average 

nanoparticle diameters, appear to be approximately the same for all samples prepared at 

similar doses.

3.2. Silver nanoparticles are cytotoxic to medaka cells

Silver nanospheres were cytotoxic to medaka cells in a concentration-dependent manner 

(Fig. 4). Treatments of 0.05, 0.3, 0.5, 3 and 5 μg/cm2 induced 80, 45.7, 24.3, 1 and 0.1% 

survival, respectively. Using these values we determined an LC50 for cytotoxicity to be 0.33 

μg/cm2 (95% confidence interval: 0.31–0.35).

3.3. Silver nanoparticles are genotoxic to medaka cells

Silver nanospheres induced a concentration-dependent genotoxic effect in OLHNI2 cells 

considering both the percent of metaphases with damage and the total damage in 100 

metaphases (Figs. 5 and 6). Treatments of 0, 0.05, 0.1 and 0.3 μg/cm2 induced 8, 10.8, 16 

and 15.8% metaphases with damage and 10.8, 15.6, 24 and 24 total aberrations in 100 

metaphases, respectively. Metaphase cells could not be obtained at a concentration of 0.5 

μg/cm2, indicating cell cycle arrest was occurring (data not shown). The spectrum of damage 

included chromatid lesions, isochromatid lesions, chromatid exchanges and centromere 

spreading (Fig. 6). Chromatid lesions were most common and the only form of damage for 

which a statistically significant dose–response was observed. Chromatid exchanges, though 

not statistically significant, were rare in controls and increased in a concentration-dependent 

manner. Isochromatid lesions and centromere spreading were observed but did not differ 
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significantly from the control. Silver nanospheres also induced a concentration-dependent 

increase in the percentage of aneuploid cells (Fig. 7).

4. Discussion

Currently, silver nanoparticles are the most commonly used nanomaterial (Woodrow Wilson 

International Center for Scholar, 2008). They are used extensively in clothing, water 

purification, baby products (e.g. nipples and bottles) personal care products (e.g. shampoos, 

toothpastes, deodorants, etc.), bedding and appliances (e.g. washing machines, humidifiers 

and refrigerators) (Woodrow Wilson International Center for Scholar, 2008). The major 

reason for their use is their antifungal and antimicrobial effects. However, while they are 

known to be toxic to microbes and fungi, their toxicity to vertebrates is under-investigated 

and consequently poorly understood.

Previous reports show that silver nanoparticles can be toxic to fish. One report found that 

20–30 nm silver nanopowder induced a 48 h LC50 of 7.07–7.20 μg/ml in zebrafish (Danio 

rerio) depending on whether the exposure was to an adult or juvenile fish (Griffitt et al., 

2008). This treatment also induced changes in gene expression, but did not affect gill 

filament length (Griffitt et al., 2009). A third study reported that 5–20 nm silver 

nanoparticles capped with starch or bovine serum albumin induced embryotoxicity 

(Asharani et al., 2008). Our data are consistent with these reports showing that silver 

nanospheres are also cytotoxic and clastogenic to fish cells in a concentration-dependent 

manner. Our data are the first to report that silver nanoparticles induce chromosomal 

aberrations in medaka cells. They show that silver nanospheres induce a spectrum of 

chromosome damage that includes chromatid lesions and chromatid exchanges. They are 

also consistent with a recent report that silver nanoparticles can induce micronuclei in 

human cells (Asharani et al., 2009).

Our cytotoxicity data are consistent with previous reports of cytotoxicity in other cell lines 

and extend the cytotoxic measure to include clonogenic cytotoxicity effects. Previously, a 6 

h exposure to silver nanoparticles induced apoptosis and inhibited cell growth in hamster 

kidney and human colon cancer cells (Gopinath et al., 2008). A 24 h exposure to silver 

nanoparticles induced mitochondrial dysfunction and membrane leakage in immortalized rat 

liver cells (Hussain et al., 2005). Similarly, a 48 h exposure induced apoptosis and 

mitochondrial dysfunction in large T-antigen immortalized mouse testes cells (Braydich-

Stolle et al., 2005). Finally, a 24 h exposure of human fibrosarcoma (HT-1080) or human 

skin carcinoma (A431) cells to silver nanospheres induced apoptosis, oxidative stress and 

cytotoxicity (Arora et al., 2008). Considered all together, the data indicate that silver 

nanoparticles can be cytotoxic to fish and mammalian cells.

Our study is also consistent with data that indicate silver nanoparticles are genotoxic to 

mammalian cells (Ahamed et al., 2008). This study reported that silver nanoparticles 

induced DNA double strand breaks in mouse embryonic cells consistent with our observed 

chromosomal aberrations. Interestingly, these breaks increased when bare silver 

nanoparticles were coated with polysaccharide suggesting that surface coating may enhance 

the genotoxicity of these materials.
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Our study reports that silver nanoparticles can be cytotoxic and genotoxic to fish cells. This 

finding is consistent with previous reports of titanium nanoparticle-induced genotoxicity in 

rainbow trout cells (Vevers and Jha, 2008; Reeves et al., 2008; Singh et al., 2009). It is also 

consistent with a report showing that nano-sized tungsten carbide particles induce 

cytotoxicity in a rainbow trout gill cell line (Kühnel et al., 2009). It is interesting to note that 

the Vevers and Jha study found no chromosomal damage after titanium nanoparticle 

exposure in the rainbow trout cells measured by a micronucleus assay, while we did observe 

such damage after silver nanoparticle exposure in medaka cells using a chromosomal 

aberration study. The explanation for this difference is uncertain and may reflect either a 

different genotoxic potential for silver versus titanium nanoparticles or it may simply reflect 

the greater sensitivity of the chromosomal aberration assay compared to the micronucleus 

assay. It should be noted that medaka fish have been used extensively as a model for human 

health (Hawkins et al., 2003; Shima and Mitani, 2004; Kasahara et al., 2007). Thus, these 

data have implications for the potential effects of silver nanoparticles on aquatic species, and 

they also imply that there could be a concern for humans as well. Further research is aimed 

at understanding the mechanism of genotoxicity with respect to particle internalization and 

dissolution and the impact of modulating size and functionalization of the particles.
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Fig. 1. 
Silver nanosphere size distributions based on transmission electron microscopy and dynamic 

light scattering. This figure illustrates the typical sizes of the as-prepared silver 

nanoparticles. (A) Tunneling electron micrograph of filtered as-prepared silver colloids 

dispersed from water. The particles have an apparent mean diameter of ~30 nm. (B) 

Comparison of the size distributions of dilute silver colloids in complete media (0.03 μg/

cm2) calculated based on number (line 1) and intensity (line 2) averages.
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Fig. 2. 
Silver nanosphere size distributions from dynamic light scattering based on intensity. This 

figure shows a comparison of nanoparticle size distributions in complete media, without 

cells present, for 0.03, 0.10 and 0.5 μg/cm2. As expected with increasing concentration, the 

formation of larger (~200 nm) nanoparticle aggregates increases, whereas the contribution of 

smaller particles (<10 nm), or media particulates, decreases monotonically.
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Fig. 3. 
Effect of experimental conditions on silver nanosphere polydispersity. This figure shows 

how the dispersity of the silver nanoparticle population changes with experimental 

conditions. The polydispersity index of a colloid is a unitless parameter calculated as the 

ratio of the volume average diameter to the number average diameter (Dv/Dn), which by 

definition must be greater than 1. Both cell culture and control samples show increases in 

polydispersity due to the presence of serum. (A) Intensity weighted size distributions of 

nanoparticles at various concentrations. (B) Calculated polydispersity for all sample types 

versus nanoparticle concentration: 1 = nanoparticles in complete extracellular media; 2 = 

nanoparticles in complete media; 3 = nanoparticles in serum-free media.
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Fig. 4. 
Silver nanospheres are cytotoxic to fish cells. This figure shows that 30 nm diameter silver 

nanospheres induced concentration-dependent cytotoxicity in medaka cells measured by a 

colony forming assay. Data represent the mean of a minimum of 3 independent experiments 

± standard error of the mean. *Significantly (p < 0.05) different compared to control.
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Fig. 5. 
Silver nanospheres are genotoxic to fish cells. This figure shows that 30 nm diameter silver 

nanospheres induced a concentration-dependent increase in chromosome aberrations in 

medaka cells, considered as either the percent of metaphases with damage or the total 

amount of chromosome damage in 100 metaphases. Data represent the mean of at least 3 

independent experiments ± standard error of the mean. 100 metaphases were scored per 

concentration. *Significantly (p < 0.05) different compared to control.
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Fig. 6. 
Representative silver nanospheres induced chromosome aberrations in fish cells. These 

pictures are representative examples of silver nanoparticle-induced chromosome damage in 

OLHNI2 cells analyzed at 1000× magnification. Bars = 10 μm. (A) Normal OLHNI2 

metaphase. (B) Chromatid lesion (arrow) after exposure to 0.3 μg/cm2 silver nanoparticles. 

(C) Isochromatid lesion (arrow) after exposure to 0.3 μg/cm2 silver nanoparticles. (D) 

Chromatid exchanges (arrows) after exposure to 0.3 μg/cm2 silver nanoparticles. (E) 

Centromere spreading (circles) after exposure to 0.05 μg/cm2 silver nanoparticles.
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Fig. 7. 
Silver nanospheres are aneuploidigenic to fish cells. This figure shows that 30 nm diameter 

silver nanospheres induced an increase in aneuploidy in medaka cells. Data represent the 

mean of at least 3 independent experiments ± standard error of the mean. 100 hundred 

diploid metaphases were analyzed for each treatment. *Significantly (p < 0.05) different 

compared to control.
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