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Introduction

Genetic toxicity testing is routinely performed to identify po-
tential genotoxic carcinogens and germ cell mutagens. In vitro 
genotoxicity test batteries recommended by regulatory agencies 
to detect genotoxic carcinogens include at least two or three test 
procedures, such as bacterial reverse mutation test (Ames test), 
mammalian cell chromosome damage test and mammalian cell 
mutation assay [1]. Strategies for assessing the safety of 
nanoparticles have recently been proposed [2]. Several initia-
tives, for example, organization for economic cooperation and 
development (OECD) Working Party on Manufactured Nano-
materials and Nanogenotox Joint Action have been convened, 
resulting in the establishment of standardized testing methods 

to determine the genotoxicity of nanoparticles.
The Ames test is known as the most accurate and commonly 

used procedure to detect genotoxic carcinogens which cause 
two classes of gene mutation, base pair substitution and small 
frameshift [3]. It is an essential test within the current battery of 
assays required for genotoxicity evaluation and has also recently 
been the conspicuous one of the two assays recommended by 
the United Kingdom expert advisory Committee on Mutagen-
icity. Although this test has proven to be invaluable in the safety 
testing of chemical substances, it has been less commonly used 
with nanoparticles. The Ames tests of various kinds of nanopar-
ticles have been predominantly negative for several reasons sug-
gested by numerous studies [4,5]. Interestingly, even though 
many nanoparticles are negative in the Ames test, they have 
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largely been found to have positive genotoxic responses in other 
in vitro mammalian cell test systems including the comet assay 
and micronucleus (MN) assay. 

A review by researchers [4,6] noted that the in vitro comet and 
in vitro MN assays in mammalian cell lines were more sensitive 
and frequently used to confirm the genotoxicity of nanoparticles 
than the well-known Ames test in bacterial systems. The comet 
assay is able to detect early DNA breakage with more sensitivity 
than conventional techniques such as 4’,6-diamidino-2-phenyl-
indole staining and DNA flow cytometry [7,8]. It is also one of 
the most widely used tests and gives the most positive outcome 
for determining nanoparticles genotoxicity, however, there is no 
regulatory agency-approved protocol. The in vitro MN assay, 
which is in support of the draft OECD test guideline (487), rap-
idly detects small membrane-bound DNA fragments in the cy-
toplasm of interphase cells. It is recommended as an in vitro 
genotoxicity testing method to characterize the genotoxicity of 
chemical and pharmaceutical agents as well as nanoparticles 
[9,10]. When the study was conducted using both comet and 
MN assays, many nanoparticles seemed to show positive results 
in both assays [11,12]. There are, however, examples with op-
posite results, i.e., an effect showing in only one of the tests [5]. 
This opposite result may be due to the use of cytochalasin B 
(cytoB) in in vitro MN assay for some particles, which is used to 
prevent cytogenesis so that the divided cells stay binucleated. 
CytoB may inhibit phagocytosis, which indeed may lower the 
intracellular dose and thus the genotoxicity [13]. Moreover, it is 
reported that rat liver homogenate (S9 mix) can form micelles 
of nanoparticles or coat the nanoparticles [14]. This may inter-
fere with the cellular uptake of nanoparticles. Even though there 
are many concerns about using cytoB and S9 mix in in vitro MN 
assay for nanoparticles, few papers have directly compared the 
formation of MN with or without them in mammalian cells.

Among various kinds of nanoparticles, silver nanoparticles 
(Ag-NPs) are the most commercialized nanoparticles according 
to the Woodrow-Wilson database which is a data source for in-
formation on products based on nanotechnology. The purpose 
of this study was to investigate the potential genotoxic effects of 
Ag-NPs using the Ames test in four different bacterial strains 
and the in vitro comet and MN assays in Chinese hamster ovary 
(CHO-K1) cells. In particular, we directly compared the effect 
of cytoB and S9 mix in the formation of MN by Ag-NPs. 

Materials and Methods

Preparation and Characterization of Ag-NPs

Ag-NPs (Sigma-Aldrich, St. Louis, MO, USA) were homoge-

neously dispersed in sterile distilled water (DW) or RPMI1640 
media (GIBCO Invitrogen, Grand Island, NY, USA) by sonica-
tion for 30 minutes (Bioruptor UCD-200T, Cosmobio Corp., 
Tokyo, Japan), and were filtered through a cellulose membrane 
(200 nm pore size; Advantec, Tokyo, Japan). A scanning elec-
tron microscope equipped with an energy dispersive spectros-
copy (SEM; JEOL, Tokyo, Japan) and a transmission electron 
microscope (TEM; JEOL, Tokyo, Japan) were used to estimate 
the size, shape and composition of the Ag-NPs. The Ag-NPs 
were coated with platinum/palladium and then viewed using 
SEM. One drop of Ag-NP suspension was dried onto a 400-
mesh carbon-coated copper grid and imaged with a TEM at 
200 kV. The distribution of Ag-NP size was evaluated using dy-
namic light scattering (DLS) on the ELSZ-2 (Otsuka Electron-
ics Co., Ltd. Osaka, Japan). 

Cell Culture

CHO-K1 cells were obtained from the Korean Cell Line Bank 
(Seoul, Korea). CHO-K1 cells were grown in RPMI1640 sup-
plemented with 5% fetal bovine serum, penicillin (100 units/
mL) and streptomycin (100 μg/mL) at 37̊ C in an atmosphere 
of 5% CO2/95% air under saturated humidity. 

Ames Test

Cells were treated with various concentrations of Ag-NPs as 
described in the toxicological study. Mutagenicity was assessed 
by the pre-incubation assay as described by Maron and Ames 
[15]. Briefly, 100 μL of overnight cultures (1-2 × 108 cfu/mL) of 
four strains (TA98, TA100, TA1535 and TA1537) were treated 
separately for 30 minutes at 37̊ C [16] with various concentra-
tions of Ag-NPs in the absence or presence of S9 mix. The Ag-
NPs were suspended in sterile DW and were used at a final con-
centration of less than 5% (v/v). For the Ames test, the controls 
and Ag-NP-treated cells were mixed with 2 mL of sterile top 
agar (0.6% agar and 0.5% NaCl containing 0.5 mM histidine 
and 0.5 mM biotin) and poured onto minimal glucose agar 
plates (1 ×  Vogel-Bonner salts (0.2 g/L magnesium sulfate, 2 g/
L citric acid monohydrate, 10 g/L dipotassium hydrogen phos-
phate, and 3.5 g/L sodium ammonium phosphate), 2% glucose, 
and 1.5% agar). The plates were then incubated at 37̊ C for 48 
hours, after which revertants and surviving colonies were count-
ed. Three independent experiments were conducted and each 
experiment consisted of three replicate plates for each treatment. 
The positive control used in the absence of S9 mix was 2-nitro-
fluorene for the TA98 strain, sodium azide for the TA100 and 
TA1535 strains, and 9-aminoacridine hydrochloride for the 
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TA1537 strain. The positive control used in the presence of S9 
mix was 2-aminofluorene for all test strains.

In Vitro Comet Assay

To evaluate the DNA damage induced by Ag-NPs in CHO-K1 
cells, we performed the comet assay as described by Singh et al. 
[17]. CHO-K1 cells were added to a six-well plate and the cul-
ture was maintained at 37̊ C in a 5% CO2 atmosphere. After 24 
hours of incubation, the cells were exposed to Ag-NPs for 24 
hours. The treated cells were then trypsinized to produce a sin-
gle-cell suspension, washed in ice-cold phosphate buffered sa-
line (PBS) and resuspended in 0.7% low melting point agar 
(Quantum Biotechnologies Inc., Carlsbad, Canada) in PBS at a 
concentration of 5 × 104 cells/mL. A 150 μL aliquot of this sus-
pension was pipetted onto precoated glass slides, covered with a 
glass coverslip, and then the agar was allowed to set at 4̊ C. The 
sample was then placed in lysing solution. In the alkaline comet 
assay, cells were lysed in pH 10 lysis solution (2.5 M NaCl, 100 
mM Na2EDTA, 10 mM Tris-HCl, 1% Triton X-100, 10% (v/v) 
DMSO) at 4̊ C for 60 minutes. The lysed cells were rinsed and 
allowed to unwind for 30 minutes in electrophoresis buffer (1 
mM Na2EDTA, 300 mM NaOH, pH > 13) before electropho-
resis for 30 minutes at 25 V on ice. The gels were then neutral-
ized with 0.4 M Tris-HCl (pH 7.5) for 10 minutes and stained 
with ethidium bromide (2 μg/mL) just prior to image analysis. 
DNA migration was assessed by fluorescence microscopy (exci-
tation filter 515 to 560 nm and barrier filter of 590 nm; Leica 
DMLB, Leica, Wetzlar, Germany) in conjunction with a digital 
camera. The images were evaluated using an automatic image 
analysis software (Komet version 5.0; Kinetic Imaging Ltd., Liv-
erpool, UK). The Olive Tail Moment (OTM; tail distance ×  
percentage of DNA in tail) was used to quantify DNA damage, 
based on the random scoring of 100 nuclei per slide. A mini-
mum of two replicate comet slides were prepared for each sample.

In Vitro Micronucleus assay

The MN assay for evaluating the genotoxic effect by Ag-NPs 
was performed with cytoB (cytokinesis-block micronucleus, 
CBMN assay) and without cytoB (MN assay). This is based on 
the previous studies showing that cytoB affects MN formation 
[18,19]. The cells were seeded in eight-well chamber slides at a 
density of 1.5 × 104 cells/well and cultured for 24 hours until 
reaching 60%-70% confluence. The CHO-K1 cells were treated 
with the Ag-NPs in four concentrations in culture medium with 
or without 3 μg/mL cytoB for 24 hours. After washing two 
times with PBS, 1% trisodium citrate was added for 5 minutes at 

4̊ C. The slides were then placed in fresh fixative (99:1 metha-
nol: acetic acid) at 4̊ C, followed by air-drying in a clean bench. 
Then ribonuclease A (10 μg/mL) dissolved in 2 ×  saline-sodi-
um citrate (SSC; 0.03 M trisodium citrate, 0.3 M NaCl) was 
added for 6 minutes at 30̊ C. The slides were rinsed in 2 ×  SSC 
and dried in a clean bench. After thorough drying, the slides 
were stained with 5% Giemsa solution for 5 hours. Based on the 
MN scoring criterion, 1,000 binucleate cells were counted per 
independent culture. To assess the cytotoxicity induced by cy-
toB in the CBMN assay, the cytokinesis-block proliferation in-
dex (CBPI) was measured in CHO-K1 cells exposed to cytoB 
and Ag-NPs. CBPI is defined as [20] :

1 × no. of mononucleated cells 
+ 2 × no. of binucleated cells 
+ 3 × no. of tri- and tetranucleated cells 
A total number of cells scored should be determined in 500 cells 

When cytoB was not used, cytotoxicity in CHO-K1 cells ex-
posed to Ag-NPs was measured using relative increase in cell 
counts (RICC). RICC is defined as [21] :

Increased in no. of cells in treated cultures (final - starting) 
× 100

Increased in no. of cells in control cultures (final - starting)

Data Analysis

Sigma Plot 10.0 ( Jandel Science Software, San Rafael, CA, 
USA) and Excel 2007 (Microsoft, Redmond, WA, USA) were 
used to analyze the data. The data from each assay were ex-
pressed as mean ± standard deviations. Statistical analysis was 
performed using SPSS version 18.0 (SPSS Inc., Chicago, IL, 
USA). The Shapiro-Wilk and Levene’s tests were used to deter-
mine the normality of the data distributions and the homogene-
ity of variances, respectively. Differences between groups were 
determined by Duncan’s post hoc test following one-way analy-
sis of variance. Statistical significance was accepted at p < 0.05 
and 0.01.

Results

Characterization of Ag-NPs

In genotoxicity studies, Ag-NPs were characterized by SEM, 
TEM, and DLS, which showed spherical aggregates that were 
approximately 58.9 nm in size (Figure 1). In SEM and TEM 
analysis, the single particle size of Ag-NPs was 100 nm or less 
(Figure 1A, B). Although the size distribution of Ag-NPs by 
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DLS ranged from 45 to 315 nm due to aggregation, 40-59 nm 
nanoparticles accounted for approximately 50% (Figure 1C). 
Energy dispersion spectrum (EDS) recorded from the Ag-NPs 
are shown in Figure 1D. EDS profile showed strong silver signal 
along with a weak oxygen and carbon peak, which may be de-
rived from the partial oxidation.

Ames Test

The Ag-NPs suspended in sterile DW were tested for bacterial 
mutagenicity using Salmonella typhimurium strains, TA98, 
TA100, TA1535 and TA1537, with and without S9 mix. The 
concentrations of Ag-NPs used were 100, 200, 300, 400, and 
500 μg per plate. Growth inhibition by Ag-NPs was observed in 
all test strains with or without S9 mix at a concentration of 500 
μg/plate or higher (Table 1). Large increases in the number of 
revertant colonies were seen for the positive controls in all cases, 
indicating that the test system responded appropriately. Howev-
er, Ag-NP mutagenicity was not detected in any strain with or 
without S9 mix, as shown in Table 1.

DNA Breakage in CHO-K1 Cells Exposed to Ag-NPs

In order to identify DNA damage in mammalian cells, we car-
ried out comet assays in CHO-K1 cells treated with Ag-NPs at 
non-cytotoxic concentrations (data not shown). DNA damage 
was quantified and expressed as the OTM. In the comet assay, 
CHO-K1 cells treated with Ag-NPs exhibited a dose-dependent 
increase in DNA breakage (Figure 2). The Ag-NPs (10 μg/mL) 
caused an approximately 450% increase in DNA breakage com-
pared to the control (p < 0.01).

Micronucleus Formation in CHO-K1 Cells Exposed to 
Ag-NPs

To identify chromosomal damage in CHO-K1 cells exposed 
to Ag-NPs, we carried out CBMN and MN assays (Figure 3). 
The CBMN assay was carried out in the presence or absence of 
S9 mix. In the CBMN assay, percentage of binucleated cells 
(%BN) and the CBPI was 80.6% and 1.95 for S9 mix (+) and 
81.0% and 1.98 for S9 mix (-), respectively. Also, in the MN as-

Figure 1. Characterization of silver nanoparticles using scanning electron microscope (A); transmission electron microscope (B); dynamic light scattering (C); 
and energy dispersion spectrum (D). 
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say, the RICC was 85.9%. Treatment with Ag-NPs 10 μg/mL 
did not induce significant reductions in the %BN, CBPI or 
RICC, indicating that Ag-NPs did not induce cell cycle delay for 
24 hours. In the CBMN assay with S9 mix, significantly greater 
MN formation was observed in cells treated with Ag-NPs (10 
μg/mL; 3.0-fold) compared to the control (p < 0.05). In the 
CBMN assay without S9 mix, MN formation was also signifi-
cantly induced by Ag-NPs (10 μg/mL; 2.8-fold) compared to 
the control (p < 0.05). However, we found that there was no sig-
nificant difference in the results with or without S9 mix in the 
CBMN assay. Meanwhile, in the MN assay (without cytoB), 
MN formation was significantly induced by Ag-NPs (10 μg/
mL; 3.8-fold) compared to the control (p < 0.05). The results of 
the CBMN and MN assays without S9 mix were significantly 
different (p < 0.05).

Discussion

Ag-NPs of different sizes, shapes and material properties have 
many applications in various areas such as in industrial, medical 
and cosmetic fields. However, there is no current data on the 
characteristics of Ag-NPs such as size and shape in the work-
place atmosphere. Many researchers have suggested that size is a 
critical factor for nanoparticle-induced toxicity and biological 
responses [22,23]. Park et al. [24] reported that the potency of 
Ag-NPs to induce cell damage is size-dependent. Thus, the 

Table 1. Mutagenicity of silver nanoparticles in Salmonella typhimurium test strains

Dose
(μg/plate)

Base-pair substitution type Frameshift type

TA100 TA1535 TA98 TA1537

-S9 mix +S9 mix -S9 mix +S9 mix -S9 mix +S9 mix -S9 mix +S9 mix

0 232±7 219±8 9±1 16±1 43±6 50±6 5±2 8±0
100 233±24 278±6 13±3 17±1 56±7 48±1 4±2 9±3
200 251±22 247±1 8±4 16±1 55±7 52±1 6±2 11±3
300 253±18 261±64 9±2 21±4 43±6 52±11 7±3 8±3
400 252±11 259±6 10±3 20±5 53±6 51±9 4±1 10±2
500 254±22 231±15 11±3 18±0 62±10 47±4 2±1 14±3
Positive 580±56 1276±190 189±17 373±65 212±20 1849±368 568±19 34±6
Mutagenicity Negative Negative Negative Negative Negative Negative Negative Negative

The positive control in the absence of S9 mix was 2-nitrofluorene for the TA98 strain, sodium azide for the TA100 and TA1535 strains, and 9-aminoacridine hydrochloride 
for the TA1537 strain. The positive control used in the presence of S9 mix was 2-aminofluorene for all tester strains.

Figure 2. DNA strand damage in Chinese hamster ovary cells exposed 
to silver nanoparticles (Ag-NPs), as determined by the comet assay. Cells 
were treated with 0.01-10 μg/mL of Ag-NPs or with H2O2 (25 uM) as a 
positive control. Results are expressed as mean±standard deviation. of 
three separate experiments for each data point of the olive tail moment (% 
DNA in tail × distance between centers of mass). †Significantly different 
from the control at p < 0.01.

Ag-NPs (μg/mL)
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Figure 3. Micronucleus (MN) formation induced by silver nanoparticles 
(Ag-NPs) in Chinese hamster ovary cells. Cells were treated with Ag-NPs 
(0.01-10 μg/mL) under conditions of +S9 mix/+cytochalasin B (white bar) 
or -S9 mix/+cytochalasin B (green bar) or -S9 mix/-cytochalasin B (red 
bar). The results are expressed as mean±standard deviation. of three 
separate experiments for each data point of MN frequency per 1,000 
cells. MN frequencies per 1,000 cells of control are 12.2±0.8 (white bar), 
13.5±2.1 (green bar) and 9.5±0.7 (red bar), respectively. The percentage 
of binucleated cells (%BN) and the cytokinesis-block proliferation index 
was 80.6% and 1.95 for white bar and 81.0% and 1.98 for green bar, 
respectively. The relative increase in cell counts of red bar was 85.9%. 
*Significantly different from the control at p<0.05. †p<0.05 between the 
cytokinesis-block micronucleus assay (with cytochalasin B) and MN assay 
(without cytochalasin B) values.
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genotoxicity of Ag-NPs needs to be investigated as a function of 
particle size. 

There have been many studies on the genotoxicity of Ag-NPs 
with different sizes. Dose-dependent genotoxicity caused by 
6-20 nm Ag-NPs, as measured by the comet and CBMN assays, 
was noted in human glioblastoma cells and human lung fibro-
blast cells [11]. Exposure to 7-10 nm Ag-NPs increased the fre-
quency of MN formation up to 47.9 ± 3.2% of binucleated hu-
man hepatoma cells [25]. Li et al. [26] also reported that human 
lymphoblastoid cells exposed to 5 nm Ag-NPs showed a dose-
dependent increase in MN frequency. Furthermore, Foldbjerg 
et al. [27] reported that DNA damage was detected as an in-
crease in bulky DNA adducts by 32P post-labeling in human al-
veolar cells exposed to 120-150 nm Ag-NPs. On the contrary, 
no significant genotoxic responses were observed in an Ames 
test (5 nm) [26], a mouse lymphoma assay ( < 100 nm) [28] 
and an in vivo MN assay (60 nm) [29]. Jiang et al. [23] reported 
that the sizes at which gold and silver nanoparticles exhibit the 
greatest cellular responses are 40 and 50 nm. For this reason, we 
used 40-59 nm sized Ag-NPs in our previous study and found 
that they caused significant DNA and chromosomal damage in 
human bronchial epithelial cells [18]. In the current study, we 
also used 40-59 nm Ag-NPs and evaluated their in vitro genotox-
icity in CHO-K1 cells by three test methodologies (Ames test, 
comet and MN assays) which are considered to be part of the 
standard in vitro genotoxicity test battery. Ag-NPs were observed 
as spherical aggregates (Figure 1), but 40-59 nm nanoparticles 
accounted for approximately 50% of the Ag-NPs, despite this 
aggregation.

In Vitro Genotoxicity of Ag-NPs Using the Ames Test, 
Comet Assay and Micronucleus Assay

The Ames test is generally used as a first screening method to 
assess chemical genotoxicity. In the database published by Kirk-
land et al. [1], 542 had published Ames results out of 756 ro-
dent carcinogens. Although Ames test has proven to be invalu-
able in the safety testing of chemical substances, it has been less 
commonly used with nanoparticles. Doak et al. [30] noted that 
17 studies reported negative mutagenicity among the published 
19 Ames test studies. In this study, the Ag-NPs were negative in 
the Ames test with or without S9 mix (Table 1), and this result 
is consistent with previous reports that indicated Ames tests on 
nanoparticles were predominantly negative [4,5]. Many reasons 
suggested by numerous studies support that Ames test does not 
appear to be suitable for the assessment of nanoparticles. 

We conducted the comet and MN assays to confirm the geno-
toxicity of Ag-NPs in CHO-K1 cells. A review by researchers 

[4,6] noted that the in vitro comet and in vitro MN assays in 
mammalian cell lines were more sensitive and frequently used 
to confirm the genotoxicity of nanoparticles than the well-
known Ames test in bacterial systems. The Ag-NPs induced 
dose-dependent DNA breakage in the comet assay (Figure 2). 
This result is not surprising since many studies reported that 
nanoparticles showed positive genotoxic responses in other in 
vitro mammalian cell test systems but negative results in the 
Ames test [30]. The notable case is when two independent 
mammalian cell genotoxic tests showed different results. Single-
walled carbon nanotubes (SWCNT) with 1 nm in diameter 
showed an increase of DNA breakage but negative results for 
mutagenicity. The MN assay simultaneously indicated some but 
not significant MN induction by SWCNT at the highest con-
centration tested. Moreover, nano-sized titanium dioxide 
(TiO2) rutile induced DNA breakage but did not cause signifi-
cant MN induction [13]. They supposed that cytoB, which is 
used to prevent cytogenesis, may inhibit phagocytosis and de-
crease the genotoxicity by TiO2 rutile. We investigated MN in-
duction by Ag-NPs in MN assay and CBMN assay with or with-
out S9 mix. As a result, MN induction in all MN assays showed 
significant increase regardless of S9 mix or cytoB usage (Figure 
3). In particular, S9 mix did not cause any difference in MN in-
duction in the CBMN assay. Since Ag-NPs significantly in-
creased genotoxic effects in in vitro mammalian cell test systems 
(in vitro comet and MN assays), we determined Ag-NPs as posi-
tive genotoxic substance. In vivo genotoxic tests of 40-59 nm Ag-
NPs are required to carry out in the further studies.

Critical Considerations for Genotoxicity Evaluation of 
Ag-NPs

Most of nanoparticles on Ames test showed negative results 
including this study. There are several explanations for these 
negative Ames results. First, the negative results may be due to 
the inability of the nanoparticles to penetrate through the bacte-
rial cell wall [4]. Prokaryotes (including bacterial cells) cannot 
perform endocytosis [30], which was evidenced in the uptake 
mechanism of Ag-NP aggregates in our previous study [18]. In 
addition, the Ag-NPs could be too large to be transported 
through the pores in the bacterial cell wall. It is therefore impor-
tant to consider the fact that a lack of Ag-NP uptake in bacterial 
strains could potentially lead to false negative results. Second, 
the Ames test is not recommended for detecting genotoxins 
that induce large-scale DNA damage. Balasubramanyam et al. 
[31] reported that aluminum oxide nanoparticles were negative 
in the Ames test using Salmonella typhimurium TA97a, TA98, 
TA100, TA102 and TA1535 strains, although they caused size- 
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and dose-dependent genotoxicity in other genotoxic tests 
[32,33]. They suggested that the results in the Ames test were 
negative because the nanoparticles generate large deletions in-
cluding the histidine gene in the test strains. Consistent with 
Balasubramanyam et al. [31], report we observed negative 
Ames results even though Ag-NPs induced MN formation and 
DNA breakage in CHO-K1 cells. However, we were unable to 
determine whether Ag-NPs actually caused deletions in the his-
tidine gene in all strains. Finally, it is also important to consider 
the fact that some nanoparticles, especially Ag-NPs, have anti-
microbial activity [34]. There is a possibility that the inherent 
toxicity of Ag-NPs to the bacterial strains may have reduced the 
sensitivity of the test [26]. We also observed that all the strains 
were killed by Ag-NPs at concentrations at or above 500 μg/
plate. Consequently, a combination of properties (including up-
take mechanism and toxicity) of Ag-NPs may result in false neg-
ative results and an underestimation of their mutagenicity in the 
Ames test. 

The possible factors which can affect to nanoparticles uptake 
into the cells in MN assay. First, Li et al. [26] expected that Ag-
NPs were pure metal particles and were unlikely to be metabo-
lized by S9 mix. However, S9 mix may have an effect on MN 
 induction by Ag-NPs, because S9 mix can form micelles of 
nanoparticles or coat the nanoparticles [14]. Therefore, we 
compared MN induction in CBMN assay with or without S9 
mix, and we confirmed that S9 mix did not cause any difference 
in MN induction in the CBMN assay (Figure 3; white and 
green bars). Second, we considered use of cytoB to stop divid-
ing cells from performing cytokinesis. Many researchers report-
ed that cytoB itself could interfere with the uptake of particles 
[18,35]. The blocking of cellular phagocytosis with cytoB dra-
matically reduced the mutagenecity of diesel exhausted particles 
(less than 1 μm) in mammalian cells [36]. Furthermore, the en-
docytosis process of aminosilane-coated Fe3O4 nanoparticles 
(approximately 30 nm) was effectively inhibited by cytoB [37]. 
We identified that 40-59 nm Ag-NPs may become compart-
mentalized within cells by phagocytosis of aggregates [18], and 
we assumed that gentoxocity of Ag-NPs could be affected by cy-
toB. Therefore, we compared MN induction by Ag-NPs in 
CBMN assay (with cytoB) and MN assay (without cytoB). Ag-
NPs also stimulated a significant and dose-dependent increase 
of MN formation in the CBMN and MN assays (Figure 3; 
green and red). In particular, MN induction (10 μg/mL; 3.8-
fold) in the MN assay was significantly greater than that (10 μg/
mL; 2.8-fold) in the CBMN assay. These results are consistent 
with Falck et al. [13] report about the genotoxicity of TiO2 ru-
tile decreased in the CBMN assay. In contrast, the frequency of 
MN observed in the MN assay on SWCNT was approximately 

half that detected by the sequential CBMN assay [38]. The SW-
CNT that were assessed had lengths of 400-800 nm, with a di-
ameter of 1- to 2-nm. The authors suggested that endocytosis is 
not the only means for SWCNT uptake leading to DNA dam-
age, as micronuclei were observed despite co-incubation with 
both SWCNT and cytoB. Therefore, we suggest that the in vitro 
CBMN assay may have underestimated the genotoxicity of 
nanoparticles, especially when they were taken up into the cell 
by phagocytosis. 

In conclusion, Ag-NPs did not induce mutations in the Ames 
test. However, Ag-NPs exhibited dose-dependent genotoxicity 
in the comet and MN assays in CHO-K1 cells. The data indicat-
ed that the in vitro comet and MN assays may be more appropri-
ate than the Ames test for evaluating the genotoxicity of Ag-NPs. 
Moreover, extra caution is required when using cytoB. Future 
studies are required to develop an in vitro test battery for the as-
sessment of nanoparticle genotoxicity considering their distinc-
tive characteristics including size, shape and uptake mechanism. 
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