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Abstract

Nanotechnology is a fast growing emerging field, the benefits of which are widely publicized. Our
current knowledge of the health effects of metal nanoparticles such as nano-sized cobalt (Nano-
Co) and titanium dioxide (Nano-TiO») is limited but suggests that metal nanoparticles may exert
more adverse pulmonary effects as compared with standard-sized particles. To investigate metal
nanoparticle-induced genotoxic effects and the potential underlying mechanisms, human lung
epithelial cell lines A549 cells were exposed to Nano-Co and Nano-TiO,. Our results showed that
exposure of A549 cells to Nano-Co caused reactive oxygen species (ROS) generation that was
abolished by pretreatment of cells with ROS inhibitors or scavengers, such as catalase and N-
acetyl-L(+)-cysteine (NAC). However, exposure of A549 cells to Nano-TiO, did not cause ROS
generation. Nano-Co caused DNA damage in A549 cells which was reflected by an increase in
length, width, and DNA content of the comet tail by Comet assay. Exposure of A549 cells to
Nano-Co also caused a dose-and a time- response increased expression of phosphorylated histone
H2AX (y-H2AX), Rad51 and phosphorylated p53. These effects were significantly attenuated
when Ab49 cells were pre-treated with catalase or NAC. Nano-TiO5 did not show these effects.
These results suggest that oxidative stress may be involved in Nano-Co-induced DNA damage. To
further investigate the pathways involved in the Nano-Co-induced DNA damage, we measured the
phosphorylation of ataxia telangiectasia mutant (ATM). Our results showed that phosphorylation
of ATM was increased when A549 cells were exposed to Nano-Co, and this effect was attenuated
when cells were pretreated with catalase or NAC. Pre-treatment of A549 cells with an ATM
specific inhibitor, KU55933, significantly abolished Nano-Co-induced DNA damage.
Furthermore, pre-treatment of A549 cells with ROS scavengers, such as catalase and NAC,
significantly abolished Nano-Co-induced increased expression of phosphorylated ATM. Taken
together, oxidative stress and ATM activation are involved in Nano-Co-induced DNA damage.
These findings have important implications for understanding the potential health effects of metal
nanoparticle exposure.
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Introduction

The increased development and use of nanoparticles for various industries could lead to
increased exposure, affecting human health and the environment.1=3 For example, metal
nanoparticles are widely used in cosmetics, medicine, electronics and industry. Therefore,
occupational or non-occupational exposure to metal nanoparticles is growing. Our current
knowledge of the potential health effects of nanomaterials is limited but suggests that they
may exert adverse effects at their portal of entry, such as lung, skin and gastrointestinal
tract.1: 4= In addition, some nanomaterials may have genotoxic or carcinogenic effects
because of the certain metals used to make them. Some metal particles can lead to reactive
oxygen species (ROS) generation that causes oxidative stress and DNA damage in the
body.5-7 Although some studies have shown the potential genotoxic effects of some
nanomaterials,8-9 the mechanisms are still unclear. In this study, we selected Nano-Co as a
‘model’ metal nanoparticle because of its industrial interest and wide biological and medical
applications. We examined its potential genotoxic effects and the possible mechanisms
involved. Metallic cobalt, as nanoparticles, is used in biology and medicine in different
forms from the simplest, such as cobalt oxide, to complex, such as organic compounds or
biopolymers.10-11

It is well-known that one initiating pathogenic effect of oxidative stress is inflammation,
which can cause DNA damage and genotoxicity.5~7- 12-13 The association between
genotoxicity and cancer is also well known. For example, the carcinogenic effects of
ionizing radiation, UV radiation and many chemical carcinogens are based on their ability to
cause DNA damage and consequent gene mutation.®: 14 There are several excellent reviews
regarding metals, oxidative stress and cancer.5: 13.15-16 |t js generally accepted that
excessive generation of ROS that overwhelms the antioxidant defense system can oxidize
cellular biomolecules.’ Free radicals also cause oxidative modifications in DNA, including
strand breaks and base oxidation. Among oxidative DNA damage products, 8-hydroxy-2’- -
deoxyguanosine (8-OHdG) is probably the most studied, due to its relative ease of
measurement and pre-mutagenic potential.5=7: 13-14 Elevated 8-OHdG has also been noted
in numerous tumors, strongly implicating such damage in the etiology of cancer.”- 14

The p53 protein is regarded as a master guardian of the cell and is able to activate cell cycle
checkpoint, DNA repair, and apoptosis response to maintain genomic stability.8-9 In the
absence of a stress insult, such as DNA damage, p53 is kept in low concentration at the cell
by rapid degradation via the ubiquitin pathway.8-° However, in the present of DNA damage,
p53 accumulates and triggers cell cycle arrest to provide time for the damage to be
repaired.1”-19 In response to a variety of cellular stresses, p53 protein is phosphorylated on
multiple residues in both the amino- and carboxy-terminal domains by several different
protein kinases.20-21 Among the serine residues, phosphorylation at Ser 15 has been shown
to be responsible for the stabilization, subsequent induction and transactivation function of
p53. In addition, phosphorylation of mouse p53 at Ser 18 (corresponding to Ser 15 of human
p53) is required for maximum p53-mediated response to DNA damage.1”: 19

The ataxia telangiectasia mutated (ATM) protein, encoded by the gene responsible for the
human genetic disorder ataxia telangiectasia (A-T), regulates several cellular responses to
DNA breaks.16: 20-22 The activation of ATM results in the phosphorylation of a plethora of
downstream targets. Some of these proteins are direct substrates of ATM. For example,
ATM likely directly phosphorylates Ser 15 of p53 and Ser 139 of histone H2AX in response
to DNA damage.?1-22 Others may be phosphorylated indirectly, through ATM-mediated
regulation of other protein kinases, such as Chk1, Chk2 and IxB kinases.2? To date, most
studies have examined the effects of ionizing radiation (IR) on the activation of ATM and

Chem Res Toxicol. Author manuscript; available in PMC 2013 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wan et al.

Page 3

ATM-dependent downstream pathways.2%: 22 Only a few studies have focused on the role of
activation of ATM and p53 in metal nanoparticle-induced DNA damage.

In the present study, human lung epithelial cell line A549 was selected as a model cell line
since inhalation is the most important route of occupational and environmental exposure to
cobalt and its compounds.23-24 We first investigated whether exposure of A549 cells to
Nano-Co or Nano-TiO» resulted in DNA damage. Then we explored the potential
mechanisms involved in these effects. We propose that exposure of human lung epithelial
Ab549 cells to non-toxic doses of Nano-Co will cause ROS generation, which may further
result in DNA damage through activation of ATM pathway.

Results and Discussion

Cytotoxic effects of Nano-Co or Nano-TiO, on A549 cells

The effects of different concentrations (0-40 pg/ml) of Nano-Co or Nano-TiO, on A549
cells were assessed by both the colorimetric SRB assay and the fluorescent AlamarBlue™
assay. Fig. 1 showed that no significant cytotoxicity was observed when cells were exposed
to 15 pg/ml or less concentrations of Nano-Co for 24 h by both methods. However, exposure
of A549 cells to 20 pg/ml and above of Nano-Co caused significant cytotoxicity. In contrast,
exposure to Nano-TiO, did not cause any significant cytotoxic effects at all experimental
dose points. Non-toxic doses were selected for the subsequent experiments. Several factors
may affect cytotoxicity of nanoparticles such as small diameter, high surface area, and the
chemical composition.2 4 Although Co ions may be released from Nano-Co into the
medium, previous studies showed that exposure of cells to the same amount of cobalt in
ionic form did not cause cytotoxic effects.2? It is difficult to estimate the degree of human
health effects that might occur at such non-toxic concentrations or quantity of Nano-Co.
However, using doses that are lower than the cytotoxic dose can help identify potential
health effects of Nano-Co other than those due to cytotoxicity.

Uptake of metal nanoparticles by A549 cells

Ab549 cells were treated with 5 or 15 pg/ml of Nano-TiO, or Nano-Co for 12 h. The uptake
of Nano-TiO, or Nano-Co by A549 cells were measured by ICP-MS. Our results showed
that the uptake of Nano-Co was 4.21 x 10712 and 8.33 x 10712 (g/cell) with exposure to 5
and 15 pg/ml of Nano-Co respectively. It was 2.75 x 10712 and 4.34 x 10712 (g/cell) with
exposure to 5 and 15 pg/ml of Nano-TiO,. Our results indicated that there was a clear dose-
dependent uptake of metal nanoparticles by A549 cells. The amount of metal nanoparticle
uptake was correlated directly with the concentration of metal nanoparticles in the
extracellular solution. These results suggest that nanoparticle concentration within the cell
culture medium can provide a relatively accurate measurement of the nanoparticle dose
delivered to the cell surface.

Exposure of A549 cells to Nano-Co, but not to Nano-TiO,, caused ROS generation and
increase of 8-OHAG level

Oxidative stress is considered to be an important mechanism for particle-induced health
effects. Exposure to some types of nanoparticles induces oxidative stress in cells, and
activation of oxidative stress-responsive transcription factors such as NF-xB and AP-1,
together with the depletion of antioxidant defenses, can lead to the release of
proinflammatory cytokines.? > 89 |t is generally accepted that oxidative stress eventually
causes DNA damage, which plays an important role in the development of carcinogenesis.26
To examine whether exposure to Nano-Co caused ROS generation, we used a fluogenic
probe 2°,7’-dichlorodihydrofluorescein diacetate (Ho-DCFDA) to measure ROS generation
in A549 cells with exposure to Nano-Co. Hyo-DCFDA is a colorless and non-fluorescent
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“dihydro” derivative of fluorescein. However, its oxidation to the parent dye provides the
basis for it to serve as a fluorogenic probe for the detection of ROS, including H,0,. In
additional, 8-OHdG is a representative oxidative product of guanine and a highly mutagenic
lesion that causes mispairing of 8-OHdG with deoxyadenosine (dA). It is a good marker for
oxidative stress - induced DNA damage. Our results showed that exposure of A549 cells to
Nano-Co caused a dose-dependent increase in ROS generation reflected by an increase in
DCF fluorescence (Fig. 2A) and increased level of 8-OHdG in genomic DNA (Fig. 2B).
However, exposure to the same concentrations of Nano-TiO, did not cause an increase in
either DCF fluorescence or 8-OHdG level in genomic DNA (Fig. 2 A& B). Further, pre-
treatment of cells with ROS scavengers NAC (10 mM) or catalase (2,000 U/ml) prior to
Nano-Co treatment markedly attenuated Nano-Co-induced ROS generation (Fig. 2C). These
results suggested that cells exposed to Nano-Co caused ROS generation.

Nano-Co induced DNA damage in A549 cells

Although there is still controversy regarding the genotoxicity of metal cobalt particles,
cobalt ion has been shown to have genotoxic effects both /7 vitroand in vivo.23 27 The
comet assay is a sensitive and rapid method for detecting DNA single- and double-strand
breaks at individual cells.28 Cells that have broken DNA fragments or damaged DNA
migrate much further and appear as fluorescent comets with tails of DNA fragmentation or
unwinding, whereas intact undamaged DNA moves minimally due to its large size. Our
comet assay results showed that there was a dose-response increase in DNA damage after
exposure of A549 cells to 0, 5 and 15 pg/ml of Nano-Co, whereas Nano-TiO» did not induce
any significant DNA damage (Fig. 3A). Our results also showed a time-response increase in
DNA damage in A549 cells exposed to Nano-Co for 12 to 48 h (data not shown). Again,
Nano-TiO, did not cause a time-response increase in DNA damage (data not shown). These
results were consistent with previous studies showing that exposure to Nano-Co caused
DNA damage in human peripheral leukocytes or mouse Balb/3T3 fibroblasts by comet
assay.2> 29 Oxidative stress is thought to be responsible for the genotoxic effects exerted by
various nanomaterials.® To examine whether Nano-Co-induced DNA damage through
oxidative stress, A549 cells were pre-treated with ROS inhibitors or scavengers, such as
NAC (10 mM) or catalase (2,000 U/ml) for 2 h prior to 15 pg/ml of Nano-Co treatment for
another 12 h. The results showed that Nano-Co-induced DNA damage was significantly
attenuated when A549 cells were pre-treated with NAC or catalase (Fig. 3B). These results
indicated that Nano-Co-induced ROS generation was involved in Nano-Co-induced DNA
damage. Although it is difficult to identify whether ROS generation and DNA damage in
A549 cells is through Nano-Co itself or Co?* released from Nano-Co, our results in table 2
showed that the Co ion concentration in the medium was very low (about 45.35 ppm).
Previous studies reported that such low concentration of Co ion did not cause any DNA
damage in cells.2> 29

Nano-Co induced DNA double strand breaks (DSBs)

In humans and other eukaryotes, DNA is wrapped around histone-groups, consisting of core
histones H2A, H2B, H3 and H4. H2AX contributes to histone-formation and therefore the
structure of DNA.3L It is well known that repair mechanisms for a specific type of DNA
damage, such as DSB involve the phosphorylation of H2AX.32 Since H2AX
phosphorylation at Ser 139 correlates very closely with each DSB break, phospho-H2AX
(y-H2AX) is a sensitive marker for DNA damage and can be used to assess the effects and
timing of DNA damage-inducing and DNA repair agents. Therefore, the presence of -y-
H2AX is a sensitive biomarker of DNA damage and these sites can be detected by
immunofluorescence microscopy utilizing fluorescently labeled antibodies specific to y-
H2AX.32-33 |n this study, we first assessed y-H2AX to monitor the induction of DSBs after
exposure to Nano-Co or Nano-TiO, by using immunofluorescence staining. The results
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showed that there was a dose-response increase in the formation of -y-H2AX foci in A549
cells with exposure to Nano-Co (Fig. 4A).

To further examine whether exposure Nano-Co-induced DNA DSBs, we also determined
the phosphorylation of H2AX expression by using western blot method. The results were
consistent with the immunofluorescence results (Fig. 5 A&B). Our results also demonstrated
a time-response increase in the formation of y-H2AX foci or expression of y-H2AX protein
when A549 cells were exposed to 15 pg/ml of Nano-Co for 0 to 24 h (Fig. 4B, 5C & 5D).
However, Nano-TiO, did not cause an increase in either the formation of -y-H2AX foci or
expression of y-H2AX protein (Fig. 4A, 5A & 5B). Our results clearly show the dose-and
time- response increases in y-H2AX foci formation and phosphorylation of H2AX in the
Ab549 cells with exposure to Nano-Co. These results are confirmed the comet assay results
and provided a strong evidence that exposure to Nano-Co induced DNA DSB in vitro.
Although the exact nature of Nano-Co- induced y-H2AX foci formation is not yet clear,
previous studies showed that ROS and 8-OHdG in the DNA replication stage and lipid
peroxidation were involved in y-H2AX foci formation.31-34

Expression of Nano-Co-induced DNA damage repair protein Rad51

Besides functioning as a biomarker for DSBs, yH2AX also helps recruit many other
proteins involved in DNA damage sensing and repair, such as the Mre11/Rad50/Nbs1
(MRN) complex, BRCA1, 53BP1, etc., to form multiple protein complexes (termed foci) at
the damaged site.34 When cells are exposed to genotoxic treatments, such as UV irradiation,
ionizing radiation, or mitomycin C, the Rad51 protein relocalizes and concentrates in
nuclear foci that are believed to be the sites of repair.26 Thus, the regulation of Rad51 is
likely to control genomic stability in eukaryotic cell responses to various DNA-damage
agents. Rad51 is an important DNA damage repair protein, which plays a major role in
homologous recombination of DNA during double strand break repair.28 To further
investigate Nano-Co-induced breakdown of double stranded DNA, we assayed the other key
double strand break repair protein, Rad51, by western blot. Our results showed that there
was a dose- and a time- response increase in the expression of Rad51 in A549 cells exposed
to Nano-Co (Fig. 5 A&B). However, treatment with Nano-TiO, did not cause the above
effects (Fig. 5 A&B). These results also provided evidence to support our hypothesis that
exposure to Nano-Co causes DNA damage.

Nano-Co induced accumulation of p53 and phosphorylation of p53 at Ser 15

P53 is a tumor suppressor gene that has a diverse range of functions that include regulation
of cell cycle checkpoints, apoptosis, senescence, DNA repair, and maintenance of genomic
integrity and control of angiogenesis. P53 can be activated in response to a number of
cellular stressors, and it can further regulate the transcription of genes associated cell cycle
control, DNA repair and apoptosis. After DNA damage, the amount of p53 in cells increases
through posttranscriptional mechanisms, and its transactivation activity is enhanced, leading
to the activation of downstream genes.16 Ser 15 on p53 is a functionally important residue
within the p53 amino-terminal region, and phosphorylation of Ser 15 represents an early
cellular response to a variety of genotoxic stress.35-36 To investigate whether exposure to
Nano-Co resulted in accumulation of p53 and increased phosphorylation of p53 at Ser 15,
we isolated nuclear protein from A549 cells exposed to Nano-Co and then performed
Western blot. Our results showed that there was a dose- and a time- response increase in the
p53 protein and phosphorylation of p53 at Ser 15 after A549 cells were exposed to 0, 5, 10
and 15 pg/ml of Nano-Co for 12 h (Fig. 5 A&B) or exposed to 15 pg/ml of Nano-Co for 0,
3, 6,12 and 24 h (Fig. 5 C&D). However, exposure of A549 cells to Nano-TiO5 did not
cause any accumulation of p53 protein and increased phosphorylation of p53 at Ser 15 (Fig.
5 A&B).

Chem Res Toxicol. Author manuscript; available in PMC 2013 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wan et al. Page 6

Nano-Co-induced activation of ATM and the role of activation of the ATM pathway in Nano-
Co-induced increased p53 at Ser 15 phosphorylation and p53 and Rad51 expression

It is believed that autophosphorylation of ATM protein at Ser 1981 is a sensitive, specific
marker of DSB, and controls cellular responses to DNA damage through the
phosphorylation of effecter proteins, such as p53 and H2AX.37-38 Therefore, we
investigated whether Nano-Co induced ATM activation and whether activation of ATM was
involved in the Nano-Co-induced DNA damage. Our results showed that exposure of A549
cells to Nano-Co led to increased phosphorylation of ATM at Ser 1981. The level of
phosphorylated ATM increased significantly in a dose-dependent manner as compared to
untreated or Nano-TiO,-treated cells (Fig. 6A). When cells were treated with 15 pug/ml of
Nano-Co, the level of phosphorylated ATM at Ser 1981 was up-regulated as early as after 3
h treatment and became more distinct as the incubation time increased (Fig. 6B). In contrast,
the level of total ATM was not significantly affected by exposure to either Nano-Co or
Nano-TiO, (Fig. 6 A&B). ATM is a Ser/Thr protein kinase that is activated in response to
DNA DSB and can phosphorylate multiple substrates involved in cell cycle checkpoint
control and DNA repair. Activation of ATM can increase phosphorylated p53 at Ser 15,
which increases its stabilization and nuclear accumulation as well as its transactivation.20
Exposure to Nano-Co caused a rapid ATM phosphorylation at Ser 1981 and subsequently
resulted in phosphorylation of p53 at Ser 15.

To further clarify whether ATM signaling was involved in the Nano-Co-induced DNA
damage, a specific inhibitor of ATM, KU55933 (10 uM), was used to treat A549 cells for 1
h prior to treatment with Nano-Co for another 6 or 12h. Pre-treatment of A549 cells with
KU55933 suppressed Nano-Co-induced p53 accumulation and the levels of phospho-p53
and Rad51 expression (Fig. 7A&B). These results were consistent with previous reports of
IR-induced cell cycle stage-specificity of ATM activation and p53 at Ser 15
phosphorylation.39 Our results suggested that activation of ATM may be involved in Nano-
Co-induced DNA damage.

Effects of oxidative stress on Nano-Co-induced phosphorylation of ATM and p53, and
increased expression of Rad51 and p53

ROS have been implicated in the phosphorylation p53 that is mediated by protein kinases,
including p38 MAPK, ATM and ERK. The kinases responsible for the phosphorylation of
H2AX have also been investigated, and it is now clear that H2AX phosphorylation depends
on the activation of members of the phosphatidylinositol 3-kinase family (P13K), including
ATM, ATR (ATM and Rad3-related), and DNA-PK (DNA-dependent protein kinase). To
explore the potential implication of oxidative stress in the DNA damage induced by Nano-
Co exposure, A549 cells were pre-treated with antioxidants catalase (2,000 U/ml) or NAC
(10mM) for 2 h before exposure to Nano-Co for another 12 h. Our results demonstrated that
the phosphorylation of ATM and p53 and the increased expression of Rad51 and p53
induced by Nano-Co were prevented to a large extent by pre-treatment with NAC or catalase
(Fig. 8 A&B). These findings suggested that Nano-Co-induced ROS generation was
followed by phosphorylation of ATM and p53 and increased Rad51 expression in A549
cells. Nano-Co-induced DNA damage appears to be mediated through ROS-dependent ATM
signaling pathway.

Conclusion

Taken together, our study demonstrated that exposure to non-toxic doses of Nano-Co caused
oxidative stress, which further resulted in DNA damage. Nano-Co-induced DNA damage
may further activate ATM pathway and increase the phophorylation of p53 and Rad 51
protein expression (Fig. 9). DNA damage can invoke various cellular responses such as cell
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cycle arrest, apoptosis and importantly, DNA repair. For the DNA damage, DSBs are
considered to be among the most lethal forms of DNA damage, severely compromising
genomic stability. Phosphorylation of H2AX event is one of the most well-established
chromatin modifications linked to DNA damage and repair. Our results suggest that the
rapid phosphorylation of H2AX is an early cellular response to Nano-Co-induced DNA
damage. Nano-Co-induced DNA damage is a complex process and many signaling
pathways are involved in these processes, such as p-ATM, p-p53 and Rad 51. ATM acts as a
sensor of ROS and oxidative damage of DNA. In turn, ATM induces signaling through
multiple pathways, thereby coordinating acute phase response with cell cycle checkpoint
control and repair of oxidative stress. p53 is a key effector molecule that is activated by
Nano-Co-induced DNA damage while Rad 51 may be involved in assisting in repair of
Nano-Co-induced DNA DSBs. These results provide further understanding of the potential
genotoxic effects of metal nanoparticle exposure. However, the genotoxic effects of Nano-
Co need to be further investigated since the consequences of long-term and low doses of
Nano-Co exposure are still unclear.

Materials and Methods

Metal nanoparticles

Nano-Co and Nano-TiO, with a mean diameter of 20 nm and 28 nm were provided by
INABTA and Co., Ltd., Vacuum Metallurgical Co., Ltd., Japan. The nanostructure and
composition of Nano-Co and Nano-TiO, were characterized by transmission electron
microscopy (TEM) (Hitach H-8000) and ancillary techniques including selected area
electron diffraction (SAED) and energy-dispersive (X-ray) spectrometry (EDS). Nano-Co
and Nano-TiO, were dispersed in physiological saline and ultrasonicated for 30 min prior to
each experiment. The characterization of these nanoparticles has been summarized in Table
1. Briefly, the specific surface area is 47.9 m2/g for Nano-Co and 45.0 m2/g for Nano-TiO,.
Nano-Co is composed of 85-90% metal cobalt and 10-15% Co30,4; Nano-TiO5 is composed
of 90% anatase and 10% rutile. The size of particles and agglomerates in cell culture
medium was 260 nm for Nano-Co and 280 nm for Nano-TiO,, measured by dynamic light
scattering (DLS).

The solubility of Nano-Co and Nano-TiO» in PBS and cell culture medium was measured as
previously reported.4%-41 In brief, five 30 mg samples of Nano-Co or Nano-TiO, were
suspended in 30 ml of 1 x PBS or Ham's F-12 medium in 50 ml polyethylene tubes,
respectively. After shaking for 48 hrs in a water bath at 37 °C, they were ultrasonicated for
30 min. Then the tubes that contained the metal nanoparticles were centrifuged at 3,000 rpm
for 20 mins. The supernatants were collected to determine the concentration of cobalt or
titanium ion by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The
results are shown in Table 2.

Chemicals and reagents

2’, 7’-dichlorodihydrofluorescein diacetate (H,-DCFDA) was obtained from Molecular
Probes (Eugene, OR), catalase (CAT) from MP Biomedicals (Solon, OH), N-acetyl-L(+)-
cysteine (NAC) from Fisher (Fair Lawn, NJ). The ATM inhibitor KU-55933 was purchased
from Calbiochem (San Diego, CA). Monoclonal anti-phospho-ATM and anti-ATM, and
polyclonal anti-phospho-p53 (Ser 15) antibodies were purchased from Cell Signaling
Technology (Beverly, MA), HRP-conjugated anti-mouse 1gG, polyclonal anti-Rad51 and
monoclonal anti-p53 (DO-1) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA),
monoclonal anti-yH2AX antibody from Millipore (Billerica, MA), monoclonal anti-p-actin
antibody from Sigma-Aldrich (Saint Louis, MO). HRP-conjugated goat anti-rabbit 1gG was
purchased from CHEMICON (Temecula, CA) and rhodamine red-X goat anti-mouse from
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Invitrogen (Carlsbad, CA). The ECL™ Western Blotting Detection Reagents was purchased
from GE Healthcare, Amersham™ (Buckinghamshire, UK).

Cell culture and treatment

The human lung epithelial cell lines A549 was obtained from American Type Culture
Collection (ATCC) (Rockville, MD). A549 cells were cultured as a monolayer in Ham's
F-12 medium (Mediatech, Inc., Manassas, VA) supplemented with 10% heat-inactivated
fetal bovine serum (Mediatech Inc.), 100 U/ml penicillin, and 100 pg/ml streptomycin
(Mediatech Inc.) and maintained in an incubator with a humidified atmosphere of 5% CO, at
37°C.

In vitro cytotoxicity assay

The cytotoxicity of metal nanoparticles was analyzed by both an /n vitro cytotoxicity assay
kit (Sulforhodamine B Based, Sigma-Aldrich, St Louis, MO) (SRB assay) and the
AlamarBlue™ assay (AbD Serotex, Oxford, UK) according to the manufacturer’s
directions. Briefly, 5x103 A549 cells were seeded into each well of 96-well plates and were
allowed to attach to the growth surface by culturing overnight. Cells were then treated with
different concentrations (0, 2.5, 5, 10, 15, 20 and 40 ug/ml) of Nano-Co or Nano-TiO» in a
total volume of 200 ul per well for 24 h. For SRB assay, the adherent cells were fixed in situ
with 50% TCA, incubated at 4°C, then washed, and dyed with SRB. The incorporated dye
was solubilized in 10 mM Tris base. The absorbance at 565 nm was recorded using a multi-
detection microplate reader (Synergy HT, BioTek, Vermont, USA). The background
absorbance at 690 nm was measured and subtracted from the measurement at 565 nm. The
cell viability was expressed as the percentage of the control which was without treatment.
Another method, AlamarBlue™ assay, is a colorimetric/fluorometric method for
determining the number of metabolically active cells through oxidation-reduction indicator.
This method was performed as in our previous study.*2

Uptake of metal nanoparticles by inductively coupled plasma mass spectrometry (ICP-MS)

Intracellular

The uptake of metal nanoparticles by A549 cells was measured by using ICP-MS as
reported previously.*4-45 In brief, 80% confluent A549 cells were exposed to 5 and 15 pg/
ml of Nano-Co and Nano-TiO for 12 hr, washed with PBS and collected. The cell pellet
was resuspended in 1.0 ml PBS and the number of cells was counted by using a
hemacytometer. The cells were treated with 3 ml of 1% HNO3 aqueous solution, then heated
to 80°C for 3 h to dissolve cell content. The PBS solution without cells underwent all the
treatment processes, and was used as a blank control for ICP-MS. The concentrations of Ti
and Co were determined by ICP-MS (DRCII, Perkin Elmer).

ROS measurement

Intracellular ROS production was measured using the fluorescent probe H,-DCFDA as
described previously.*1-44 H,-DCFDA is nonfluorescent and cell permeant. It can rapidly
diffuse through the cell membrane and is hydrolyzed by intracellular esterases to an
oxidative sensitive form, dichlorodihydrofluorescein (H,-DCF). This serves as a substrate
for intracellular oxidants to generate highly fluorescent DCF, with a fluorescent intensity
proportional to intracellular ROS. A 20 mM stock solution of Ho-DCFDA was prepared in
100% ethanol and stored at —20°C in the dark. After cells were seeded into a 96-well plate
and allowed to attach to the growth surface by culturing overnight, cells were incubated for
2 h with H,-DCFDA at 37°C in the dark by adding it directly to the cell culture medium to
make a final concentration of 5 uM. Then cells were treated with 0, 2.5, 5, 10 and 15 pg/ml
of Nano-Co or Nano-TiO, for 12 h. Cells without metal nanoparticle exposure were used as
control. Fluorescence was determined at 485 nm excitation and 528 nm emission by multi-
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detection microplate reader (Synergy HT, BioTek, Vermont). Cell fluorescence without the
addition of Ho-DCFDA was used as background fluorescence level and subtracted from the
sample fluorescence level. Results, in arbitrary fluorescence units (AFU), were expressed
according to the ratio [(AFU in treated cells)/(AFU in control cells)] x 100.

To examine the role of antioxidants on ROS generation in A549 cells after exposure to
Nano-Co, A549 cells were pre-treated with ROS scavengers or inhibitors such as NAC (10
mM) or CAT (2000 U/ml) for 2 h, then cells were preloaded with 5 uM H,-DCFDA for
another 2 h prior to exposure to 15 pg/ml of Nano-Co for 12 h. Fluorescence values were
measured as described above.

Alkaline comet assay

DNA damage in A549 cells with exposure to metal nanoparticles was examined by
CometAssay™ Reagent Kit (Trevigen, Gaithersburg, MD) according to the manufacturer’s
instructions. Briefly, A549 cells were seeded in 25 cm? flasks (5 x 10° cells per flask) and
exposed to 0, 5 and 15 pg/ml of Nano-Co or Nano-TiO» for 12 h. After treatment, the cells
were re-suspended at a concentration of 1x 105 cells per ml of cold 1xPBS. The individual
cell was embedded in low melting point agarose on a slide glass. Samples were then
immersed in a lysis solution (2.5 M NaCl, 100 MM EDTA, 10 mM Tris-HCI, 1% Triton
X-100, and 10% dimethyl sulfoxide, pH 10) for 1 h at 4 °C, followed by treatment with
fresh alkaline solution (1 MM EDTA, 300 mM NaOH, pH13.5) for 1 h at 4°C to allow the
DNA double helix to denature and the nucleoid to become single strand. Electrophoresis
was performed in a horizontal electrophoresis unit filled with the fresh alkaline solution at
300 mA for 30 min. The agarose gels on the slides were then neutralized with 400 mM Tris—
HCI (pH 7.4), fixed with 100% ethanol, stained with SYBR Green | and scored using a
fluorescence microscope (Nikon, Oberkochen, Japan) at 400X magnification. The olive tail
moment parameter was used to quantify the DNA damage as previously reported,28 which
was calculated as the tail length multiplied by the fraction of DNA in the comet tail.

Immunofluorescence staining of y-H2AX foci formation

A549 cells were seeded at 1 x 10° cells/well in 2-well LAB-TEK® 11 chamber slides (Nalge
Nunc International, IL) and incubated overnight prior to treatment. In the dose-response
study, the cells were treated with 0, 5 and 15 pg/ml of Nano-Co or Nano-TiO5 for 6 h. In the
time-response study, the cells were treated with 15 pg/ml of Nano-Co or Nano-TiO, for 0, 1,
3, 6, and 12, respectively. After treatment, the cells were washed with 1xPBS, fixed with
ice-cold methanol/acetone solution (1:1) and incubated with a 1:1000 dilution of anti-H2AX
antibody (-y-H2AX) at 4°C overnight. Cells were then incubated with a 1:500 dilution of a
goat anti-mouse secondary antibody conjugated with the fluorochrome Rhodamine Red-X
(Molecular Probes) for 1 h at room temperature and stained with 4”,6-diamidino-2-
phenylindole dihydrochloride (DAPI, 0.1ug/ml) (AnaSpec.Inc, CA) for 5 min. The slides
were washed and then visualized under fluorescence microscope (Nikon, Oberkochen,
Japan). y-H2AX foci were counted in 100 cells per time or dose point and the results were
expressed as the % of y-H2AX positive cells from three independent experiments.

Protein extraction and western blot analysis

Cells treated with Nano-Co or Nano-TiO, were collected, and cytosolic proteins were
prepared using RIPA Lysis Buffer Kit (Santa Cruz) according to the manufacturer’s
instruction. Proteins were quantified by the Bradford method. 100 pg of protein per sample
was denatured at 100°C for 5 min and separated on 7.5%~12% SDS-PAGE. After the
protein was transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA), the nonspecific binding sites were blocked with 5% skim milk in TBST (50
mM Tris-HCI, 140 mM NacCl, 0.05% Tween 20, pH 7.2) for 2 h at room temperature. Then
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the membrane was incubated with the primary antibody at 4°C overnight, followed by
incubating with the second antibody for one hour and developing by using ECL™ Western
Blotting Detection Reagents. Densitometric analyses were performed to quantify Western
blotting signals by using NIH Image J software. The density of each band was normalized to
that of B-actin. For phospho-p53, p53, phospho-ATM and ATM testing, nuclear extracts
were prepared using NE-PER® Nuclear Extraction Reagent (Pierce, Rockford, IL) and equal
protein loading was verified by Coomassie Brilliant Blue staining.

Statistical analysis

Data were expressed as the mean + SE. For dose-response studies, differences among groups
were evaluated with two-way analysis of variance; if the F-value was significant, groups
were then compared at each dose by one-way analysis of variance (ANOVA) followed by
Dunnett’s t-test. If a p value was less than 0.05, a difference was considered statistically
significant. Statistical analyses were carried out using Sigma Stat (Jandel Scientific, San
Raphael, CA).
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Fig. 1. Cytotoxicity of Nano-Co and Nano-TiO2 on A549 cells

A549 cells were treated with different doses of Nano-Co or Nano-TiO, for 24h, and

cytotoxicity was determined by both SRB assay (A) and AlamarBlue™ assay (B). A549
cells without treatment were used as controls. Values are mean + SE of six experiments. *
Significant difference from the control, p < 0.05; # Significant difference from the same
dose of Nano-TiO,-treated group, p < 0.05.
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Fig. 2. Effects of Nano-Co and Nano-TiO, exposure on ROS generation (A) and 8-OHdG levels
(b) in A549 cells and the effects of ROS scavenger s or inhibitors on Nano-Co-induced ROS
generation (C)

Ab549 cells were pretreated with 5 uM H,-DCFDA for 2 h prior to exposure to Nano-TiO» or
Nano-Co for 12 h (A). A549 cells were treated with Nano-Co or Nano-TiO5 for 12h and
24h, respectively. 8-OHdG level was assayed by OxiSelect™ Oxidative DNA Damage
ELISA Kit. (B). For antioxidant experiments, NAC or catalase was added 2 h prior to
adding Ho-DCFDA and Nano-Co (C). A549 cells without treatment were used as controls.
Values are mean + SE of six experiments. * Significant difference compared with the
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control, p < 0.05; # significant difference from the same dose of Nano-TiO,-treated group, p
< 0.05; ** significant difference as compared with Nano-Co alone, p < 0.05.
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Fig. 3. Effects of Nano-Co or Nano-TiO> exposure on DNA double-strand breaks (DSBs) in A549
cells (A) and the effects of ROS scavengersor inhibitorson Nano-Co-induced DSBsin A549 cells

(B)

A549 cells were treated with 0, 5 and 15 ug/ml of Nano-Co or Nano-TiO, for 12h, and
DSBs was determined by alkaline single-cell gel electrophoresis (Comet) assay and the tail
moment was used as an index of damage (A). Values are mean * SE of three independent
experiments. Three slides per concentration and 100 comets per slide were analyzed in each
experiment. For antioxidant experiments, catalase (2,000 U/ml) or NAC (10 mM) was added
2 h prior to adding 15 ug/ml Nano-Co for another 12 h and Comet assay was performed (B).
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* Significant difference as compared with the control, p < 0.05; # Significant difference as
compared with the same dose of Nano-TiO,-treated group, p < 0.05.
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Fig. 4. Dose- and time- response increasein y-H2AX foci formation in A549 cells exposed to
Nano-Co

Ab549 cells were exposed to Nano-Co or Nano-TiO5 (5 and 15 pg/ml) for 6 h (A) or exposed
to 15 pg/ml of Nano-Co for 1, 3, 6, 12, and 24 h (B). Cells without treatment were used as
controls. DAPI (blue) is used as a marker for DNA and stains the whole nucleus of a cell.
The red -y-H2AX-specific foci reproduce as pink in the merged images due to color overlay.
Magnification is 1000x%.
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Fig. 5. Dose- and time- response induction of y-H2AX at Ser 139, Rad51, p-p53 at Ser 15 and
p53 expression in A549 cells exposed to Nano-Co

Cells were treated with 0, 5, 10 and 15 pg/ml of Nano-Co or Nano-TiO, for 12 h (A & B) or
with 15 pg/ml of Nano-Co for 0, 3, 6, 12 and 24 h (C & D). Cells without treatment were
used as control. Cytosolic protein (for Rad51 and B-actin) or nuclear protein (for y-H2AX,
p-p53 and p53) was prepared for Western blot. A and C were results of a signal Western blot
experiment, while B and D were normalized band densitometry readings averaged from 3
independent experiments + SE of Western results. $-actin or Coomassie blue stained gel was
used for verification of equality of lane loading. * Significant difference as compared with
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the control, p < 0.05; # Significant difference as compared with the same dose of Nano-
TiO,-treated group, p < 0.05.
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Fig. 6A
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Fig. 6. Dose- and time- response induction of phosphorylation of ATM at Ser 1981 in A549 cells
exposed to Nano-Co or Nano-TiO»

A549 cells were treated with 0, 5, 10 and 15 pg/ml of Nano-Co or Nano-TiO, for 6 h (A) or
with 15 pg/ml of Nano-Co for 0, 1, 3, 6 and 12 h (B). Cells without treatment were used as
control. Nuclear protein was extracted for Western blot. Total ATM was used for
verification of equality of lane loading. * Significant difference as compared with the
control, p < 0.05; # Significant difference as compared with the same dose of Nano-TiO,-
treated group, p < 0.05.
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Fig. 7A
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Fig. 7. Effects of the specific ATM inhibitor, KU55933, on Nano-Co-induced increased
phosphorylation of p53 and ATM, and increased expression of Rad51 and p53

Ab549 cells were pre-treated with an ATM inhibitor, KU55933 (10 uM) for 1 h prior to
treatment with Nano-Co (15 pg/ml) for 12 h. Cytosolic protein (for Rad51 and B-actin) or
nuclear protein (for p-ATM, ATM, p-p53 and p53) was extracted for Western blot. Cells
without any treatments were used as controls. A is the result of a single experiment. B is
normalized band densitometry reading averaged from three independent experiments + SE
of Western blot results. B-actin or Coomassie blue stained gel was used to verify the equality
of lane loading. * Significant difference as compared with the control, p < 0.05; #
Significant difference as compared with the Nano-Co-treated group, p < 0.05.
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Fig. 8. Effects of ROS scavengersor inhibitors on Nano-Co-induced phosphorylation of ATM
and p53, and increased expression of Rad51 and p53
Ab549 cells were pre-treated with Catalase (2,000 U/ml) or NAC (10 mM) for 2 h prior to
exposure to 15 pg/ml of Nano-Co for another 12 h. Cells without treatment were used as
controls. Cytosolic protein (for Rad51 and B-actin) or nuclear protein (for p-ATM, ATM, p-
p53 and p53) was prepared for Western blot. Total ATM (for p-ATM), B-actin (for Rad51)
or Coomassie blue stained gel (for p-p53 and p53) was used to verify the equality of lane
loading. A is the result of a single experiment. B is normalized band densitometry reading
averaged from three independent experiments + SE of Western blot results. * Significant
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difference as compared with the control, p < 0.05; # Significant difference as compared with
the Nano-Co-treated group, p < 0.05.
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Fig. 9. A schematic diagram of the signaling pathways that may beinvolved in Nano-Co-induced

DNA damage

Exposure of A549 cells to Nano-Co caused oxidative stress, which may further result in
DNA DSBs and activate ATM. Increased phosphorylation of ATM may mediate the
phosphorylation of p53 and H2AX and upregulation of Rad51 expression.
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Table 2

Solubility of metal nanoparticles in PBS and F-12 medium

Metal PBS (ppm) F-12 medium (ppm)
Nano-Co 10.81+0.62 45.35+1.68
Nano-TiO, <1.00 <1.00
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