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Abstract

cytotoxicity.

Traces of zinc oxide nanoparticles (ZnO NPs) used may be found in the liver and kidney. The aim of this study is to
determine the optimal viability assay for using with ZnO NPs and to assess their toxicity to human hepatocyte (L02)
and human embryonic kidney (HEK293) cells. Cellular morphology, mitochondrial function (MTT assay), and
oxidative stress markers (malondialdehyde, glutathione (GSH) and superoxide dismutase (SOD)) were assessed
under control and exposed to ZnO NPs conditions for 24 h. The results demonstrated that ZnO NPs lead to cellular
morphological modifications, mitochondrial dysfunction, and cause reduction of SOD, depletion of GSH, and
oxidative DNA damage. The exact mechanism behind ZnO NPs toxicity suggested that oxidative stress and lipid
peroxidation played an important role in ZnO NPs-elicited cell membrane disruption, DNA damage, and
subsequent cell death. Our preliminary data suggested that oxidative stress might contribute to ZnO NPs
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Background
ZnO NPs have at least one dimension in the range of 1
to 100 nm. As compared to the ordinary ZnO powder,
ZnO nanoparticle is a new type of high-functional fine
inorganic material with higher chemical activity, ex-
tremely strong oxidation resistance, corrosion resistance,
photocatalysis, unique stronger absorption, and shielding
ability to the ultraviolet rays [1,2]. It has been widely
used in consumer and industrial products, especially in
cosmetics, food additives, photoelectricity, and rubber
industry [3-5]. It is clear that with decreasing particle
size, small particles can easily accumulate and migrate
deeply in body. For these reasons information about the
safety and potential hazards of ZnO NPs is required.
ZnO NPs is considered as one of the most toxic NPs
with the lowest LD50 value among the engineered metal
oxide nanoparticles [6]. To date several studies provided
ample evidence that ZnO NPs distributed mainly in the
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blood, lungs, kidneys, spleen, pancreas or other organs,
and bone. In vitro cell line studies have shown decreased
mitochondrial function and oxidative stress after expos-
ure to ZnO NPs in human embryonic lung fibroblasts
(HELF) cells [7], human epidermal (A431) cells [8],
human colon carcinoma (LoVo) cells [9], human lung
bronchial epithelial (BEAS-2B) cells [10], hepatocellular
carcinoma (SMMC-7721) cells [11], and human osteo-
blast cancer cell line [12]. Thus, examination of the abil-
ity of ZnO NPs to penetrate the liver and kidney is
warranted.

Our objectives in this study were to determine the op-
timal viability assay for using with ZnO NPs in order to
assess their toxicity to the liver and kidney cells. In this
paper, we have evaluated the toxicity of ZnO NPs and
analyzed cellular morphology, cellular viability, oxidative
stress, and DNA damage in ZnO NPs-treated cells.

Methods

Cell culture and treatment

LO2 cells (CBCAS, Shanghai, China) were cultured in
RPMI 1640 medium (Gibco BRL, MD, USA); while
HEK293 cells (CBCAS, Shanghai, China) in DMEM
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medium (Gibco BRL, MD, USA), with fetal calf serum
(10%), L-glutamine (2.9 mgmL™), streptomycin
(1 mgmL™), and penicillin (100 units:-mL™"). The cells
were cultured at 37°C in water-saturated air supplemen-
ted with 5% CO,. Culture media were changed every 2
days. Cells were passaged thrice a week. At 85% conflu-
ence, the cells were harvested using 0.25% trypsin and
were subcultured into 75 cm? flasks, 6-well plates, 24-
well plates, or 96-well plates according to the selection
of experiments.

After the monolayer of cells was placed in 6, 24, or 96-
well plates, the cells were treated with a range of con-
centrations of nano-sized ZnO particles suspended in
medium without serum for 24 h. After the 24 h treat-
ment, the various toxicity end points were evaluated in
control and ZnO particles-exposed cells.

Cell morphology

L02 cells and HEK293 cells were exposed as mentioned
above at various concentrations of ZnO NPs for 24 h.
After completion of the exposure period, the cells (con-
trol and nano-ZnO exposed) were washed with phos-
phate buffered solution (PBS) and observed by phase
contrast inverted microscopy at x200 magnification.

Cell activity

Mitochondrial function was evaluated by 3-(4,5-
dimethylazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The MTT assay helps in cell viability assessment
by measuring the enzymatic reduction of yellow tetra-
zolium MTT to a purple formazan, as measured at
570 nm using enzyme-labeled instrument (Tecan Co.,
Weymouth, UK).

Oxidative stress

Cells were cultured in 75 cm? culture flask and exposed
to ZnO NPs (5 to 100 pg:mL ™) for 24 h. After exposure,
the cells were harvested in chilled PBS by scraping and
washed twice with 1 x PBS at 4°C for 6 min at 1,500
rpm. The cell pellet was then sonicated at 15 W for 10 s
(3 cycles) to obtain the cell lysate.

Oxidative stress markers (malondialdehyde, MDA;
glutathione, GSH; superoxide dismutase, SOD) were
estimated by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) according to manufacturer's protocol.
Protein content was measured by the method of Lowry
[13] using BSA as the standard.

Comet (single cell gel electrophoresis) assay

DNA damage by ZnO NPs was further studied using
comet assay. After treatment with nano-sized ZnO parti-
cles for 4, 12, and 24 h, the cells were rinsed with ice-cold
1 x PBS and trypsinized. Then the cells were washed once
in ice-cold 1 x PBS and resuspended at 1 x 10° cells mL™*
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in ice-cold 1 x PBS. An aliquot of 10-puL cell suspension
was mixed with 100 pL molten agarose (at 37°C), and
75 pL of this mixture was immediately applied to a glass
slide. The slide was held horizontal at 4°C for 30 min to
improve adherence. Then the slide was immersed in cold
lysis solution to lyse the cells. After 50 min at 4°C in the
dark, the slide was immersed in an alkaline solution
(300 mM NaOH, 1 mM EDTA, pH > 13) at room
temperature in the dark to denature the DNA. After 30
min the slide was placed on a horizontal electrophoresis
unit, and the unit was filled with fresh buffer (300 mM
NaOH, 1 mM EDTA, pH > 13) to cover the slide. Electro-
phoresis was conducted at 27 V (300 mA) for 40 min at
4°C in the dark. The slide was then washed gently with
distilled water and immersed in 70% ethanol for 5 min.
After the slide was air dried, 50 pL of ethidium bromide
working solution was applied to each circle of dried
agarose. All steps described above were conducted under
yellow light to prevent additional DNA damage.

The slides were viewed using an epifluorescence Leica
DMI 4000B microscope (Leica Microsystems Ltd., Hong
Kong, China) equipped with a fluorescein filter. Observa-
tions were made at a final magnification x400. Thirty ran-
domly selected cells per experimental point were imaged
and analyzed using CASP software (download from http://
www.casp.of.pl/). Results were reported as tail moment, a
parameter describing the number of migrated fragments,
and represented by the fluorescence intensity in the tail,
expressed as the mean of the 50 cells.

Statistical analysis

The data were expressed as mean + standard deviation of
three independent experiments. The data was subjected
to statistical analysis by one-way analysis of variance fol-
lowed by Dunnett's method for multiple comparisons. A

. A

Figure 1 Transmission electron micrograph image of ZnO
nanoparticles.
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Figure 2 Morphological changes of L02 cells exposed at various concentrations of ZnO NPs for 24 h. (A) normal and non-ZnO
NPs-treated, (B) 10 pg-mL™", (C) 25 pgmL™", (D) 50 ug-mL™", and (E) 100 ug-mL"". Magnification x200.
.

value of p < 0.05 was considered significant. SPSS 16.0
software was used for the statistical analysis.

Results

Characterization studies

The average size of ZnO NPs (Sigma-Aldrich, St. Louis,
MO, USA) as measured by transmission electron micro-
scope (TEM) (JEOL JEM-2100, JEOL Ltd., Tokyo, Japan)
was approximately 50 nm. Figure 1 shows a representa-
tive TEM image recorded ZnO nanoparticles.

Cell morphology

After L02 and HEK293 cells were incubated with 0, 10,
25, 50, and 100 pg-mL™" of 50 nm ZnO NPs for 24 h, re-
spectively, the resulted cells were observed with 200-fold
magnification by optical microscope. L02 cells (Figure 2)
and HEK 293 cells (Figure 3) are the comparative
morphologies of the unexposed and ZnO particles-
exposed cells. Comparing with the bulk cells in the con-
trol experiments, the cells cultivated with low dose of
ZnO NPs (10 pg-mL™') appear similar to the control
cells with brownish particles most likely associated with

Figure 3 The morphological changes of HEK293 cells exposed at various concentrations of ZnO NPs for 24 h. (A) normal and non-ZnO
NPs-treated, (B) 10 ug-mL™", (C) 25 pg-mL™", (D) 50 pg-mL™", and (E) 100 ug-mL™". Magnification x200.
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the cell membranes, indicating that lower dose of ZnO
NPs did not harm the L02 and HEK293 cells. With in-
creasing doses of ZnO NPs, the cells started to shrink
and became irregular in shape. When the concentration
reached 100 pg-mL™", apoptosis, necrosis, and decrease
in number of cells were observed. The microscopic stud-
ies demonstrated that cells at higher doses became ab-
normal in size, displaying cellular shrinkage, and
acquisition of an irregular shape occurred due to the in-
crease of ZnO NPs concentration.

Cell activity

L02 and HEK293 cells were exposed to ZnO NPs (10 to
100 pg-mL™) for 24 h, and cytotoxicity was determined
with MTT assay. The MTT results demonstrated a
concentration-dependent cytotoxicity after exposure to
ZnO NPs (Figure 4). The percentage MTT reduction
(relative to control) of L02 cells observed after ZnO ex-
posure at concentrations 50, 75, and 100 pg-mL™" was
52.63%, 41.12%, and 36.70%, respectively; while there
were percentage reductions to 68.36%, 38.74%, 19.43%,
and 15.21% of HEK293 cells after ZnO NPs exposure at
concentrations 25, 50, 75, and 100 pgmL™". It is
observed that there is a statistically significant difference
(p < 0.05), and the ZnO NPs showed higher toxicity to
human embryonic kidney cells.

Oxidative stress markers

Effect of ZnO NPs on malondialdehyde

Lipid peroxidation was examined by measuring MDA
concentration. A significant increase (p < 0.05) in MDA
formation was observed at all concentrations at and
above 25 ugmL™ of ZnO NPs as evident from
Figure 5A. It showed that ZnO NPs activated in the cells
in a manner of dose-effect relation and had more obvi-
ous function to the HEK293 cells (p < 0.01).
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Figure 4 Cytotoxicity of ZnO NPs on human hepatocyte (L02)
cells and human embryonic kidney (HEK293) cells (single
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asterisk, p < 0.05; double asterisk, p < 0.01).
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Figure 5 Effect of ZnO NPs on oxidative stress. (A) Effect of ZnO
NPs on MDA. (B) Effect of ZnO NPs on GSH level. (C) Effect of ZnO
NPs on SOD activity (single asterisk, p < 0.05 and double asterisk,
p < 0.01, as compared with the control group).

Effect of ZnO NPs on glutathione level

Cells that are exposed to ZnO NPs showed depletion of
GSH level in a dose-dependent manner; exposure con-
centrations exhibiting statistically significant (p < 0.05)
depletion of 29.66%, 54.43%, and 85.53% for 102 cells
and 24.73%, 44.95%, and 70.22% for HEK293 cells at 50,
75, and 100 pg-mL~", respectively after 24 h (Figure 5B).

Effect of ZnO NPs on SOD activity

For L02 cells the SOD activity was significantly (p < 0.05)
reduced at concentrations above 50 pg-mL™" after 24 h of
treatment with ZnO NPs when compared to the unex-
posed cells as evident from Figure 5C. For HEK293 cells
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the concentrations of ZnO NPs that lead to statistically
significant (p < 0.05) depletion decreased to 25 pg-mL™".

DNA damage

The DNA damage by ZnO NPs was further studied
using comet assay. Chromosome abnormalities are the
direct consequence of DNA damage such as double-
strand breaks and misrepair of strand breaks in DNA,
resulting in chromosome rearrangement.

Comet assay of ZnO NPs-treated cells showed a
concentration-dependent increase in tail DNA% as com-
pared to control cells, which gave the extent of DNA dam-
age. In LO2 cells ZnO NPs induced a dose-dependent
increase in DNA damage after the 4 h treatment, and a sig-
nificant effect was seen at 75 and 100 ug-mL™". After the 24
h treatment with ZnO NPs, the effect was also clear and a
significant increase in DNA damage was observed at tested
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doses of 25, 50, 75, and 100 pug-mL™", with a significant de-
pendence on dose (Figure 6A).

In HEK293 cells an increase in DNA damage was
observed after the treatment with ZnO NPs, and there
was a clear dependence on the dose. The 4 h treatment
with ZnO NPs induced a significant increase in DNA
damage at 50, 75, and 100 pg-mL~", and the effect was
dose-dependent. After 24 h treatment with ZnO NPs,
the level of DNA damage significantly increased at all
tested doses (Figure 6B).

Discussion

ZnO nanoparticles (ZnO NPs) were previously classified
as a new type of high-functional fine inorganic material
and have been widely used in consumer and industrial
products. However, the cytotoxicity of ZnO NPs has
caused wide concerns among scientists and engineers in
the last decades [14]. Our results demonstrate that the
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Figure 6 DNA damage as measured by the comet assay. DNA damage as measured by the comet assay (percentage of DNA in tail) in
human hepatocyte L02 cells (A) and human embryonic kidney HEK293 cells (B) after exposure to nano ZnO (asterisk, p < 0.05).




Guan et al. Nanoscale Research Letters 2012, 7:602
http://www.nanoscalereslett.com/content/7/1/602

exposure to ZnO NPs causes morphological changes,
cytotoxicity, and oxidative stress to L02 and HEK293
cells. We have also observed the DNA-damaging effects
of ZnO NPs on L02 and HEK293 cells for which lipid
peroxidation and oxidative stress may be attributed as
the probable causes.

The cytotoxicity of ZnO NPs was evident by morpho-
logical changes that appeared in two cell lines. The loss
of normal morphology started appearing even in 24 h at
25 pg mL™'. With a consequent increase in exposure
time, the cells retracted into spherical shape and formed
clusters in media after detachment from the surface. A
high tendency of ZnO NPs adhering to the cell mem-
brane was observed at higher magnification. A previous
report suggests that human epidermal cells exposed to
ZnO NPs reflect abnormal morphology, cellular shrink-
age, detachment from the surface of the flask as well as
decreased mitochondrial function, and significantly
increased LDH [15,16] at concentrations of 5 to 20 pg
mL ™" after 24-h exposure [6].

The production of free radicals has been found in a di-
verse range of nanomaterials, which is one of the primary
mechanisms of NPs toxicity [17-20]. It may result in oxi-
dative stress, inflammation, and consequent damage to
proteins, membranes, and DNA [6,21-23]. Thus, in our
study we investigated the GSH and other antioxidant mar-
ker enzymes levels in the cells exposed to ZnO NPs.
Depletions in the GSH and SOD level were found on 24-h
exposure [24,25]. This indicates a condition of oxidative
stress in the cells which may arise due to imbalance in the
reactive oxygen species (ROS) formation and antioxidant
defense system of the cells [26-28]. As formation of ROS
by ZnO NPs is unclear, the mechanism of ROS formation
by ZnO NPs needs further investigations.

Conclusions

A 50-nm ZnO NP was used to culture L02 and HEK293
cells. The results showed that mitochondrial function
decreased significantly when exposed to ZnO NPs at 25
pg mL™" in LO2 cells and 10 pg mL™" in HEK293 cells.
The microscopic studies demonstrated that cells exposed
to nanoparticles at higher doses became abnormal in
size, displaying cellular shrinkage, and acquired an ir-
regular shape. The GSH and other antioxidant marker
enzymes levels in the cells exposed to ZnO NPs were
investigated. Depletions in the GSH and SOD level were
found on 24 h exposure. With increasing time and dose,
DNA damage is more serious, and the migration dis-
tance is longer at the same electrophoresis conditions.
Our preliminary data suggest that oxidative stress might
contribute to ZnO NPs cytotoxicity. To reveal whether
apoptosis is involved in ZnO NPs toxicity, further stud-
ies are underway.
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