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a  b  s  t  r  a  c  t

To  study  the  toxicity  mechanism  of ZnO  nanoparticles  on  mouse  macrophages,  the toxic  effect  of  different
ZnO nanoparticles  on  mouse  alveolar  macrophages  (MH-S)  was  investigated  in this  study.  The  results
showed  that  the  24  h  IC50 of  four  ZnO  particles  were  48.53,  47.37,  45.43  and  26.74  �g/ml  for  bulk  ZnO,
100  nm,  30  nm  and  10–30  nm  ZnO  particles,  respectively.  At the  concentration  of 10  �g/ml  and  below,
dissolved  zinc  ions  induced  metallothionein  synthesis,  enhanced  cellular  resistance  to  oxidative  stress.
ZnO  particles  mainly  induced  cell  apoptosis.  When  the  concentration  of  ZnO  particles  was  20  �g/ml
eywords:
nO nanoparticles
ouse alveolar macrophages

oxic effect
ell apoptosis
ntioxidation
ynthesis

and  above,  excessive  zinc  destroyed  mitochondrial  function  and  cell  membrane,  caused  cell  necrosis.
Dissolved  zinc  ions  first  cause  toxicity  in  MH-S  cells.  However,  the  toxic  effect  of  dissolved  zinc ions  may
exist a  threshold  on  mouse  macrophages,  inducing  about  50%  cell death.  The  toxic  difference  of  different
ZnO  particles  mainly  depended  on  the  effect  of  nondissolved  ZnO  particles.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

In recent years, health hazards of nanoparticles have been
 research focus. Many studies in vitro demonstrated that ZnO
anoparticles are toxic to mammalian cells, even more toxic than
ther nanometer-scale structures metallic oxide [1–3]. Brunner
t al. showed that a three-day exposure of human mesothelioma
nd rodent fibroblast cell to 15 �g/ml ZnO nanoparticles (19 nm)
aused DNA and mitochondrial damage [4]. Karlsson et al. found
hat ZnO nanoparticles (71 nm)  decreased cell viability and caused
xidative DNA damage in human alveolar epithelial cell (A549) at
he concentration above 40 �g/ml [5].  Xia et al. found that ZnO
anoparticles induced toxicity in RAW264.7 and BEAS-2B cells,

eading to the generation of reactive oxygen species (ROS), oxi-
ant injury, and cell death [6]. Lin et al. reported that exposure

f A549 cells to ZnO nanoparticles (70–420 nm)  at the dose above
0 �g/ml induced increases in oxidative stress, lipid peroxidation,
ell membrane disruption, and DNA damage [7]. Kim et al. investi-
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gated ZnO nanoparticles-induced injury to alveolar epithelium by
exposing primary cultured rat alveolar epithelial cell monolayers
(RAECMs) to ZnO nanoparticles. Researchers found that exposure to
ZnO nanoparticles induced severe injury in RAECMs and destroyed
cell membrane integrity at the dose above 22 �g/ml, and Zn2+

derived from ZnO nanoparticles, mitochondrial dysfunction and
increased level of intracellular ROS played important roles in ZnO
nanoparticles-induced injury in RAECMs [8].  Our previous study
also found ZnO nanoparticles reduced cell viability in mouse peri-
toneal macrophage (Ana-1), induced lactate dehydrogenase (LDH)
leakage and increased level of intracellular ROS. The dissolved
Zn2+ played a main role in toxic effect of ZnO particles [9].  In
addition, Baird et al. reported Zn-mediated metallothionein (MT)
up-regulation protected against oxidative stress-induced cellular
injury [10]. However, at present, there are few reports on the effect
of ZnO nanoparticles on MT  in cell.

Alveolar macrophage (AM) is an important cell to protect lung.
It is the first line of defense of the respiratory tract. To some extent,
the activity of alveolar macrophage could be used as an important
indicator of response evaluation of the lungs [11]. Beyerle et al.

showed that 70 nm ZnO naoparticles were more toxic in MH-S cells
than in LA4 cells [12]. In order to further study toxicity mechanism
of ZnO particles on mouse macrophage, we took mouse alveolar
macrophages (MH-S cells) as the subject, investigated the effects

dx.doi.org/10.1016/j.jhazmat.2012.03.069
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:songwenhua9316@sina.com
dx.doi.org/10.1016/j.jhazmat.2012.03.069
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Table 1
Characterization of ZnO particles.

ZnO Size and
distribution
(nm)

SSA (m2/g) Crystalline structure Shape

Bulk ZnO Length:
341.75 ± 173.34
Diameter:
173.48 ± 72.73

2.52 Hexagonal Rod

100  nm Length:
107.59 ± 38.44
Diameter:
60.21 ± 21.76

8.67 Hexagonal Rod

30  nm Length:
70.89 ± 34.18

9.24 Hexagonal Rod
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Diameter:
40.44 ± 12.51

10–30  nm 18.76 ± 4.98 41.71

f different ZnO nanoparticles on cell viability, LDH leakage, cell
poptosis, oxidative stress, mitochondrial function and MT  expres-
ion, and compared with the cytotoxicity of ZnO particles in Ana-1
ells in this study.

. Materials and methods

.1. ZnO particles

Four types of ZnO particles were purchased from different com-
ercial companies. Bulk ZnO particles (<1 �m)  were purchased

rom Hangzhou Wanjingxin Material Co. Ltd., China. 100 ± 10 nm
nd 30 ± 10 nm ZnO nanoparticles were purchased from Beijing
achen Technology Co. Ltd., China. 10–30 nm ZnO nanoparticles
ere purchased from Shenzhen Nanuo Nanomaterials Corp. Visu-

lize particles size and shape of ZnO particles was  measured by
ransmission electron microscopy (TEM) (H7650). Crystal structure
f ZnO particles was characterized using X-ray diffraction (XRD)
Bruker D8 Discover) [9].  Particle specific surface area (SSA) was
etermined by BET surface area analyzer (AUTOSORB-MP). The
haracterization data were shown in Table 1.

.2. Cell culture and treatment with ZnO particles

Mouse alveolar macrophage cell line was purchased from Amer-
can Type Culture Collection (ATCC). Cells were cultured at 37 ◦C

ith 5% CO2 in the complete cell medium, RPMI1640 media sup-
lemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin,
00 �g/ml streptomycin and 2 mM l-glutamine.

1 mg/ml  ZnO nanoparticles suspensions were prepared with the
omplete cell medium to yield a more accurate weighing of ZnO
owder, dispersed for 20 min  by a sonicator to prevent aggregation,
nd diluted to the specified concentrations (2.5, 5, 10, 20, 40, 80,
00 �g/ml) for treatment of cells.

The preparation process of the supernatants of ZnO nanoparti-
les was as following: 2.5, 5.0, 10.0, 20.0, 40.0, 80.0 or 100.0 �g/ml of
nO nanoparticles suspensions were incubated at 37 ◦C in a humid-
fied 5% CO2 environment for 24 h, centrifuged at 20,000 rpm for
0 min  and collected the supernatants.

.3. Cell viability assay

Cellular viability was determined using the CCK-8 assay (Bey-
time). Cells were seeded with equal density in each well of 96-well

lates (104 cells per well), 100 �l of the cell culture medium per
ell, and incubated for 24 h at 37 ◦C. Then cells were treated in

6-well plates with 2.5, 5.0, 10.0, 20.0, 40.0, 80.0 or 100.0 �g/ml of
nO particles for 24 h at 37 ◦C. Untreated cells served as a control
Hexagonal Sphericity

group. At the end of the treatment, CCK-8 dye was  added to each
well and the plates were incubated for another 2 h at 37 ◦C. To pre-
vent particles from interfering with this assay, the solution in each
well of each plate was quantitatively transferred to an empty well
in another plate. Subsequently, the absorbance was measured by
dual wavelength spectrophotometry at 450 nm and 630 nm using
a microplate reader. Each treatment was  repeated five times.

In order to investigate the effect of zinc ions released from ZnO
particles on cell viability, the supernatants of ZnO particles suspen-
sions were used to treat cells, and the cell viability was assayed by
CCK-8.

2.4. LDH measurement

Release of lactate dehydrogenase (LDH) to the cell culture
medium indicates cell membrane damage. LDH level in the cell
culture medium was determined using a LDH Kit (Jiancheng
Bioengineering Co. Ltd, Nanjing, China) according to the manufac-
turer’s protocols. LDH catalyzed the oxidation of lactate to pyruvate
with simultaneous reduction of NAD+ to NADH. The rate of NAD+

reduction is directly proportional to LDH level. Cells were seeded
with equal density in each well of 96-well plates (104 cells per well),
200 �l of the cell culture medium per well, and incubated for 24 h at
37 ◦C. After ZnO nanoparticles suspensions and their supernatants
exposure, half the amount of the 200 �l cell culture medium was
collected for LDH analysis. Absorption was  measured at 340 nm.

2.5. Apoptosis and necrosis of MH-S cells

Apoptosis and necrosis of MH-S cells was assayed by double
staining with Annexin V-R-PE and 7-AAD by flow cytometer (BD
Biosciences, USA). After treatment with 5, 10, 20, 40 and 80 �g/ml
ZnO particles for 24 h, MH-S cells were collected, washed twice
with cold PBS, and resuspended to 106 cells/ml in 200 �l binding
buffer. 100 �l of MH-S cells was transferred to a 1.5 ml  culture tube,
added to by 10 �l of Annexin V-R-PE, incubated at 4 ◦C in the dark
for 30 min, and then added 10 �l of 7-AAD in the dark. Stained MH-S
cells were analyzed by the flow cytometer.

2.6. Intracellular reactive oxygen species measurement

The intracellular ROS was determined using a well-
characterized probe, 2′, 7′-dichlorofluorescein diacetate
(DCFH-DA) (Beyotime, China) [13]. DCFH-DA passively enters

the cell, and is hydrolyzed by esterases to DCFH. This nonflu-
orescent molecule is then oxidized to fluorescent compound
dichlorofluorescein (DCF) by cellular oxidants. A DCFH-DA stock
solution (in methanol) of 10 mM was diluted 1000-fold in the cell
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Fig. 1. Cell viability of MH-S cell exposed to different ZnO particles for 24 h. Each
treatment was  conducted five times independently. * p < 0.05 vs. control cells; #
p  < 0.05 vs. other sized ZnO nanoparticles.
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ulture medium without serum or other additives to yield a 10 �M
orking solution. Cells were seeded with equal density in each
ell of 6-well plates (4 × 105 cells per well), 2 ml  of the cell culture
edium per well, and incubated for 24 h at 37 ◦C. Then cells were

reated with 2.5, 5.0, 10.0, 20.0, 40.0, 80.0 or 100.0 �g/ml of ZnO
anoparticles for 24 h at 37 ◦C. Cells were washed twice with PBS
nd then incubated with DCFH-DA working solution for 20 min  in
he dark environment (37◦Cincubator) followed by treatment with
nO nanoparticles for 24 h. Then the cells were washed three times
ith cell culture medium without serum to eliminate DCFH-DA

hat did not enter the cells. Cells were collected in suspension. The
uorescence was determined at 488 nm excitation and 525 nm
mission using a fluorospectrophotometer.

.7. Intracellular calcium concentrations measurement

Fluo-3-AM (Beyotime, China) was used to measure intracellu-
ar calcium concentrations. Cells were seeded with equal density
n each well of 6-well plates (4 × 105 cells per well), 2 ml  of the cell
ulture medium per well, and incubated for 24 h at 37 ◦C. Then cells
ere treated with 2.5, 5.0, 10.0, 20.0, 40.0, 80.0 or 100.0 �g/ml of

nO nanoparticles for 24 h at 37 ◦C. The culture medium was  dis-
arded, and the cells were washed two times with PBS buffer and
hen incubated with Fluo-3-AM working solution for 30 min  in the
ark environment (37◦Cincubator). The cells were collected by cen-
rifuging at 600 g for 5 min  and washing two times with PBS buffer.
nd then the cells were resuspended with PBS buffer. The fluores-
ence was determined at 488 nm excitation and 525 nm emission
sing a fluorospectrophotometer.

.8. Mitochondrial membrane potential detection

The fluorescent, lipophilic and cationic probe, JC-1 (Beyotime,
hina), was used to determine the mitochondrial membrane
otential (��m)  of MH-S cells according to the manufacturer’s
irections. Briefly, cells were seeded with equal density in each
ell of 6-well plates (4 × 105 cells per well), 2 ml  of the cell cul-

ure medium per well, and incubated for 24 h at 37 ◦C. Then cells
ere treated with 2.5, 5.0, 10.0, 20.0, 40.0, 80.0 or 100.0 �g/ml ZnO
anoparticles. After exposure to ZnO nanoparticles for 24 h, the
ells were incubated with JC-1 staining solution for 20 min  at 37 ◦C,
nd then rinsed twice with JC-1 staining buffer. The fluorescence
ntensity of both mitochondrial JC-1 monomers (� ex 490 nm,  � em
30 nm)  and aggregates (� ex 525 nm,  � em 590 nm) were detected
sing a fluorospectrophotometer. The ��m of MH-S cells were cal-
ulated as the fluorescence ratio of red (i.e. aggregates) to green (i.e.
onomers).

.9. MT  assay

Cells were seeded with equal density in each well of 6-well
lates (4 × 105 cells per well), 2 ml  of the cell culture medium per
ell, and incubated for 24 h at 37 ◦C. MH-S cells were collected
ollowed by treatment with ZnO nanoparticles for 24 h, and were
ysed using ultrasonic wave. The cell lysates were then centrifuged
t 10,000 rpm for 10 min  at 4 ◦C. MT  content was assayed by ELISA
it (BlueGene) according to the manufacturer’s instructions.

able 2
he 24 h IC50 values and 95% confidence limits for MH-S cells exposed different ZnO parti

ZnO

Bulk ZnO 100 n

ZnO concentration (�g/ml) 48.53 47.37
95%  confidence limits 42.00–57.00 42.17
Fig. 2. Cell viability of MH-S cell exposed to supernatants of ZnO particles suspen-
sions incubated for 24 h. Each treatment was conducted five times independently.
*  p < 0.05 vs. control cells.

2.10. Statistical analysis

The data were expressed as mean ±standard deviation. For
statistical analysis, the experimental values were compared to
their corresponding control values. A one-way analysis of variance
(ANOVA) in SPSS software (Version 16.0) was used to illustrate
the significant difference between the experimental group and the
control. The significant difference was considered to be p < 0.05.

3. Results and discussion

3.1. Cytotoxicity of ZnO particles in MH-S cells

Fig. 1 showed cell viability of MH-S cells after exposed to ZnO
particles. The 24 h IC50 values of four ZnO particles were 48.53,
47.37, 45.43 and 26.74 �g/ml for bulk ZnO, 100 nm,  30 nm and
10–30 nm ZnO particles, respectively (Table 2). When ZnO parti-
cles concentrations exceeded 40 �g/ml, 10–30 nm ZnO particles
induced lower cell viability than other ZnO particles. Fig. 2 showed
the effect of supernatants of ZnO particles suspensions on cell via-

bility. When the concentration of ZnO particles exceeded 20 �g/ml,
the supernatants of ZnO particles suspensions reduced cell viabil-
ity markedly (p < 0.05). When the concentrations of ZnO particles
exceeded 40 �g/ml, the supernatants of ZnO particles suspensions

cles.

m 30 nm 10–30 nm

 45.43 26.74
–53.69 39.80–52.49 23.61–30.32
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Fig. 3. LDH level in the MH-S cell culture medium following a 24 h exposure to ZnO
nanoparticles. Each treatment was conducted five times independently. * p < 0.05
vs.  control cells, # p < 0.05 vs. the corresponding supernatant.
J. Zhang et al. / Journal of Hazardo

ll decreased cell viability to 50–55%, and cell viability had little
hange with the increase of ZnO particles concentrations.

In our previous study, we investigated the cytotoxicity of ZnO
articles in Ana-1 cells [9].  24 h IC50 values of ZnO particles in Ana-1
ells were 30.95, 40.41, 43.94 and 44.56 �g/ml for 10–30 nm,  30 nm,
00 nm and bulk ZnO particles, respectively. The dissolved zinc ions

nduced about 50% cell death. Therefore, ZnO particles had similar
oxicity in MH-S cells and Ana-1 cells. We  speculated that ZnO par-
icles may  have similar toxicity in the normal mouse macrophages,
nd the toxic effect of dissolved zinc ions may  exist a threshold on
ouse macrophages.
Compared with the work done by Brunner et al. [4],  exposure

f MSTO or 3T3 cells to ZnO nanoparticle was characterized by the
ore steep response pattern, at the concentrations above 15 ppm

or 3 days, all MSTO or 3T3 cells died. This may  be because some cell
ebris and cytosol remainders can probably strongly bind Zn2+ or
nO nanoparticles, absorb some of the local Zn2+ or ZnO nanoparti-
les and reduce stress. Limbach et al. studied the uptake kinetics of
erium oxide nanoparticles into human lung fibroblasts at low con-
entrations [14]. Their results showed that 20–50 nm ceria uptake
as a diffusion-limited transport process, but the sedimentation

f particles onto the cell was the dominant transport process for
50–400 nm ceria particles at low concentrations. Due to the sol-
bility of ZnO nanoparticles, their uptake kinetics into cell and
rocess of damage cells may  be more complex than cerium oxide.
urther research is needed. In addition, when the concentration of
nO particles exceeded 40 �g/ml, the very little decrease in cell via-
ility was observed. This is most probably because the solubility of
nO particles reached stability.

LDH leakage reflected the cell membrane damage and the degree
f cell necrosis. Some studies showed that ZnO nanoparticles
ould induce LDH leakage in many types of cells, such as mouse
euroblastoma (Neuro-2A) [1],  primary mouse embryo fibrob-

asts (PMEF) [15], human lung epithelial cells (A549) [7],  human
ronchial epithelial cells (BEAS-2B) [16] and rat alveolar epithelial

ell monolayers (RAECMs) [8].  The present study showed that ZnO
anoparticles suspensions and their supernatants led to the sig-
ificant increase of LDH levels at the concentration of 20 �g/ml
nd above (p < 0.05). ZnO nanoparticles suspensions had more

Fig. 4. LDH level in MH-S cell culture medium following a 24 h exposure to super-
natant of ZnO nanoparticles suspensions. Each treatment was conducted five times
independently. * p < 0.05 vs. control cells.

Fig. 5. Flow cytometric analysis of apoptotic cell death after treatments with bulk ZnO particles for 24 h and double labeling with Annexin PE and 7-ADD.
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Fig. 6. Flow cytometric analysis of apoptotic cell death after treatments wit

ronounced effects than the corresponding supernatants (p < 0.05)
Figs. 3 and 4). The results indicated that four ZnO nanoparticles
tarted to induce the cell membrane damage or cell necrosis at
he dose of 20 �g/ml and above, dissolved zinc ions played an
mportant role in LDH leakage, besides dissolved zinc ions in cell

edium, ZnO particles uptake into cells still could dissolve and

elease zinc ions. Nondissolved ZnO particles promoted the cell
embrane damage. Flow cytometric analysis demonstrated that

nO particles mainly induced cell apoptosis at dose 5 or 10 �g/ml,
nd led to cell necrosis at the dose of 20 �g/ml and above (Figs. 5–9).

ig. 7. Flow cytometric analysis of apoptotic cell death after treatments with bulk 5, 10, 20
E  and 7-ADD.
 nm ZnO particles for 24 h and double labeling with Annexin PE and 7-ADD.

3.2. Mitochondrial injury and cell apoptosis

Mitochondria are the main cellular sites of ROS production.
Intracellular ROS levels were significantly increased after exposure
to all ZnO nanoparticles at the dose above 10 �g/ml (p < 0.05)
(Fig. 10). 10–30 nm ZnO nanoparticles appeared to be more

effective. Intracellular ROS levels increased obviously at the dose
of 5 �g/ml (p < 0.05), and when the dosage was  above 20 �g/ml,
10–30 nm ZnO particles produced more intracellular ROS  levels
than the other ZnO nanoparticles (p < 0.05). ROS signaling system

, 40 and 80 �g/ml of 30 nm ZnO particles for 24 h and double labeling with Annexin
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F 0, 40 and 80 �g/ml of 10–30 nm ZnO particles for 24 h and double labeling with Annexin
P
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ig. 8. Flow cytometric analysis of apoptotic cell after treatments with bulk 5, 10, 2
E  and 7-ADD.

as a close interaction with the calcium signaling system. ZnO
articles exposure induced the obvious increase of intracellular
alcium levels (Fig. 11).  The rule of intracellular calcium lev-
ls was similar with intracellular ROS. The correlation analysis
evealed there was a positive correlation between intracellular
OS levels and intracellular calcium levels. The correlation coef-
cients were 0.889 (bulk ZnO), 0.918 (100 nm), 0.924 (30 nm)
nd 0.964 (10–30 nm), respectively. The alteration of intracellular
alcium levels is related to ��m.  The ��m obviously reduced after
4 h of ZnO nanoparticles exposure at the dose above 10 �g/ml
p < 0.05) (Fig. 12). When the dosage exceeded 20 �g/ml, the

�m of 10–30 nm ZnO nanoparticles treatments were lower

han the other ZnO nanoparticles treatments (p < 0.05). There
as a negative correlation between intracellular ROS levels

nd the ��m.  The correlation coefficients were −0.980 (bulk
nO), −0.973 (100 nm), −0.981 (30 nm)  and −0.982 (10–30 nm),

ig. 9. Apoptotic and necrotic cells after exposure to different sized and concentra-
ions ZnO particles for 24 h.

Fig. 10. Oxidative stress induced by exposure of MH-S cells to ZnO nanoparticles.
Each  treatment was conducted five times independently. * p < 0.05 vs. control cells;
#  p < 0.05 vs. other sized ZnO nanoparticles.

Fig. 11. Intracellular calcium after exposure of MH-S cells to ZnO nanoparticles.
Each treatment was conducted five times independently. * p < 0.05 vs. control cells;
#  p < 0.05 vs. other sized ZnO nanoparticles.
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ig. 12. Mitochondrial membrane potential after exposure of MH-S cells to ZnO
anoparticles. Each treatment was conducted five times independently. * p < 0.05
s.  control cells; # p < 0.05 vs. other sized ZnO nanoparticles.

espectively. The increase of intracellular calcium and the
ecrease of ��m destroyed mitochondrial function and led to
ell apoptosis. The results of cell apoptosis showed that the
umbers of apoptotic and necrosis cells increased markedly
t the dose above 10 �g/ml (Fig. 9). 10–30 nm ZnO particles
nduced more apoptotic and necrosis cells than other three ZnO
articles.

It has been demonstrated that nanomaterials of various sizes
nd chemical compositions preferentially mobilized to mitochon-
ria and destroyed mitochondrial function [17–19].  Mitochondria
lso were target organelles for cytotoxic injury of zinc ions [20–22].
erardis et al. showed that ZnO nanoparticles induced significant
xidative stress and mitochondrial disfunction, probably due to

 direct interaction of ZnO nanoparticles with some components
f the cell surface [23]. Huang et al. found that ZnO nanoparti-
les induced the increase of intracellular calcium levels in BEAS-2B
ells [16]. The author suggested that ZnO particles might first inter-
ct with cytoplasm membrane causing loss of membrane integrity
eading to calcium influx through membrane channels. In this
tudy, ZnO particles led to the increase of intracellular calcium at
he concentration 10 �g/ml or 5 �g/ml, but did not induce LDH
eakage. It indicated that this increase might mainly derive from
ntracellular calcium store release, not from the influx of extracellu-
ar calcium. Meanwhile, ZnO particles induced the obvious decrease
f ��m at the concentration 10 �g/ml or 5 �g/ml. These results
ndicated that dissolved zinc ions easily entered into cells, reached

itochondria, and altered mitochondrial functionality. Therefore,
he effect of dissolved zinc ions was faster than ZnO particles.
fter dissolved zinc ions led to cell damage, ZnO particles more
asily entered into cell, caused toxicity. When the concentration
xceeded 40 �g/ml, the toxic effect of dissolved zinc ions in cell
edium reached the threshold. 10–30 nm ZnO particles induced
ore apoptotic and necrosis cells, probably mainly due to the role

f nondissolved ZnO particles. Apart from interaction with the
ell membrane, particle characteristics may  be effect the particle
ptake. Thus the internalized amount of different ZnO particles
ay  be different. Intracellular dissolved zinc still exist difference.

n addition, the effect of intracellular nondissolved ZnO particles
n cells may  be also different. Particles shape and surface area
ay affect their toxicity. The toxic effect of rod ZnO particles was

ble to lower than spherical ZnO particles. Nair et al. also found
hat rod ZnO nanoparticles were lower toxic than spherical ZnO
anoparticles. Moreover, surface area of 10–30 nm ZnO particles

as significantly larger than the other three ZnO particles [24].
siao and Huang found that regardless of their shape, ZnO nanopar-

icles having larger SSAs might provoke more serious toxicity on
549 cells [25]. In addition, toxic effect of ZnO nanoparticles still
Fig. 13. MT protein levels in MH-S after 24 h of ZnO nanoparticles exposure. Each
treatment was  conducted three times independently. * p < 0.05 vs. control cells.

may  depend on the structural and electronic characteristics of par-
ticles surface, which needs to be explored in further study.

3.3. Oxidation and antioxidation of zinc

A small amount of zinc ions served as an effective antioxidant.
MT is a protein with the most effective scavenging free radical, and
plays an important role in antioxidant of zinc. A number of in vitro
and in vivo studies have shown that induction of MT  synthesis by
Zn played a protective role in cellular response to oxidative stress
[10,26–34]. Alscher et al. found that the antioxidative effect of MT
was  equal to NAC and glutathione [28]. At present, the mecha-
nism by which MT  scavenges the radicals is not entirely clear. MT
might function as an expendable target for oxidant due to its highly
enriched cysteine residue structure. Oxidative conditions resulted
in oxidation of MT  thiolate groups and release of Zn [29,33,34].

The exposure of cells in culture to moderate concentrations of
Zn ions is a well-known way  to generate up-regulation of MTs
[10,35]. Alscher et al. showed that zinc (5–15 �g/ml Zn) caused a
dose-dependent increase of MT  in Epithelial tubular cells derived
from swine kidney (LLC-PK1 cells). Baird et al. found that expo-
sure to 100 �M Zn (in the form of ZnSO4) for 12–24 h significantly
and time-dependently increased cellular MT  [10]. In this study,
MT assay showed that when the concentration of ZnO nanoparti-
cles was  5–20 �g/ml, MT  contents in MH-S cells were significantly
increased (p < 0.05), and reached the highest level at the dose
of 10 �g/ml. MT  contents started to decrease at the dose above
20 �g/ml (Fig. 13).  The results indicated that oxidation resistance
of dissolved zinc ions reached the strongest level at the dose
of 10 �g/ml. When the concentration of ZnO particles exceeded
20 �g/ml, cell damage was  more serious, unable to synthesize
enough MT  to bind excessive zinc, oxidation resistance started
to reduce. Excessive zinc induced mitochondrial damage, gener-
ated more intracellular ROS, and further destroyed cell structure.
The results of LDH and cell apoptosis also demonstrated that 5
or 10 �g/ml ZnO particles had lower toxicity. At the dose above
20 �g/ml, the toxicity of ZnO particles increased steeply. Intracellu-
lar ROS still increased at the dose below 20 �g/ml, it might be partly
due to taking time for MT  synthesis. Thus MT  could partly reduce
oxidative stress induced by ZnO nanoparticles, but not completely
resist it.

4. Conclusion
ZnO particles had similar toxicity in MH-S cells and Ana-1 cells.
At the concentration of ZnO particles less than or equal to 10 �g/ml,
dissolved zinc ions induced metallothionein synthesis to reduce
oxidative damage, ZnO particles mainly induced cell apoptosis.
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hen the concentration of ZnO particles exceeded 20 �g/ml, exces-
ive zinc destroyed mitochondrial function and cell membrane,
aused cell necrosis. The toxicity of dissolved zinc ions existed a
hreshold. The toxic difference of different ZnO particles mainly
epended on the role of nondissolved ZnO particles.
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