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Abstract
Understanding tissue biodistribution and clearance of zinc oxide
nanoparticles (ZnO-NPs) is necessary for its risk assessment. Both
fed and intraperitoneally injected ZnO-NPs (2.5 g/kg) were
absorbed into circulation (within 30 min post-dosing), then
biodistributed to the liver, spleen, and kidney. Intraperitoneally
injected ZnO-NPs remained in serum for 72 h and could more
effectively spread to the heart, lung, and testes, whereas the
clearance for fed ZnO-NPs in serum began 6 h after oral
administration. Compared with zinc oxide microparticles
(ZnO-MPs), ZnO-NPs exhibited much higher absorptivity and
tissue biodistribution in fed treatment. A greater fraction of fed
ZnO-NPs localised in the liver resulted in transient
histopathological lesions. However, superoxide generation and
cytotoxicity were showed in vitro treatment with ZnO-NPs
(above 20 mg/mL). Considering both in vitro and in vivo data, the
ZnO-NPs induced acute liver toxicity which was in compliance
with its absorption, biodistribution, and clearance.

Keywords: Zinc oxide, nanoparticles, clearance, absorption,
biodistribution

Introduction

The rapid development in nanotechnology has spawned
numerous novel products and applications (Riehemann
et al. 2009). According to the definition by the International
Standards Organization (ISO), nanoscale substances are
those substances that have at least one external dimension
in the size range below 100 nm. Due to their small size and
corresponding large surface area, nanoscale substances
usually have unique physical and/or chemical character-
istics, which are significantly different from the bulk
versions of the same material. Moreover, the propensity

of nanoscale substances to get adsorbed, penetrated, and
internalised within biological systems may pose an extraor-
dinary hazard to humans (Klaine et al. 2008; Stone &
Donaldson, 2006). Many scientific reports have cautioned
that nanoscale particles are thought to impose more seri-
ous adverse effects on human health than microscale
particles (Oberdörster et al. 2005; Nel et al. 2006). In
principle, each relevant element, including the intake,
biodistribution and accumulation, metabolism and excre-
tion, should be investigated individually and extensively for
risk assessment (Maynard et al. 2007).

Zinc oxide (ZnO), one of the most common metal
oxides, has been traditionally utilised in paint formulation
and ceramic manufacture. Recently, ZnO nanoparticles
(ZnO-NPs) have been made and are used in protective
sunscreen cosmetics, dental composites, and dermal oint-
ments (Sevinc & Hanley 2010; Cross et al. 2007). ZnO-NPs
have a wide range of antibacterial activities towards var-
ious microorganisms, which is not possessed by ZnO
microparticles (ZnO-MPs). The antibacterial activity of
ZnO-NPs was size-dependent and might involve the pro-
duction of reactive oxygen species (ROS) (Reddy et al.
2007; Raghupathi et al. 2011). Induced oxidative stress,
exerted inflammatory responses, and cytotoxic effects
were found in ZnO-NPs-exposed human cell systems
(Pujalté et al. 2011; Hackenberg et al. 2011). As a well-
known photocatalyst, co-treatment of ZnO-NPs and ultra-
violet A (UVA) in cancer cell lines significantly generated
more ROS and reduced the vitality, when compared
with those cells treated with ZnO-NPs or UVA only
(Hackenberg et al. 2010). In mast cells, ZnO-NPs could
suppress high affinity IgE receptor (FceRI)-mediated
degranulation and histamine releases and play an impor-
tant role in the prevention of food allergy (Yamaki &
Yoshino 2009; Matsumura et al. 2010).
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Nutritional zinc supplementation is beneficial for the pre-
vention and treatment of human disease. Symptoms of zinc
deficiencies are tastelessness and loss of appetite (Haase et al.
2008); further, overdoses may negatively influence human
health: the symptoms, including nausea, vomiting, dizziness,
colic, fever, and diarrhoea. Human body only absorbs 20–40%
of zinc present in food. To enhance the bioavailability, the
additive ZnO available in the food industry has been replaced
by ZnO-NPs. However, the toxicological data, especially
the unintended toxicity induced by oral ingestion, currently
remains undefined. The objectives of this study were to
clarify the differences of uptake, tissue biodistribution,
in vitro cytotoxicity and mutagenicity, in vivo genotoxicity,
and acute toxicity between ZnO-NPs and ZnO-MPs through
oral administration or intraperitoneal injection.

Materials and methods

Nanoparticles
Uncoated, ZnO-NPs were purchased from Top Nano Tech-
nology Co., Ltd. (Taipei, Taiwan). ZnO-MPs were chosen for
reference control. The NPs morphology, size, and agglom-
eration were characterised by using transmission electron
microscopy (TEM) and dynamic light scattering (DLS) par-
ticle size analyser. The ultrastructure of ZnO-NPs and ZnO-
MPs are shown in Figure 1. Almost all ZnO-NPs were in thin-
slice-shaped particles with a diameter of approximately
50 nm. Agglomerated particles could be seen but the primary
particles were dominant. The ZnO-MPs were compacted
crystals with at least one external dimension of >100 nm.
DLS showed that ZnO-MPs contain primary particles with
an intensity-weighted average hydrodynamic diameter of
1226.2 ± 120.4 nm (>91.6%) and with a low percentage of
smaller particles. The intensity-weighted average hydrody-
namic diameter of ZnO-NPs was 93.35 ± 14.53 nm.

The suspensions of ZnO particles (stock concentration:
50 mg/mL) were prepared using anhydrous dimethyl sulfox-
ide (DMSO). ZnO-NPs and ZnO-MPs were diluted with sterile

water plus 1% hydroxypropyl methyl cellulose (HPMC) or
culture medium, then mixed vigorously, sonicated, and then
immediately applied to mice or human cells to minimise
agglomeration. Finally, the DMSO concentration was less
than 1% (in vivo study) and less than 5‰ (in vitro study).

Animal husbandry
Male Crl:CD-1 (ICR) mice (6-week-old) were obtained from
the Animal Center of National Taiwan University (Taipei,
Taiwan) and acclimated for 1 week in the housing room
under 12 h of light/dark cycle, 23 ± 1�C, and 39~43% relative
humidity; water and food were available ad libitum. All
procedures involving the use of animals were in compliance
with Guide for the Care and Use of Laboratory Animals
(National Academy of Sciences Press, 1996) and approved
by the Institutional Animal Care and Use Committee
(approval number: NTUIACUC-20090024).

Micronucleus assay
Male ICR mice (N = 5) were administered ZnO-NPs or
ZnO-MPs in an identical manner, orally by intragastric
gavage at doses of 1.25, 2.5, and 5.0 g/kg body weight (b.
w.). The dosing volume was 10 mL/kg b.w. Negative control
received the vehicle, and positive control group was given an
intraperitoneal injection of 200 mg/kg b.w. cyclophospha-
mide. Peripheral blood (10–20 mL) was sampled from the tail
vein at 24, 48, and 72 h post-dosing, smeared on a glass
microscope slide and stained with acridine orange (40 mg/
mL). The prepared slides were immediately examined by
fluorescence microscopy. The ratio (%) of polychromatic
erythrocytes (PCEs) to total erythrocytes and the frequency
of micronucleated polychromatic erythrocytes (MNPCEs)
(‰) were calculated by counting a total of 1000 erythrocytes
or PCEs per animal, respectively.

14 -Day single-dose acute toxicity study
Thirty mice were divided into three groups (five males and
five females per group). Mice were fed with vehicle (control

A

100 nm

50 nm

B

Figure 1. The ultrastructure of ZnO-NPs and ZnO-MPs. Samples were prepared by dropping the ZnO particles suspension on carbon-
coated copper transmission electron microscopy (TEM) grids and scanned by using TEM at 120 kV (JEM-2100, JEOL Ltd., Tokyo, Japan). The
morphology, size, and agglomeration of ZnO particles were measured manually. (A) ZnO-MPs and (B) ZnO-NPs.
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group), 5 g/kg b.w. ZnO-NPs suspension (ZnO-NPs treated
group), or 5 g/kg b.w. ZnO-MPs suspension (ZnO-MPs
treated group). Dosed mice were conditioned for 14 days.
The mortality and clinical behaviour were observed daily.
Body weights were recorded twice weekly. At the end of the
study (on day 14), the mice were anaesthetised with iso-
flurane and blood (for serum biochemistry analysis) was
collected from the orbital sinus, followed by gross necropsy.
Tissue samples (for histopathologic examination) were taken
and fixed in 10% neutral buffered formalin.

Serum biochemistry analysis
For serum biochemical analysis, the clotted blood samples
were centrifuged at 1500� g for 10 min to obtain serum, and
the serumwas submitted to biochemical analysis by using an
automated analyser (Hitachi Ltd., Tokyo, Japan). The serum
biochemistry parameters, including glucose (GLU), blood
urea nitrogen (BUN), creatinine (CRE), aspartate amino-
transferase (AST; serum glutamic-oxaloacetic transaminase
(SGOT)), alanine aminotransferase (ALT; serum glutamic-
pyruvic transaminase (SGPT)), alkaline phosphatase, cho-
lesterol, triglycerides, amylase, bilirubin, albumin (ALB),
total protein (TP), phosphorus (P), calcium (Ca), sodium
(Na), potassium (K), and chlorine (Cl) were analysed.

Histopathology examination
Histologic analysis for toxicity was performed by examining
themorphological changes in the organs (heart, liver, spleen,
lung, and kidney). The formalin-fixed tissues were trimmed,
embedded in paraffin, and sliced into 5-mm thick sections.
These biopsy sections were stained with H&E, and examined
under light microscope by an experienced pathologist.

Animal treatment of zinc absorption and tissue
biodistribution
Male ICR mice (10–12 mice per group) were administered a
single-dose of vehicle (control group), 2.5 g/kg b.w. ZnO-
NPs suspension (ZnO-NPs treated group), or 2.5 g/kg b.w.
ZnO-MPs suspension (ZnO-MPs treated group) through
intraperitoneal injection or oral administration. Blood sam-
ples (20–30 mL for each time point) were collected at 0.5, 1, 2,
4, 6, 24, 48, and 72 h post-dosing from the orbital sinus by
using a glass capillary tube. Before sampling, the mice were
anaesthetised with isoflurane. At least three mice were
picked from each of the dosed group for blood sampling
at the aforementioned time points. Tested mice were sacri-
ficed at 24, 48, and 72 h with an overdose of isoflurane; gross
necropsy and tissues sampling (heart, kidney, liver, lung,
spleen, testes, and brain) were performed. Both the serum
and tissue samples were stored in a freezer at -80�C and
analysed for zinc levels.

Inductively coupled plasma-mass spectrometry analysis
The determination of zinc levels in the serum or different
tissues/organs were quantified by using inductively coupled
plasma-mass spectrometry (ICP-MS) (Element, Finnigan
MAT, Germany) analysis. Briefly, the sampled organs were
weighed and freeze dried. The freeze-dried sample (100 mg)
were digested in a screw cap sample beaker with 2 mL

wet-digest solution (75% nitric acid (HNO3): 70% perchloric
acid (HClO4) = 1:1 v/v). The samples were placed on a hot
plate overnight at 120�C. After the sample digest was clear,
the cover was removed and heating was continued at 80�C
until dry. Five percent of HNO3 was added to dissolve the
sample digest residue and the final volume was brought to
5 mL. The resulting solution was then diluted with 5% HNO3

and the total dilution was made up to 5000 times the original
weight of the sample and analysed using ICP-MS. We used
calibration standards of 0.1, 1.0, and 10.0 ppb Zn for method
validation. All lines were observed from an axial view point of
the plasma to increase sensitivity. Three to five replicates per
sample were used to obtain the standard deviation (SD)
value. All the samples were re-diluted and analysed in
duplicates to ensure reproducibility.

Salmonella/microsome reversion assay: Ames test
Salmonella typhimurium histidine auxotrophs, TA98, TA100,
TA1537, TA1535, and TA102 were purchased fromMolecular
Toxicology Inc. (Moltox�, USA). Mutagenicity was deter-
mined by incorporation method with the presence and
absence of S9 metabolic activation (Cheng et al. 2004; Maron
& Ames 1983). A 100 mL of each test bacterial culture (109

cells/mL), 2 mL of soft agar (0.6% agar, 0.5% NaCl, 5 mM
histidine, and 50 mM biotin, pH 7.4, 40~50�C), 0.5 mL
S9 mixture (if necessary), and ZnO-NPs (or ZnO-MPs)
were mixed well in a test tube. Subsequently, the sample
was immediately poured onto a minimal agar plate (1.5%
agar, Vogel–Bonner E medium containing 2% glucose).
Plates were incubated in an incubator for 48 h at 37�C in
the dark. The revertant colonies were counted macroscop-
ically. A compound was considered positive for mutagenicity
only when i) the number of revertants was at least double the
spontaneous yield, ii) a statistical significance (p £ 0.05) was
found, and iii) a reproducible positive dose–response was
present.

Cell culture, cell treatment, and cytotoxicity assay
Human umbilical cords were obtained from the National
Taiwan University Hospital, and human umbilical vein
endothelial cells (HUVECs) were isolated by enzymatic
digestion from a 20-cm long umbilical cord vein segment
using 0.1% collagenase as previously described (Liao et al.
2009). Confluent primary cultures within passages three to
six were used in the experiments. The hepatocarcinoma
cell line, HepG2; the alveolar epithelial cell line, A549; and
the mice phagocyte, Raw 264.7 cells were purchased from
AmericanTypeCultureCollection (ATCC,VA,USA)andmain-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
along with 10% heat-inactivated foetal bovine serum (FBS)
in a humidified 5% CO2 atmosphere at 37�C in an incubator.

Cytotoxicity was evaluated by the reduction of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) (Liao et al. 2009). The cells were seeded in 48-well
plates (1 � 104 cells/well). After 24 h, cells were incubated
with ZnO-NPs and ZnO-MPs at the indicated concentrations
(0, 5, 10, 20, 50, 100, and 200 mg/mL) for another 24 h.
Culture medium with 5‰ DMSO was used as the solvent
control. After treatment, MTT was added to each well for a
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final concentration of 0.04 mg/mL. After 4 h incubation, the
MTT solution was removed and replaced with 200 mL DMSO.
Absorbance of the MTT metabolic product, formazan, at
570 nm was measured using an enzyme-linked immunosor-
bent assay (ELISA) microplate reader. The readings were
corrected for background optical density by subtracting the
readings from the readings of a blank treatment. The final
data were generated from at least three independent assays.

Intracellular superoxide measurement
Superoxide generation was determined using FACSCalibur
(BD Biosciences, San Jose, CA, USA). The 8 � 104 HUVECs
seeded in a 12-well plate was loaded with 10 mM dihy-
droethidium (DHE) for superoxide detection. After 10-min
staining, cells were exposed to vehicle (5‰ DMSO),
ZnO-NPs (10 mg/mL), or ZnO-MPs (10 mg/mL) for the
indicated periods (15–180 min) at 37�C in an incubator.
The cells were then harvested by trypsinisation, and the
fluorescence was measured by flow cytometry. The final data
were generated from at least three independent assays.

Statistical analysis
All data were expressed as the mean ± SD from at least
three independent experiments (N ‡ 3). The significance of
the difference between the control and each experimental
test condition was analysed by Student’s t-test. Statistically
significant differences among groups were determined
using one-way analysis of variance (ANOVA). A value of
p < 0.05 was taken as statistically significant.

Results

No obvious adverse effects were found in ZnO-NPs
(or ZnO-MPs) orally treated mice in 14-day single-dose
acute toxicity study
The lethal dose, 50% (LD50) of ZnO for rats is >5 g/kg b.w. for
single oral ingestion (Yamaki & Yoshino 2009). Thus, the dose
designation was set at 5 g/kg b.w. All the mice survived
throughout the testing period without exhibiting any abnor-
malities related to the test compound. In comparison with
vehicle control group, ZnO-MPs treated group showed a body
weight reduction in both males (days 5 and 10) and females
(days 5, 10, and 14); the body weight changes were unobvious
in ZnO-NPs treated groups (Supplementary Table I).
Decreased wet weights of the spleen, kidney, and liver were
observed in ZnO-MPs treated females but not in ZnO-
MPs treated males (Supplementary Table II). However, no
obvious gross pathological signs were found in the study. All
serum biochemistry measures were without any significant
alternationexcept formarginal variations incertainparameters
(Supplementary Table III), which suggests that the oral admin-
istration of ZnO-NPs or ZnO-MPs in mice did not cause any
obvious adverse effects in a 14-day acute toxicity study.

Neither genotoxicity (micronucleus assay) nor
mutagenicity (Ames test) were found in ZnO-NPs
(or ZnO-MPs) treated system
Reduction in the ratio of PCEs to total erythrocytes (%) and
an increase in frequency of MNPCEs (‰) were found in the

positive control group. The proportion of PCEs and the
frequency of MNPCEs in ZnO-NPs or ZnO-MPs treated
(1.25, 2.5, and 5 g/kg b.w.) groups were not statistically
different from that of the negative control animals
(Supplementary Table IV).

In Ames test, fold-increases in the number of revertants
were found in the positive control group. No significant
changes of revertants were observed at any concentrations
of ZnO-NPs and ZnO-MPs treatments in all five tester strains
(TA97, TA98, TA100, TA102, and TA1535) (Supplementary
Table V). These data indicated that neither genotoxicity nor
mutagenicity existed in ZnO-NPs or ZnO-MPs treated
system.

ZnO-NPs have better efficiency in absorption than ZnO-
MPs in orally treated mice
Zinc levels in the serum of mice that received a single-
dose (2.5 g/kg b.w.) of ZnO-NPs or ZnO-MPs via intraper-
itoneal injection or oral ingestion were determined by using
ICP-MS (Figures 2A and 2B). No significant changes were
found in the control group throughout the testing period. In
intraperitoneally injected groups, the serum zinc level imme-
diately elevated within 30 min and reached to the peak point
at 6 h, then sustained at an equilibratory level over 72 h;
however, no significant differences were found in these
changes between the ZnO-NPs and ZnO-MPs treated groups
(Figure 2A). In the orally ingested mice groups, similar
increased serum zinc levels were found within 30 min
post-dosing. The maximum absorption occurred at 2 h
(18.10 ± 1.63 and 14.63 ± 1.60 mg/g in both ZnO-NPs and
ZnO-MPs treated groups, respectively). Within 2–6 h testing
period, the mean serum zinc levels of ZnO-NPs treated
group were obviously higher than those in the ZnO-
MPs treated group. Serum zinc level began to decrease after
6 h and returned to the baseline at 48 h post-dosing
(Figure 2B). These data indicated that the ZnO-NPs exhibited
better efficiency in absorption than ZnO-MPs for orally
ingested treatment but not for intraperitoneally injected
treatment.

Intraperitoneal injection of ZnO-NPs (or ZnO-MPs)
caused broad tissue biodistribution in vivo
Figure 3 represents the tissue biodistribution of zinc in
mice that received intraperitoneal injection of 2.5 g/kg b.w.
ZnO-NPs or ZnO-MPs. Except the brain (Supplementary
Figure 1B), zinc accumulation was found in broad tissues,
including the heart, liver, spleen, lung, kidney (Figure 3),
and testes (Supplementary Figure 1D). The liver was the
major depot where a 2.9- (24 h), 9.4- (48 h), 8.5-fold
(72 h) increase in ZnO-NPs treated group and 1.6-
(24 h), 3.0- (48 h), 4.5-fold (72 h) increase in ZnO-
MPs treated group were observed in comparison with
the levels in the control group. In comparison with the
potential of biodistribution between ZnO-NPs and ZnO-
MPs, the increased zinc levels in the liver, spleen, and lung
(Figures 3A–C) of the ZnO-NPs treated group were statis-
tically significant to the ZnO-MPs treated group; but, no
significant differences were observed in the kidney, heart
(Figures 3D and 3E), and testes (Supplementary Figure 1D).
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ZnO-NPs have better efficiency in liver, spleen, and
kidney biodistribution than ZnO-MPs in orally treated
mice
Tissue biodistribution of zinc in orally treated mice are
presented in Figure 4. No changes in the zinc level was
observed in the lung, heart (Figures 4C and 4E), brain, and
testes (Supplementary Figures 1A and 1C) among the control
group, ZnO-NPs treated group, and ZnO-MPs treated group,
suggesting that the fed ZnO-NPs and ZnO-MPs were not
biodistributed to these organs. But, in the liver, spleen, and
kidney (Figures 4A, 4B, and 4D), an elevation in zinc level
was found for over 24–72 h post-dosing. In these organs, the
detected zinc level increased more obviously in the ZnO-
NPs treated mice than in the ZnO-MPs treated group,
suggesting that ZnO-NPs treatment cause a more efficient
tissue biodistribution.

Absorption and tissue biodistribution of ZnO-NPs and
ZnO-MPs varied based on particle size
Solubility data of ZnO-NPs and ZnO-MPs in aqueous
solution are summarised in Table I. Under neutral condition
(pH 7.0–8.5), the measured zinc ions in tested samples

approximated to the ZnO reference solubility (1.6 mg/mL).
However, dissociated zinc ions were obviously elevated in an
acid condition (pH 2.0; to mimic the gastric/digestive envi-
ronment), where the ZnO could react to ZnCl2 (reference
solubility of 4.32 g/mL at 25�C). The degree of zinc ion
release was not significantly different between ZnO-NPs and
ZnO-MPs suggesting that the observed changes in absorp-
tion and tissues biodistribution in this study resulted from
particle size.

ZnO-NPs caused cytotoxic and histopathological lesions
in orally treated mice
In the serum biochemistry analysis, the activities of AST, also
called SGOT, ALT, also called SGPT, lactate dehydrogenase
(LDH) (Figures 5A–C); and the levels of Mg2+ and phospho-
rus (data not shown) were increased in ZnO-NPs and
ZnO-MPs orally treated mice groups. However, the changes
of these biomarkers were not significantly different between
the two treated groups. No significant changes were found
for other parameters examined (data not shown). During
examination, except that of the liver, no significant histo-
pathological lesions were noted in the sampled organs
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Figure 2. Determination of zinc level in circulation. Mice received single-dose (2.5 g/kg b.w.) of ZnO-NPs (or ZnO-MPs) through intraperitoneal
injection (A) or oral ingestion by intragastric gavage (B). Serum was sampled at indicated time point, processed, and the zinc level was analysed by
ICP-MS as described in “Materials and Methods section. (A) Serum zinc level immediately elevated in 30 min, and sustained in equilibratory level
over 72 h in both ZnO-NPs and ZnO-MPs treated groups. No significant differences were found between ZnO-NPs and ZnO-MPs. (B) Increased
serum zinc was found by 30 min post-gavage, and began to decrease after 6 h. Within 2–6 h testing period, mean serum zinc levels of ZnO-
NPs treatment were higher than ZnO-MPs treatment. # p < 0.05, and ## p < 0.01, indicate a significant difference with the ZnO-MPs treated group
(N ‡ 3). b.w.: body weight; ICP-MS: inductively coupled plasma-mass spectrometry; ZnO-MPs: zinc oxide microparticles; ZnO-NPs: zinc oxide
nanoparticles.
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among the control, ZnO-NPs treated, and ZnO-MPs treated
groups. Figures 6A and 6E show the normal hepatic archi-
tecture of the liver of the control group in ZnO-MPs treated
mice. In ZnO-NPs treated mice, the histopathological lesions
had a mosaic expression, from moderate to severe hepatic
swelling and vacuolisation, especially in hepatocytes around
the terminal hepatic vein (THV) region (Figures 6C and 6D).

Exposure of ZnO-NPs (or ZnO-MPs) induced superoxide
generation and decreased cell viability in vitro
Treatment of ZnO-NPs or ZnO-MPs reduced the vitality of
cultured cells, including primarily cultured HUVECs,
HepG2 (Figures 7A and 7B), A549, and Raw 264.7 (Supple-
mentary Figures 2A and 2B), in a concentration-dependent
manner. The calculated lethal concentration, 50% (LC50) of
ZnO-NPs and ZnO-MPs were 36.6 and 30.9 mg/mL
(HUVECs), 63.6 and 50.1 mg/mL (HepG2), above 200 and
50.2 mg/mL (A549), and 21.2 and 37.7 mg/mL (Raw 264.7).

We observed that ZnO-NPs (as well as ZnO-MPs) treatment
could induce superoxide generation within 30 min after
exposure (Figure 7C), and the induced superoxide could
be blocked by ascorbic acid pretreatment (Figure 7D).

Discussion

Absorption of micro- and nano-scaled substances from
the site of entry into circulation and various tissues is
largely dependent on the portal of entry and particle size
(Oberdörster et al. 2005). To assess the hazard characterisa-
tion of ZnO-NPs, the absorption has been studied in both
orally ingested and intraperitoneally injected manner, and
ZnO-MPs were also involved in the study for comparison
purposes. A number of studies have indicated that ZnO could
release zinc ions in aqueous solution (Massalski et al. 1990).
But, the relatively larger surface area of the ZnO-NPs per unit
mass when compared with the same mass of ZnO-MPs did
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Figure 3. Determination of tissue biodistribution of ZnO-NPs and ZnO-MPs in intraperitoneally injected mice. Isolated tissues from ZnO-NPs (or
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not affect the dissociation of zinc ions as suggested in the
results of the study for absorption and tissue biodistribution,
and proved that this variation was based mainly on the
particle size. In this study, both the fed and intraperitoneally

injected ZnO-NPs were absorbed into the blood streamwhere
the increase in zinc level could be detected. In both the dosing
routes, serum zinc levels peaked within 6 h but gradually
declined to the baseline in the orally ingested group, whereas
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Table I. Solubility determination of ZnO-NPs and ZnO-MPs.

Solubility of ZnO-NPs (mg/mL) Solubility of ZnO-MPs (mg/mL)

ZnO particles (mg/mL) pH 2.0 pH 7.0 pH 8.5 pH 2.0 pH 7.0 pH 8.5

0.003 2.23 ± 0.34 0.99 ± 0.07 1.16 ± 0.09 2.35 ± 0.29 1.35 ± 0.29 1.17 ± 0.19

0.03 24.35 ± 2.37 1.18 ± 0.09 1.02 ± 0.11 24.14 ± 5.60 1.09 ± 0.14 1.68 ± 0.11

0.1 78.09 ± 5.30 0.97 ± 0.32 1.00 ± 0.21 88.86 ± 12.04 1.10 ± 0.09 1.52 ± 0.20

1 234.62 ± 23.95 1.37 ± 0.22 1.24 ± 0.23 186.48 ± 13.73 1.77 ± 0.23 1.35 ± 0.24

10 183.71 ± 11.04 1.81 ± 0.34 1.18 ± 0.18 228.55 ± 17.69 0.99 ± 0.15 1.13 ± 0.17

100 319.09 ± 40.49 1.27 ± 0.17 0.96 ± 0.28 254.65 ± 18.11 1.74 ± 0.28 1.67 ± 0.10

Dilutions of ZnO-NPs and ZnO-MPs (0.003, 0.03, 0.1, 1, 10, and 100 mg/mL) were prepared as described in “Nanoparticles” section with the pH value ranging from
2.0 to 8.5. Prepared samples were incubated at 37�C for 2 h followed by centrifuging at 10,000 � g. Dissociated zinc in the supernatant was analysed using ICP-MS. For
each condition, at least three independent samples were analysed.
The data represented the degree of ZnO-NPs and ZnO-MPs dissociation to zinc ions (solubility; 37�C) in aqueous solution at different pH value, and was presented as
mean ± SD from three independent assay (N = 3).
No statistical significances existed between ZnO-NPs and ZnO-MPs.
ICP-MS: inductively coupled plasma-mass spectrometry; SD: standard deviation; ZnO-MPs: zinc oxide microparticles; ZnO-NPs: zinc oxide nanoparticles.
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the serum zinc levels were sustained in equilibratory level
over 72 h in the intraperitoneally injected group. The diver-
gence in clearance revealed that a large proportion of fed
ZnO-NPs (or ZnO-MPs) were eliminated directly through
fast clearance by defecation. Compared with ZnO-MPs,
ZnO-NPs exhibited much higher absorptivity in the orally
ingested group, suggesting the size-dependent potential of
ZnO particles while absorption after ingestion.

Tissue biodistribution of NPs are quite different between
their systemic administration and inhalation. The majority of

inhaled NPs stay in the lungs and are primarily associated
with alveolar macrophages and capillary endothelial cells
(Semmler-Behnke et al. 2008; Oberdörster et al. 2002).
However, the internal biodistribution of systemically
administered NPs was more towards the liver and spleen
(Semmler-Behnke et al. 2008). In this study, both the fed and
intraperitoneally injected ZnO-NPs were absorbed and
transported via the blood flow, which then reached the
liver, spleen, and kidney. The intraperitoneally injected
ZnO-NPs could effectively spread to the heart, lung, and
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Figure 5. Changes of serum biochemistry biomarkers in ZnO-NPs and ZnO-MPs orally treated mice. The activities of aspartate aminotransferase
(AST; also called SGOT) (A), alanine aminotransferase (ALT; also called SGPT) (B), and lactate dehydrogenase (LDH) (C), were augmented in serum
biochemistry analysis in ZnO-NPs and ZnO-MPs orally treated mice. * p < 0.05, and ** p < 0.01, indicate a statistical difference with the control
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testes, where the orally fed particles could not arrive. Inter-
estingly, no change in zinc level was observed in the brain
suggesting that the biodistribution could be blocked by
blood–brain barrier (BBB). Although the tissue biodistribu-
tion pattern of ZnO-NPs and ZnO-MPs were similar, the
efficiency of absorption showed diversity, especially in the
liver and spleen (also the lung in intraperitoneally injected
group and the kidney in orally ingested group). The dosed
ZnO-NPs had a better efficiency of absorption and biodis-
tribution than ZnO-MPs.

Liver is the largest depot irrespective of whether ZnO-
NPs exposure occurs from intraperitoneal injection or oral
ingestion. In liver, NPs could be excreted by bile and bile
canaliculi, or removed by the reticuloendothelial system
(Johnston et al. 2010). Aside of hepatocytes, the endothelial
cells are important scavengers for a number of wastes. NPs
sized within 200–500 nm could be internalised by non-
phagocytic cells via caveolae-mediated process; internalisa-
tion of particles with a diameter of <200 nm was mediated by
clathrin-coated pits (Rothen-Rutishauser et al. 2006). After
internalisation, the NPs could localise to the mitochondria
(Rothen-Rutishauser et al. 2006; Li et al. 2003), endosomes,
and lysosomes (Fröhlich et al. 2009) and could activate
oxidative stress ultimately leading to genetic damages or

mutations in a metabolically active organism. ZnO-NPs have
been demonstrated to cause DNA damages (in Comet assay)
in Chinese hamster ovary (CHO-K1) cells and human epi-
dermal A431 cells (Dufour et al. 2006; Sharma et al. 2009;
Hackenberg et al. 2011). Also, a mutagenic potential have
been detected in the presence of metabolic activation
(Kumar et al. 2011). On the contrary, either ZnO-NPs or
ZnO-MPs showed negative mutagenic responses in this
study as well as other earlier cases (Yoshida et al. 2009;
Sawai et al. 1998). The contradictions between the results
of this study and previous researches may be due to the
difference in the sensitivity and reactivity of the analytic
approaches. With the use of comet assay, the ZnO-NPs
have shown genotoxic effects in all the studies. The high
reactivity potential was also seen in other nanoparticles
(Karlsson 2010). Therefore, it suggests that in order to obtain
a more precise genotoxicity test results, the researchers need
to consider the results from not only Comet test but also
other methods.

The availability of numerous evidences proved that ZnO
particles in environmental pollutants caused generation of
ROS, inflammatory responses, and cytotoxicity in the airway
epithelium (Heng et al. 2010), microorganisms (Reddy et al.
2007; Raghupathi et al. 2011), mammalian cells (Heng et al.

Control (200 x)
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ZnO-NPs (400 x)
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Figure 6. Histopathological lesions of liver were found in ZnO-NPs treatedmice. Normal architecture of livers were noted in the control (A. 200�, B.
400�) and ZnO-MPs (E. 200�, F. 400�) treated mice. ZnO-NPs treated mice showed moderate to severe hepatic swelling and vacuolisation (C.
200�, D. 400. The biopsy was prepared frommice sacrificed at 48 h post-gavage. The PV and THV are indicated by the arrows. PV: portal vein; THV:
terminal hepatic vein; ZnO-MPs: zinc oxide microparticles; ZnO-NPs: zinc oxide nanoparticles.
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2010; Huang et al. 2010), and fish (Zhu et al. 2008). These
studies provided ample evidence that ZnO-NPs induced
cytotoxicity and this may be partially due to their induction
of oxidative stress and oxidative DNA damage. In this study,
both ZnO-NPs and ZnO-MPs treatments induced formation
of superoxides and resulted in cytotoxicity in vitro. The
threshold for the occurrence of ZnO-NPs cytotoxicity is
20 mg/mL. This concentration could be detected in both
oral and intraperitoneal ZnO-NPs groups of this study. By
virtue of increase in serum zinc levels (within 2–6 h) for fed
ZnO-NPs, it sufficed to stimulate superoxide generation and
resulted in cytotoxic events in the hepatocytes and endo-
thelial cells. Histopathological lesions of the liver suggested
the involvement of ROS, in which the damaged hepatocytes
were concentrated in the THV regions. Hepatocytes localised
around a portal vein (PV) are usually enriched in oxygen and
glutathione supplement and are resistant to ROS-induced
cytotoxicity. At 48 h post-gavage, the zinc level in the serum
and liver returned to the baseline and was in compliance

with the decrease in SGOT and SGPT activities. These
data suggested that acute toxicity in liver induced by fed
ZnO-NPs was dependent on its absorption and clearance.

In this study, both in vitro and in vivo evidences were
gathered to clarify the characteristics of absorption, tissue
biodistribution, genotoxicity, and acute toxicity of ZnO-NPs
(as well as ZnO-MPs) through orally ingested route. We
found that the absorption and tissue targets of ZnO-NPs
and ZnO-MPs are similar irrespective of whether the expo-
sure occurs systemically or via oral administration while the
proportion of zinc in the liver and spleen varied based on the
particle size. Increased zinc levels in the serum and liver
corresponded to specific tissue damages. Our data are
essential for the safety assessment of clinical usage of
ZnO-NPs for the daily supplement of the trace metal zinc,
but it also contributes to the health evaluation of workers.
Moreover, the inflammatory condition caused by ZnO expo-
sure may in turn alter the sensitivity of cells and tissues to
potentially cytotoxic NPs. Further, supportive and extensive
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Figure 7. ZnO-NPs and ZnO-MPs exposure induced superoxide generation and decreased cell viability in vitro. Cytotoxic effects of ZnO-NPs and
ZnO-MPs were evaluated by MTT assay as described in “Materials and methods” section. Both ZnO-NPs and ZnO-MPs caused cell death in
concentration-dependent manner (24 h treatment). (A) HUVECs; LC50 = 36.6 mg/mL (ZnO-NPs); 30.9 mg/mL (ZnO-MPs), (B) HepG2;
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research is needed to explore the complicated toxicity of
ZnO-NPs.
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