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Nanotechnology has advanced at an extremely rapid pace over the past several years in numerous fields of

research. However, the uptake of nanoparticles (NPs) into the body after administration through various

routes may pose a risk to human health. In this study, we investigated the potential ocular toxicity of 20-

nm, negatively- charged zinc oxide (ZnO) NPs in rats using micro-computed tomography (micro-CT) and

histopathological assessment. Animals were divided into four groups as control group, ZnO NPs treat-

ment group (500 mg/kg/day), control recovery group, and ZnO NPs treatment and recovery group. Ocular

samples were prepared from animals treated for 90 days (10 males and 10 females, respectively) and from

recovery animals (5 males and 5 females, respectively) sacrificed at 14 days after final treatment and were

compared to age-matched control animals. Micro-CT analyses represented the deposition and distribution

of foreign materials in the eyes of rats treated with ZnO NPs, whereas control animals showed no such

findings. X-ray fluorescence spectrometry and energy dispersive spectrometry showed the intraocular for-

eign materials as zinc in treated rats, whereas control animals showed no zinc signal. Histopathological

examination revealed the retinopathy in the eyes of rats treated with ZnO NPs. Neuronal nuclei expression

was decreased in neurons of the ganglion cell layer of animals treated with ZnO NPs compared to the con-

trol group. Taken together, treatment with 20-nm, negatively-charged ZnO NPs increased retinopathy,

associated with local distribution of them in ocular lesions.
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INTRODUCTION

Although nanoparticles (NPs) can be applied in several

fields, including cosmetics, therapeutics and diagnostics,

information about risk and safety evaluations of them is not

sufficient to ensure their safety for human health (1). In par-

ticular, these NPs are often considerably more reactive than

their bulk material counterparts as a result of their larger

surface area; indeed, due to their size, NPs often exhibit unique

physical/chemical properties and can impart enhancements

to engineered materials, including better magnetic proper-

ties, improved electrical and optical activity, and increased

structural integrity (2).

Zinc oxide (ZnO) NPs are used widely in cosmetics such

as sunscreens, foot care, ointments, and over-the-counter

topical products and coatings (e.g., ultraviolet protection,

fungicide in paints), electronic devices, and catalysts. ZnO

NPs showed systemic distribution and the target organs

included liver, spleen, lung, and kidney, and, in some cases,

the heart (3). Despite the widespread use of ZnO NPs, the

safety of this compound for humans is remains unclear.

Previous study showed that a 90-day treatment of 20 nm,

negatively charged ZnO NPs induced main changes in the

pancreas, stomach and eyes (4). Among these, pathological

examination of eyes represented the retinal atrophy. Although

a recent in vitro study reported that ZnO NPs reduced the

mitochondrial membrane potential, and increased the pro-
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duction of reactive oxygen species (ROS) in retinal gan-

glion cells (5), the related mechanisms of eye toxicity have

not been clarified in vivo.

To assess the direct evidence of retinal atrophy in eyes,

image-based technologies could be possible to identify of

chemical(s). Several imaging technologies, such as micro-

computed tomography (micro-CT), magnetic resonance

imaging (MRI), optical tomography, fluorescence molecu-

lar tomographic imaging could be useful for this approach.

Using image-based technologies, identification and optimi-

zation of chemical could be possible (6). Micro-CT have

allowed scientists to capture detailed anatomical images and

to identify foreign particles and to monitor the progression

of disease in small animals (7). We tested the hypothesis

that micro-CT analysis provided a readout of the potential

location of ZnO NPs in eyes of rats. We aimed to investi-

gate the detection of ZnO NPs in eyes of rats treated with

ZnO NPs using micro-CT, to identify of zinc using X-ray

fluorescence spectrometery (XFS) and energy dispersive X-

ray spectroscopy (EDS) and to confirm the eye lesions by

conventional histopathological examination.

MATERIALS AND METHODS

Preparation of ZnO. ZnO NPs (ultra fine zinc oxide

ZnO-310) were purchased from Sumitomo Osaka Cement

Co., Ltd. (Osaka, Japan). The crystalline structure and size

of ZnO NPs were analyzed; the mean diameter was 29 ± 3

nm in deionized water.

The cyrstalline structure and the size of ZnO NPs was ana-

lyzed by X-ray diffraction (XRD) and fourier transform inra-

fred (FT-IR) and the average diameter was 29 ± 3 nm in

deionized water. The surface charge modification was per-

formed by using sodium citrate to add topical negative

charges to the ZnO NPs. The HEPES buffer solution was first

adjusted to pH 7 using 1 M Na2CO3, and then sodium citrate

was added to the HEPES buffer to produce HEPES citrate

buffer (2% citrate). Next the ZnO NPs were suspended in the

HEPES-citrate buffer for chemical modification, as previ-

ously reported (4). Then they were weighed and resuspended

in HEPES-citrate buffer solution to yield a treatment dose NP

solution. Preparation of freshly modified ZnO NPs for use

was done daily over the course of the 90-day study.

The stability and homogeneity of the resultant ZnO NPs

were confirmed using method validation and verification of

the formulation concentration according to protocols estab-

lished by the Korea Testing and Research Institute. The

concentration was measured on days 1, 45 and 90, just prior

to administration to the rats.

Test animals and experimental system. Five-week-

old male and female, specific-pathogen free (SPF) Sprague-

Dawley rats were purchased from Orient Bio, Inc.

(Seongnam-si, Korea) and acclimated for 7 days prior to

initiation of the study. During the acclimation and experi-

mental periods, the rats were housed in wire cages (maxi-

mum of two rats per cage) in a room with controlled

temperature (22 ± 3oC) and humidity (50 ± 20%) and a 12-

hr light/dark cycle. The rats were fed a gamma ray-irradi-

ated rodent diet (Cargill Agri Purina Korea Inc., Pyungtaek

Seongnam Kyunggi-do, Korea) and filtered water ad libitum.

Rats were divided into four groups: G1 as vehicle control

(n = 10), G2 as 20-nm, negatively-charged ZnO NPs treated

for 90 days (n = 10), G3 as a vehicle control recovery group

(n = 5) and G4 as ZnO NPs treated for 90 days plus a 14-

day recovery period (n = 5). Ten eye samples per group

were taken from the animals treated with vehicle (G1) and

those treated with 500 mg/kg ZnO NPs (G2) for 90 days. In

addition, five eye samples per group were taken from the

animals treated with vehicle (G3) and those treated with

500 mg/kg ZnO NPs (G4) for 90 days plus a 14-day recov-

ery period. This study was conducted according to the

OECD Principles of Good Laboratory Practice and approved

by the Institutional Animal Care and Use Committee.

Histopathology. Histological examinations were per-

formed on the eyes from all animals. The eyes were fixed in

10% neutral phosphate-buffered formalin, embedded in par-

affin, and sectioned to a thickness of 4 µm. For morphologi-

cal examination, the sections were first deparaffinized and

rehydrated. After rinsing with distilled water for 5 min, the

sections were stained with hematoxylin for 10 min, rinsed

with distilled water for 20 min and stained with eosin for

3 min. Finally, the sections were dehydrated in an ascend-

ing series of ethanol, cleared by xylene, and cover-slipped

with mounting medium.

Immunohistochemistry. The sections were dewaxed

in xylene, hydrated using a graded ethanol series and boiled

in sodium citrate buffer (pH 6.0) in an autoclave for 20 min.

Next they were treated sequentially with 0.3% hydrogen

peroxide, blocking buffer containing horse serum, and an

antibody to neuronal nuclei (NeuN) (ab104225; Abcam,

Cambridge, UK; diluted 1:500) for 1 hr. The sections were

incubated with HRP-polymer (MRT621; Biocare Medical,

Concord, CA). The immune complexes were visualized

using 3,3'-diaminobenzidine tetrahydrochloride as a chromo-

gen. The sections were counterstained with Mayer’s hema-

toxylin to facilitate examination under a light microscope.

Micro-CT analysis. A Skyscan Desktop Micro-CT 1172

(Aartselaar, Belgium) instrument, with a source voltage of

60 kV, and current of 167 µA, was used to acquire X-ray

radiographs. The specimens were attached to a stage that

rotated 360o with images acquired at 0.7o intervals. After

scanning, cross-sectional slices were reconstructed and each

scan result was reconstructed using the 0.010~0.067 thresh-

old values to distinguish bone and air. Three-dimensional
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analysis was performed using the Skyscan software, CTAn.

The parameters of bone mass and micro-architecture,

including the deposition and distribution of foreign materi-

als in the eyes of rats treated with ZnO NPs, were evalu-

ated using the built-in micro-CT software.

XFS and EDS. Air-dried filter sections were mounted on

specimen stubs with self-adhesive carbon pads. The speci-

Fig. 1. Analysis of eyeball on 2D image of micro-CT. 2D image
(coronal, transaxial, sagittal images); X-ray image. (A) vehicle
treated groups for 90 days; (B) ZnO NPs treated groups for 90
days; (C) vehicle treated groups for 90 days plus a 14-day recov-
ery period; (D) ZnO NPs treated groups for 90 days plus a 14-
day recovery period. Note observation of deposition and distri-
bution of foreign materials (red arrow) in eye of rat treated with
ZnO NPs.

Fig. 2. Analysis of eyeball on 3D image of micro-CT. (A) vehi-
cle treated groups for 90 days; (B) ZnO NPs treated groups for
90 days; (C) vehicle treated groups for 90 days plus a 14-day
recovery period; (D) ZnO NPs treated groups for 90 days plus a
14-day recovery period. Note observation of deposition and dis-
tribution of foreign materials (red arrow) in eye of rat treated
with ZnO NPs.

Fig. 3. X-Ray fluorescence spectroscopy of in the eyes of rats. (A) vehicle treated groups for 90 days; (B) ZnO NPs treated groups for
90 days. Note the Zn signal is appeared in the eye of rat treated with ZnO NPs, whereas not in the eye of vehicle-treated animal.

mens were coated with an electron conductive layer of car-

bon and evaluated using a JEOL electron microscope (JSM-

7401F, Japan). The presence of zinc was assessed by XFS

to determine zinc elemental composition and EDS to show

the chemical characterization of samples.

RESULTS

Micro-CT analysis. Micro-CT analysis was conducted

to examine the deposition and distribution of foreign mate-

rials in the eyes of rats treated with ZnO NPs (G2), com-
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pared to those treated with vehicle (G1) for 90 days. In the

micro-CT 2D image analysis, the control animals showed

no foreign materials (Fig. 1A). However, particles deposi-

tion was observed in ZnO NPs treatment groups (Fig. 1B).

And the control animals treated with vehicle for 90 days

Fig. 5. Histopathological examination of retinopathy in the eyes of rats treated with zinc oxide nanoparticles (ZnO NPs). (A) vehicle
treated groups for 90 days; (B) ZnO NPs treated groups for 90 days; (C) vehicle treated groups for 90 days plus a 14-day recovery
period; (D) ZnO NPs treated groups for 90 days plus a 14-day recovery period. Note the normal microscopic structure of the eye of rat
from control group. However, retinal atrophy is remarkable in the eye of rat treated with ZnO NPs for 90 days. Furthermore, this is still
remaining in the eye of rat from ZnO NPs treatment and 14-day recovery group. Hematoxylin & eosin staining of paraffin embedded
sections from the eye from rat, Magnification, ×200.

Fig. 4. Energy dispersive spectometery in the eyes of rats. (A) vehicle treated groups for 90 days; (B) ZnO NPs treated groups for 90
days. Note that Zn signal is appeared in the eye of rat treated with ZnO NPs, whereas not in the eye of vehicle-treated animal.

plus 14-day recovery (G3) showed no foreign materials

(Fig. 1C). Particles deposition was also detected in the eyes

of animals treated with ZnO NPs for 90 days plus 14-day

recovery (G4) (Fig. 1D).

Using micro-CT 3D image analysis, the animals treated
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with vehicle (G1) for 90 days and 90 days plus 14-day

recovery (G3) showed no foreign materials (Fig. 2A and

2C, respectively). Conversely, particles were deposited in

the eye ball and muscle and surrounding tissues of animals

treated with ZnO NPs (G2) for 90 days and 90 days plus

14-day recovery (G4) (Fig. 2B and 2D, respectively).

XFS and EDS. XFS results showed Zn signal in the eyes

of rats treated with ZnO NPs, but not in the eyes of control

animals (Fig. 3). EDS showed Zn signal in the eyes of rats

treated with ZnO NPs, but not in the eyes of control ani-

mals (Fig. 4).

Histopathology. We observed test article-related oph-

thalmological alterations in the eyes of rats treated with

ZnO NPs. Retina in vehicle control (G1) showed normal

structure (Fig. 5A) and retinal atrophy between the inner

nuclear layer and the outer nuclear layer was identified in

the animals treated with ZnO NPs for 90 days (G2) (Fig.

5B). And retina in a vehicle control recovery group (G3)

showed normal findings (Fig. 5C). However, retinal atro-

phy was also observed in the animals treated with ZnO NPs

for 90 days plus 14-day recovery (G4) (Fig. 5D).

Immunohistochemistry. Treatment with ZnO NPs also

resulted in retinal neuronal damage, as confirmed by NeuN

immunostaining. NeuN expression was reduced in neurons

of the ganglion cell layer of animals treated with ZnO NPs

(G2) compared to those treated with vehicle (G1) for 90

days. NeuN expression was also reduced in retinal gan-

glion cells of the animals treated with ZnO NPs (G4) com-

pared to those from age-matched control (G3) (Fig. 6).

DISCUSSION

The current findings demonstrated that continuous treat-

ment with 20-nm, negatively-charged ZnO NPs increased

retinopathy in rats. Histopathological analysis of the eyes of

rats treated with ZnO NPs indicated retinopathy, and the

location of the particles was confirmed by micro-CT, XFS

and EDS analyses. Therefore, the ocular toxicity of ZnO

NPs could be associated with their local distribution in ocu-

lar lesions.

Despite the previous studies on the toxicity of ZnO NPs,

the molecular mechanism underlying their in vivo toxicity

remains unclear. In this study, retinal atrophy between the

inner and outer nuclear layers was identified in the animals

Fig. 6. Immunohistochemical expression of neuronal nuclei (NeuN) in the retina. (A) vehicle treated groups for 90 days; (B) ZnO NPs
treated groups for 90 days; (C) vehicle treated groups for 90 days plus a 14-day recovery period; (D) ZnO NPs treated groups for 90
days plus a 14-day recovery period. Note the decreased of NeuN positive cells in retina of rat treated with 500 mg/kg ZnO NPs for 90
days compared to control. And this is still remaining in the eye of rat from ZnO NPs 500 mg/kg treatment and 14-day recovery group
compared to age-matched control. Immunostainig of NeuN, Magnification, ×200.
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treated with ZnO NPs. However, there was no inflamma-

tory cell infiltration in those lesions. It has been reported

that high amounts of zinc were contained in the retina and

zinc localization in the photoreceptors was varied in dark

and light, suggesting a role for zinc in a light-regulated pro-

cess (8). And zinc staining was stronger in the outer retina,

mainly in the outer plexiform layers and the outer limiting

membrane (9). It has been reported that endogenous zinc

contributed to retinal cell death after ischemia in cultured

rat retinal cells (10). Exposure to white fluorescent light

induced a marked increase in Zn ion staining, particularly in

the superior outer nuclear layer and retinal pigment epithe-

lial cells of dark-maintained Sprague-Dawley albino rats

(11). Indeed, potassium also increased release of Zn ions

from the rat retina, mainly in the outer plexiform layers and

photoreceptor inner segment regions (12). Taken together,

these findings demonstrated that the eye is extremely sensi-

tive to Zn, and exposure can cause retinal damage. As no

inflammatory cell infiltration was observed in the retina in

current study, this retinopathy may be induced by apoptosis

of retinal cells.

In this study, NeuN expression was decreased in neurons

of the ganglion cell layer of animals treated with ZnO NPs.

A previous study reported that NeuN was present in most

neuronal cell types of all vertebrates and its distribution was

apparently restricted to neuronal nuclei, perikarya, and

some proximal neuronal processes (13). It appeared that

ZnO NPs induced the death of neurons in eyes. Another

study reported that the production of large amounts of ROS

and high oxygen consumption were major factors in many

retinal diseases (14). Generally, NPs of various sizes and

chemical compositions can lodge in mitochondria, possibly

resulting in disruption of the mitochondrial electron trans-

port chain (15). Moreover, the size, shape, surface chemis-

try, and degree of aggregation of NPs influenced the

production of free radicals and subsequent oxidative stress

(16), and have been associated with the content of redox

cycling organic chemicals and their ability to damage mito-

chondria (17). A recent study suggested that ZnO nanoparti-

cle-induced toxicity via ROS overproduction would trigger

endoplasmic reticulum stress, leading to retinal ganglion

cell damage and finally inducing apoptosis/necrosis, and the

overexpression of caspase-12 might be involved in death of

retinal ganglion cells (5). Furthermore, many NPs have

been found to cause genotoxic responses, such as chromo-

somal fragmentation, DNA strand breakage, point muta-

tions, oxidative DNA adducts and alterations in gene

expression profiles (18). Moreover, high amounts of ROS

play a role in a number of disease states, including cancer,

ischemia, and failures in immunity (19). Indeed, concentra-

tion- and time-dependent cytotoxicity and an increase in

DNA and cytogenetic damage have been associated with

high zinc oxide concentrations (20).

In the current study, ZnO NPs were administred to rats

via the oral route; however, the route by which they are

translocated into the eye is unclear. It has been reported that

small sized NPs could facilitate uptake into cells and trans-

cytosis across epithelial and endothelial cells into the blood

and lymph circulation to reach potentially sensitive target

sites, and even the central nervous system and ganglia, via

translocation along the axons and dendrites of neurons (21).

The uptake of NPs by cells involves binding with the cell

membrane followed by internalization; the size, shape, sur-

face chemistry, and degree of aggregation of NPs affect the

production of free radicals and resultant oxidative stress

(16). In the current study, ZnO NPs might have spread into

the blood and lymph circulation, and thence into the eyes.

Further studies are required to investigate the pathway of

nanoparticle translocation into eyes.

The XFS and EDS analyses in this study detected zinc

signals in the ZnO NPs treatment group, but not in the con-

trol group. Whether the increased intracellular Zn ion lev-

els were due to the NPs being taken up by cells or their

dissolution in medium remain unclear (3). Dissolution,

translocation, and deposition have been demonstrated to

play key roles in the fate and effects of conventional fibers

and particles (22), and rapid dissolution of ZnO nanoparti-

cles in fresh water medium (pH 7.6), which have a satura-

tion solubility in the milligram per liter range, similar to

that of bulk ZnO (23). Based on the current findings, it is

unclear whether the retinopathy was caused by ZnO NPs

themselves or Zn ions. Further studies should investigate

the physiochemical properties of ZnO NPs in eyes.

In this study, we applied micro-CT analysis to investigate

the location of ZnO NPs in eyes. However, the sampling

process might have induced technical translocation of ZnO

NPs in the eyes. In vivo imaging allows the assessment of

toxicity and monitoring of the response of specific organs to

nanoparticles. To assess a direct role in eye toxicity, use of a

combination of advanced imaging with three-dimensional

systems and intravital animal models would provide more

informative and disease-relevant information (6). Intravital

microscopy could facilitate measurement of the functional-

ity and dynamics of individual regulators of migration (24).

Furthermore, imaging of living animals reduces the num-

ber of animals required per experiment and improves the

statistical power, as each animal can function as its own

control over time (25). Further studies should involve moni-

toring of living animals treated with ZnO NPs using in situ

imaging tools, such as magnetic resonance imaging and

ultrasound, as well as micro-CT.

Therefore, treatment with 20-nm, negatively-charged

ZnO NPs increased retinopathy associated with local distri-

bution of them in ocular lesions.
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