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Increasing use of zinc oxide nanoparticles (ZnO NP) in consumer products may enhance its release into the
environment. Phytotoxicity study is important to understand its possible environmental impact. Allium
cepa (Onion bulb) is the best model organism to study genetic toxicology of nanoparticles. Here we have
reported cytogenetic and genotoxic effects of ZnO NPs on the root cells of A. cepa. The effects of ZnO
NPs on the mitotic index (MI), micronuclei index (MN index), chromosomal aberration index, and lipid
peroxidation were determined through the hydroponic culturing of A. cepa. A. cepa roots were treated

I(gyworfls: ) with the dispersions of ZnO NPs at four different concentrations (25, 50, 75, and 100 p.g ml~'). With the
Zinc oxide nanoparticles . . . . . .
Allium cepa increasing concentrations of ZnO NPs MI decreased with the increase of pycnotic cells, on the other hand

MN and chromosomal aberration index increased. The frequency of micronucleated cells was higher in
ZnO NPs treated cells as compared to control (deionized distilled water). The number of cells in each
mitotic phase changed upon ZnO NPs treatment. The effect of ZnO NPs on lipid peroxidation as examined
by measuring TBARS concentration was evident at all the concentrations compared to bulk ZnO. The TEM
image showed internalization of ZnO NPs like particles. SEM image of treated A. cepa demonstrated that
the internalized nanoparticles agglomerated depending on the physico-chemical environment inside
the cell. Our results demonstrated that ZnO NPs can be a clastogenic/genotoxic and cytotoxic agent. In
conclusion, the A. cepa cytogenetic test can be used for the genotoxicity monitoring of novel nanomaterials
like ZnO NPs, which is used in many consumer products.

Cytotoxicity
Genotoxicity

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide nanoparticles (ZnO NPs) are widely used in many con-
sumer products like cosmetics, textiles and skin lotions [1]. Usage of
ZnO NPs in cosmetics [2] may bypass the usages of other nanopar-
ticles, like nano-titanium dioxide (nTiO,), because of its capacity
to absorb both UV-A and UV-B radiation [3]. In fabrics, ZnO NPs
are being used as an odor resistance because of its antimicrobial
properties and also UV absorbent [4,5]. ZnO NPs are also used in
ceramics, rubber processing, and wastewater treatment facilities
[6].

The production rate of nano metal oxides for cosmetics is esti-
mated to be 103 tonnes/year [5]. Worldwide production of nano
zinc oxide is stated to be 528 tonnes/year [7]. The zinc oxide indus-
try is a fragmented industry with over 300 companies around the
world producing in excess of 1.2 million tonnes of ZnO per year [8].

Anincreased usage of ZnO NPs in many consumer products leads
to their release into different environmental matrix [6]. Environ-
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mental fate and mobility of ZnO NPs strongly depended on changes
in size; shape and surface chemistry of the particles varying its
bioavailability [9,10]. Danovaro et al. [11] reported that 25% of the
sunscreen applied on to the skin is washed off during bathing and
swimming.

Historically, plants have been used as an indicator organism
to study mutagenesis in higher eukaryotes. Plants system plays a
critical role in the fate and transport of engineered nanoparticles
in the environment, through plant uptake and bioaccumulation
[12]. Plant systems have a variety of well-defined genetic end-
points including alterations in ploidy, chromosomal aberrations,
and sister chromatid exchanges. The Allium cepa root chromosomal
aberration assay is an established plant bioassay validated by the
International Programme on Chemical Safety [13], and the United
Nations Environment Programme [14] as an efficient and standard
test for the chemical screening and in situ monitoring for genotox-
icity of environmental substances.

Studies on the phytotoxicity of nanoparticles are scarce, espe-
cially with regard to its mechanisms, and on its potential uptake
and subsequent fate within the food chain. ZnO NPs reduced root
growth of corn and terminated root development of five plant
species [15]. Lin and Xing [16] noticed that the toxicity of ZnO NPs
was due to Zn%* and chemical stress due to surface, size and shape
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(b)

Fig. 1. (a) Scanning electron microscope (SEM) and (b) transmission electron microscope (TEM) images of ZnO NPs.

of particles. On the other hand Lin and Xing [15] found aluminum
nanoparticles had no obvious effect on cucumber, but, promoted
the root growth of radish and rape, and significantly retarded root
elongation of ryegrass and lettuce. Specificity of nanotoxicology is
still unknown. Phytotoxicity of ZnO NPs to Arabidopsis (member
of mustard plant) was stronger, than solutions containing same
concentration of soluble zinc [17]. Rye grass (Lolium perenne) roots
showed morphological changes with high concentration ZnO NPs,
i.e. root tips shrank and epidermal and cortical cells collapsed [16].
Lin and Xing [16] noticed no upward translocation of ZnO NPs from
roots to shoots, i.e. ZnO NPs adhered to root surface and individ-
ual nanoparticles were observed in the apoplast and protoplast
spaces in root endodermis and stele. Stampoulis et al. [18] noticed
there was no negative effect when Cucurbita pepo seeds were grown
hydroponically in ZnO NPs dispersion. ZnO NPs inhibited seed ger-
mination of rye grass and corn [15]. ZnO NPs inhibited root growth
of radish and rape, when incubated in suspension of ZnO NPs [19].
However, such an inhibition was not detected while soaked in ZnO
NPs suspension due to the selective permeability of seed coat [19].
Internalization of ZnO NPs was noticed in the endodermis and vas-
cular cylinder of ryegrass roots [20].

From the results of previous nano phytotoxicological studies,
it is envisaged that nanoparticles are highly selective in its tox-
icity response. This property could be exploited for agricultural
nanotechnology. In the present study we have investigated the
cytogenetic and genotoxic effects of ZnO NPs on root cells of A.
cepa. Light microscopy, scanning electron microscopy (SEM) and
transmission electron microscopes (TEM) analyses were adopted
to investigate the cellular morphology, chromosomal aberrations
in different stages of mitosis, and occurrence of micronucleus (MN).

2. Materials and methods
2.1. Chemicals and characterization

ZnO NPs powder and zinc oxide bulk (ZnO) were purchased
from Sigma-Aldrich, USA. The physical characteristics of the ZnO
NPs reported by supplier are: size < 100 nm, purity: 99.5%, and sur-
face area 15-25 m2 g~!. The physical characteristics of the ZnO bulk
reported by supplier are: particle size <5 um, purity: 99.9%, form
powder.

The morphological features of the ZnO NPs were character-
ized using transmission electron microscopy (Technai10, Philips) at
80KV, and scanning electron microscopy (Hitachi, S-3400). Particle
size distribution, effective diameter and polydispersity were ana-
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Fig. 2. Effect of ZnO NPs on the concentration of thiobarbituric acid reactive species
(TBARS) in the root cells of A. cepa.

lyzed using 90 Plus Particle Size Analyzer (Brookhaven Instruments
Corporation, USA).

2.2. Preparation of nanoparticle dispersion

The ZnO NPs and ZnO bulk were suspended directly in 100 ml
of Milli-Q water and dispersed by ultrasonic vibration (Sonics
Vibra-Cell Ultrasonicator, VCX 130PB, 130W, 20kHz) for 30 min
to prepare four required dispersions (25ugml-!, 50 pgml-1,
75ugml-!, and 100 wgml~1). All concentrations were selected
arbitrarily.

2.3. Metal ion concentration measurement in dispersion

The ZnO NPs dispersion was centrifuged at 12,000rpm for
10min. Clear supernatant was carefully collected and filtered
through a 0.22 wm sterilized filter. It is a possibility that there
could be some particles in the clear supernatant. The ion
concentrations were measured by an atomic absorption spec-
trophotometer (Varian, AA240) after acidification by 1% nitric acid
[16,21].

2.4. Lipid peroxidation determination

Lipid peroxidation was determined by measuring the amount of
thiobarbituric acid reactive species (TBARS) according to Ohkawa
et al. [22]. Each experiment was run with three replications. A
total of 0.2 g of root tissues from control and ZnO NPs and ZnO
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Fig. 3. Chromosomal aberrations observed in A. cepa meristematic cells exposed to ZnO NPs. (a; ) Sticky chromosomes in metaphase stage, (a;) disturbed anaphase stage
with chromosomal break and laggard, (as) disturbed metaphase, (a4) sticky chromosomes at anaphase stage with bridge, (b;) Multipolar anaphase, (b, ) C-mitotic cell, (bs)
vagrant chromosomes with laggard at anaphase, (bs4) binucleated cells at early prophase stage, (c;and c4) prophase nuclei with micronucleus in interphase, (c;) cell in early
anaphase with chromosome adherence and budding micronucleus, (c3) binucleated cell in early telophase with micronucleus in metaphase Magnification for all images

x1000.

bulk treated plants were cut into small pieces and homogenized
by the addition of 1ml of 5% trichloroacetic acid (TCA) solu-
tion. The homogenates were then transferred into fresh tubes
and centrifuged at 12,000 rpm for 15min at room temperature.
Equal volumes of supernatant and 0.5% thiobarbituric acid (TBA)
in 20% TCA solution (freshly prepared) were added into a new
tube and incubated at 96°C for 25 min. The tubes were trans-
ferred into ice bath and then centrifuged at 10,000 rpm for 5 min.
The absorbance of the supernatant was recorded at 532 nm and
corrected for non-specific turbidity by subtracting the absorbance
at 600 nm; 0.5% TBA in 20% TCA solution was used as the blank.
TBARS content was determined using the extinction coefficient of
155mM~! em~1.

2.5. Test system and treatment

Among the several higher plants used as test organisms, the
species A. cepa has been used as an efficient genetic standard
for environmental monitoring, since Levan’s introduction of this
species as test system [23-25].

Healthy onion bulbs (20-25g) were grown in dark in a
cylindrical glass beaker at room temperature (284 0.5°C) and
given renewed water supply every 24 h. When the roots reached
2-3cm in length they were treated with different concentra-
tions of ZnO NPs and bulk ZnO suspension. The interaction time
was 4h in accordance with a protocol standardized by Fiskesjo
[26].
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Table 1
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Occurrence of cytological effects per 1000 cells scored in A. cepa root cells after treatment with ZnO NPs dispersion.

Treatments Sample size (n=5) MI? (%) Pb (%) M€ (%) Ad (%) Te (%) Mean (MI%)+S.E
Deionized distilled Sample 1 62.3 59.1 1.8 0.8 0.6 61.6+0.31
water Sample 2 60.6 58 13 0.9 0.4

Sample 3 62.3 60.2 14 0.5 0.2

Sample 4 61.5 59.5 1.1 0.9 0

Sample 5 61.6 59 1.2 0.7 0.7
ZnO0 NPs Sample 1 51.5 49.6 0.9 0.7 0.3 50.440.55
(25 pgml1) Sample 2 48.7 47.6 0.6 0.5 0

Sample 3 50.5 48.6 1.1 0.6 0.2

Sample 4 51.7 48.4 1.3 0.7 03

Sample 5 49.8 48.8 0.7 0.3 0
ZnO NPs Sample 1 41.2 40.7 0.3 0.2 0 40.1+0.34
(50 pgml-1) Sample 2 40.3 39.9 0.1 0.3 0

Sample 3 39.8 38.9 0.3 04 0.2

Sample 4 40.1 394 0.2 0.3 0.2

Sample 5 39.1 38.8 0.1 0.2 0
ZnO NPs Sample 1 34 33.8 0.1 0.1 0 35.3+0.91
(75 pgml1) Sample 2 33.9 335 0.1 0.2 0.1

Sample 3 36.8 36.5 0.2 0.1 0

Sample 4 33.6 33 0.3 0.2 0.1

Sample 5 38.1 375 0.2 0.3 0.1
ZnO NPs Sample 1 30.1 294 0.2 0.3 0.2 29.2+1.19
(100 pgml-1) Sample 2 27.9 27.7 0.1 0.1 0

Sample 3 31.2 299 0.2 0.1 0

Sample 4 29.6 29.6 0 0 0

Sample 5 30.6 30.5 0.1 0 0

a Mitotic index.
b Prophase.

¢ Metaphase.

4 Anaphase.

¢ Telophase.

2.6. Light microscopy

The slides for microscopy were prepared following Saffranin
squash technique. The root tips excised from treated and control
samples were kept in 1 M HCI for about 6 min followed by stain-
ing with 40-45% Saffranin. The staining was continued for about
5-6min. The slides were analyzed at 1000x. The mitotic index
was calculated as the number of dividing cells per number of 1000
observed cells [27,28]. The number of aberrant cells was noted per
total cells scored at each concentration [28,29]. The MN index was
calculated following Tolbert et al. [30].

2.7. Electron microscopy

For electron microscopic analysis, A. cepa roots were sectioned
and stained according to standard protocol [31].

2.7.1. Sample pretreatment

Sample was fixed in 3% glutaraldehyde and washed in buffer.
Then it was fixed by 1% osmiumtetroxide and washed in buffer.
This double fixation gives stability during dehydration, embedding
and during electron bombardment. Further, it also provides stain-
ing contrast, decreased distortion; fix fine cellular ultrastructure,
suitable contrast.

2.7.2. Embedding
Embedded was done in siligonised rubber mold with epoxy
resin.

2.7.3. Staining for electron microscopy

The embedded mold was kept in incubator (60 °C) for polymer-
ization. After cooling one micron thick sections was cut through
ultra microtome (Leica ultracut UCT) with glass knife and stained

by toluidine blue. Ultrathin section (below 100 nm)was cut through
ultramicrotome (Leica) with diamond knife (diatome). The sections
are taken on a copper grid and stained with double metal-
lic uranyl acetate and Reynold’s solution (sodium citrate +lead
nitrate), which gives contrast to the section. The section was
analyzed under electron microscope (Philips 2010, The Nether-
land).

2.8. Data treatment

Different phases of mitosis were counted and chromosomal
abnormalities were observed to calculate mitotic index, phase
indices and total abnormality percentage at different phases of
cell division. Based on the observations the following indices were
calculated in order to quantify the effect of ZnO NPs [32,33].

Mitotic index(MI) = % x 100 (1)
¢

. Tc

Phase index(Pl) = — x 100 (2)
Tnc

Total percentage of abnormal cells = TTab" x 100 3)

DC
MN index(%) = Tn 400 (4)
Ten

where Tpc = total no. of dividing cells; T¢ = total no. cells observed;
Tapn = total no. of abnormal cells; Ty =total no. of micronucleus
observed; Ty = total no. of binucleated cells observed [28].



Table 2

Chromosomal aberrations and micronuclei index of ZnO NPs treated cells of A. cepa. (1000 cells were scored for each sample and each treatment groups have 5 samples).

Treatments

Number of
sample
(n=5)

Chromosome aberrations

Sticky

Bridge at
anaphase

c-mitosis

Multipolar

Vagrant

Chromosomal
aberration
index (%)

Micronucleus

Interphase

Anaphase

Metaphase

Telophase

Micronuclei

index (%)

(De-ionized distilled

water)

ZnO NPs (25 pgml~!)

ZnO NPs (50 pgml~')

ZnO NPs (75 pgml~1)

ZnO NPs (100 pgml~')

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
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I+ + |

+ o+ o+

2.05+0.98
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Fig. 4. A. cepa root cells. (a) Light microscopy image of control (treated with distilled water) (b) light microscopy image of ZnO NPs treated (100 g ml~!) root cells showing
agglomeration of particles between the cell membranes. (c¢) Cross section of A. cepa roots showing agglomeration of particles on the outer surface of epidermal cell wall (d)
phase contrast image showing particle aggregation in the cell interior. Magnification for all images x1000.

3. Results
3.1. Physicochemical characterization of ZnO NPs

The high-resolution SEM image of procured ZnO NPs (Fig. 1a and
TEM image (Fig. 1b) showed that the particles were nearly spherical
to hexagonal shaped (100 nm). The hydrodynamic diameter of ZnO
NPs (<100 nm) in Milli-Q water was determined by dynamic light
scattering (DLS) at 25°C. After dispersion of ZnO NPs in Milli-Q
water, the effective diameter was found to be 120+ 2.6 nm. The
surface area was 21 m? g~1. The polydispersity was 0.225.

The zinc ion (Zn%*) concentration measured in the ZnO NPs
dispersions of 25, 50, 75, 100 ugml~! by AAS were 9.5 ugml-1,
25ugml1,20.7 ugml1,31.9 pgml-1,43.7 pgml-1, respectively.

3.2. Lipid peroxidation

The effect of ZnO NPs on lipid peroxidation was examined by
measuring TBARS concentration. The TBARS concentration for 25,
50, 75, and 100 g mI~! ZnO NPs treated samples were noted to be
26.2,33.7,37.7,and 40.2 nmol g1, respectively (Fig. 2). On the other
hand ZnO bulk treated samples showed TBARS concentrations as
24.8,25.9, 27.3, and 31.5nmol g ! for 25, 50, 75, and 100 pgml-!
concentration of ZnO bulk, respectively.

3.3. Microscopic analysis

The effect of the ZnO NPs in the root cells of A. cepa is shown
in Fig. 3. Results of the cytological and chromosomal aberrations
observed in the root tip cells of A. cepa treated with different
concentrations of ZnO NPs are shown in Tables 1 and 2. Cell
cycle analysis showed that the percentage of cells in the different
phases of mitosis (prophase, metaphase, anaphase and telophase)

decreased with increasing ZnO NPs dispersions when compared to
the control. Prophase percentage changed rapidly with a similar
result as that seen for the mitotic indices.

The mitotic index (MI) for the samples treated with 25, 50,
75 and 100 g ml~! ZnO NPs was 50.4%, 40.1%, 35.3% and 29.2%,
respectively. In the case of control, it was 61.6%. No chromosomal
aberration was observed in the control. The chromosomal aber-
ration index for 25, 50, 75 and 100 wgml~! ZnO NPs treated A.
cepa root cells showed 0.52%, 1.52%, 2.74% and 4.12%, respectively.
The MN index for 25, 50, 75 and 100 wgml~! ZnO NPs treated A.
cepa root cells showed 8.7%, 9.2%, 15.6% and 18.7%. Dose depen-
dent decrease in M, increase of chromosomal aberration, and MN
was observed.

We also studied the toxicity of ZnO bulk particles in the same
test concentration ranges (25 wgml—!, 50 wgml~!, 75 pgml~! and
100 g ml—1) to the A. ceparoot system. The Ml was 48.7% for A. cepa
treated with 100 g ml~! ZnO bulk compared to 29.2% for ZnO NPs
treated samples.

The dissolved metal ions in the ZnO NPs dispersion detected
by AAS was: 9.5ugml~! Zn*2 in the 25ugml-! dispersion;
20.7pgml~! Zn*? in the 50 wgml~! dispersion; 31.9 pgml-!
Zn*2 in the 75 wgml-! dispersion and 43.7 wgml~! Zn*2 in the
100 pg ml-! dispersion.

To determine the effect of zinc ions (Zn%*) present in super-
natant of the ZnO NP dispersion, the toxicity to the A. cepa roots was
examined at 9.5, 20.7, 31.9 and 43.7 pgml~! zinc ions (Zn%*) con-
centrations. The MI was 35.7% for A. cepa treated with 43.7 pgml—!
of zinc ions (Zn%*), compared to 29.2% for ZnO NPs treated sam-
ples. No micronucleus was observed in the case of zinc ions (Zn2*)
treated A. cepa.

As shown in the representative microscopic images given
in Fig. 3a-c, five main types of chromosome aberrations were
recorded in anaphase-teleophase: stickiness, bridges, vagrant
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Fig. 5. SEM images of A. cepa root cells treated with 100 wg ml~! ZnO NPs showing the presence of particles in intracellular matrix; (d) ZnO NPs treated root cells showing
particles in the size range of 95, 103 and 106 nm. Magnification for images (a) x 15,000, (b), (c) and (d) x30,000.

chromosomes, multipolarity and fragments. For 50 ugml-!
concentration, we observed chromatin bridge, stickiness, and
disturbed metaphase; for 75 g ml~! vagrant chromosome, chro-
mosomal break and for 100 pg ml~!, binucleated cells, complete
disintegration of cell walls, nuclear membrane disruption, bridge at
anaphase, vagrant chromosomes were observed. MN was observed
in all the concentration of ZnO NPs treated samples.

ZnO NPs treated A. cepa showed clear disintegration of cellu-
lar matrix, and structural deformation compared to control Fig. 4.
There was a chain of particles like deposits in cellular matrix for the
100 pg ml~! ZnO NPs treated cells (Fig. 4b-d).

Deposits of ZnO NPs like particles were noted in the SEM images
of the A. cepa treated with 100 wgml~! ZnO NPs (Fig. 5). Fig. 5a-c
showed ZnO NPs like particles inside root cells of A. cepa. Fig. 5d
showed ZnO NPs like particles in the cellular matrix. Their sizes
were 95, 103 and 106 nm. TEM images of A. cepa roots treated
with 100 pgml~! ZnO NPs showed presence of nanoparticles in
the cell membrane. Agglomerations of particles were seen in the
cytoplasmic matrix (Fig. 6).

4. Discussion

Our results demonstrated that exposure of A. cepa roots to ZnO
NPs causes cytotoxicity and genotoxicity. There was concentration
dependent inhibition of mitotic index, which indicated cytotoxic
potential of ZnO NPs in A. cepa [34,35]. Similar effects on MI were
described in our previous publication [28]. The decrease in mitotic
activity probably indicates mitodepressive effect of ZnO NPs, i.e. it

could interfere with the normal development of mitosis, thus pre-
venting a number of cells from entering the prophase and blocking
the mitotic cycle during interphase inhibiting DNA/protein synthe-
sis [36].

The percentage of total chromosome aberrations increased with
increasing the test concentration. Even at 100 pgml~! ZnO NPs
the mitotic index was not blocked by the effect of ZnO NPs. If
100 pgmi—! was too toxic, it might have caused cell death, and
interfere with the scoring of cells for aberrations caused by ZnO
NPs. The percentage of chromosome aberrations was not dimin-
ished. Among these aberrations, sticky chromosomes were the
most frequently observed aberration at anaphase-telophase stages
of mitosis in root tips of A. cepa treated with ZnO NPs (Fig. 3). Sticky
chromosomes are considered to be a chromatid type of aberration
[37]. Darlington and Mc-Leish [38] suggested that stickiness might
be due to degradation or depolymerization of chromosomal DNA.

In addition to the types of chromosome aberrations induced
in the anaphase-telophase cells, the formation of micronucleus in
the interphase cells was noted. The percentage of micronucleated
cells was higher at 100 pg mI~! ZnO NPs treated A. cepa. The induc-
tion of MN in root meristem cells of A. cepa is the manifestation of
fragments or vagrant chromosomes [39].

SEM images of A. cepa root cells showed ZnO NPs like deposits
inside the cell matrix in size range around 100 nm (Fig. 5). TEM
images (Fig. 6) also confirmed internalization of the nanoparticles,
agglomerated particles (around 150 nm size) can be observed in
Fig. 6e. On entering the cells, the nanoparticles are transported
from one cell to other through plasmadesmata, during this process,
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Fig. 6. TEM images of A. cepa root cells treated with 100 wg ml~! ZnO NPs; (a) ZnO NPs treated root cells showing the presence of nanoparticles around the cell membranes
and the cytoplasm; (b) ZnO NPs treated root cells showing the presence of particles at the inner side of cell membrane (c) ZnO NPs treated root cells showing the presence of
nanoparticles around cell membrane, in the cytoplasm and deformed nucleus (d) control sample treated with Milli-Q water showing no nanoparticles around cell membrane
and in the cytoplasm, (e) ZnO NPs treated root cells showing aggregation of nanoparticles around cell membrane, in the cytoplasm, with a size of 150 nm. Magnification for
images (a) 15,000, (b) 10,000x, (c) 4500x, (d) 4500x and (e) x45,000.

aggregation of nanoparticles may happen resulting in increasing of nanoparticles to a human and arodent cell lines. They divided the
size of the nanoparticles [19]. tested nanoparticles into soluble and insoluble nanoparticles, sug-

Metal oxide toxicity to A. cepa could also be induced by dissolved gesting that the toxicity of nanoparticles was due to soluble metal
metal ions from the oxides. Brunner et al. [40] studied the toxicity ions released from nanoparticles before or after the nanoparticles
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enter the cell. Our results indicated that toxicity of ZnO NPs to A.
cepa was not due to dissolved zinc ions alone. The higher toxicity
of ZnO NPs, as compared to Zn2* ions present in dispersion was
likely due to higher intrinsic toxicity of ZnO NPs. In the case of
treatments with micron sized bulk ZnO particles no micronucleus
was observed in contrast to treatments with ZnO NPs. These results
bring out the stark contrast in toxic behavior of micron and nano
sized ZnO particles hinting at probable intrinsic nano size related
effects. Our findings corroborate the findings of Jiang et al. [41] that
ZnO NPs toxicity to bacterial species was much higher than the ZnO
bulk, and zinc ions toxicity.

The possible mechanism, for higher intrinsic toxicity of ZnO NPs
to A. cepa could be the release of reactive oxygen species (ROS).
ROS could convert fatty acids to toxic lipid peroxides, destroying
biological membranes. This causes the TBARS formation, damaging
membrane permeability. TBARS formation is used as the general
indicator of the extent of lipid peroxidation resulting from oxida-
tive stress [42]. This was supported by our findings, on the increase
of TBARS formation at all concentrations of ZnO NPs and ZnO bulk
treated to A. cepa. However, higher concentrations of TBARS were
formed in ZnO NPs treated A. cepa compared to their bulk coun-
terparts. This was parallel to the findings of Lin et al. [43] observed
TBARS increased in epithelial cells by 170% and 145% after exposure
to 14 wgml~! of 70 and 420 nm ZnO NPs particles for 24 h, respec-
tively; 70nm ZnO NPs induced a higher TBARS level than that of
420 nm ZnO NPs.

Therefore, higher toxicity of ZnO NPs to A. cepa in causing
chromosomal aberrations, cellular dysfunctions, and MN formation
would be due more to the nano size forms of the material than its
ions or bulk size forms.
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