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Abstract The commercial usage of Al2O3 nanoparticles
(Al2O3 NPs) has gone up significantly in the recent times,
enhancing the risk of environmental contamination with these
agents and their consequent adverse effects on living systems.
The current study has been designed to evaluate the cytoge-
netic potential of Al2O3 NPs in Allium cepa (root tip cells) at a
range of exposure concentrations (0.01, 0.1, 1, 10, and
100 μg/mL), their uptake/internalization profile, and the oxi-
dative stress generated. We noted a dose-dependent decrease
in the mitotic index (42 to 28%) and an increase in the number
of chromosomal aberrations. Various chromosomal aberra-
tions, e.g. sticky, multipolar and laggard chromosomes, chro-
mosomal breaks, and the formation of binucleate cells, were
observed by optical, fluorescence, and confocal laser scanning
microscopy. FT-IR analysis demonstrated the surface chemi-
cal interaction between the nanoparticles and root tip cells.
The biouptake of Al2O3 in particulate form led to reactive
oxygen species generation, which in turn probably contributed
to the induction of chromosomal aberrations.
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Introduction

In the past decades, engineered nanoparticles have been de-
veloped extensively, and they have gained wide recognition in
variety of commercial and industrial applications. According
to the market survey, the production of metal oxide nanopar-
ticles was estimated to rise from 2,70,041 tons in 2012 to 16,
63,168 tons by 2020, and among these nanoparticles, alumi-
num oxide nanoparticles (Al2O3 NPs) are one of the most
abundantly used engineered nanoparticles (Yang et al. 2012;
Future Markets Inc. 2013). Due to their dielectric and abrasive
properties, Al2O3 NPs have been used as an abrasive agent
and insulators (Prabhakar et al. 2012). Al2O3 NPs are widely
being used in various applications, including alloys, explo-
sives, rocket fuel, wear-resistant coatings for ships, energetics,
sensors, personal care products, and drug delivery systems
(Darlington et al. 2009; Jiang et al. 2009; Schrand et al.
2010; Sadiq et al. 2011). These nanometer-sizedmaterials also
have enhanced toxicity in comparison to bulk material when
unleashed into the environment (Donaldson et al. 2001).
Al2O3 NPs were found to appreciably induce toxicity by in-
creasing the frequency of micronucleus occurrence, chromo-
somal losses, mutations, and polyploidy (Di Virgilio et al.
2010). The minimal reports on their toxicity and genotoxicity
in spite of their increased use in industries have inspired the
toxicity evaluation of Al2O3 NPs, in particular (Tsaousi et al.
2010).

Nanoparticles can have positive and negative impacts on
higher plants and their consumers in the food chain (Rico et al.
2011). Al2O3 NPs with varying diameters and surface compo-
sitions can be engineered for evading the reticuloendothelial
system (Faraji and Wipf 2009) or can be complexed with
antibodies to attain targeted drug delivery (Arruebo et al.
2009). These ceramic nanoparticles are also known to be ben-
eficial as they possess antimicrobial properties, which result
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due to the electrostatic attraction between their positive sur-
face and the negatively charged bacteria, thus decreasing the
viability of microbes (Mukherjee et al. 2011). In addition, their
high surface reactivity is known to cause increased risk of the
nanoparticles being entrapped in the gill mucus of marine
organisms, and thereby hinder respiratory processes and trans-
portation of ions (Baker et al. 2014). In mammalian systems,
they can decrease the tight junction protein expression, alter
the properties of the blood-brain barrier, and induce toxicity to
the microvascular endothelium (Chen et al. 2008). Hence, it is
highly mandatory to study the toxicity profile of Al2O3 NPs.
For studies concerning the mutagenesis in higher eukaryotes,
plants have generally been used as a test system in order to
study the effect of nanoparticles (Fiskesjo 1985). Al2O3 NP
exposure are known to cause the rapid depolarization of plas-
ma membrane, which was more extensive in the distal cellular
portions, and the extent was influenced by the developmental
state of cells (Illéš et al. 2006). Al2O3 NP toxicity can also lead
to the inhibition of basipetal polar transport of auxin in the
outer cortex cells and epidermis (Hasenstein and Evans 1988).
The foremost uncertainty with regard to Al2O3 NP phytotox-
icity is the primary route of action at the subcellular level;
however, the root apex has been cited as the primary injury
site by Ryan et al. (1993).

The easily distinguishable genetic endpoints, including
chromosomal aberrations, alterations in ploidy, and sister
chromatid exchanges, have made the plant system ideal for
studies (Kumari et al. 2011). In addition, the Allium cepa root
chromosomal aberration assay has been authenticated by the
United Nations Environment Programme (UNEP) (Grant
1982) and the International Programme on Chemical Safety
(IPCS) (WHO 1985) as an effective conventional plant bioas-
say and as an established standard test for the in situ monitor-
ing of environmental substances and chemical screening
(Cabrera and Rodriguez 1999). Chromosomal aberrations
have been determined by using A. cepa since 1920s
(Satapathy and Swamy 2013; Kanaya et al. 1994). The clear
mitotic phases, stable chromosome number and karyotype,
diversity of chromosome morphology, rapid response to
genotoxic materials, and the rare occurrences of spontaneous
chromosomal damages are the features that make A. cepa an
excellent plant system for studying the toxicity of nanoparti-
cles (Firbas and Amon 2013). For genotoxicity screening dur-
ing cell division or microspore formation, root tips are shown
to be convenient for microscopic analysis of features like mi-
totic or meiotic aberrations, respectively (Kristen 1997).

Kumari et al. (2009) have used the A. cepa as an indicator
to evaluate the genotoxic effect of AgNPs. Cell damages in
A. cepawere observed by Chen et al. (2010) in the presence of
carbon nanoparticles for a range of exposure concentrations
from 10 to 110mg/L. The role of ROS in causing genotoxicity
in A. cepa by ZnO and AgNPs was later on reported by Panda
et al. (2011) and Kumari et al. (2011), respectively. Similarly,

Ghodake et al. (2011) have assessed the phytotoxic nature of
cobalt and zinc oxide nanoparticles in A. cepa. Liman (2013)
also used A. cepa as a test system to evaluate the genotoxic
effect of bismuth (III) oxide nanoparticles. Recently, Pakrashi
et al. (2014) have reported the toxic effect of TiO2 NPs on
A. cepa by studying their internalization and ROS generation.
However, there have been just a handful reports that explore
the phytotoxicity of Al2O3 NPs. It has been reported by Kim
et al. (2009) that Al2O3 NPs could affect cultured mammalian
cells by inducing cytotoxicity and primary DNA damage;
however, no mutagens were observed by them.

Thus, the current toxicity study is the first of its nature to
evaluate the cytogenetic effect of Al2O3 NPs in A. cepa. The
various chromosomal aberrations were observed by optical,
fluorescence, and confocal laser microscopy for a wide range
of Al2O3 NP concentrations (0.01, 0.1, 1, 10, 100 μg/mL).
This also happens to be the first study that evaluates the cyto-
genetic effect of nanomaterials using A. cepa model at expo-
sure concentrations ≤1 μg/mL. The cytotoxicity of Al2O3 NPs
on A. cepa root tip cells was evaluated by tracking the changes
in the mitotic index and chromosomal aberrations. Further, the
dose-dependent toxicity was substantiated with the help of
surface chemical analysis by FT-IR, internalization/uptake
analyses by ICP-OES, and the antioxidant enzyme (SOD)
assay.

Materials and methods

Chemicals

Aluminum oxide nanoparticles (γ-phase Al2O3 nanopowder,
particle size <50 nm; CAS No. 1344-28-1) were procured
from Sigma-Aldrich, USA. Acetocarmine, Acridine Orange
(AO) dyes, Nitro Blue Tetrazolium (NBT), Riboflavin, and
Ethylene diamine tetraacetic acid (EDTA) were obtained from
HiMedia Labs, India.

Nanoparticle suspension preparation
and characterization

The stock solution of Al2O3 NPs (200 μg/mL) was prepared
by dispersing the NPs in Milli-Q water, and then, the solution
was subjected to ultrasonic vibration for 30 min at 130 W to
yield various concentrations of NP dispersions, 0.01, 0.1, 1,
10, and 100 μg/mL. These NP dispersions were used further
for the interaction studies. The size distribution of Al2O3 NPs
in Milli-Q water was analyzed by particle size analyzer
(NanoBrook 90Plus Particle Size Analyzer). Approximately,
3 mL of NP dispersions were subjected to this analysis, and
their particle sizes were determined by calculating the mean
hydrodynamic diameter from the intensity of light scattered by
the particles undergoing Brownian motion. The zeta potential
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of Al2O3 NP dispersion was analyzed by Nano Partica (Nano
Particle Analyzer, SZ-100, Horiba Scientific, Japan) in order
to determine the surface charge of nanoparticles.

Test system and treatment

Three healthy onion bulbs (30–35 g each) were grown under
dark conditions in an enclosed chamber. A temperature of 28±
2 °Cwas maintained, and renewed water supply was provided
for every 24 h. Roots of 2 to 3-cm length were treated for 4 h
with different concentrations of Al2O3 NPs (0.01, 0.1, 1, 10,
and 100 μg/mL). For each concentration, three replicates were
made for statistical validation of the observations.

Microscopic analysis

Optical microscopy

After 4-h interaction of root tips with various concentrations
of Al2O3 NPs, the root tips were removed and rinsed with
distilled deionized water. The acetocarmine squash technique
was used for the microscopic analysis (Pakrashi et al. 2014).
The rinsed root tips were placed in 1 N HCl for 10 min at
28 °C and then dipped in 1 % acetocarmine stain for 10 min.
After the 10-min incubation, 1–2 mm of the roots were cut
from the tip and placed over a glass slide, covered with a cover
slip, and were pressed firmly with the help of a thumb to
prepare a uniform squash. The slides were observed by an
optical microscope (Axiostar, Zeiss, Germany) to view any
cytological changes at ×1000 magnification.

Fluorescence microscopy

Interaction of the onion root tips with the Al2O3 NP dispersion
with a minimum concentration of 0.01 μg/mL and a maxi-
mum of 100 μg/mL along with a control were carried out
for 4 h. The root tips were then taken out, rinsed with deion-
ized water, and incubated in 1 N HCl solution for 5–6 min at
room temperature. The root tips were then stained with
Acridine Orange (AO), a stain specific to the nucleus, for
visualization of chromosomal aberrations. The root tips were
dipped in Milli-Q water to remove any excess stain. The
stained root tips of 2-mm lengthwere placed over a glass slide,
covered with a cover slip, and were pressed firmly with the
support of a thumb to prepare a uniform squash of the root
tips. Throughout the experiment, dark condition was retained
to avoid photobleaching of dyes. The slides were analyzed at
×1000 magnification for cytological changes and chromo-
somal aberrations. Observation of fluorescence images was
performed with the BP 450–490, LP 590 filter using a fluo-
rescence microscope (DM-2500, Leica, Germany). The at-
tached camera component (Leica-DFC-29) was used to record

the images, and the image processing was carried out using
Leica-Application Suite 3.8 (Pakrashi et al. 2014).

Confocal laser scanning microscopy

Interactions of the onion root tips were carried out with the
Al2O3 NPs of minimum 0.01 μg/mL and a maximum 100 μg/
mL concentration along with a control dispersion for 4 h. The
root tips were then taken out and incubated for 5–6 min in the
presence of 1 N HCl at room temperature. Then, the root tips
were stained with 1 mL of AO, a nuclear-specific stain, for
15 min under dark conditions to prevent photobleaching of
dyes. After centrifuging the suspensions at 6000 rpm, 0 °C for
15 min, the supernatant was discarded, and the roots were
washed with Milli-Q water to remove the unbound dye. The
root tips were placed over a glass slide, covered with a cover
slip, and were pressed firmly with the help of a thumb to
prepare a uniform squash. Analysis of the slides was done at
×1000 magnification for observing the cytological changes
and chromosomal aberrations using a confocal laser scanning
microscope (Zeiss Lsm 510 Meta), and the images were proc-
essed by LSM 5 Image Browser (Pakrashi et al. 2014).

Data analysis

To determine the toxic effect of Al2O3 NPs on A. cepa root tip
cells, 1000 cells were scored per test concentration. The mi-
totic index and phase index based on the chromosomal aber-
ration and different mitosis phases can be calculated as fol-
lows (Bakare et al. 2000; Fiskesjo 1997):

Mitotic index MI%ð Þ ¼ TDC

TC
� 100 ð1Þ

Phase index PI%ð Þ ¼ TC

TDC
� 100 ð2Þ

TC Total number of cells observed
TDC Total number of dividing cells

Internalization of NPs

To estimate the amount of NPs internalized into A. cepa, the
roots were allowed to dry at 60 °C for 24 h following the 4-h
interaction with NPs. The dried roots were powdered by using
a mortar and pestle. The powdered samples were acid digested
using concentrated HNO3, and then, the soluble parts were
filtered through 0.45-μm and 3-kDa membrane filter. The fil-
tered samples were analyzed with the aid of inductive coupled
plasma-optical emission spectroscopy (ICP-OES; Perkin
Elmer Optima 5300 DV, USA) to determine the concentration
of NPs internalized into the root cells.
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Superoxide dismutase assay

To evaluate the SOD activity of the cells, 0.2 g of root tips was
interacted with 0.01, 1, and 100 μg/mL of Al2O3 NP disper-
sion for 4 h. After the treatment, the root tips were crushed by
using mortar and pestle by adding prechilled 1× PBS buffer,
and the final volume was made up to 5 mL by adding 1× PBS
buffer. The solutions were transferred to fresh falcon tubes,
after which centrifugation was done for 10 min at 10,000 rpm.
A total of 0.1 mL of the supernatants were transferred to fresh
2-mL centrifuge tubes, and 0.2 mL of 0.1 M of ethylene di-
amine tetraacetic acid (EDTA) and 0.1 mL of 1.5 mM
nitrobluetetrazolium (NBT) prepared in PBS (pH 7.8) were
added to these tubes. To these solutions, 50 μL of 10 μM
riboflavin solution was added and incubated for 15 min under
dark condition. After the 15-min incubation, the cell solutions
were analyzed for SOD generation using the ELISA micro-
plate reader at 560 nm.

Fourier transformer infrared spectroscopy analysis
(FT-IR)

For FT-IR analysis, hot-air oven-drying of the 4-h interacted
root tips in 100 μg/mL of Al2O3 NP dispersion along with the
control root cells at 60 °C for 15 h was required. Then, the
roots were subjected to FT-IR (IR Affinity1, Shimadzu) anal-
ysis in ATR mode.

Statistical analysis

The significance of the difference between Al2O3 NP-treated
and control group was tested by one-way analysis of variance
(ANOVA). All data were represented as arithmetic mean±
standard error. The level of significance for all the results
was accepted at p<0.05.

Results and discussion

Characterization of Al2O3 NPs

The aggregation behavior of nanoparticles in the test environ-
ment is considered as an important property for determining
their toxic effect (Sayes andWarheit 2009). In order to analyze
the stability and aggregation behavior of Al2O3 NPs, the mean
hydrodynamic sizes of five test concentrations of Al2O3 NP
(0.01, 0.1, 1, 10, and 100 μg/mL) dispersion in Milli-Q water
were determined at 0 and 4 h, and the data are presented as
Table 1 for better understanding. These results confirmed the
uniform distribution of nanoparticles, and the insignificant
differences in the particle sizes measured at 0 and 4 h in
Milli-Q water could be attributed to the fact that the disper-
sions were stable during the exposure period. The

agglomeration of the NPs was prevented by the electrostatic
repulsion between NPs, which is responsible for the colloidal
stability of nanoparticles. The zeta potential of Al2O3 NP dis-
persion in Milli-Q water was found to be 47±0.5 mV.

Microscopic analysis

Optical microscopy

Plant test systems have been often employed as genetic
models for monitoring and screening the environmental pol-
lutants (Fiskesjo 1985). Optical microscopy gave a compre-
hensive view of the Al2O3 NP impacts. Table 2 shows the data
indicating the mitotic and phase indices when A. cepa root tip
cells were exposed to Al2O3 NPs at various concentrations
ranging from 0.01, 0.1, 1, 10, and 100 μg/mL after 4-h inter-
action with the nanoparticles. Each control group and test
group had 5 replicates, and for each replicate, scoring was
carried out for 1000 cells. The mitotic index of the control
root tips was found to be 41.8±2.0 %, and there were no signs
of chromosomal aberrations. After the exposure to Al2O3 NPs
at 0.01-, 0.1-, 1-, 10-, and 100-μg/mL concentrations, a dose-
dependent decrease in the percentages of mitotic index was
observed in the treated group in comparison to the control
cells. Table 3 represents the clastogenic effects of Al2O3 NPs
on the chromosomes of A. cepa. A variety of different chro-
mosomal aberrations (CA) were observed in the root tip cells
after their interaction with Al2O3 NPs.

The different mitotic phases, namely, interphase, prophase,
metaphase, anaphase, and telophase, were observed in the
control A. cepa root cells. Upon exposure to various concen-
trations of NPs, different features like chromosomal sticki-
ness, chromosomal breaks, laggard and clumped chromo-
somes, multipolar anaphase, and disturbed metaphase and
anaphase were observed. At a very low concentration of
0.01 μg/mL of Al2O3 NPs, there were occurrences of chro-
mosomal aberrations like clumped chromosomes, sticky
metaphase, and chromosomal breaks (Fig. 1a1–a3). At
0.1-μg/mL concentration, there was presence of sticky

Table 1 The mean hydrodynamic diameter of Al2O3 NP dispersion
during the experimental condition

Concentration of Al2O3 NPs
(μg/mL)

Mean hydrodynamic diameter (nm)

At 0 h At 4 h

0.01 150.90±1.50 126.20±1.40

0.1 169.20±12.00 168.60±4.10

1 160.80±3.90 123.40±4.60

10 154.00±11.00 123.40±6.10

100 142.40±8.00 142.40±3.10
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metaphase, disturbed metaphase, and clumped chromosomes
(Fig. 1b1–b2). Similarly, sticky metaphase, disturbed meta-
phase and anaphase, chromosomal breaks, and clumped chro-
mosomes (Fig. 1c1–c4) were observed at 1-μg/mL Al2O3 NP
concentration.

At 10 μg/mL, the chromosomal aberrations observed were
chromosomal breaks and sticky metaphase (Fig. 1d1–d2).
Similarly, at a high concentration of 100 μg/mL, there were
sticky metaphase, clumped chromosomes, diagonal anaphase,
and diagonal and multipolar anaphase (Fig. 1e1–e4).

Table 2 Mitotic index of A. cepa
root cells treated with different
concentration of Al2O3 NPs

Treatment of NP Sample (N=5) MI % P % M % A % T % Mean(MI%)±SE

Control (DI water) Sample 1 41.7 88.1 4.8 2.0 4.8 41.8±2.0
Sample 2 43.5 89.4 3.9 1.7 4.8

Sample 3 40.4 88.8 3.9 2.7 4.4

Sample 4 38.9 90.4 4.2 1.4 3.9

Sample 5 44.5 89.3 4 2.2 4.2

0.01 μg/mL Sample 1 39.9 89.1 5.1 1.6 4.0 40.9±0.9
Sample 2 40.8 85.7 2.9 1.6 1.9

Sample 3 40.9 84.9 2.4 2.1 4.3

Sample 4 40.5 84.2 3.9 2.9 2.9

Sample 5 42.6 88.9 4 2.8 4.5

0.1 μg/mL Sample 1 37.6 92.8 2.8 1.2 3.0 35.4±1.2
Sample 2 36.0 85.6 2.6 2.9 2.6

Sample 3 34.4 92.4 2.0 2.9 2.6

Sample 4 34.2 90.6 3.6 3.9 1.8

Sample 5 34.9 93.0 2.4 2.4 2.0

1 μg/mL Sample 1 34.5 92.9 2.9 2.0 2.0 33.9±0.4
Sample 2 33.9 92.4 3.1 3.1 1.7

Sample 3 33.4 95.2 2.0 1.1 1.4

Sample 4 34.4 95.0 1.6 1.3 1.9

Sample 5 34.6 93.6 2.0 2.0 2.0

10 μg/mL Sample 1 32.4 94.8 1.7 1.3 2.0 31.8±0.5
Sample 2 31.0 94.0 2.3 1.6 1.9

Sample 3 31.9 93.8 2.2 1.9 1.9

Sample 4 32.4 95.6 1.5 1.2 1.5

Sample 5 31.5 95.3 1.8 1.5 1.2

100 μg/mL Sample 1 31.0 95.2 1.7 1.7 1.3 28.6±1.3
Sample 2 29.4 96.5 1.3 1.0 1.0

Sample 3 28.9 96.1 1.7 1.0 1.0

Sample 4 27.3 96.8 0.6 1.0 1.3

Sample 5 27.3 96.6 1.1 1.1 1.1

1000 number of cells were scored per test concentration

Table 3 Percentage of chromosomal aberration observed in Al2O3-treated A. cepa root tip cells

Treatment Chromosome
break (%)

Sticky
chromosome (%)

Laggard
chromosome (%)

Clumped
chromosome (%)

Chromosomal
bridge (%)

Disturbed
anaphase and
metaphase (%)

Diagonal
anaphase
(%)

Multipolar
anaphase (%)

Control (DI water) 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0

0.01 μg/mL 0.03±0.2 0.04±0.1 0±0.1 0.042±0.1 0±0 0.039±0.2 0.3±0.2 0±0.1

0.1 μg/mL 0.037±0.1 0.20±0.1 0±0 0.03±0.1 0±0 0.005±0.2 0.44±0.1 0±0.1

1 μg/mL 0.34±0.2 0.02±0.1 0.45±0.2 0±0 0.54±0.1 0.47±0.2 0±0.2 0.1±0.1

10 μg/mL 0.67±0.2 0.05±0.2 0.10±0.1 0.05±0.2 0.69±0.1 0.39±0.1 0.58±0.2 1.12±0.1

100 μg/mL 1.23±0.1 2.44±0.1 3.09±0.1 0.7±0.3 2.48±0.1 1.8±0.3 2.30±0.3 2.0±0.2

1000 number of cells were scored per test concentration
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Fluorescence microscopy

The chromosomal aberrations in root tip cells of
A. cepa after interaction with Al2O3 NPs (0.01 and
100 μg/mL) were observed under a fluorescence micro-
scope at a magnification of ×1000 and analyzed in com-
parison to the control group. At a minimum exposure
level of 0.01 μg/mL of Al2O3 NPs, characteristics like
binucleate cells, clumped chromosomes, and diagonal
anaphase were noticed. Similarly, there were occur-
rences of chromosomal bridges, multipolar anaphase,
and sticky metaphase at a maximum concentration of
100 μg/mL of Al2O3 NPs (Fig. 2a1–a2).

Confocal laser scanning microscopy

The root tip cells of A. cepa before and after interaction with
Al2O3 NPs were analyzed by confocal microscopy. Figure 2b,
c shows the confocal microscopic images of various chromo-
somal aberrations observed at 0-, 0.01-, and 100-μg/mL con-
centrations of Al2O3 NPs under×1000 magnification. The
formation of clumped chromosomes, nuclear blebbing,
and binucleate cells was observed upon the exposure to
0.01 μg/mL of Al2O3 NP concentration. Sticky metaphase
and binucleate cells were also observed, but only at a
higher frequency of 100 μg/mL of Al2O3 NP concentra-
tion. These images obtained with the aid of fluorescence

Fig. 1 Chromosomal aberrations
observed under optical
microscope: a1–a3 the clumped
chromosome, sticky
chromosome, and chromosome
break upon exposure to 0.01 μg/
mL NPs; b1–b2 the sticky
metaphase and disturbed
metaphase treated with 0.1 μg/
mL of NPs; c1–c4 the sticky
metaphase, disturbed metaphase
and anaphase, chromosomal
break, and clumped chromosome
treated with 1 μg/mL of NPs; d1–
d2 the chromosome break and
sticky metaphase upon exposure
to 10 μg/mL of NPs; e1–e4 the
sticky metaphase, clumped
chromosome, diagonal anaphase,
and diagonal and multipolar
anaphase treated with 100 μg/mL
of NPs
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imaging provided the clearest observation of chromosomal
aberrations.

The decrease in MI from 42 to 28 % in a dose-dependent
manner and the stimulation of chromosomal aberration upon
the exposure to NPs suggested that the NPs were capable of
increasing the DNA damages in root tip cells. The reduction in
the mitotic index was due to the blockage at G1 stage, thereby
suppressing the DNA synthesis (Mohandas and Grant 1972).
The improper folding of chromosomes and inhibition of spin-
dle fiber formation leads to the formation of sticky chromo-
somes. The occurrence of disturbed metaphase was mainly
due to the disturbance in spindle fiber apparatus (Darlington
and Mc Leish 1951). The other significant chromosomal ab-
errations observed during both metaphase and anaphase were
due to the depolymerization of spindle fibers as a result of
shifting of poles (Mederios and Takahashi 1987).

The genotoxicity study carried out by Pakrashi et al. (2014)
strongly suggested that the exposure of A. cepa root tips to
TiO2 NPs at both lower (12.5 μg/mL) and higher concentra-
tions (100 μg/mL) gave rise to various chromosomal aberra-
tions, and there was a considerable decrease in the mitotic
index in a dose-dependent manner, which was similar to our
study. The reports on the cytotoxic and genotoxic potentials of
ZnO NPs and AgNPs in A. cepa have also shown the
concentration-dependent inhibition of mitotic index (Kumari
et al. 2009, 2011). Through the toxicity evaluation of cobalt
and zinc oxide nanoparticles by Ghodake et al. (2011), it can
be implied that the accumulation of NPs within the cells and
chromosomes resulted in the retardment of the root
elongation.

By summarizing the microscopic examinations and corre-
lating them with previous works, it can be found that the

Fig. 2 Photo micrograph of
chromosomal aberrations: a1–a2
the chromosomal bridge and
multipolar anaphase after
exposure to 100 μg/mL of NPs
under the fluorescence
microscope; b1–b2 nuclear
blebbing and clumped
chromosome; and c1–c2 the
sticky metaphase and binucleate
cell formation after exposure to
0.01 and 100μg/mL ofNPs under
confocal laser scanning
microscope
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cytogenetic potential of Al2O3 NPs was remarkably signifi-
cant in the studied concentration range.

Biouptake of NPs

The biouptake potential is assumed to be an important param-
eter to evaluate the toxicity of nanoparticles. The ICP-OES
analysis was performed to quantify the amount of aluminum
ions internalized into the A. cepa root cells. The concentra-
tions of Al ions that were internalized into the A. cepa root tip
cells upon the exposure to various NP concentrations (0.1, 1,
10, and 100 μg/mL) are shown in Table 4. The internalized
concentration for 0.01 μg/mL of NPs was assumed to be neg-
ligible as the concentration was below the detection limit of
the instrument. The elemental analysis showed a
concentration-dependent increase in the internalization of
metal ions into the root cells.

Asztemborska et al. (2015) have suggested that the accu-
mulation of Al2O3 NPs in the plant cells and their transport
within the system increase with increasing concentrations of
NPs. Pakrashi et al. (2014) have reported that the internaliza-
tion or uptake of NPs contribute a major role in the toxic effect
toward A. cepa by generating oxidative stress in the cells.
Similarly, reports were found that the internalization of Ag
and ZnO NPs into the A. cepa root cells can have negative
effects and lead to DNA damage (Kumari et al. 2009, 2011).
Thus, these results indicate that the internalization of NPs into
the root cells can attribute toward the toxicity in cells, which
can be correlated with the decrease in the mitotic index ob-
served through the microscopic analyses.

Superoxide dismutase assay

The SOD assay has been performed to confirm the oxidative
stress induced by Al2O3 NPs in the A. cepa root tip cells. The
concentrations of NPs for the SOD assay have been selected
based on the results obtained from the internalization/uptake
studies. Insignificant differences were observed in the
biouptake between 0.1 and 1 μg/mL and also between 1-
and 10-μg/mL concentrations. Therefore, the minimum
(0.01 μg/mL), maximum (100 μg/mL), and intermediate

(1 μg/mL) concentrations of NPs have been considered for
SOD analysis. Table 5 shows the oxidative stress profile in
A. cepa root tips upon exposure to Al2O3 NPs. At 0.01-, 1-,
and 100-μg/mL concentrations of Al2O3 NPs, the SOD %
were found to be 8.3±0.02, 35.4±0.005, and 75.00±0.02 %,
respectively (p<0.05). The SOD activity was found to have
increased on increasing the concentrations of Al2O3 NPs, and
a maximum increase was found at 100 μg/mL of NPs. The
SOD analysis showed a concentration-dependent generation
of intracellular oxidative species on increasing the concentra-
tion of Al2O3 NPs. The increase in SOD % shows the impact
of Al2O3 NPs with regard to oxidative stress generation in
A. cepa root tips, which suggested the toxicity of Al2O3 NPs
on the root tips of A. cepa.

The NPs are capable of entering through cell membrane,
and their accumulation in the cytoplasm may lead to various
toxic effects in the form of mitochondrial dysfunction, oxida-
tive stress, and cell death (Kim et al. 2009). The genotoxicity
of Al may occur due to the modification of chromatin struc-
ture, induction of ROS, or liberation of DNase from the lyso-
somes (Banasik et al. 2005). Anane and Creppy (2001) and
Rao and Stein (2003) have reported that the formation of ROS
can result due to the interaction of Al with the cells. The
leached out Al3+ ions and the surface charge-based interaction

Table 4 Quantification of internalized of Al ions into the A. cepa root
tips by ICP-OES

Concentration of Al2O3 NPs (μg/mL) Internalized Al ions (%)

0.01 BDL

0.1 3.58±0.02

1 4.10±0.00

10 5.68±0.30

100 38.50±18.00

BDL below detection limit

Table 5 Relative antioxidant enzyme (SOD) production in percentage
by A. cepa root tip cells upon its exposure to various concentrations of
Al2O3 NPs

Concentration of Al2O3 NPs (μg/mL) SOD (%)

0.01 8.30±0.02

1 35.40±0.00

100 75.00±0.02

Fig. 3 FT-IR spectra of A. cepa root tip before and after interaction with
Al2O3 NPs
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of Al2O3 NPs may also synergistically modify the surface
functional moieties, which thereby result in oxidative stress
and cell membrane damage due to the triggering of several
signal transduction cascades (Pakrashi et al. 2013). Tang et al.
(2007) have suggested that the increase in the ROS level may
thus stimulate the production of the antioxidative enzyme,
SOD. Therefore, the increased activity of antioxidant enzymes
like superoxide dismutase in treated root tip cells as compared
to the control reflected that these enzymes were involved in
countering the excessive ROS generated during the stress in-
duced by NPs.

FT-IR analysis

Surface chemical characterizations of A. cepa root cells before
and after interaction with nanoparticles have been analyzed
and shown in Fig. 3. The FT-IR spectra of control root tip
cells were around the range 4000–900 cm−1, which revealed
the presence of biochemical components like carbohydrates,
proteins, and lipid moieties in root cells (Lu et al. 2011). The
peak at 3292 cm−1 was due to N–H stretching of protein and
O–H stretching of carbohydrates and water, while the peaks at
2917 and 1726 cm−1 were due to the C–H stretching of methyl
group and C=O vibration of lipids (Lu and Rasco 2012). The
peaks positioned at 1634 and 1515 cm−1 indicated the pres-
ence of amide I and amide II groups (Maquelin et al. 2002).
The peak at 1236 cm−1 was assigned to the asymmetric and
symmetric P=O stretching modes of nucleic acids, while the
band at 1030 cm−1 was due to the glycogen and CH2OH
vibration (Movasaghi et al. 2008).

Slight peak shifts around the carbohydrate, lipid, and amide
regions were observed in the NP-treated root samples. In ad-
dition, the bands at 1236 and 1030 cm−1 were shifted to 1234
and 1008 cm−1, which clearly indicates the damage in DNA.
The changes in the peak position and a decrease in the absor-
bance of the respective peaks were observed in treated sample
as compared to the control, which illustrated the impact of
NPs on the chemical structures of the various components in
the cells. Thus, the FT-IR analysis revealed that the adsorption
of NPs onto the surface of root tip could induce the breakage
of cell membrane, and their internalization may cause DNA
damage.

Conclusion

The present study demonstrated the dose-dependent cytoge-
netic effects of the Al2O3 NPs toward the A. cepa in a wide
range of exposure concentration from 0.01 to 100 μg/mL. The
increase in various chromosomal aberrations and decrease in
mitotic index as a function of Al2O3 NP concentrations were
confirmed by the microscopic studies. The concentration-
dependent uptake/internalization profiles of the Al2O3 NPs

have been substantiated by ICP-OES. In order to counteract
the ROS produced by Al2O3 NPs, an increased level of SOD
activity was observed proportional to the nanoparticle concen-
tration. Thus, the A. cepa assay can be employed as a
bioindicator for the successful evaluation of cytogenetic ef-
fects of Al2O3 NPs in plant systems.
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