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» Damage to DNA signifies the toxic potential of NiO-NPs to plants.
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Nickel oxide nanoparticles (NiO-NPs) in the concentration range of 0.025-2.0 mg/ml were examined
for the induction of oxidative stress, mitochondrial dysfunction, apoptosis/necrosis in tomato seedling
roots, as an in vivo model for nanotoxicity assessment in plants. Compared to the control, catalase (CAT),
glutathione (GSH), superoxide dismutase (SOD) and lipid peroxidation (LPO) in 2.0 mg/ml NiO-NPs treat-
ments exhibited 6.8, 3.7, 1.7 and 2.6-fold higher activities of antioxidative enzymes. At 2.0 mg/ml, 122%
and 125.4% increase in intracellular reactive oxygen species (ROS) and mitochondrial membrane poten-

{fﬁ' 1‘:2 (l)r:; de nanoparticles tial (A¥m) of seedling roots confirmed the oxidative stress and mitochondrial dysfunction. Comet assay
DNA damage exhibited a significant increase in the number of apoptotic (21.8%) and necrotic (24.0%) cells in 2.0 mg/ml
Apoptosis treatment groups vis-d-vis in control 7% apoptotic and 9.6% of necrotic cells were observed. Flow cyto-

metric analysis revealed 65.7% of apoptotic/necrotic cell populations and 2.14-fold higher caspase-3 like
protease activity were recorded in 2.0 mg/ml treatment groups. Ultrastructure analysis revealed NiO-NPs
translocation, nuclear condensation, abundance in peroxisomes and degenerated mitochondrial cristae.
The dissolution of Ni ions from NiO-NPs signifies its potential to induce cell death presumably by Ni ions,
triggering the mitochondrial dependent intrinsic apoptotic pathway.

© 2013 Elsevier B.V. All rights reserved.

Oxidative stress
Phytotoxicity

1. Introduction

The widespread application of nanotechnology based consumer
products has raised concern over the impact of nanoparticles (NPs)
on the environment and on biota; therefore, release of NPs into
the environment is likely inevitable [1]. Plant communities play
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a critical role in the sustenance of ecosystem, and as such, may
experience significant exposure to NPs [2,3]. NPs can enter into
plant cells either through endocytosis or non-endocytic penetra-
tion [4,5]. NPs can be taken up by plant roots and transported to
shoots through vascular systems depending upon the composi-
tion, shape, size of NPs and plant anatomy. Cellular uptake of zinc
oxide (ZnO) is reported in Lolium perenne [5], Cu-NPs in Phaseolus
radiates and Triticum aestivum [6], multiwalled carbon nanotubes
(MWCNTSs) in Oryza Sativa [4], Triticum aestivum [7] and CdSe/ZnS
quantum dots in Poa annua [8]. Lin and Xing [9] has studied the
effect of MWCNT, Al, Al;03, Zn and ZnO-NPs on seed germina-
tion and root elongation in Brassica napus, Raphanus sativus, Lolium
perenne, Lactuca sativa, Zea mays and Cucumis sativus. At 2000 mg/L,
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non-significant effect was observed on seed germination except for
the Zn-NPs on Lolium perenne and ZnO-NPs on Zea mays. However,
inhibition on root growth varied greatly among NPs and plants. At
the similar concentration the Zn-NPs and ZnO-NPs practically ter-
minated root elongation of the tested plant species. Cafias et al. [10]
have studied the effects of non-functionalized single-walled carbon
nanotubes (SWCNTs) and functionalized (fSWCNTs) on root elon-
gation of Brassica oleracea, Daucus carota, Cucumis sativus, Lactuca
sativa, Allium cepa and Lycopersicon esculentum. Both SWCNTs and
fSWCNTs affected root elongation of four crop species, but phy-
totoxicity varied between SWCNTs and fSWCNTs, with SWCNTs
affecting more species. These effects of nanomaterials are most
often associated with the increased reactivity and surface area, ROS
formation, aggregation and adsorption to cell walls, and release of
toxicions [3,11].Inarecent report, exposure of Arabidopsis thaliana
roots to 100 mg/L ZnO, TiO,-NPs and fullerene soot exhibited up
and down-regulation of an array of genes related to stress response,
including both abiotic (oxidative, salt, water deprivation) and biotic
(wounding and defense to pathogens) [1]. The accumulation, per-
sistence and impact of NPs on plant metabolism and development
depend on the hydrodynamic size, concentration, surface chem-
istry of NPs, and the chemical milieu of the sub-cellular sites of
NPs deposition [12]. Most likely, the NPs interact with biological
systems through the (i) chemical effects as metal ions in solution
upon dissolution; (ii) mechanical effects owing to hard spheres and
defined interfaces; (iii) catalytic effects on surfaces; (iv) binding
with macromolecules either by non-covalent or covalent mecha-
nisms; and (v) intracellular oxidative stress [ 12]. Toxic metals, such
as Cu, Cd, Hg, Ni and Zn, bind to cell components such as DNA
or the sulfhydryl, carboxyl or imidazole groups of proteins, and
modify their activities. Interference with cellular processes often
causes redox imbalances and oxidative stress in metal-exposed
plants [13,14]. The ability of NPs to enter the nuclear envelope has
also evoked much interest in possible genotoxic effects of NPs [15].
Apart from direct intercalation or the physical and/or electrochemi-
cal interaction with NPs, ROS are regarded as key factor in inducing
DNA damage [16]. There is ample evidence that ROS are crucial
second messengers involved in abiotic and biotic stress in plants
[17,18], and also participate as important signaling molecules for
controlling plant programmed cell death (PCD) [19]. ROS include
the superoxide radical (O,* ), hydroxyl radical (OH*), hydroperoxyl
radical (HO,*), hydrogen peroxide (H,0,), alkoxy radical (RO*),
peroxy radical (ROO*), singlet oxygen (10,) and excited carbonyl
(RO"), all of which are cytotoxic to plants [20]. ROS can attack virtu-
ally all macromolecules, which results in serious damage to cellular
components, DNA lesions and mutations, and this often leads to
irreparable metabolic dysfunction and cell death [20]. Reduced lev-
els of ROS stimulate Ca2* influx into the cytoplasm and activate
NADPH oxidase. Plant NADPH oxidases generate 0%*~, which gets
converted to H,0O, by SOD and the peroxide diffuses through the
cell wall to the extracellular medium and enters into the cell [21].
H, 0, is one of the most stable ROS reported to trigger apoptotic cell
death in cultured tobacco BY-12 cells [22,23]. Numerous apoptosis-
inducing agents can induce the uncoupling of electron transport for
ATP production, leading to a decrease in A¥m and subsequent ROS
formation. ROS are also considered as the main underlying chemi-
cal process in nanotoxicology, leading to secondary processes that
can cause cellular damage and eventually cell death [24]. Many fea-
tures of PCD in plants resemble with those observed in animals with
respect to similarities in plant DNA sequences, apoptosis-related
genes, processing of the DNA and rupture of the nuclei, shared by
both types of cell death processes [25]. However, the mechanism
of DNA damage, ROS generation and activation of cell signaling
pathways for NPs induced oxidative stress leading to phytotoxicity
is not fully understood. Therefore, the objective of this study was
to investigate the nickel oxide (NiO-NPs) induced phytotoxicity in

tomato (Lycopersicon esculentum) seedlings roots, and assess the (i)
translocation of NiO-NPs in root cells and ultrastructural changes in
cell organelles, (ii) potential of NiO-NPs to release Ni ions and their
role in intracellular ROS generation to induce mitochondrial dys-
function, (iii) levels of oxidative stress marker enzymes, (iv) cell
cycle alterations and apoptosis/necrosis analysis by use of highly
sensitive techniques. To the best of our understanding, no system-
atic study has been attempted so far, elucidating the mechanism
of NiO-NPs induced phytotoxicity at cellular and molecular levels.
This study will help in understanding the impact of NiO-NPs on the
growth of tomato seedling roots, level of oxidative stress, dissipa-
tion of AWm, and release of caspase-3 like protease, leading to ROS
mediated induction of mitochondrial dependent intrinsic apoptotic
pathway.

2. Experimental
2.1. Characterization of NiO-NPs

NiO-NPs were characterized by TEM, atomic force microscopy
(AFM), dynamic light scattering (DLS) and zeta (¢) potential mea-
surements. For TEM analysis, the samples were prepared by
dropping the ultrasonically treated NiO-NPs suspension onto a
TEM copper grid and dried at room temperature. A total of six
TEM samples were prepared, and at least ten micrographs of each
were analyzed to determine the average primary particle size.
TEM was performed on a Field Emission Transmission Electron
Microscope (JEM-2100F, JEOL, Japan) at 200 keV. NiO-NPs were
further examined using AFM (Veeco Instruments, USA). Analysis
was performed by running the machine in non-contact tapping
mode. Characterization of NiO-NPs was done by observing the pat-
terns appeared on the surface topography and analyzing the AFM
data. Tapping mode imaging was implemented in ambient air by
oscillating the cantilever assembly at or near the cantilever’s res-
onant frequency using a piezoelectric crystal. The topographical
images were obtained in tapping mode at a resonance frequency
of 218 kHz. NiO-NPs stock suspension of 20 pg/ml was prepared in
deionized ultrapure water and sonicated for 15 min at 40 W. DLS
was performed on a ZetaSizer-HT, Malvern, UK to determine the
hydrodynamic sizes of the NiO-NPs in suspension. The ¢-potential
values of the NiO-NPs were determined by Zetasizer 2000 (Malvern
instruments Ltd., UK). The NiO-NPs were dispersed in ultrapure
water and the {-potential values presented were the average of 10
readings.

2.2. Effect of NiO-NPs and bulk NiO on root elongation

Tomato seeds (super strain B) were sterilized using 5% clorox
solution for 10 min and thoroughly washed with ultrapure water.
The exposure concentrations of NiO-NPs were selected from initial
experiments based on the root elongation assay. In brief, for each
set of experiment, 20 sterile seeds were separately dipped in 0.025,
0.05,0.1,0.25,0.5,1.0, 1.5 and 2.0 mg/ml of NiO-NPs (<50 nm) (cat-
alog no. 637130, Sigma Chemical Company, St. Louis, MO, USA) and
bulk NiO (catalog no. 203882, Sigma Chemical Company, St. Louis,
MO, USA) suspensions, exposure was done for 2 and 4 h on a rotary
shaker at room temperature. After the treatment, seeds were rinsed
with ultrapure water and transferred onto wet filter paper in Petri
dishes and placed in growth chamber for 5 and 10 days at 25 +2°C
for seed germination and growth.

2.3. Translocation of NiO-NPs in tomato root cells
TEM analysis of tomato seedling roots from NiO-NPs (2.0 mg/ml)

treatment groups were analyzed for uptake and translocation of
NPs following the method described by Corredor et al. [26]. Briefly,
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roots from untreated control and NiO-NPs treatment groups were
fixed with 10% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4)
for 20 min. Roots were then suspended in 1% OsO4 in 0.1 M cacody-
late buffer (pH 7.4) for 1h at 4°C, followed by 1h incubation
in 2% aqueous uranyl acetate at room temperature. The samples
were dehydrated in an ethanol series and embedded in low viscos-
ity araldite resin. Ultrafine sections (80 nm thick) were visualized
under high vacuum at 100 kV using JEOI-1011 Electron Microscope
(JEOL, Tokyo, Japan). The images were captured without any con-
trast agent to avoid potential artifacts due the deposition of contrast
agent crystals.

2.4. Dissolution of NiO-NPs and bulk NiO in treatment solutions

Concentrations of total dissolved Ni ions in NiO-NPs and bulk
NiO treatment solutions were measured to assess the role of sol-
uble metal in phytotoxicity. Assessment of dissolved Ni ions was
measured following the method described by Lee et al. [27]. In brief,
NiO-NPs and bulk NiO suspensions (250, 1000 and 2000 mg/L) were
centrifuged at 12,000 x g for 20 min. The supernatants were subse-
quently filtered through 0.22 pm syringe filters and subjected to
elemental analyses of Ni ions by inductively coupled plasma opti-
cal emission spectrometry (ICP-OES, PerkinElmer Optima 4300DV,
USA).

2.5. NiO-NPs induced ROS generation

Qualitative analysis of ROS production were done by staining the
seedling roots with 0.25 uM of 2’,7'-dichlorofluorescin diacetate
(DCFH-DA) for 15 min and images were taken using a fluorescence
microscope (Nikon Eclipse 80i, Japan) [28]. For the quantitative
estimation of intracellular ROS, protoplasts were isolated by the
method of Imanishi et al. [29] and staining with 5 M of DCFH-
DA. Fluorescence of DCF from 50,000 protoplasts was recorded on
Beckman Coulter flow cytometer (Coulter Epics XL/XI-MCL, USA)
following our method, as described previously [30].

2.6. Effect of NiO-NPs on A¥'m

Visual changes in A¥m was done by staining the seedling roots
with 1 pg/ml of Rh123 for 30 minin dark and the images were taken
on a fluorescence microscope. Quantitation of intracellular alter-
ations in A¥m was done on flow cytometer by analyzing 50,000
protoplasts from different treatment groups stained with Rh123
(5 pg/ml) following our method, as described previously [31].

2.7. Biochemical assays

CAT (catalog # 707002), GSH (catalog # 703002), SOD (cata-
log # 706002) and LPO (catalog # 705002) in control and NiO-NPs
treatment groups were measured in tissue extracts of 20 seedling
roots following the manufacturers protocol (Cayman Chemicals,
MI, USA). The resulting colored compounds were measured on mul-
tiwell microplate reader (Multiskan Ex, Thermo Scientific, Finland)
at 550, 405, 450 and 500 nm, respectively.

2.8. Isolation of nuclei

In brief, 20 roots obtained from seedlings of control and NiO-NPs
treated groups were placed in 60-mm Petri dish on ice contain-
ing 1 ml of Galbraith buffer (45 mM MgCl,, 30 mM sodium citrate,
20 mM MOPS, 0.1% (v/v) Triton X-100, pH 7.0). Roots were gently
sliced in the buffer using new razor blades keeping the dish slightly
tilted so that nuclei can pass into the buffer. To remove the debris,
nuclei suspension was filtered through a 28-pm nylon filter mesh.

2.9. Apoptosis and necrosis analysis by alkaline comet assay

Alkaline comet assay were performed with the isolated nuclei,
following our previously described method [32]. A separate solu-
tion of EMS (2 mM) was prepared as a positive control. Acellular
treatment of nuclei with EMS was done by immersing the two extra
slides prepared from control groups in EMS solution for 2 h at room
temperature. The cells for apoptotic and/or necrotic DNA were ana-
lyzed following the scoring criteria of Singh [33]. Percentage of
nuclei with radially diffused (necrotic) and hazy outline (apoptotic)
DNA was separately calculated from a total of 1000 nuclei (500
nuclei from each replicate slide).

2.10. Analysis of apoptosis by flow cytometry

The assessment of apoptosis was performed by use of flow
cytometry following our previously described methods [31,34]. In
brief, the aliquots of 1 ml nuclei suspensions were stained in dark
with 50 pg/ml of nuclear staining fluorescent dye (propiodium
iodide, PI) and RNAase A (50 pg/ml) solutions for 10 min on ice
to degrade the RNA in test samples. Fluorescence intensities of
100,000 nuclei were acquired by use of a Beckman Coulter flow
cytometer.

2.11. Measurement of caspase-3 like protease activity

Cleavage product of caspase-3 was detected in seedling roots
(200 mg) from control and NiO-NPs treatment groups by ELISA
using the caspase-3/CPP32 colorimetric assay kit (catalog # K106-
25, Biovision, CA, USA). The colored formation of p-nitroanilide was
measured at 405 nm by use of a microplate reader.

2.12. Statistical analysis

Data were expressed as mean=+S.D. for the values obtained
from at least three independent experiments using 20
seeds/concentration. Statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparisons test.

3. Results and discussion

3.1. Particle characterization by TEM, AFM, DLS and zeta
(¢)-potential measurements

In order to investigate the morphology and size, NiO-NPs in the
solid state were investigated by TEM, AFM and also in aqueous
suspension by DLS measurements. The TEM analysis of NiO-NPs
showed that most of the particles were crystallites spheres with
polyhedral morphologies and forming agglomerates. The size of the
particles was wide with the average size of 23.34 nm (Fig. 1A). AFM
image of NiO-NPs exhibited the size of nanoparticles to be 30 nm
(Fig. 1B). The distribution curves in water show particle aggregates
of 239.8 + 4.1 nm. The result of hydrodynamic size of the NiO-NPs
using DLS is shown in Fig. 1C. The {-potential for NiO-NPs in water
was found to be 25.3 +£1.2mV (Fig. 1D). The commercially avail-
able NiO-NPs (<50 nm), suspended in water were used for seed
treatment and subsequent analysis of toxicity in tomato root cells.
Since, the primary and secondary sizes of the NPs are regarded as
important parameters for cellular toxicity. Therefore, the behav-
ior of NiO-NPs in treatment solution was evaluated through DLS to
understand the extent of aggregation and secondary size of these
NPs before exposure. DLS is widely used to determine the size of
Brownian NPs in colloidal suspensions in the nano and submicron
ranges [35]. The average hydrodynamic particles diameter in water
indicates particle aggregation. The hydrodynamic characterization
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Fig. 1. Representative TEM image of NiO-NPs (panel A) at 200,000x magnification. Panel B depicts a 3D topography of NiO-NPs in an AFM perspective view with scan size
of 200 nm. Dynamic light scattering (DLS) and ¢-potential analysis of NiO-NPs suspension in ultrapure water (panels C and D).

data corroborates well with some recent reports on the agglomera-
tion of TiO,, ZnO and superparamagnetic iron oxide-NPs in aqueous
environment [30,36,37].

3.2. Repression of root length by NiO-NPs exposure

A comparative study on root elongation has been done to assess
the phytotoxicity of NiO-NPs and bulk NiO in tomato. Exposure
concentrations for NiO-NPs were selected based on the screening
of low to high concentrations (0.025-2.0 mg/ml) of NiO-NPs to
affect the root length. We observed significant enhancement in
root length treated with 0.05 and 0.1 mg/ml. Since, the primary
objective of this study was to assess the toxicity of NiO-NPs.
Therefore, the non-significant concentrations (0.025-0.1 mg/ml)
in term of repression of root length were excluded from further
toxicity experiments. Tomato seeds exposed to NiO-NPs for 2 and
4h, exhibited a concentration dependent reduction in root length
(Fig. 2). After 5 days of incubation, at the highest concentration of
2.0mg/ml, the average root length in 2 and 4 h treatment groups
were repressed to 0.8 +0.22 and 0.5+0.12cm (p<0.01) viz-d-viz
the root length in untreated controls were determined to be 3.8 and
3.9cm, respectively. Under similar experimental conditions bulk
NiO did not induce significant change in the root length (Fig. S1
Supplementary data). Within 2 h treatment groups, seedlings left
for 10 days exhibited normal root growth upto the concentrations
of 1.0 mg/ml. Stunted roots were observed only at 1.5 mg/ml and
termination of root elongation was observed at 2.0 mg/ml. On the
contrary, 10 days old seedlings in 4 h treatment groups exhibited
greater toxicity as observed by the complete death of roots at 1.0,
1.5 and 2.0 mg/ml (data not shown). Our results corroborate the

earlier studies, which have also suggested the retardation of root
growth by Zn, ZnO, SWCNTSs, Cu and TiO,-NPs in Lycopersicon escu-
lentum, Raphanus sativus, Brassica napus, Lolium perenne, Cucurbita
pepo and Oryza sativa [5,10,38,39]. Water soluble fullerene has also
been reported to retard roots length and loss of root gravitropism
in Arabidopsis thaliana [40]. Conversely, there are also reports,
which have suggested that the NPs such as MWCNT and TiO,,
can penetrate into Nicotiana tabacum, Lycopersicon esculentum and
aged Spinacia oleracea seed coats, and dramatically enhance their

BB NiO-NPs 2h
I NiO-NPs 4h
EEE Bulk NiO 2h
ES Bulk NiO 4h

Root Length (cm)

0.025 0.05 0.1

0.25

Control 0.5 1

Concentration (mg/ml)

Fig. 2. Concentration dependent effect of NiO-NPs and bulk NiO on repression of
tomato roots after 5 days (*p <0.05, **p<0.01 vs. control).
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germination and root elongation at concentration ranges of 5-500
and 10-40 p.g/ml, respectively [41-43].

Toxicity assessment of NPs on plant system is still emerging
and the available data are primarily based on conventional tests
suggested by the United States Environment Protection Agency
[44] including seed germination, root elongation, biomass changes
and histological studies. These tests provide only the symptomatic
information related to the possible toxicity of nanomaterials. To the
best of our knowledge, this study for the first time investigated the
mechanistic aspects of NiO-NPs induced oxidative stress and apo-
ptosis in tomato. For this purpose, tomato was taken as a model
because of its economic importance and sensitivity toward NPs
exposure [41]. Although, the selective permeability of seed coat

provides protection to the seed from NPs during the germination,
but ourresults demonstrated that the embryonicroot (radicle) after
penetrating the seed coat, become the major organ to confront NiO-
NPs during the seedling growth. Therefore, the toxic symptoms
were more evident in roots than in other parts of seedlings.
Furthermore, NiO-NPs also exhibited a tendency to adsorb on
the seed coat in a concentration dependent manner (Fig. S2 Sup-
plementary data). The main factors contributing to such adsorption
can be physical attachment of particles on a rough seed sur-
face, electrostatic attraction and hydrophobic interactions between
seeds and NP agglomerates. The adsorption of NPs on the seed sur-
face could generate locally concentrated ions (released from NPs)
and enhance NP phytotoxicity [45]. Thus, it is concluded that the

Fig. 3. TEM images of control roots showing the parenchymal cells harboring mitochondria with integrated cristae, nuclear chromatins at the peripheral region and no
peroxisomes (panels A and B). Ultrastructure image of roots from 2.0 mg/ml NiO-NPs treatment group showing the presence of NiO-NPs aggregates (marked within box) in
triangle shaped extracellular region between three confluent parenchymatic cells (panel C) and vacuoles (arrows). High magnification of the extracellular channel displaying
NPs aggregates (marked with arrows) in panel C and presence of NPs inside the cytoplasm (arrow heads) (panel D). Panel E depicts mitochondria with degenerated cristae
and abundance of peroxisomes. Panel F depicting the nuclear condensation. Vacuoles (V), mitochondria (M), peroxisomes (P), and nucleus (N).
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effect of NPs on plant growth and development depends upon the
type and concentration of NPs, plant species and their mode of NPs
uptake.

3.3. Ultrastructure analysis and dissolution of Ni ions

Ultrastructure analysis was performed to evaluate the translo-
cation of NiO-NPs in root tissues. TEM analysis showed that
NiO-NPs not only present in the exterior region of confluent
parenchymal cells but also translocated within the cytoplasm of
the cells (Fig. 3A and B). NPs presence was identified as dark
dots and aggregates in the vacuoles of root cells. It suggests that
NPs successfully pierced the seed coat and cross the cell mem-
brane and formed agglomerates. Translocation of NiO-NPs in root
cells is supported by ZnO and carbon coated iron-NPs uptake in
Fagopyrum esculentum and Cucurbita pepo [26,46]. Additionally,
we also observed an increase in the number of peroxisomes and
mitochondria with degenerated cristae, and nuclear condensation
in root cells of NiO-NPs treatment group (Fig. 3C and D). Through
electron microscopic analysis, ozone, herbicide, clofibrate, and
high light were found to increase peroxisome abundance in plant
cells [47-50]. In addition to the metabolic pathways and division
factors that link peroxisomes and mitochondria, other ways
of interaction or communication also exist between these two
organelles. For instance, in yeast, mitochondrial dysfunction
induces peroxisome biogenesis and increases peroxisomal func-
tions via a retrograde signaling pathway controlled by the

Table 1
Total dissolved Ni ions released from NiO-NPs and bulk NiO particles suspended in
ultrapure water.

NiO added (mg/L) Total dissolved Ni (mg/L)

NiO-NPs Bulk NiO
0 N.D. N.D.
250 2.31+0.45° 0.6+ 0.03¢4
1000 2.97+0.57° 0.38+0.05¢
2000 11.374+0.98* 1.47+£0.19¢

Values represent mean + S.D. Means followed by the same letter are not significantly
different (P<0.05) using Tukey’s test. N.D., not detected.

transcription factor RTG [51,52]. Our study supports the view that
NiO-NPs induced mitochondrial dysfunction has triggered the bio-
genesis of peroxisomes as a consequence of stunted root growth
and to detoxify the intracellular ROS.

Quantitative estimation of dissolved Ni ions in both NiO-NPs and
bulk NiO treatment solutions was done by ICP analysis. Compared
to the bulk NiO, a remarkable increase in the level of dissolved Ni
ions were recorded in NiO-NPs solutions. Bulk NiO and NiO-NPs at
the highest concentration of 2000 mg/L released 1.472 +0.192 and
11.37 4+ 0.98 mg/L of Niions (Table 1). For Ni ions the possible mode
of action to cause DNA damage has been reported by inducing the
Haber-Weiss generation of *OH radical [53,54]. Therefore, the pos-
sibility cannot be ruled out that NiO-NPs translocated within the
root cells releases Ni ions and assist the intracellular ROS produc-
tion which induce damage to the biological macromolecules.

Fig. 4. Depicts ROS generation in seedling roots. Panels A: control, panels (B-F) NiO-NPs 0.25, 0.5, 1.0, 1.5 and 2.0 mg/ml. Root tip, area of elongation and differentiation
exhibiting ROS localization are marked with arrow, red and cyan colored boxes, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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Fig. 5. Flow cytometric analysis of intracellular ROS generation in protoplasts (panel A) (*p<0.05, **p<0.01). Flow images (panel B) showing an enhancement in the DCF
fluorescence with increasing NiO-NPs concentrations. MnXI is the fluorescence intensity of DCF.

3.4. Intracellular ROS generation by NiO-NPs

The translocation of NiO-NPs in root cells and dissolution of Ni
ions has prompted us to investigate the ROS generation in roots.
Staining of roots with DCFH-DA revealed a typical pattern of ROS
localization. DCF fluorescence has been used as a marker for oxida-
tive stress and is suggestive of overall oxidative status of a cell [55].
Compared to the untreated control, higher concentrations (1.0, 1.5
and 2.0 mg/ml) of NiO-NPs induced a sharp increase of DCF fluores-
cence (Fig. 4B-E). Quantitative analysis by flow cytometry revealed
higher levels of ROS generation inside the protoplasts. Compared
to DCF fluorescence (100%) of control, the treatment doses of 0.25,
0.5, 1.0, 1.5 and 2.0 mg/ml of NiO-NPs resulted in 18%, 23%, 48%,
68% and 122% greater ROS generation (Fig. 5A and B). These results
confirmed the oxidative stress in roots as a consequence of NiO-NPs
exposure. Earlier studies have also reported oxidative stress in roots

of Brassica oleracea, and Oryza sativa cells, grown under salt stress
and MWCNT [28,56]. It has been proposed that the genotoxicity of
metals and metal oxides results from non-direct formation of ROS.
Abiotic stress (including heavy metals) may result in DNA dam-
age to plant cells either directly or indirectly [57,58]. Indeed, ROS
have a potential to react with the cellular components and induce
DNA strand breaks, purine oxidations, protein modifications and
protein-DNA cross links [59,60]. Thus, higher levels of ROS in NiO-
NPs treatment groups might play a critical role in inducing cellular
damage leading to apoptotic-like programmed cell death.

3.5. NiO-NPs induced changes in AWm
In order to reaffirm the ROS mediated membrane damage, alter-

ations in A¥m of tomato roots were analyzed by use of Rh123.
Compared to the Rh123 fluorescence in control root, NiO-NPs
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Fig. 6. Rh123 stained roots showing fluorescence decline at 0.25 and 0.5 mg/ml (panels B and C), enhancement at 1.0, 1.5 and 2.0 mg/ml NiO-NPs (panels D-F) and normal

bright fluorescence in control (panel A).

(0.25 and 0.5 mg/ml) treatments exhibited discernable reduction
of Rh123 fluorescence (Fig. 6A-C). Interestingly, higher concen-
trations of 1.0, 1.5 and 2.0mg/ml, a gradual enhancement in
fluorescence intensity were observed, possibly due to diffusion
into the cytoplasm of cells (Fig. 6D-F). Quantitative evaluation of
fluorescence reduction in Rh123 stained protoplasts by flow cyto-
metric analysis revealed 40.1% and 20.4% (p <0.01) reductionin 0.25
and 0.5 mg/ml treated groups as compared with control. However,
the protoplasts from1.0, 1.5 and 2.0 mg/ml groups have exhibited
an increase in the fluorescence intensity by 5.4%, 28.5% (p <0.05)
and 25.4% (p<0.01), respectively (Fig. 7A). The biphasic change in
fluorescence intensity with a marked reduction at lower NiO-NPs
concentrations followed by fluorescence enhancement through dif-
fusion of Rh123 fluorescence is quite intriguing. The possible reason
for fluorescence intensity reduction at lower concentrations of 0.25
and 0.5 mg/ml could be due to dissipation of A¥m by disruption
of proton-moving force and/or the inner membrane permeability.
Thus the relation between greater ROS generation and decline in
AW¥m supports the earlier findings of Liu et al. [40] with water solu-
ble fullerenes. On the contrary, an increase in fluorescence at higher
treatment doses relates with the inherent property of mitochondria
to swell or shrinkin response to changes in A¥m. Thus the intensity
of Rh123 fluorescence changes with the morphological transitions
[61]. Altered mitochondria can no longer retain Rh123, which
leaks out from the mitochondrial membrane into the cytoplasm
mainly by the swelling [62]. Hence, it is concluded that NiO-NPs
at lower doses of 0.25 and 0.5 mg/ml dissipate A¥m, whereas

mitochondrial swelling occurs at greater exposure doses of 1.0 to
2.0mg/ml, leading to leakage of Rh123 to cytosolic components
of the treated cells and causing hyperpolarization of the dye. ROS
generation within mitochondria occurs in complex I and II of elec-
tron transport system through electron leakage, which can directly
interact with mitochondrial proteins and lipids, and eventually
cause dysfunction [63]. In plants, dissipation of A¥m is reported
to be an early marker or an essential event in plant apoptosis under
various stimuli [64].

The flow cytometric analysis of root protoplast mitochon-
dria revealed two peaks of Rh123 fluorescence, suggestive of a
major low fluorescence population (LFP) and a minor high fluo-
rescence population (HFP), accounting for 59% and 31% of the total
mitochondria in control. A concentration dependent decline in the
percentage of LFP and an increase in HFP been observed. The LFP
and HFPat0.25,0.5, 1.0, 1.5 and 2.0 mg/ml of NiO-NPs were found to
be 59%, 53.8%, 46.8%, 30.6%, 29%, 26% and 31%, 29.4%, 42.3%, 58.4%,
61.5%, 64%, respectively (Fig. 7B). These results correspond with
the earlier reports on Zea mays leaves and Oryza sativa seedlings,
where two discrete fluorescence peaks of Rh123 stained mitochon-
dria were recorded due to the presence of two distinct physiological
forms of mitochondria [65,66]. It has been suggested that the HFP
represents an immature mitochondrial form that may be trans-
formed into the LFP by the incorporation of newly synthesized
structural and functional components during mitochondrial mem-
brane biogenesis [67]. In this study the observed changes from LFP
to HFP can be attributed to NiO-NPs induced oxidative stress in
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mitochondria of tomato roots, which could be most likely due to
disordered FgF;-ATPase activity suggested under oxidative stress
[66].

3.6. NiO-NPs modulate the antioxidant defense system of tomato
roots

In order to assess the extent of oxidative stress in NiO-NPs
treated roots, the levels of antioxidant markers such as SOD,
CAT and total GSH were determined. The data revealed the basal
activity of SOD as 2.4U/ml in control, whereas, the treatment
groups from 0.25 to 2.0mg/ml of NiO-NPs have exhibited 3.4,
3.8, 5.3, 5.0 and 4.3U/ml SOD activity. The results suggested
a relatively lesser SOD activity at 1.5 and 2.0 mg/ml NiO-NPs
(Fig. 8A). Similarly, CAT activity in control was 12.7 (nmol/min/ml),
which showed an elevated trend with increasing NiO-NPs con-
centrations. An enhancement in CAT activity was determined to
be 40.7, 70.6 and 91.2 (nmol/min/ml) at 0.5, 1.0 and 1.5 mg/ml,

respectively (Fig. 8B). At the highest concentration of 2.0 mg/ml,
the CAT activity was reduced to 86.5(nmol/min/ml). The total
GSH levels in seedling roots at 0.25, 0.5 and 1.0 mg/ml treatment
groups were determined to be 0.6, 1.6 and 2.8 wM, as compared
to 0.06 M in control (Fig. 8C). However, seedling roots grown at
1.5 and 2.0 mg/ml of NiO-NPs exhibited lesser accumulation (2.4
and 2.3 wM) of total GSH. These results corroborate well with the
recent reports on SOD, CAT and GSH activities in the roots of var-
ious plants exposed to NPs [68-70]. Plants under the abiotic and
biotic stress conditions are reported to increase the production
of ROS. For protection against the toxic effects of ROS, plant cells
employ antioxidant defense systems, particularly the SOD, CAT
and GSH, which provides the first line of defense toward any kind
of oxidative toxicity at the cellular level [71]. Increased level of
ROS at higher NiO-NPs concentrations of 1.5 and 2.0 mg/ml indi-
cates that the activities of antioxidant enzymes are compromised
and oxidative stress occurs due to decreased defense capability
[46].
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Fig. 8. Effect of NiO-NPs treatments on SOD (panel A), CAT (panel B), GSH (panel C) and LPO (panel D) (*p <0.05, **p <0.01 vs. control).

3.7. NiO-NPs induced LPO in seedling roots

ROS are known to cause lipid peroxidation that promotes degra-
dation of cellular membranes, other lipid structures and yield
byproducts that damage DNA [72,73]. Therefore, LPO level in NiO-
NPs treated root cells was estimated as an index of oxidative
damage to the membranes. Compared to 18.6 .M basal level of
LPO in control, NiO-NPs treatment exhibited 39.3, 44.8, 48.4 and
49.5 uM LPO at 0.5, 1.0, 1.5 and 2.0 mg/ml, respectively (Fig. 8D).
The concentration dependent increase in the LPO formation in our
study strongly supports the recent findings of Wang et al. [69], who
have reported that Lolium perenne and Cucurbita pepo roots grown
in the presence of magnetite (Fe304) NPs exhibited 218% and 259%
increase in LPO over control, however, a much greater concentra-
tion of 100 mg/1 of (Fe304) NPs was used. Similarly, Allium cepa
roots grown in the presence of 4 mM TiO,-NPs have also showed
4.5 times greater level of LPO [74]. The peroxidation of lipids occur
both in the cellular and organelle membranes, when the ROS level
traverse the threshold limit, and eventually affect the normal cel-
lular functioning, due to increased oxidative stress and release of
lipid-derived radicals [71,75] which often results in DNA damage
[73].

3.8. NiO-NPs induced apoptosis/necrosis

Comet assay results revealed an atypical pattern of nuclear DNA
damage in NiO-NPs treatment groups. Instead of forming a typ-
ical comet tail, a hazy (apoptotic) or radially diffused (necrotic)
nuclear DNA patterns were invariably observed (Fig. 9C-D). How-
ever, the control cells exhibited sharp boundary of nuclear head
DNA (Fig. 9A) under identical conditions. The lack of a typical
comet tail in cells from different treatment groups, unlike the pos-
itive control (EMS 2 mM) has precluded the quantitative analysis

of data in terms of Olive tail moment (OTM) and tail length (m).
Therefore, the scoring criteria suggested by Singh [33] were fol-
lowed for determining the concentration dependent increase in
the percentage of apoptotic and necrotic cells in NiO-NPs treated
groups. Singh [33] has reported a similar pattern of DNA diffusion
and manually categorized the apoptotic or necrotic cells through
visual observations. The results indicated 1.3, 2.0, 2.4 and 3.1-
fold (p<0.01) increase in the number of apoptotic cells at 0.5, 1.0,
1.5 and 2.0 mg/ml. Also, an increase of 1.8 (p<0.05), 2.0 and 2.5-
fold (p<0.01) in necrotic cells were observed at concentrations
of 1.0, 1.5 and 2.0mg/ml (Table 2). Under the identical condi-
tions, the DNA damage in EMS treated (positive control) nuclei
exhibited a typical comet tail (Fig. 9B), and the strand breaks
were quantitated in terms of OTM (8.5 £0.39, arbitrary unit) and
tail length (43.2 £2.3 wm). An earlier report on NPs induced DNA
damage in Allium cepa by comet assay also suggested ~3.5-fold
greater tail DNA, when exposed to 4 mM TiO,-NPs [74]. A recent

Table 2
Assessment of NiO-NPs induced apoptosis in tomato root cells by comet assay.

Groups Percentage apoptotic cells Percentage necrotic cells
Control 7.00 £+ 0.36 0.96 + 0.20
NiO-NPs (mg/ml)

0.25 733 £0.25 1.10 + 0.26

0.5 9.59 + 0.66" 1.31 £ 0.21

1.0 14.31 + 0.75" 1.76 + 0.30°

1.5 16.86 + 0.70" 1.94 + 036"

2.0 21.82 £0.73" 2.40 + 0.26"

Each determination was done in three independent experiments and the data rep-
resent mean = S.D. as a percentage of 1000 cells. Statistical analysis was done by one
way ANOVA (Dunnett’s multiple comparison test).

" p<0.05.

“ p<0.01 vs. control.
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Fig. 9. Comet images of control (panel A), EMS (2 mM) (panel B) and apoptotic and necrotic nuclei from 2.0 mg/ml NiO-NPs treatment group (panel C and D).

report on CuO-NPs induced plant DNA damage has suggested the
accumulation of oxidative mutagenic DNA lesions (7,8-dihydro-
8-oxoguanine; 2,6-diamino-4-hydroxy-5-formamidopyrimidine;
4,6-diamino-5-formamidopyrimidine) in Raphanus sativus, Lolium
perenne, and Lolium rigidum [76]. The development of both

P

apoptotic and necrotic type of cells is the first evidence
of cellular and genetic damage elicited in tomato seedling
roots, which has indicated that NiO-NPs phytotoxicity leads
to plant cell death through the apoptotic and/or necrotic
pathways.
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3.9. Flow cytometric analysis of apoptosis in tomato roots

Cell cycle analysis of PI stained nuclei of control and NiO-NPs
treatment groups indicated a concentration dependent increase in
the characteristic apoptotic sub-G; peak with concomitant reduc-
tionin G; phase (Fig. 10A). The increase in proportions of apoptotic
cells in sub-G; phase were determined to be 16.8 0.6, 19.8 £ 0.8,
47.2+2.0,60.4+1.8and 67.5 4+ 1.7% upon exposure to 0.25,0.5, 1.0,
1.5 and 2.0 mg/ml of NiO-NPs, respectively. The apoptotic cells in
control population were found to be 16.5 £+ 0.5%. Similarly, as com-
pared to 2.6 £ 0.3% cells in G,/M phase of control, greater number
of cells (6.8 +0.5,9.1+1.0,9.1+0.6,6.4+0.2 and 4.5+ 0.3%) were
found in G,/M phase of NiO-NPs treated groups, suggesting arrest

of cells in this phase (Fig. 10B). Thus, the flow cytometry data con-
firmed that NiO-NPs are capable of inducing cell death in tomato
roots by triggering a cascade of apoptotic events. This is perhaps the
first report on G, /M arrest in root cells of tomato. Our recent study
on human amnion epithelial (WISH) cells has also suggested TiO,-
NPs induced G, /M arrest in cultured human cells [30]. Furthermore,
our ongoing studies on cultured human cell lines and rats models
with NiO-NPs have also demonstrated the NiO-NPs induced sub-G;
apoptotic peak, which reaffirmed the possibility of a similar mech-
anism of PCD in mammalian system and tomato roots. It is widely
accepted that apoptotic mechanisms in plants and animals may
share common components leading to conserved cellular events
[77,78].
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Fig. 11. Effect of NiO-NPs treatment on caspase-3 like protease activity in tomato
seedling roots (*p <0.05, **p<0.01 vs. control).

3.10. Effect of NiO-NPs treatments on caspase-3 like protease
activity

Activation of caspases plays a critical role in apoptosis and
signal transduction. Therefore, caspase-3 activity was assessed in
NiO-NPs exposed tomato roots. The data revealed that cytosolic
fractions of treated tomato roots showed 1.2, 2.3, 2.7 and 2.1-fold
(p<0.05 and p<0.01) greater caspase-3 like protease activity at
0.5, 1.0, 1.5 and 2.0 mg/ml of NiO-NPs, respectively, as compared
to the control (Fig. 11). At the highest concentration of 2.0 mg/ml,
a decline in caspase-3 activity was observed, which is attributed to
cell death via necrosis due to higher toxic effect in roots. So far, no
information is available on the NPs induced activation of caspase-3
in tomato plants. Earlier reports, however, suggested the activa-
tion of caspase-3 protease by aluminum toxicity and heat shock
proteins in Arabidopsis thaliana and Nicotiana tabacum cells suspen-
sions [79,80]. Plant based studies have suggested that execution
of plant apoptosis requires the activation of caspase-like activity
[77,78]. Activation of caspase-3 is considered to be the “point-of-
no-return” in apoptotic signaling cascade [81]. Thus in this study,
significantly higher activity of caspase-3 by the treatment of NiO-
NPs elucidated its potential role in triggering apoptotic pathway in
plant system.

4. Conclusions

This study provides first evidence on the mechanism of NPs
induced toxicity and induction of apoptosis in tomato. Scheme 1
depicts a comprehensive view of the plausible mechanism of cel-
lular toxicity in tomato root cells. It is concluded that a short term
exposure of NiO-NPs to tomato seeds resulted in significant repres-
sion of root growth and causes oxidative imbalance marked with
enhancement in the levels of antioxidant marker enzymes, as a
manifestation of phytotoxicity. Ultrastructure analysis revealed the
translocation of NiO-NPs in cell cytoplasm with marked changes in
organelles structure. The flow cytometry and fluorescence imag-
ing data unequivocally suggests oxidative stress and mitochondrial
dysfunction which perhaps stimulated the process of apoptosis.
Increased caspase-3 like protease activity reaffirmed the poten-
tial of NiO-NPs to trigger intrinsic apoptotic pathway in tomato
by releasing Ni ions. Most likely, the root cells exhibiting NPs
induced cell death via mitochondrial dependent apoptotic path-
way might share common features with those of animal system.
Therefore, an in-depth study is warranted to further explore the
involvement of other apoptosis related factors, such as caspase-9,

cytochrome-c, poly (ADP-ribose) polymerase (PARP), c-Jun N-
terminal kinase (JNK) and mitogen-activated protein kinase
(MAPK) through transcriptome analysis. Furthermore, it is evident
from the present findings that NiO-NPs deserve special attention
from the perspective of potential environmental hazards to plants.
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