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Abstract
Nanoremediation of soil, ground and surface water using nanoscale zerovalent iron particles (nZVI) has
facilitated their direct environmental exposure posing ecotoxicological concerns. Numerous studies
elucidate their phytotoxicity in terms of growth and their fate within the plant system. However, their
potential genotoxicity and cytotoxicity mechanisms are not known in plants. This study encompasses
the physico-chemical characterisation of two forms of nZVI (nZVI-1 and nZVI-2) with different surface
chemistries and their influence on uptake, root morphology, DNA damage, oxidative stress and cell
death in Allium cepa roots after 24 h.To our knowledge, this is the first report on the cyto-genotoxicity of
nZVI in plants.The adsorption of nZVI on root surfaces caused root tip, epidermal and root hair damage
as assessed by Scanning Electron Microscopy. nZVI-1, due to its colloidal destabilisation (low zeta
potential, conductivity and high polydispersity index), smaller size and high uptake imparted enhanced
DNA damage, chromosome/nuclear aberrations (CAs/NAs) and micronuclei formation compared to
nZVI-2. Although nZVI-2 exhibited high zeta potential and conductivity, its higher dissolution and
substantial uptake induced genotoxicity. nZVI incited the generation of reactive oxygen species (ROS)
(hydrogen peroxide, superoxide and hydroxyl radicals) leading to membrane lipid peroxidation,
electrolyte leakage and mitochondrial depolarisation. The inactivation of catalase and insignificant
glutathione levels marked the onset of oxidative stress. Increased superoxide dismutase and guaiacol
peroxidase enzyme activities, and proline content indicated the activation of antioxidant defence
machinery to alleviate ROS. Moreover, ROS-mediated apoptotic and necrotic cell death occurred in
both nZVI-1 and nZVI-2-treated roots. Our results open up further possibilities in the environmental
safety appraisal of bare and modified nZVI in correlation with their physico-chemical characters.

Introduction
Since the inception of nanoremediation in 1990s, the application of
nanoscale zerovalent iron (Fe0) particles (nZVI) was popularised for
the removal of heavy metal ions, and to degrade a wide range of
organic and inorganic contaminants, at a much lower operational
cost by direct injection into contaminated aquifers/plumes, groundwater and soil (1). The innate properties of nZVI with elevated specific surface area and high density of adsorptive sites enable greater

reactivity with contaminants (2), making them excellent reducing
agents. Recent reports affirm the ability of nZVI to degrade Cu (3),
Pb and Cd (4) and Cr (4,5) from contaminated water and soil. Such
findings justify their large scale usage for site and groundwater remediation in parts of Europe and USA, including ~70 field applications
(2,6).
Consequently, large amounts of nZVI are directly disseminated into the environment posing ecotoxicological concerns (7).

© The Author 2017. Published by Oxford University Press on behalf of the UK Environmental Mutagen Society.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

371

I. Ghosh et al., 2017, Vol. 32, No. 3

372

CA/NA and mitotic index in plants. Furthermore, the established
genotoxicity endpoint of alkaline comet assay followed by the detection of ROS and antioxidant enzyme activities, along with DNA diffusion assay and acridine orange/ethidium bromide double staining
technique provide a systematic analysis attempting to deduce a correlation between nZVI-induced DNA damage, oxidative stress and
corresponding mode of cell death in A.cepa.

Materials and methods
Chemicals
2,7 dichlorofluorescin diacetate (DCFH-DA), rhodamine 123,
4′,6-diamidino-2-phenylindole (DAPI), acridine orange, ethidium
bromide, riboflavin, L-metheonine, 2,3,5-triphenyl tetrazolium
chloride (TTC), orcein, poly vinyl pyrrolidone (PVP), nicotinamide adenine dinucleotide, reduced (NADH), spermine, paraformaldehyde, glutaraldehyde and osmium tetroxide were purchased
from Sigma–Aldrich Chemical Co. (Bengaluru, India). Potassium
iodide, potassium ferrocyanide, toluene, ninhydrin, sulphosalicylic
acid, phosphoric acid, Evans blue, ethylenediaminetetraacetic acid
(EDTA), thiobarbituric acid, tris-HCL, hydrogen peroxide solution
30% w/v H2O2, nitro blue tetrazolium chloride (NBT), 3,3-diaminobenzidine (DAB), N, N-dimethylformamide, trichloroacetic
acid; 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) and guaiacol were
obtained from Hi-Media (Mumbai, India). Normal melting point
agarose (NMPA) and low melting point agarose (LMPA) were purchased from Invitrogen (Carlsbad, CA, USA).

Synthesis and characterisation
Two forms of nZVI with differing surface chemistry were synthesised and provided by the Centre for Nanobiotechnology, Vellore
Institute of Technology, Vellore, India.
The NPs were fully characterised accordingly; X-ray powder diffraction (XRD), UV–visible spectroscopy, dynamic light scattering
(DLS), FTIR, Scanning Electron Microscopy (SEM), SEM-energy dispersive X-ray spectroscopy (EDX) and Brunauer–Emmett–Teller (BET)
were reported by Ravikumar et al. (29) In continuance with these findings, the following physico-chemical characterisations were performed.
The size, shape and morphology of nZVI-1 and nZVI-2 were
verified by Transmission Electron Microscopy (TEM) (JEOL, JEM2100 LaB6, 200 kV, MA, USA). The suspensions were sonicated
(Ultrasonic processor UP100H, Hielscher Ultrasound Technology,
Germany), for 30 min at 80 W and 85 kHz, at appropriate low dilution (1 µg/ml) in filter sterilised deionised water and loaded on a support grid (carbon-based type B, copper mesh 300). Subsequent EDX
(Model 51–ADD0011, OXFORD Instruments, Germany) of the
obtained TEM micrographs was performed for elemental analysis.
nZVI (nZVI-1 and nZVI-2) were suspended in filter sterilised
ultrapure deionised water at selected working concentrations (125,
250 and 500 mg/l) and sonicated. DLS and zeta potential of the exposure concentrations were performed at 0 and 24 h time points by
Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK). The mean hydrodynamic diameter (MHD), polydispersity
index (PDI), zeta (ζ) potential and conductivity data were estimated
by Zetasizer ver. 7.10 software.

Test system and treatment schedule
In order to determine the genotoxic response after exposure to nZVI,
onion bulbs (Allium cepa) were used. Approximately equal sized bulbs
of A.cepa var. aggregatum obtained from local markets were planted
on sand taken in earthen pots and roots were allowed to germinate
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Moreover, they exhibit extensive predisposition to form undesirable
bulk aggregates at high concentrations due to van der Waal’s and
magnetic forces (8). Such colloidal destabilisation may lead to high
surface adsorption, uptake and downstream toxicological implications on various organisms (9). On the other hand, in monodisperse
form, they are highly mobile and can migrate into soil and groundwater from the site of injection by Brownian diffusion, and eventually contaminate drinking water (10). Therefore, they have been
enlisted as one of the emerging nanoscale environmental threats by
US EPA (11). However, complete environmental risk assessment of
nZVI is in progress and investigations on plant-nZVI interactions
are still in the nascent phase.
Available literature is replete with toxicity studies of nZVI on
different microbial and animal systems. It showed pronounced cytotoxicity in bacteria (12), cyanobacteria and planktons (7); DNA
damage in mussels (13); and generation of reactive oxygen species
(ROS) in bronchial, pulmonary, cardiac, microglial and neuronal
cells (14–16). Nevertheless, studies in plant systems are limited.
The key phototoxicity endpoints of seed germination and plant
growth revealed the promotion of growth at low concentrations
(<320 μmol/l) in peanuts (17), and inhibition of the same at concentrations >500 mg/kg in rice (18) and >200 mg/l in cattail and hybrid
poplar (19). In Arabidopsis thaliana, nZVI (500 mg/l) caused root
elongation due to hydroxyl radical (·OH) induced loosening of the
epidermal walls (20). In this context, Wang et al. (18) substantiated
the generation of ROS leading to membrane damage in rice exposed
to high concentrations of nZVI (0–1000 mg/kg soil). Such phytotoxic effects have been validated to occur as a direct result of nZVI
adsorption and uptake as analysed by electron microscopy studies
(17–19). However, there remains considerable debate over the relation between the hydrodynamic characteristics of nZVI with uptake/
adsorption and toxicity mechanisms in plant systems.
Recent studies evince the occurrence of DNA strand breaks, micronuclei, chromosome/nuclear aberrations (NAs) and cytotoxicity due to
ROS upheaval caused by metal nanoparticles (NPs) such as TiO2 (21),
Ag (22), NiO (23), Co (24) and ZnO (25) in plants. Different types of
ROS including superoxide (O2·−), hydroxyl (·OH), singlet oxygen (1O2·)
radicals and hydrogen peroxide (H2O2) participate as indirect signaling molecules in nanotoxicology to engender membrane damage, DNA
strand breaks, metabolic impairment and eventually programmed cell
death (PCD) (26). Till date, few studies have addressed the issue of
ROS-induced apoptotic/necrotic cell death in plants (27,28). In this
regard, the linked phenomena of ROS-induced DNA damage and the
ensuing modes of cell death are seldom studied in plants in response
to NP stress. Flow cytometric studies revealed the induction of apoptosis in eggplant upon exposure to Co NPs (24) and in tomato treated
with NiO NPs (23). However, the ROS-mediated genotoxic potential
of nZVI, its effect on cytogenetic parameters; antioxidant defences and
specific mode of cell death are not known in plants. Hence, this report
is unique with regard to the effect of varying colloidal stability of nZVI
on its cytotoxicity and genotoxicity in plants.
This study was designed to assess the cyto-genotoxicity mechanisms of nZVI and its course of action in planta in Allium cepa, a
widely used model system for the testing of environmental mutagens.
We aimed to investigate the (i) behaviour of nZVI in solution at
various concentrations and time points, (ii) Fe ion dissolution and
leaching; nZVI adsorption and uptake, (iii) cytogenetic alterations
and DNA damage induced by nZVI, (iv) potential ROS generation
and consequent antioxidant defence mechanisms in response to
nZVI exposure and (v) nZVI-induced mode of cell death. To our
knowledge, this is the first report on the potential genotoxicity of
nZVI using the cytogenetic parameters of micronuclei frequency,
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(2–3 cm) at 25 ± 2°C under 12 h light/dark period. Exposure concentrations were selected on the basis of initial cytotoxicity analysis
by TTC and Evans blue tests and published literature (18,19). Three
bulbs per concentration were exposed to sonicated (80 W, 85 kHz and
30 min) suspensions of nZVI-1 and nZVI-2 at concentrations of 0,
125, 250, 500 mg/l for 24 h at 25 ± 2°C. Toxicity studies were performed from the roots and appropriate positive controls were maintained for each experiment. All experiments were performed using
three replicates and each experiment was repeated thrice.

Elemental Fe ion dissolution, leakage, particle
adsorption and uptake

Adsorbed Fe (mg/g) = Total Fe (mg/g) – Internalised Fe(mg/g)



Assessment of cytotoxicity
The influence of nZVI on root morphology and surface adsorption was studied by SEM followed by EDX for quantification of
atomic Fe% on the root surface. Roots were fixed in a solution of
0.4% paraformaldehyde and 2.5% glutaraldehyde in sodium phosphate buffer (0.1 M; pH 7.2). They were dehydrated in a series of
ethanol after post fixation in 1% osmium tetroxide (OsO4). They
were mounted on aluminium stubs covered with double-side sticky
carbon tapes, sputter coated with platinum and observed by SEM
(ZEISS EVO-MA 10; Carl Zeiss Pvt. Ltd., Oberkochen, Germany).
EDX was performed simultaneously (Model No. 51–ADD0011,
OXFORD Instruments, Germany).
Changes in plant growth was assessed by measuring the root and
shoot lengths of Allium bulbs exposed to nZVI-1 and nZVI-2 at
each concentration (0, 125, 250, 500 mg/l) after 24 h of exposure.

Electrolyte leakage (%) =

EC1
´100
EC2


Genotoxicity analysis
The cytogenetic parameters of mitotic index (MI), micronuclei frequency (% MN), chromosome aberration (% CA) and nuclear aberration (% NA) frequencies were scored for the evaluation of nZVI-induced
clastogenicity/aneugenicity by orcein staining (21). At least 3000 cells
were scored per treatment concentration using a light microscope
(Leica, Germany). The parameters of mitotic index (% MI) as a measure
of the % of cells in mitosis per 1000 cells, and chromosome aberrations
(% CA) as the % of cells per 1000 cells that contained abnormalities
such as breaks (metaphase, anaphase), sticky bridges (anaphase, telophase), laggards (anaphase), early separation (anaphase) and vagrants
were analysed. Nuclear aberrations (% NA) were scored as the % of
cells per 1000 cells that were binucleate and multinucleate or containing nuclear notches, beaks and buds. Micronuclei frequency (% MN) in
terms of % of cells with MN per 1000 cells was also assessed.
MN, CA and NA were also studied qualitatively by Confocal
laser scanning microscopy (CLSM) using DAPI staining technique.
(36) The root tips were hydrolysed in 1 (N) HCL for 5 min at 55°C.
They were washed twice with McIlvaine’s buffer (2 parts 0.1 M citric acid and 8 parts 0.2 M Na2HPO4; pH 7.0) and incubated for
15 min. They were stained with DAPI solution (1 µg/ml) prepared
in McIlvaine’s buffer. The tips were squashed in the same buffer and
slides were viewed by CLSM (Olympus Ix81 FLUOVIEW FV1000
series, PA, USA). Images were acquired using the FV31S-SW Viewer
software (Version 2.1). For positive control, 1 mM EMS-treated
roots were used.
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The amount of Fe ions dissolved in the suspensions of nZVI-1 and
nZVI-2 (0, 125, 250, 500 mg/l) after 24 h (in the absence of plant
treatment) was estimated by flame atomic absorption spectroscopy
(AAS). The suspensions were centrifuged at 12 000 g for 10 min;
the supernatants were filtered through 0.2 µm membrane disc filters
(30) and analysed by AAS (iCE™ 3300 AA Spectrometer, Thermo
Scientific, Waltham, MA, USA).
The amount of Fe (mg/l) leached out from the root cells (after
exposure to nZVI-1 and nZVI-2 at concentrations of 0, 125, 250
and 500 mg/l for 24 h) in the water were quantified by AAS. The
roots were washed with 4% EDTA, the bulbs were transferred to
fresh vials containing deionised double distilled water, kept for 72 h
and the water samples were processed following the same procedure
as dissolution study. AAS quantification was carried out with respect
to appropriate standards (2 and 5 ppm Fe).
Uptake and adsorption of nZVI by the roots was quantified by
AAS after 24 h of exposure. The treated roots were digested following the method of Miller (31) with modifications, before and after
washing with 4% EDTA. Briefly, 500 mg of dried root tissues from
each concentration was immersed in 6 ml concentrated HNO3 and
kept overnight for pre-digestion of organic matter at room temperature. They were digested in a fume hood at 150°C for 1 h and cooled.
2 ml of HClO4 was slowly added for oxidation of organic matter
and digested at 200°C for 2 h. The samples were cooled to room
temperature and filtered (Whatman 2 µm). The final volume was
made up to 25 mL using deionised water, filtered and analysed by
AAS. Total Fe uptake was estimated from the unwashed tissues and
the EDTA washed tissues provided internalised Fe. Adsorbed Fe was
calculated by the following formula

Cytotoxicity of nZVI in the root cells of Allium was assessed
by both Evans blue and TTC test. In the former, dead cells with
permeable membranes undergo uptake of the Evans blue dye (32)
and in the latter dead cells with lowered mitochondrial dehydrogenase activity exclude the TTC dye (33). Following nZVI exposure,
five root tips (1 cm) from each concentration were stained with an
aqueous solution of 0.25% Evans blue or 0.5% TTC and incubated
for 15 min in dark at 37 ± 1°C. They were washed with double
distilled water for 30 min and macro-photographed (Canon 1000D
DSLR, Tokyo, Japan). For Evans blue test, the roots were immersed
in N,N-dimethylformamide for 1 h at room temperature to allow
complete release of the dye. The absorbance of the resultant solution was measured spectrophotometrically at 600 nm (Beckman
Coulter, DU 730, CA, USA). Additionally for TTC assay, the triphenyl formazan product complex was extracted by incubating the tips
in 95% ethanol overnight at –20°C. The absorbance of the solution was measured at 490 nm. Triton X-100 (1%; 1 h) treated roots
were maintained as positive control and untreated roots were used
as negative control.
Assay of electrolyte leakage as a validation of cell membrane
permeability was studied by the method of Lutts et al. (34) with
modifications (35). The roots were washed with deionised water
and immersed in 10 ml of the same in sealed glass vials. They were
placed in an incubator shaker for 24 h at 100 rpm and 25°C, and
the electrical conductivity (EC1) was measured (Eutech Instruments,
CyberScan PCD 650, Singapore). They were subsequently autoclaved for 20 min, at 15 psi and 121°C, and the electrical conductivity (EC2) was measured. Triton X-100 (1%; 1 h) treated roots were
maintained simultaneously as positive control. Electrolyte leakage
(%) was calculated by the following formula:
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DNA damage assessment by alkaline comet assay

Detection of oxidative stress
Cellular oxidative stress as a result of ROS production was detected
using the fluorescent probe DCFH-DA. nZVI-treated root tips (1 cm)
from each concentration were stained with DCFH-DA (25 µM) and
incubated for 15 min at 35 ± 1°C. They were washed thrice in PBS
and images were acquired by CLSM using the Alexa Fluor 488TM filter. Images were captured by a Z-stack method and processed using
FV31S-SW Viewer software (Version 2.1). The fluorescence intensity
was quantified according to the method of Pakrashi et al. (40) Five
root tips (1 cm) from each concentration were homogenised in cold
PBS (1 ml) using pre-chilled mortar and pestles. The homogenates
were centrifuged at 14 000 rpm for 10 min at 4°C. To the supernatants, an appropriate stock concentration of DCFH-DA solution
was added to make a final concentration of 0.25 µM DCFH-DA.
They were incubated for 30 min at 35 ± 1°C in dark and analysed
by fluorescence spectrophotometer (Hitachi, F-7000, Tokyo, Japan)
at excitation and emission wavelengths of 485 and 530 nm, respectively. H2O2 (100 µM, 2 h) treated roots were maintained as positive
control.
Superoxide anion (O2.−) formation as a result of nZVI-induced
oxidative stress was visualised following the method of Achary and
Panda (41) with modifications. Briefly, five root tips (~1 cm) were
immersed in a solution comprising 0.1% NBT and 0.1% NADH
in Tris–HCl buffer (50 mM, pH 6.4) and incubated for 10 min in
dark. They were illuminated in cool fluorescent light (30 min) for
the development of blue monoformazan products of NBT and photographed. O2.− content was quantified by solubilising the waterinsoluble monoformazan products in 2 M KOH and 100% DMSO
(1:1 ratio). The absorbance of the resultant solution was measured
at 630 nm using a spectrophotometer. EMS (1 mM, 24 h) was used
as positive control.
H2O2 produced was visualised in roots exposed to nZVI and
positive control (100 µM H2O2, 2 h). The roots tips were soaked in
1% DAB (pH 3.8) solution for 10 min in dark (41). They were then
illuminated in cool fluorescent light (30 min) for the development of
brown colour and photographed for qualitative analysis. The H2O2
content was quantified spectrophotometrically by the method of
Loreto and Velikova (42), with previously described modifications
(25). The optical density was measured at 390 nm.
Mitochondrial membrane potential (ΔΨm) was analysed
to record changes in ΔΨm as a result of oxidative stress and
impaired cellular metabolic activity. The root tips were stained with
Rhodamine 123 (Rh123) (1 µg/ml in PBS) for 30 min in the dark and
washed thrice in PBS buffer (43). Images were acquired by CLSM

using the tetramethylrhodamineisothiocyanate (TRITC) filter and
processed similarly as DCFH-DA assay. H2O2 (100 µM, 2 h) treated
roots were maintained as positive control. The fluorescence intensity
was quantified by Image J software and calculated in terms of corrected total cell fluorescence (CTCF) as follows:
CTCF = Integrated density - (Area of selection´
mean background fluorescense)



The content of malondialdehyde (MDA) from nZVI and positive
control (100 µM H2O2, 2 h) treated roots was estimated by TBARS
assay as an indicator of ROS-induced membrane lipid peroxidation
by the method of Okhawa et al. (44) with modifications (21). The
concentration of MDA was estimated using spectrophotometer at
532 nm with 600 nm as the reference and expressed as µM TBARS/g
FW (εTBAR = 155/mM/cm).

Antioxidant defence responses
The influence of ROS on antioxidant enzymes was studied by estimation of enzymatic and non-enzymatic antioxidant activities from
nZVI and positive control (100 µM H2O2, 2 h) treated roots. Total
protein was isolated by homogenising the root tissues (1 g) in an isolation buffer comprising 50 mM Tris buffer (pH 7.8), 1 mM EDTA,
1 mM MgCl2 and 1.5 % PVP at 4°C. The homogenate was centrifuged at 14 000 rpm for 30 min at 4°C and the soluble protein content was estimated according to the method of Bradford (45). The
absorbance was measured at 595 nm using a microplate absorbance
reader (IMark, BioRad, USA) and the protein content was calculated
with respect to a standard curve of BSA.
The enzymatic antioxidants SOD (E.C. 1.15.1.1), CAT (E.C.
1.11.1.6) and GPOD (E.C. 1.11.1.7) were analysed from the protein supernatants. SOD activity was assessed by the method of
Beauchamp and Fridovich (46), with modifications. The reaction
mixture (3 ml) comprised 20 µl of supernatant, 50 mM sodium
phosphate buffer (pH 7.8), 0.1 mM EDTA, 10 mM methionine,
0.2 mM riboflavin and 1 mM NBT. It was exposed to cool fluorescent light for 15 min for the formation of blue formazan product and the absorbance was measured at 560 nm. SOD activity was
calculated as unit enzyme required for 50% inhibition of NBT/mg
protein. The activity of CAT was estimated as described previously
(47). The reduction in absorbance due to H2O2 (ε = 39.4/mM/cm)
degradation was measured at 240 nm and expressed as mM H2O2
oxidised/µg protein/gFW/min. GPOD activity was estimated according to Hemeda and Klein (48) with modifications (47). The formation of tetraguaiacol by the action of GPOD in presence of H2O2
was studied spectrophotometrically at 470 nm and expressed as µM
H2O2 reduced/µg protein/gFW/min (εguaiacol= 26.6/mM/cm).
Among the non-enzymatic antioxidants, reduced glutathione
(GSH) and proline contents were evaluated. GSH was quantified following Sedlak and Lindsay (49), with modifications (25). The absorbance was recorded at 412 nm and GSH content was calculated as nM
GSH/gFW (εDTNB = 14 150/mM/cm). Proline content was determined
according to Bates and Waldren (50), with modifications previously
described (51). The absorbance of the chromophore containing toluene
was measured at 520 nm. Proline content was estimated with respect
to the standard curve of proline and recorded as µg proline/gFW.

Identification of the mode of cell death
DNA diffusion is an effective endpoint to detect cell death in terms
of apoptosis or necrosis at the level of single cells (52). Slides were
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Root tip cells were exposed to nZVI and positive control (1 mM
EMS, 24 h). The DNA strand breaks were analysed at the cellular
level by the method of Koppen and Vershaeve (37), with modifications (38). DNA damage was examined under Leica fluorescence
microscope (Leica, Wetzlar, Germany) equipped with appropriate
filters (N 2.1). Among the comet parameters, we report the % tail
DNA of 300 (100 × 3) nuclei as analysed by the image analysis software Komet 5.5 (Kinetic imaging, Andor Technology, Nottingham,
UK). The median values were calculated from each replicate slide
and expressed as mean % tail DNA from each concentration of
three independent assays. In addition, the extent of cell death distinguished by the presence of hedgehogs (comets containing almost all
DNA in the tail that could not be precisely measured by the image
analysis software), was estimated (39). The % of hedgehogs per
3000 (1000 × 3) nuclei from each concentration was calculated.
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Statistical analysis
All data are expressed as mean ± SEM of three independent experiments with three replicates each. One and two-way analyses of variance (ANOVA) were carried out and the level of significance was
established at P < 0.05 compared to the negative controls. For twoway ANOVA, concentration and type of particle (nZVI-1 and nZVI2) were considered as the main factors. When ANOVA generated
significant differences, Holm–Sidak post hoc test was implemented
with pair wise multiple comparisons using Sigma Plot 12.0 software
(Systat Software Inc., San Jose, USA). Different lower case letters
imply significant differences.

Results
Hydrodynamic characteristics of nZVI differ with
concentration and time
TEM analysis revealed spherical to cubical shape of nZVI-1 and
nZVI-2. nZVI-1 occurred as aggregates of 49.26 ± 5.34 nm; with
the constituent particles having a mean diameter of 12.89 ± 0.78 nm
(Figure 1A). nZVI-2 were predominantly monodisperse with mean
diameter of 57.29 ± 3.95 nm and formed few smaller aggregates
(Figure 1B). TEM-EDX showed the presence of distinct peaks of Fe
along with C and O. The weight % of Fe was higher in nZVI-2
(19.57%) than nZVI-1 (7.97%) (Figure 1C and D). MHD, PDI,
ζ-potential and conductivity of the working concentrations (125,
250, 500 mg/l) at 0 h and the experimental time point of 24 h were
investigated to correlate their hydrodynamic characteristics with
phytoxicity. Table 1 summarises the size distribution and stability of
nZVI-1 and nZVI-2. A synergistic rise in MHD with concentration
and time occurred for both nZVI-1 and nZVI-2 with the exception
of 250 mg/l nZVI-2 at 0 h. With regard to PDI, nZVI-1 displayed
higher aggregation after 24 h compared to nZVI-2. ζ-potential of
nZVI at 0 h ranged between −18.76 to −35.7 mV and increased

Figure 1. Characterisation of nZVI by TEM (80 kV, ×100 k mag.). TEM photomicrographs of (A) nZVI-1 and (B) nZVI-2 showing representative diameters.
Characteristic EDX spectra of the TEM images of (C) nZVI-1 and (D) nZVI-2.
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processed in a similar manner as comet assay without DNA unwinding and electrophoresis. After solidification of the third layer, they
were processed as previously described (53) and immersed in 1 mg/ml
spermine solution for 1 h. Staining, visualisation, image procurement
and analysis methods were same as comet assay. H2O2 (100 µM, 2 h)
treated roots were maintained as positive control. The nuclear area
(µm2) of 300 nuclei per concentration (100 × 3) was calculated using
the same image analysis software as comet assay. The % of normal,
diffused, apoptotic and necrotic nuclei per 3000 nuclei from each
concentration were calculated. Apoptotic nuclei were identified by
their dense central nuclear DNA with hazy halo-like outer zones;
whereas necrotic nuclei displayed well defined outer boundaries with
distinct appearance (52).
Acridine orange/ethidium bromide dual staining method of
Ciniglia et al. (54) was followed to distinguish between viable, early/
late apoptotic and necrotic cells. Root tips from each concentration
were excised (1 cm) and stained with 1 ml of dye mixture containing
AO (100 µg/ml) and EtBr (100 µg/ml) for 5 min. They were washed
thrice in PBS and analysed by CLSM using dual filters (Alexa Fluor
488TM and TRITC). The fluorescence intensities of AO and EtBr
were quantified by FV31S-SW Viewer software (Version 2.1).
AO/EtBr stained roots from selected treatment concentrations (0,
500 mg/l nZVI-1 and 250 mg/l nZVI-2) were chopped in cold Tris
buffer (400 mM, pH 7.5) using razor blades. The nuclei suspensions
were strained and examined by CLSM using the same filters. Four
types of nuclei were distinguished on the basis of fluorescence and
morphology as: (i) Live: bright green with organised structures, (ii)
Early apoptotic: yellowish green with condensed chromatin detectable as bright green dots/patches, (iii) Late apoptotic: orange to red
with fragmented chromatin and (iv) Necrotic: uniformly orange/red
with organised chromatin structure or regular/irregular shape (54).
The % of live, early apoptotic, late apoptotic and necrotic nuclei per
1000 nuclei per concentration were calculated. H2O2 (100 µM, 2 h)
was maintained as positive control for the experiment.
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Table 1. Hydrodynamic characteristics of nZVI suspended in water at all working concentrations and time points
Particle
type

Concentration
(mg/l)

MHD
(Z-average)
(nm) 0 h

MHD
(Z-average)
(nm) 24 h

PDI 0 h

PDI 24 h

Zeta potential Zeta potential Conductivity
(mV) 0 h
(mV) 24 h
(mS/cm) 0 h

Conductivity
(mS/cm)
24 h

nZVI-1

125
250
500
125
250
500

312.8 ± 41.63
408.0 ± 10.36
473.0 ± 35.01
324.1 ± 8.89
291.9 ± 48.78
811.1 ± 15.46

926.8 ± 40.25
1108.0 ± 25.87
1173.0 ± 16.21
948.0 ± 5.79
1121.0 ± 42.32
1557.0 ± 17.81

0.167 ± 0.01
0.314 ± 0.01
0.114 ± 0.01
0.291 ± 0.02
0.274 ± 0.01
0.309 ± 0.01

0.780 ± 0.06
0.791 ± 0.01
0.943 ± 0.01
0.358 ± 0.01
0.464 ± 0.02
0.333 ± 0.01

−18.7 ± 4.27
−22.8 ± 4.50
−29.3 ± 5.31
−22.3 ± 4.39
−33.8 ± 4.90
−35.7 ± 1.01

0.01 ± 0.001
0.02 ± 0.001
0.03 ± 0.001
0.08 ± 0.001
0.13 ± 0.002
0.25 ± 0.001

nZVI-2

−1.43 ± 0.51
−2.12 ± 0.39
−8.76 ± 0.42
−21.5 ± 4.50
−27.6 ± 4.87
−28.4 ± 3.78

0.03 ± 0.001
0.04 ± 0.001
0.05 ± 0.001
0.08 ± 0.001
0.15 ± 0.002
0.28 ± 0.002

Values are expressed as mean ± SEM of three independent experiments.

nZVI undergoes differential ion dissolution, particle
adsorption, uptake and ion release
Fe ions released from nZVI into respective solutions (0, 125, 250,
500 mg/l) after 24 h were estimated by AAS (Table 2). nZVI-2
showed more ion dissolution than nZVI-1, with maximum dissolution at 250 mg/l (11.25 ± 0.515 mg/l); while nZVI-1 at 500 mg/l
showed maximum dissolution (2.73 ± 0.079 mg/l). The exposure of
A.cepa to various concentrations of nZVI-1 and nZVI-2 for 24 h
resulted in a significant increment in total, internalised and adsorbed
nZVI by the roots. The total and internalised Fe concentration
was more in nZVI-1 than nZVI-2; whereas nZVI-2 showed higher
adsorption on the root surfaces. This can be attributed to the lesser
primary size and PDI of nZVI-1 leading to maximum internalisation and lower adsorption immediately succeeding plant exposure.
The amount of Fe ions leached into the solvent from nZVI-treated
plants 72 h after treatment cessation was concentration independent
and remarkably low (Table 2). Fe ions released from nZVI-1-treated
roots was lower than nZVI-2.

observed at high concentrations of nZVI-2 (250, 500 mg/l). nZVIinduced root hair damage, with maximum breakage in nZVI-1treated plants. At concentrations with high particle adsorption the
root hairs appeared sticky and entangled with deposited particles.
EDX analysis confirmed the chemical composition of the adsorbed
deposits on the root surface as iron (Supplementary Figure 1, available at Mutagenesis Online).

nZVI causes cytotoxicity, electrolyte leakage and
affects plant growth
Cell death and cell viability assessments using Evans blue and TTC
tests showed significant (P < 0.05) increase in cell death (Figure 3A
and B) and decrease in cell viability (Figure 3C and D) at all concentrations of nZVI-1 and nZVI-2. Highest cell death (69.63% higher
than control) and least cell viability (78.18% less than control)
were displayed at 500 mg/l nZVI-1. Congruent with the increase
in root cell death and reduction in cell viability, electrolyte leakage
confirmed the outflow of electrolytes from root cells at all concentrations of nZVI-1 (49.74–64.36%) and nZVI-2 (25.16–33.13%),
possibly caused by a rise in membrane permeability (Figure 3E).
Plant growth was assessed by the measurement of root and shoot
length. As shown in Figure 3F and G, shoot lengths showed a
~3-fold increase over control at nZVI-1 concentrations of 250 and
500 mg/l; and in nZVI-2 treatments there was a negligible change.
Root lengths of nZVI-1 and nZVI-2-treated bulbs were higher than
control after 24 h.

nZVI induces genotoxicity and DNA damage
nZVI adsorption on root surface leads to
morphological alterations
nZVI adsorption and successive morphological alterations/damage
to the roots were studied by SEM. As presented in Figure 2, adsorbed
nZVI formed large aggregates of roughly spherical particles of varying sizes on nZVI-1-treated roots. nZVI-2 were adsorbed as smaller
aggregates as well as discrete particles of spherical to cubical shape.
The adsorbed particles were deposited as clumps into clefts on the
root epidermal layer. Root tips, epidermis and root hairs incurred
severe damage. nZVI-1 at 125 mg/l caused complete detachment of
epidermal cell layers from the tip region, induced root tip breakage at 250 mg/l and lead to perforations/breakage of the root tip at
500 mg/l (Figure 2). nZVI-2 caused lesser damage to the root tips
than nZVI-1; although it was higher compared to the intact root tips
of control. Bending of the root tips occurred at 500 mg/l nZVI-2. The
root epidermal cell layers underwent loosening at all concentrations
of nZVI with varying degrees of damage. The severity of damage in
terms of epidermal layer loosening, breaks and fissures was more
pronounced in nZVI-1 at all concentrations. Epidermal swelling was

Genotoxicity of nZVI in terms of MI, % CA and % NA are presented
in Table 3. A concentration dependent decline in MI was detected
for both nZVI-1 and nZVI-2-treated roots. Maximum decrease in
MI was noted in 500 mg/l nZVI-1 and nZVI-2-treated roots. The
% CA and % NA increased at all treatment concentrations, with
nZVI-1 inducing higher frequency compared to nZVI-2. 500 mg/l
nZVI-1 (12.67 ± 0.318%) induced maximum CA, followed by
250 mg/l nZVI-2 (9.05 ± 0.867%). Among the various CA observed,
metaphase/anaphase breaks and, anaphase/telophase sticky bridges
were most prevalent (Figure 4A). Varied aberrations in nuclear morphology occurred at all concentrations of nZVI-1 and nZVI-2, with
the exception of 125 mg/l nZVI-2. 250 mg/l nZVI-2 caused highest
incidence of NAs (6.66 ± 0.865%). The occurrence of nuclear buds,
notches and breaks (Figure 4A) were noted in nZVI-1-treated roots,
and the formation of binucleate and multinucleate cells were prevalent in nZVI-2 (Supplementary Figure 2, available at Mutagenesis
Online). Increased MN frequency was recorded in roots treated with
all concentrations of nZVI-1 (0.96–1.29%) and 250 mg/l nZVI-2
(~1.15%) (Figure 4B). The size of micronuclei was mostly small with
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concomitantly with concentration and conductivity at pH 7. A substantial decrease in ζ-potential towards 0 for nZVI-1 at 24 h indicated marked decline in colloidal stability; whereas nZVI-2 was
more stable displaying a nearly consistent range at both time points.
The decrease in surface charge at 24 h is in agreement with the rise in
polydispersity indicating colloidal destabilisation and aggregation.
Taken together, nZVI exhibits high propensity of forming aggregates
with increase in concentration and time.

Values are expressed as mean ± SEM of three independent experiments. Means followed by the same letter are not statistically different compared to control at P < 0.05 by Holm–Sidak multiple comparison tests (absence
of lowercase letters denotes significant differences at P < 0.05 compared to control).

−0.16 ± 0.01
0.03 ± 0.001d
0.02 ± 0.001cd
0.04 ± 0.002d
−0.16 ± 0.01
0.01 ± 0.001c
0.01 ± 0.001c
0.02 ± 0.001cd
0.52 ± 0.02b
0.86 ± 0.02
1.82 ± 0.05
2.00 ± 0.01
0.51 ± 0.03
0.92 ± 0.08
1.84 ± 0.55
1.29 ± 0.16
0
125
250
500

−0.19 ± 0.01a
2.22 ± 0.10a
2.68 ± 0.65a
2.73 ± 0.08a

−0.19 ± 0.01a
4.42 ± 0.23
11.25 ± 0.51
9.92 ± 0.19

0.51 ± 0.03
1.04 ± 0.04
2.06 ± 0.10
2.12 ± 0.17

0.52 ± 0.02b
0.54 ± 0.01b
1.56 ± 0.02
0.95 ± 0.02

−0.01 ± 0.01
0.18 ± 0.02
0.24 ± 0.05
0.12 ± 0.06

−0.01 ± 0.01
0.38 ± 0.07
0.28 ± 0.52
0.34 ± 0.14

nZVI-2
nZVI-1
nZVI-2
nZVI-1
nZVI-2
nZVI-1
nZVI-2
nZVI-1
nZVI-2
nZVI-1

Internalised Fe (with EDTA
wash) (mg/g tissue) (24 h)
Total Fe (without EDTA
wash) (mg/g tissue) (24 h)
Fe ion dissolution (mg/l)
Concentration (mg/l)

Table 2. Fe ion dissolution, particle adsorption, internalisation and Fe ion release from Allium cepa roots treated with nZVI
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few large ones. These results confirm the clastogenic potential of
nZVI in A.cepa. Comet assay revealed a rise in % tail DNA at all
concentrations for both nZVI-1 and nZVI-2, indicating the ability of
nZVI to produce DNA strand breaks. As represented in Figure 4C
and D 250 mg/l nZVI-2 caused maximum DNA damage (39.62%)
followed by 500 mg/l nZVI-1 (36.729%).

ROS generation by nZVI exposure leads to
mitochondrial dysfunction and membrane lipid
peroxidation
Maximum ROS generation was detected by DCFH-DA assay in
roots treated with 250 mg/l nZVI-2 (4.5-fold over control) and
500 mg/l nZVI-1 (~4.32-fold over control) (Figure 5A and B). Such
high DCF fluorescence is chiefly catalyzed by .OH radicals and peroxides. Hence, the effect of such ROS on mitochondria and membranes was analysed.
Mitochondrial membrane damage of A.cepa root cells was
observed by considerably low fluorescence intensity (Figure 5C).
Quantification of Rh123 fluorescence intensity (% CTCF) demonstrated significant decline (P < 0.05) at all concentrations of nZVI-1
and nZVI-2. In coherence with increased ROS generation, the least
% CTCF was observed in 250 mg/l nZVI-1 and 500 mg/l nZVI-2treated roots (Figure 5D). There were no significant (P < 0.05) differences in % CTCF among the two types of nZVI at 500 mg/l and
between 125 and 250 mg/l of nZVI-1.
The peroxidation of cell membrane lipids and fatty acids in cells
under oxidative stress ensued by the over-production of ROS was
detected by the estimation of MDA content in nZVI-treated roots.
A significant increase (P < 0.05) in the amount of MDA occurred at
all concentrations of nZVI-1 and nZVI-2 (Figure 5E). The concentrations of 250 and 500 mg/l nZVI-1 and nZVI-2 did not show any
significant (P < 0.05) differences in MDA content. 500 mg/l nZVI-1
induced highest production of MDA, which was ~2-fold higher than
control.

Superoxide anion (O2•−) and hydrogen peroxide
(H2O2) mediated altered antioxidant defence
responses result from nZVI treatment
Following the detection of ·OH radicals and peroxides by DCFH-DA,
histochemical and spectrophotometric analyses further enabled the
segregation between the types of ROS generated by nZVI as superoxide anion (O2•-) and hydrogen peroxide (H2O2). All concentrations
of nZVI-1 and nZVI-2, with the exception of 125 mg/l nZVI-2, triggered significant (P < 0.05) rise in O2•- (Figure 6A and B). The %
increase in O2•- values were 140–215% and 32–98% in nZVI-1 and
nZVI-2, respectively. A similar trend was observed in case of H2O2
content (Figure 6C and D). A high range of H2O2 (83.96–86.5%
increase over control) was released at 250 and 500 mg/l of nZVI-1.
This was low in nZVI-2 exposed roots where a range of ~20–46%
increase in H2O2 content was noted. Hence, from the above data it
is evident that nZVI induced higher production of O2•− than H2O2.
The normalisation of redox-homeostasis during oxidative stress
by increased O2•− and H2O2 content is coupled with the activation
of a set of antioxidant defense systems marked by enzymatic (SOD,
CAT and GPOD) and non-enzymatic antioxidants (GSH and proline). With the exception of 125 mg/l nZVI-2, SOD activity increased
significantly (P < 0.05) concurrent with the rise in O2•− content over
the whole range of nZVI-1 and nZVI-2 concentrations (Figure 6E).
Maximum rise in SOD activity was induced by 500 mg/l nZVI-1
and 250 mg/l nZVI-2 which were quantified as ~121 and 117%,
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respectively, over control. The concentrations of 250 and 500 mg/l
of nZVI-1 and nZVI-2 did not show any significant (P < 0.05) differences in SOD activity compared to each other. Conversely, CAT
and GPOD activities displayed antagonistic trends. While CAT
activity was lowest at 500 mg/l nZVI-2 (~ 67% less than control)
there was no significant difference among the other concentrations
of nZVI-1 and nZVI-2 (Figure 6F). GPOD activity increased significantly (P < 0.05) at all concentrations of nZVI-1 and nZVI-2
(Figure 6G). The differences in GPOD activity among the two types
of nZVI at 125 mg/l and between 250 and 500 mg/l nZVI-2 were
not significant. Apart from a significant enhancement at 500 mg/l
nZVI-1 (~4-fold over control), the activity of the non-enzymatic
antioxidant GSH remained unaffected without any significant variation at all concentrations of nZVI-1 and nZVI-2 (Figure 6H). Proline
on the other hand, showed significant increase at all concentrations
(P < 0.05) with the exception of 125 mg/l nZVI-1 (Figure 6I), affirming substantial oxidative stress suffered by the plants. Proline content did not differ between nZVI-1 and nZVI-2 at 500 mg/l.

nZVI induces PCD
The mode of cell death was assessed qualitatively by AO/EtBr double
staining of root tips; and quantitatively by comet assay (hedgehog
frequency), DNA diffusion assay (nuclear area, frequency of diffused, apoptotic and necrotic nuclei) and AO/EtBr staining (fluorescence intensity of root tips and frequency of live, early/late apoptotic
and necrotic nuclei). Comet assay revealed a significant increase in
hedgehog frequency at all concentrations (P < 0.05) of nZVI-1 and
nZVI-2 (Figure 7A). A dose dependent rise in the number of hedgehogs was observed in nZVI-1 which peaked at 500 mg/l (45.67%).
In case of nZVI-2, 250 mg/l induced maximum hedgehog frequency
(37.84%); while 125 mg/l caused no significant change. A significant increase in nuclear area at all treatment concentrations was
observed by DNA diffusion assay (Figure 7B and C). The nuclear
area of nZVI-1-treated roots was significantly higher than nZVI-2
(P < 0.05) and was highest at 500 mg/l nZVI-1 (~7-fold over control). Among the diffused nuclei, apoptotic and necrotic nuclei were
counted on the basis of nuclear morphology. A significant increment
in diffused nuclei occurred at all concentrations of nZVI-1 and in

roots treated with 250 mg/l nZVI-2. A similar pattern was detected
in case of the frequency of apoptotic nuclei. Maximum number of
apoptotic nuclei was induced by nZVI-1 at concentration 125 mg/l
(26.65%) and 250 mg/l nZVI-2 (19.59%) (Figure 7D). A low frequency of necrotic nuclei was also noticed along with apoptotic
nuclei at all treatment concentrations. The frequency of necrotic
nuclei was 11.78 and 7.45% in 500 mg/l nZVI-1 and 250 mg/l
nZVI-2-treated roots, respectively. From the above data, it is evident that along with normal nuclei, 500 mg/l nZVI-1 and 250 mg/l
nZVI-2 induced both apoptotic and necrotic nuclei.
In Figure 8A, dual fluorescence of AO/EtBr in control and
nZVI-treated roots are demonstrated. Live cells emitted green fluorescence due to the uptake of AO and exclusion of EtBr, and dead
cells exhibited red fluorescence of EtBr. The fluorescence intensity
of AO was significantly low compared to control and that of EtBr
was significantly higher at all concentrations irrespective of nZVI
type (Figure 8B). The fluorescence intensity of EtBr was maximum—83.4% in 500 mg/l nZVI-1 and 67.05% in 250 mg/l nZVI2. Hence, these concentrations were selected for specific detection
of PCD in nuclei from the AO/EtBr stained roots. CLSM and FM
analyses displayed live nuclei as bright green, regular shaped with
intact chromatin material; early apoptotic nuclei as greenish yellow
with bright green dots of condensed chromatin and, late apoptotic
nuclei showing orange red fluorescence and fragmented chromatin. Necrotic nuclei were visualised as bright red bodies with intact
chromatin and PCD-induced necrotic nuclei appeared as bright red
irregular fragmented structures (Figure 8C). The frequency of live
cell nuclei was significantly lower than control (P < 0.05) in nZVI-1
and nZVI-2 exposed roots (Figure 8D and E). Compared to nZVI-1
(12.82%), nZVI-2 induced higher % of early apoptotic nuclei
(19.25%). On the other hand, nZVI-1 lead to a higher occurrence of
late apoptotic (31.61%) and necrotic (24.17%) nuclei than nZVI-2,
that induced 14.05% late apoptotic and 9.64% necrotic nuclei.

Discussion
Colloidal stability of two types of nZVI (nZVI-1 and nZVI-2) with
different surface chemistries is a major concern for their assessment
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Figure 2. SEM images of Allium cepa roots treated with various concentrations of nZVI-1 and nZVI-2 for 24 h showing root tip, epidermal, root hair damage and
surface adsorption.
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Table 3. Genotoxicity of nZVI in Allium cepa root meristems
Concentration (mg/l)

0
125
250
500

MI

% CA

% NA

nZVI-1

nZVI-2

nZVI-1

nZVI-2

nZVI-1

nZVI-2

14.62 ± 1.79a
11.45 ± 0.84a
11.75 ± 1.40a
9.63 ± 0.05a

14.62 ± 1.79a
12.85 ± 1.53a
11.09 ± 2.18a
10.20 ± 1.16a

0.19 ± 0.10
5.28 ± 0.28b
4.99 ± 0.56b
12.67 ± 0.32

0.19 ± 0.10
2.62 ± 0.24b
9.05 ± 0.87b
4.24 ± 0.37b

0.09 ± 0.02c
2.31 ± 0.15d
2.12 ± 0.22d
6.02 ± 0.24e

0.09 ± 0.02c
1.74 ± 0.09cd
6.66 ± 0.86e
3.23 ± 0.23d

Values are expressed as mean ± SEM of three independent experiments.
Means followed by the same letter are not statistically different compared to control at P < 0.05 by Holm–Sidak multiple comparison tests (absence of lowercase letters denotes significant differences at P < 0.05 compared to control).

of genotoxicity. TEM analysis revealed smaller primary particles size
(12.89–57.29 nm) compared to their larger MHD (312.8–1557 nm).
This can be attributed to the formation of a hydronium ion shell
surrounding the particles and the measurement of agglomerates as
discrete particles resulting in larger diameter detected by DLS (55).

In the current investigation, concurrent increase in MHD of nZVI-1
and nZVI-2 with time can be correlated with the increase in PDI,
indicating a strong propensity of aggregation over time. nZVI have
been reported to aggregate at higher concentrations with increase
in time.(8,9) Furthermore, among the concentrations of nZVI-2,
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Figure 3. Phytotoxicity of nZVI in Allium cepa roots after exposure to various concentrations of nZVI-1 and nZVI-2 for 24 h. (A) Spectrophotometric estimation of
cell death by Evans blue test. (B) Cell death visualised by the uptake of Evans blue dye in root tips. (C) Decline in cell viability assessed spectrophotometrically
by TTC dye exclusion. (D) Visualisation of loss of cell viability by TTC dye exclusion from root tips. (E) nZVI-induced electrolyte leakage from roots. (F) Root and
shoot length elongation (cm) of A.cepa. (G) Representative photographs of root and shoot lengths of A.cepa bulbs. Different alphabets represent significant
differences (P < 0.05) compared to control by Holm–Sidak multiple comparison test.
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250 mg/l showed smallest MHD (291.9 ± 48.78 nm) and lowest PDI
(0.274 ± 0.0078) at 0 h. Since MHD strongly depends on the type of
medium, such non-linear distribution was also observed by Gonzalo
et al. (9) where nZVI concentrations of 2.5, 5, 25 and 50 mg/l also
diluted in water yielded least MHD at 5 mg/l.
Concentration dependent increase in ζ-potential of nZVI-2
after 24 h (−21.5 to −28.4 mV) can be corroborated with their
high conductivity (0.0834–0.248 mS/cm) indicating better colloidal stability, which was confirmed by lower PDI (0.333–0.464).
Decline in ζ-potential of nZVI-1 towards 0 after 24 h (−8.76 to
−1.43 mV) and its low conductivity (0.0093–0.0327 mS/cm) characteristically account for enhanced particle aggregation. The higher
PDI of nZVI-1 at 24 h (0.780–0.943) affirms higher aggregation
than nZVI-2, leading to colloidal destabilisation. In this regard,
it is well established that NPs exhibiting ζ-potential values more
than +30 or less than −30 mV are stable and highly charged,
whereas maximum agglomeration and/or aggregation occurs close
to 0 mV (10,56). Furthermore, the low surface charge of nZVI-1
enhanced its aggregation plausibly due to their larger surface area
(3.9263 m2/g) compared to nZVI-2 (3.1163 m2/g), as reported in
our previous study (29). In terms of surface chemistry, the presence of amine groups (NH2) represented by the bending vibration
peak at 1634/cm by FT-IR of nZVI-1 (29) moderately abated its
negative charge as seen by low ζ-potential. The asymmetric stretching vibration peaks at 1621/cm denoted the presence of carboxyl
groups (COOH) on the surface of nZVI-2, which were responsible for imparting high negative charge (5,29) as confirmed by our
ζ-potential measurements. Hence, consecutive rise in ζ-potential
with conductivity are key parameters for the determination of colloidal stability of nZVI (9). These physico-chemical parameters of
size, aggregation and charge potentially contribute to the fate and

toxicological interactions of NPs with biological systems (9,57,58)
making them key endpoints for nanotoxicity assessment.
The dissolution of metal ions from NP suspensions regulates
their phytotoxicity, as ions show easy penetration through biological
membranes than their particulate forms (23,25,30). The dissolved
Fe ion content of suspensions of nZVI-1 was within a low range of
2.22–2.73 mg/l, and that of nZVI-2 was at a higher range of 4.42–
11.25 mg/l. The presence of PVP as a sterical stabilizer in nZVI-1
facilitated lower Fe ion dissolution. PVP-coated Ag NPs showed low
Ag ion dissolution causing enhanced surface adsorption and uptake
(59). Hence, the dissolved Fe ions along with nZVI may synergistically affect their interaction with biological systems at the bio-NP
interface.
In this context, the uptake of nZVI-1 within the roots of A.cepa
was higher (1.04–2.12 mg/l) compared to nZVI-2 (0.92–1.84 mg/l)
due to their smaller size and low dissolution. Among the concentrations of nZVI-2, the lowest initial MHD and PDI of 250 mg/l facilitated maximum uptake. Adsorption was higher in nZVI-2-treated
roots confirming lesser particle uptake than nZVI-1. Numerous
reports suggest an inverse relationship between size and uptake of
metal NPs in plants (57,60,61). No explicit dependence of Fe uptake
on nZVI (100–1000 mg/kg soil) concentration was found in rice
roots and shoots, while the Fe content of roots was higher due to
their direct exposure (18). Particle uptake independent of concentration was observed in soybean plants exposed to ZnO NPs (500–
4000 mg/l) (62), where higher concentrations showed enhanced
aggregation causing lesser uptake. Surface charge is an important
factor for nZVI uptake within the plant system. Negatively charged
Fe3O4 NPs showed low uptake in roots of soybean (58). Similar
results were found in case of Au NPs (63). Therefore, the high negative charge of nZVI-2 caused lower uptake in A.cepa roots.
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Figure 4. Genotoxicity of nZVI in Allium cepa roots exposed to various concentrations of nZVI-1 and nZVI-2 for 24 h. (A) Photo micrographs of DAPI stained
root tip squash preparations showing NAs and CAs viewed by confocal laser scanning microscopy. (i)–(iii) Chromosome plates of control root nuclei with no
NA/CAs. (iv) Metaphase break after exposure to 250 mg/l nZVI-2. (v) Clumped metaphase after 500 mg/l nZVI-1 treatment. (vi) Anaphase breaks induced by
250 mg/l nZVI-2. (vii) Binucleate cell at 250 mg/l nZVI-2 treatment. (viii) Disturbed anaphase at 500 mg/l nZVI-2. (ix) Anaphase bridge at 125 mg/l nZVI-1. (x)
Nuclear bud and small MN after treatment with 125 mg/l nZVI-1. (xi) Large micronucleus after exposure to 500 mg/l nZVI-2. (xii) Nuclear notch and beak upon
250 mg/l nZVI-1 exposure. Images (i) and (vi) were captured in 100× magnification, (iv), (viii) and (ix) in 60×, and all the rest in 40×. Bars represent 10 µm scales.
(B) Increase in micronuclei frequency in root cells. (C) Induction of DNA damage by nZVI estimated by comet assay and represented by increase in % tail DNA.
(D) Representative images of comets at each concentration showing varying degrees of DNA damage. Bars represent 10 µm scales. Different alphabets represent
significant differences (P < 0.05) compared to control by Holm–Sidak multiple comparison test.
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The amount of Fe that leached out from the roots of the nZVItreated bulbs after 72 h in water was quantified by AAS. The presence
of negligible amount of excluded Fe indicated possible deposition of
nZVI within the root cells. Intracellular deposition of nZVI in the
cytoplasm and perinuclear space was observed in rodent M27 neuron cells by TEM (15). Deposits of nZVI were found inside the cell
walls of peanut seeds (17) and A.thaliana roots (20). The presence
of nZVI in the intercellular spaces of rice roots and shoots was confirmed by TEM indicating their apoplastic transport from roots to
shoots (18). Conversely, roots of hybrid poplar and cat-tail treated
with nZVI (200 mg/l) demonstrated no particle internalisation but
extensive adsorption on the root epidermis (19).
SEM analysis revealed sufficient adsorption of nZVI-1 and
nZVI-2 on the root surfaces and extensive damage to root tips, epidermis and root hairs. Similar nZVI-induced severe root cell damage and particle adsorption on epidermal cells was observed in rice
(18) and cattail (19) by SEM. In this context, we noted considerable
epidermal swelling, occurrence of deep furrows, loosening of the epidermal layer and peeling off of the root epidermal tissues. Such morphological damages can occur due to the generation of free radicals
(.OH, H2O2, O2•−) after the reaction of nZVI with dissolved oxygen
in water by Fenton reaction (14). Hence, the adsorbed nZVI may
take part directly (adsorption) or indirectly (ROS generation), in the

morphological alteration of roots to create perforations/breaks on
the tips and, epidermal and root hair injuries.
On the contrary, both nZVI-1 and nZVI-2 triggered root elongation. A study by Kim et al. (20) validated .OH radical induced root
cell wall loosening leading to root elongation in A.thaliana exposed
to 500 mg/l nZVI. Thus, increase in root length can be regarded as a
manifestation of nZVI-induced epidermal cell wall loosening leading
to phytotoxicity. The promotion of shoot growth by nZVI-1 conceivably occurred as a result of higher internalisation into the roots
and their translocation into shoots. Fe is an important micronutrient
necessary for shoot growth (64). The adsorption of nZVI on root
cells leads to perturbed ion and/or electron transport chains of the
cell membranes (65). Taking such a premise into account, our results
of ion leakage affirm root cell membrane damage. Cell viability studies by TTC and Evans blue tests support these findings.
The genotoxic potential of nZVI in plants is not known. Results
of the present study for the first time evince significant genotoxicity of nZVI in A.cepa. The occurrence of DNA strand breaks was
confirmed by comet assay. A rise in micronuclei (MN) frequency,
chromosome and nuclear aberrations (CA and NA) was validated
using CLSM and optical microscopy. nZVI-1 triggered DNA strand
breaks at all concentrations and nZVI-2 at 250 mg/l was most genotoxic. A similar pattern was observed in case of MN, CA and NA
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Figure 5. Generation of ROS in Allium cepa roots exposed to various concentrations of nZVI-1 and nZVI-2 for 24 h and its effect on mitochondria and membranes.
(A) nZVI-treated root tips showing varying degrees of DCF fluorescence and the localisation of ROS within the cells, control shows low fluorescence. (B)
Quantification of enhanced DCF fluorescence of nZVI-treated root tips by fluorescence spectrophotometry. (C) Mitochondrial membrane depolarisation
represented by the quenching of Rhodamine 123 fluorescence in nZVI-treated root tips, and normal bright fluorescence in the control tip indicating intact
mitochondrial membranes. (D) Image J-based quantification of the decline in Rhodamine 123 fluorescence in terms of % corrected total cell fluorescence
(% CTCF) in nZVI-treated root tips. (E) Membrane lipid peroxidation marked by increased MDA content in nZVI-treated roots. Bars denote 50 µm scales. Different
alphabets represent significant differences (P < 0.05) compared to control by Holm–Sidak multiple comparison test.
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frequencies. Interphase cells chiefly exhibited the occurrence of small
and few large MN. The symmetric karyotype of A.cepa facilitates the
use of MN size as a decisive factor for the assessment of clastogenicity and aneugenicity (66). We observed the presence of small MN
signifying clastogenic activity of nZVI as a result of chromosome
breakage. The structural CAs of breaks (metaphase and anaphase)
and bridges (anaphase and telophase) induced by both particles
confirmed their clastogenicity. Nuclear morphological alterations
of buds, notches, beaks in interphase nuclei along with binucleate
cells that are characteristics of DNA damage were observed. The
multinucleate cells observed in nZVI-treated roots designate potential apoptotic cell death (67). A fall in mitotic index demonstrated
cytotoxic response; even though it was statistically insignificant. Few
conflicting reports on the genotoxicity of nZVI are available in bacterial and animal cells. Immunofluorescent labelling of γH2Ax foci
of A549 lung epithelial cells treated with nZVI showed no significant
genotoxicity (68) and no mutagenicity was observed in bacteria by
Ames test (69). Comet assay of mussel sperms revealed significant
DNA strand breaks in response to 10 mg/l nZVI (13). Hence, the
clastogenic activity of nZVI in A.cepa may lead to cumulative alterations in cell division and cell cycle.
In this study, colloidal destabilisation marked by aggregation of
nZVI-1 after 24 h accounts for its high genotoxicity. Similar colloidal

destabilisation of nZVI caused cell cycle arrest, DNA fragmentation, ROS generation and cell death in algal cells (9). Contrary to
the common belief that coated NPs impart lesser genotoxicity than
their uncoated counterparts, negatively charged PVP-coated NPs
are known to bind to positively charged histone proteins facilitating higher association with DNA (70). Such histone–NP interactions
might perturb chromosome structures leading to DNA single and
double strand breaks culminating in permanent genome rearrangements as observed in mice treated with PVP-coated Ag NPs (71).
In accordance with these findings, Na-acrylic copolymer stabilised
nZVI caused higher DNA damage in mussel sperms than their bare
counterparts (13).
On the other hand, nZVI-2, with superior colloidal stability,
induced maximum genotoxicity at 250 mg/l. The overall Fe ion dissolution was higher in nZVI-2 than nZVI-1, with maximum amount
at 250 mg/l (11.25 mg/l). Therefore, the genotoxicity of nZVI-2 can
be attributed to the cumulative effects of high particle internalisation
(at 250 mg/l) and Fe ion dissolution. The increase in MHD and PDI
at 500 mg/l nZVI-2 lead to lower uptake and hence caused a decline
in genotoxic response compared to 250 mg/l nZVI-2. The dissolved
Fe2+ and Fe3+ ions from Fe NPs undergo Fenton reaction within the
cells to generate ROS such as ·OH and OH- radicals that damage
DNA, cell and organelle membranes (14,72). Hence, we thought it
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Figure 6. ROS-induced alterations in enzymatic and non-enzymatic antioxidant activities in Allium cepa roots treated with various concentrations of nZVI-1
and nZVI-2 for 24 h. Spectrophotometric quantification of the rise in (A) superoxide anion (O2.−) and its (B) histochemical visualisation. Spectrophotometric
quantification of (C) H2O2 content and its (D) histochemical visualisation. (E) Increase in superoxide dismutase (SOD) activity, (F) decreased catalase (CAT)
activity, (G) enhanced guaiacol peroxidase (GPOD) activity and rise in (H) reduced glutathione (GSH) and (I) Proline contents. Different alphabets represent
significant differences (P < 0.05) compared to control by Holm–Sidak multiple comparison test.
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prudent to assess the extent of nZVI-induced ROS generation and
its downstream consequences of antioxidant enzyme activities and
subsequent mode of cell death.
Enhanced generation of ROS at all concentrations of nZVI-1
and nZVI-2 was detected by the fluorescent probe DCFH-DA. The
hydrophobic non-fluorescent dye DCFH-DA is hydrolyzed by cytosolic esterases to produce DCFH. DCFH is oxidised by intracellular ROS, mainly .OH radicals, to its highly fluorescent 2-electron
product 2′, 7′dichlorofluorescein (DCF). The increment in DCF fluorescence especially mirrored the overproduction of ·OH by nZVI,
which corroborated the results of Kim et al. (20) in A.thaliana roots.
Along with ·OH, O2•− and H2O2 were present at elevated levels. As a
direct effect of ROS, membrane lipid peroxidation marked by high
MDA content lead to ion leakage. These findings are in agreement
with the results of Evans blue test for cell death due to cell membrane damage.
Recent reports demonstrate ROS-mediated oxidative stress and
concurrent peroxidation of membrane lipids as the underlying basis
of nZVI-induced phytotoxicity (9,19,73). Lipid peroxidation occurs
in cellular as well as organelle membranes and eventually releases
lipid derived free radicals which may in turn damage DNA (74). In
the present study, the generation of ROS and lipid peroxidation were
congruent with the occurrence of DNA damage affirming oxidative
stress as the fundamental mechanism of nZVI-induced genotoxicity.
This lead us to evaluate the extent of ROS induced mitochondrial membrane damage by the evaluation of mitochondrial membrane potential (ΔΨm) using Rhodamine 123. The effect of ROS

was evident on mitochondria, which showed considerable membrane depolarisation/permeability by the disruption of proton
motive force. The rate of fluorescence quenching of Rhodamine 123
is proportional to the electrochemical potential of the proton gradient of depolarised mitochondrial membranes. In line with these
results, our TTC data showed low mitochondrial dehydrogenase
activity mediated exclusion of the dye, confirming a decline in cellular metabolic activity. To our knowledge, the ability of nZVI to
cause mitochondrial damage in plants is reported for the first time
in this study. Phenratet al. (15) explained similar results validating
ROS (mainly H2O2) induced mitochondrial membrane depolarisation leading to ATP depletion in mouse BV2 microglial cells exposed
to pristine nZVI.
The increased generation of O2•− in response to nZVI triggered
the first line of antioxidant defence in the form of elevated SOD
activity, which catalysed the dismutation of O2•− into H2O2. This
was corroborated by high H2O2 content. A decline in CAT activity
indicated the ability of H2O2 to jeopardise the cellular redox homeostasis as further testimony of oxidative stress. Interestingly, the high
GPOD activity discerned the involvement of peroxidases instead of
catalases in the reduction of H2O2. An upsurge in proline content
which is in correlation with elevated levels of ROS was induced by
nZVI. The increase in GSH content indicated partial involvement
of the non-protein thiol in H2O2 break-down, which was significant
at the highest concentrations of nZVI-1 and nZVI-2. Insignificant
GSH content at lower concentrations indicated an impediment
in the removal of H2O2. Thus, the mitigation of nZVI-induced
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Figure 7. DNA diffusion and comet assay based detection of cell death induced by nZVI-1 and nZVI-2 at various concentrations after 24 h of exposure in Allium
cepa. (A) Increase in hedgehog frequency by comet assay. (B) Increase in % nuclear area of diffused nuclei. (C) Representative images of diffused nuclei at each
concentration of nZVI. (D) Frequency of apoptotic and necrotic nuclei among the diffused nuclei in DNA diffusion assay. Bars denote 10 µm scales. Different
alphabets represent significant differences (P < 0.05) compared to control by Holm–Sidak multiple comparison test.

384

I. Ghosh et al., 2017, Vol. 32, No. 3

oxidative stress may involve other enzymes such as those involved
in the Foyer–Halliwell–Asada cycle (ascorbate-glutathione pathway). Further studies are needed to confirm such a hypothesis. To
prevent ROS induced oxidative burst, plants have evolved an array
of enzymatic (SOD, CAT, GPOD) and non-enzymatic (GSH, proline)
antioxidant defence mechanisms (74). CAT and GPOD are indispensable for ROS detoxification by scavenging H2O2 to produce O2 and
H2O (74). Congruent with our findings, similar reduction in CAT
and increase in GPOD activities have been reported in A.cepa roots
treated with other metal NPs of ZnO (25) and Al2O3 (75). Proline
being a hydroxyl (.OH) and singlet oxygen (1O2) radical quencher
is regarded as an essential marker for oxidative stress as it simultaneously decreases with decrease in oxidative stress (51,74). Hence,
enhanced proline content in A.cepa substantiates nZVI-induced
oxidative stress. Additionally, H2O2 and O2•− at high concentrations cause DNA damage and act as signalling molecules for PCD
in plants (74). Hence, we analysed the role of nZVI-induced ROSmediated PCD in relation to DNA damage.
DNA damage induced by NPs can result in apoptotic or necrotic
cell death, especially with the involvement of ROS (24). Comet assay
revealed the presence of hedgehog shaped nuclei with nearly all DNA

in the comet tail which were previously regarded as apoptotic nuclei.
The classical DNA diffusion assay showed apoptotic nuclei represented by the presence of dense central cores surrounded by light
hazy halo-like outer zones containing granular fragmented DNA in
both nZVI-1 and nZVI-2 exposed root nuclei. Necrotic nuclei were
distinguished by their distinct outer boundaries and were lesser in
number than the apoptotic nuclei. The increase in nuclear area was
in line with the increase in % diffused nuclei suggesting enhanced
DNA fragmentation leading to cell death. These results support our
comet assay data. Such morphological alterations in nuclei suggesting
potential apoptotic and necrotic cell death prompted further analysis
by AO/EtBr staining using FM and CLSM. Double staining of root
tips provided an overall estimation of cell death, which was higher
in nZVI-1 set. The two most toxic concentrations (500 mg/l nZVI-1
and 250 mg/l nZVI-2) were selected to identify early/late apoptotic,
and necrotic nuclei based on their morphology. Extensive chromatin
condensation indicating early apoptosis was noted in nZVI-2 set. The
occurrence of orange red fragmented nuclei confirmed late apoptosis
triggered by nZVI-1. The extent of necrosis was higher in nZVI-1.
The EtBr stained necrotic nuclei of nZVI-treated roots were mostly
irregular shaped owing to their apoptotic origin.
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Figure 8. Acridine orange (AO)/ethidium bromide (EtBr) double staining for visualisation of programmed cell death in Allium cepa treated with various
concentrations of nZVI-1 and nZVI-2 for 24 h. (A) Confocal laser scanning microscopy (CLSM) mediated visualisation of root tips stained with AO/EtBr showing
varying degrees of cell death by the red fluorescence of EtBr. Bars denote 50 µm scales. (B) Fluorescence intensity of AO and EtBr quantified by FV31S-SW
Viewer software (Version 2.1) from the representative images of dual stained root tips from each concentration. (C) Representative images of live (L), early
apoptotic (EA), late apoptotic (LA) and necrotic (N) nuclei identified by fluorescence microscopy (FM). Bars represent 10 µm scales. (D) Isolated nuclei
showing dual staining of AO and EtBr for qualitative study by CLSM. Bars represent 10 µm scales. (E) Frequency of live, early apoptotic, late apoptotic and
necrotic nuclei calculated by FM. Different alphabets represent significant differences (P < 0.05) compared to control by Holm–Sidak multiple comparison test.
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Recent studies confirm the occurrence of hedgehogs as an upper
end of a continuous process of DNA damage which may or may
not designate cell death (39). Hence, DNA diffusion assay facilitated
the specific classification of apoptotic and necrotic nuclei based on
nuclear morphology (52). To date, few studies employed AO/EtBr
double staining as a rapid method to determine cell death (28,54).
While live nuclei are stained by AO, EtBr is unable to penetrate their
intact cell membranes (54). AO was used to detect apoptosis in
tobacco protoplasts under oxidative stress by H2O2 (27). However,
AO in combination with EtBr serves as a test for cell viability as well
as detection of apoptosis/necrosis (28,54,76).
Our results of DNA diffusion assay and AO/EtBr staining ascertain apoptotic cell death aggravated by nZVI. Furthermore, nZVIinduced ROS generation by ·OH and H2O2 upheaval, mitochondrial
depolarisation (ΔΨm), reduction in cellular metabolic activity (TTC
assay), occurrence of clastogenic CAs and multinucleate cells can be
regarded as potential hallmarks of apoptosis in A.cepa. Available
reports confirm the correlation between these endpoints with apoptotic cell death in both plant and animal systems.(27,77,78) Other
endpoints of AnnexinV-FITC/PI staining and Caspase-3 proteaselike activity detection evinced apoptotic cell death induced by metal
NPs such as NiO(23) and Co(24) in various plant species. Further
studies using these endpoints shall reaffirm our findings.
Taken together, the hydrodynamic characteristics of size, polydispersity index, zeta potential and conductivity of nZVI are chiefly
responsible for its differential phytotoxicity. Our report is the first
evidence of nZVI-induced DNA damage, CAs and NAs, oxidative
stress and apoptosis in A.cepa. A schematic representation of the
overall mechanism of genotoxicity and cell death incited by nZVI
in A.cepa is illustrated in Figure 9. The genotoxicity of nZVI-1
is due to its colloidal destabilisation, higher internalisation and
smaller initial particle size compared to nZVI-2; whereas nZVI-2
induced genotoxicity can be attributed to its higher dissolution,

adsorption and considerable internalisation. The various interactions of nZVI with exposure media (water, sand/soil) influence their
physico-chemical characteristics and hence cellular uptake resulting
in toxicity. However, as a limiting factor, the determined experimental physio-chemical characteristics may be subject to alterations in
an environmental setting posing intricacies in precise in situ result
predictions. With the growing usage of nZVI in nanoremediation,
the present report paves the way for further elucidation of the genotoxicity and cytotoxicity mechanisms of different forms of pristine
and modified nZVI in other plant species for appraisal of its environmental safety.
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Figure 9. Schematic representation of the plausible mechanism of nZVI-induced genotoxicity and cytotoxicity in Allium cepa. Dissolution of nZVI into Fe2+ and
Fe3+ ions takes place in water. Surface adsorption of nZVI occurs on the root cells. nZVI, along with the dissolved Fe ions undergo cellular uptake and cause
genotoxicity by direct DNA damage or indirect DNA damage through the generation of ROS. DNA strand breaks cause clastogenicity, which is evident by
the occurrence of structural NAs, micronuclei and multinucleate cells. nZVI undergoes potential oxidation in the cytosol into Fe2+ ions which undergo Fenton
reaction in mitochondria resulting in the liberation of free radicals such as ·OH and OH−. Such free radicals damage mitochondrial membranes causing a decline
in mitochondrial membrane potential (ΔΨm). ·OH radical upsurge leads to potential cell wall loosening which in turn causes root elongation. Furthermore,
ROS generation by nZVI induces membrane lipid peroxidation and electrolyte leakage from cell membranes. ·OH radicals also induce high proline content
as a manifestation of oxidative stress. Among the various ROS, O2.− is generated at elevated levels. This initiates a rise in SOD activity, which catalyses the
dismutation of O2.− into H2O2. The rise in H2O2 content triggers the inactivation of catalase and stimulates peroxidase (GPOD) activity, marking the onset of
oxidative stress. nZVI-induced genotoxicity and oxidative stress cause apoptotic cell death discerned by mitochondrial depolarisation, the occurrence of diffused
apoptotic nuclei, multinucleate cells, chromatin condensation and irregular fragmented nuclei.
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