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The environmental fate and behaviour of titanium dioxide (TiO,) nanoparticles is a rapidly expanding
area of research. There is a paucity of information regarding toxic effect of TiO, nanoparticles in plants
and to certain extent in humans. The present study focuses on the effect of exposure of TiO, nanoparticles
in two trophic levels, plant and human lymphocytes. The genotoxicity of TiO, nanoparticles was evalu-
ated using classical genotoxic endpoints, comet assay and DNA laddering technique. DNA damaging
potential of TiO, nanoparticles in Allium cepa and Nicotiana tabacum as representative of plant system
could be confirmed in the comet assay and DNA laddering experiments. In Allium micronuclei and chro-
mosomal aberrations correlated with the reduction in root growth. We detected increased level of mal-
ondialdehyde (MDA) concentration at 4 mM (0.9 pM) treatment dose of TiO, nanoparticles in Allium cepa.
This indicated that lipid peroxidation could be involved as one of the mechanism leading to DNA damage.
A comparative study of the cytotoxic and genotoxic potential of TiO, nanoparticles and bulk TiO, parti-
cles in human lymphocytes also reveal interesting results. While TiO, nanoparticles were found to be
genotoxic at a low dose of 0.25 mM followed by a decrease in extent of DNA damage at higher concen-
trations; bulk TiO, particles reveal a more or less dose dependent effect, genotoxic only at dose 1.25 mM
and above. The study thus confirms the genotoxic potential of TiO, nanoparticles in both plant and
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human lymphocytes.
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1. Introduction

With the advent of newer nanomaterials and their use in the
industry ranging from health care products, to cosmetics to dietary
supplements human exposure to nanomaterials is a driving con-
cern. The increasing concentrations of nanomaterials in groundwa-
ter and soil may present the most significant exposure avenues for
assessing environmental risk (Colvin, 2003). The novel properties
such as smaller size, large surface area, higher reactivity that im-
parts nanomaterials such interesting property are a major point
of concern. Nanomaterials when released into the environment
through industrial or domestic waste might tend to disrupt the
microflora of soil and water. This in turn might lead to alteration
of the food chain and disrupt plant productivity by disrupting
nitrogen assimilation and metabolism and can damage aquatic
organisms too (Oberdorster et al., 2007).

Abbreviations: TiO,, titanium dioxide; MDA, malondialdehyde; TCA, trichloro-
acetic acid; TBAR, thiobarbituric acid reaction; CA, chromosomal aberration; MI,
mitotic index; MN, micronuclei; RPMI-1640, Roswell Park Memorial Institute.
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Amongst the manufactured nanoparticles, TiO, nanoparticles
are used in a broad range of products as food colorant, in sunscreen
and in cosmetics. In the recent past, it has also been used in certain
sectors of agriculture and is one of the most widely used nanoma-
terials. Recent evidences have shown TiO, nanoparticles to induce
inflammatory and genotoxic response in different animal and hu-
man cell lines (Wang et al., 2006; Reeves et al., 2007; Xu et al.,
2009). In the present study, the DNA damaging potential of TiO,
nanoparticles in two different trophic levels, in plants (Allium cepa
and Nicotiana tabacum) and in human lymphocytes was evaluated.
The genotoxicity of TiO, nanoparticles was evaluated using classi-
cal genotoxic endpoints like Allium test, comet assay and DNA lad-
dering technique in A. cepa roots; and using comet assay and DNA
laddering technique in N. tabacum. Amongst different test systems
used for genotoxicity testing, A. cepa and N. tabacum were selected,
as they are known to be efficient assays for chemical screening and
in situ monitoring for genotoxicity of environmental contaminants.
Apart from Allium test, A. cepa has been used successfully in our
laboratory as a biomarker of genotoxicity using comet assay (Cha-
kraborty et al., 2009). The DNA damaging potential of TiO, nano-
particles was evaluated and compared to that of bulk TiO,
particles in human lymphocytes as representative of human test
system. Comet assay is a simple, sensitive and effective technique
used to quantitatively express the extent of genotoxicity of many
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hazardous agents. It has been used widely in genotoxicity monitor-
ing of the environment and has been found to be as sensitive as sis-
ter chromatid exchange (SCE) or micronucleus (MN) (Yuquan et al.,
1997; Gichner et al., 2009). To further ascertain the genotoxic po-
tential of TiO, nanoparticles DNA laddering was used. Report from
a previous investigation had shown that TiO, nanoparticles induce
genotoxicity in animal cells mediated by the production of hydro-
xyl radicals (Reeves et al., 2007). In this study, the possible role of
lipid peroxidation in inducing DNA damage in A. cepa was also
evaluated.

2. Materials and methods
2.1. Chemicals

Titanium dioxide nanoparticles (CAS No. 13463-67-7), ethyl
methanesulphonate (EMS, CAS No. 62-50-0), normal melting point
agarose (NMPA), low melting point agarose (LMPA), di-sodium salt
of ethylene diamine tetra acetic acid (EDTA), Tris buffer, ethidium
bromide (EtBr), histopaque, thiobarbituric acid (TBAR), 3-(4,5-dim-
ethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), Trizma
base, Triton X-100, DMSO were purchased from Sigma-Aldrich
Co. (USA). Phosphate buffered saline (Ca®*, Mg®* free; PBS), cetyl
trimethyl ammonium bromide (CTAB, CAS No. 57-09-0), polyvinyl-
pyrrolidone (PVP, CAS No. 9003-39-8) were purchased from Hi-
Media Ltd., Mumbai, India. Cell proliferation reagent WST-1 was
purchased from Roche, Lewes, UK. All other chemicals like sodium
hydroxide, sodium chloride, acetic acid, orcein, chloroform, iso
amyl alcohol were obtained locally and were of analytical grade.

2.2. Preparation and size characterization of TiO, nanoparticle solution

2.2.1. Preparation of solution

TiO, nanoparticles were obtained from Sigma-Aldrich Co.
(USA). The physical characteristics as obtained from the supplier
were: particle size (100 nm), surface area (14.0m?g~!), mp
(350 °C), and density (4.26 g mL™! at 25 °C). Appropriate amount
of TiO, nanoparticles were suspended in filter sterilized double
distilled water and were sonicated to prepare stock solutions.
Working solutions were made by serial dilution, followed by son-
ication and vigorous vortexing as and when required.

The criterion for dose selection for each assay was based on ear-
lier study reports, ECso value and cytotoxicity test performed for
plant system (Kumari et al., 2009) and human lymphocytes (Wang
et al., 2006; Reeves et al., 2007).

2.2.2. Size and characterization of TiO, nanoparticles using atomic
force microscopy (AFM)

Size and surface topography of the drop coated film of TiO,
nanoparticles were investigated using AFM (NANOSCOPE (R)
111a Veeco multimode, USA) and high resolution surface images
were produced. In AFM characterization, the contact mode
(NP10) with a silicon probe over scan sizes of 10 um was used.

2.3. Treatment of plant test systems (A. cepa and N. tabacum)

Equal-sized bulbs, from a population of a local market variety of
A. cepa L. were used. The onions were allowed to germinate on sand
taken in earthen pots (Fiskesjo, 1985; Panda et al., 1990) at room
temperature (28 £ 1 °C) under a 12 h light/dark cycle. The A. cepa
bulbs were then exposed to different concentrations (0, 2, 4, 6, 8
and 10 mM) of TiO, nanoparticles diluted in filter sterilized double
distilled water, with five bulbs for each concentration. The roots
after specific treatment periods (3, 6 and 24 h) were used for comet
assay and other tests as applicable. N. tabacum seeds were allowed

to germinate in well watered earthen pots (30 cm diameter) con-
taining garden soil. The plantlets were used when they reached
the 4th leaf stage. They were then exposed to different concentra-
tions (0, 2, 4, 6, 8 and 10 mM) of TiO, nanoparticles diluted in filter
sterilized double distilled water. The 4th leaf from the treated plant
(24 h treatment) was used for comet assay and DNA isolation.

2.4. DNA damage analysis using comet assay in A. cepa and N.
tabacum

The DNA damage studies were carried out using comet assay
according to Singh et al. (1988) with slight modifications (Tice
et al., 2000; Chakraborty et al., 2009). The roots or leaves of the
plants were placed for 2 min on ice to keep them turgid. For isola-
tion of nuclei, root and leaf tissues, treated or untreated as appro-
priate, were placed in a 60 mm Petri plate containing 400 uL of
cold 400 mM Tris buffer, at pH 7.5. Using a fresh razor blade, the
roots and leaves were finely and gently sliced allowing isolation
of nuclei. The isolated nuclei were collected in the buffer. Taking
the nuclear suspension, slides were prepared in triplicates per con-
centration. The slides were placed in alkaline electrophoresis buf-
fer (300 mM NaOH and 1 mM EDTA; pH > 13) for 15 min to allow
unwinding of the DNA in a horizontal gel tank (Life Technologies,
California, USA) followed by electrophoresis at 4 °C for 20 min at
26V adjusted to 300 mA by adjusting the buffer level in the tank.
Slides were neutralized in 0.4 M Tris pH 7.5 for 5 min and finally
rinsed in water. Each experiment was repeated twice.

2.5. Isolation of mononuclear cells from blood

Human peripheral blood was obtained by venipuncture from
healthy volunteers (20-25 year old male donors, non-smokers,
non-alcohol consuming and not undergoing any medication) into
heparinised vacutainers. Lymphocytes were isolated from fresh
blood according to the method of Boyum (1976), using Histopaque.
The cells were washed with PBS and resuspended in RPMI-1640
media at a concentration of 10° cell mL~"! for further use. All exper-
iments were conducted in accordance with the institutional
guidelines.

2.6. Treatment of the lymphocytes

Freshly isolated human lymphocytes were incubated for 3 h at
37 °C in RPMI-1640 media with different concentrations of TiO,
nanoparticles and bulk TiO, particles (0, 0.25, 0.50, 0.75, 1, 1.25,
1.50, 1.75, 2 mM). Following treatment, the lymphocytes were pro-
cessed for cytotoxicity study and detection of DNA damage as as-
sessed by the alkaline comet assay.

2.7. Viability of lymphocytes

2.7.1. Trypan blue dye exclusion method

The viability tests were performed using Trypan blue dye exclu-
sion test to avoid artefacts due to toxicity (Tennant, 1964). The cut-
off point suggested by Henderson et al. (1997) was 70%. Viability
was measured both before and after treatment and range of viable
cells was within 75-90% in all experiments.

2.7.2. MTT assay

Cells with treatment concentrations of TiO, nanoparticles (0,
0.25, 0.50, 0.75, 1, 1.25 mM) were seeded onto 96-well culture
plates at 1 x 10° cells per well, incubated at 37 °C for 3 h. After
incubation, cells were treated with 0.5 mgmL~' solution of 3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT; 100 pL/well) at 37 °C for 3 h. The number of viable cells
was determined by uptake of MTT. Optical density (OD) was read
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on iMark™ Microplate Absorbance Reader (BIO-RAD, USA) at
570 nm, with 630 nm as a reference wavelength. All experiments
were performed at least in triplicate on three separate occasions.
Data are presented as mean + SD.

2.7.3. WST-1 assay

For cell viability assays using WST-1, cells with treatment con-
centrations of TiO, nanoparticles (0, 0.25, 0.50, 0.75, 1, 1.25 mM)
were seeded onto 96-well culture plates at 1 x 10° cells per well
and incubated at 37 °C for 3 h. Cells were then washed twice in
PBS and incubated in normal growth medium for 6 h before cell
viability assays were carried out using Cell Proliferation Reagent
WST-1 according to the manufacturer’s instructions. OD was read
on iMark™ Microplate Absorbance Reader (BIO-RAD, USA).

2.8. DNA damage analysis using comet assay in lymphocytes

The DNA damage studies were carried out following the comet
assay according to the method of Singh et al. (1988) with modifica-
tions (Tice et al., 2000; Bandyopadhyay et al., 2008). Slides were
prepared in triplicates per concentration. Slides were immersed
in cold lysis solution at pH 10. The lysis solution consisted of
2.5 M NaCl, 100 mM Na,EDTA, 10 mM Trizma base, 1% Triton X-
100, 10% DMSO and kept at 4 °C for 60 min. After lysis the DNA
was allowed to unwind in the electrophoresis buffer (300 mM
NaOH:1 mM NayEDTA at pH 13.5) for 20 min. This was followed
by electrophoresis conducted at a constant voltage of 25V and
300 mA at 4 °C. Slides were neutralized in 0.4 M Tris (pH 7.5) for
5 min and finally rinsed in water. Each experiment was repeated
twice.

2.9. Scoring of slides of comet assay

The slides were stained with EtBr (20 ug mL™!) and rinsed in
water to wash off excess stain. Slides were scored using image
analysis system (Kinetic imaging; Andor Technology, Nottingham,
UK) attached to a fluorescence microscope (Leica, Wetzlar, Ger-
many) equipped with appropriate filters (N2.1). The microscope
was connected to a computer through a charge- coupled device
(CCD) camera to transport images to software (Komet 5.5) for anal-
ysis. The final magnification was 100x. Among the comet parame-
ters we report the percent of DNA in the tail [tail DNA (%)]. This will
give us a clear indication of the extent of DNA damage induced by
the test chemical. Images of 75 (25 x 3) cells per concentration
were analysed for plant system and 150 (50 x 3) cells per concen-
tration were analysed for human lymphocytes. The median values
of each concentration with respect to the comet parameter were
calculated.

2.10. Root growth inhibition test and determination of ECsg using A.
cepa

The root growth inhibition test was performed according to
Fiskesjo (1985) and Rank (2003) with slight modifications. The A.
cepa bulbs were allowed to germinate on sand for 48 h. The root
lengths (longest and smallest five roots per bulb) were recorded
prior to treatment with the test reagents. The bulbs were then ex-
posed to different concentrations (0, 2, 4, 6, 8 and 10 mM) of test
chemicals (pH 7.4) diluted in sterile double distilled water. The test
solutions were replaced by fresh solutions every 24 h with final
root measurement taken at the end of 48 h of exposure. The ECsg
(50% inhibition of root length) was obtained by interpolation from
the graph with concentration against root length expressed as per-
cent of control.

2.11. Allium test

The germinated bulbs were exposed to different concentrations
(0, 2, 4, 6, 8 and 10 mM) of TiO, nanoparticles (pH 7.4) diluted in
sterile double distilled water. After 48 h of exposure, root meris-
tems (10-15 in number), chosen at random from five bulbs per
exposure, were excised and fixed immediately for 3 h in acetic
acid/ethanol (1:3). The remaining roots were used for the comet
assay. The excised root tips were hydrolyzed and stained in 9:1,
2% aceto-orcein - (N) HCI mixture. Slides were prepared from each
of the root meristem following the squash technique of Sharma
and Sharma (1980), and coded to prevent observer bias. At least
4000 cells from root meristems per exposure were scored. The
mean values for mitotic index (MI, percent of mitosis), micronu-
cleus and chromosomal aberrations (breaks and fragments, early
separation, laggard and anaphase - telophase bridges) at each
point were scored and the standard deviation was calculated
accordingly (Mukherjee and Sharma, 1988). Mean values for each
criterion were calculated per concentration of exposure and were
statistically correlated. The experiments were repeated at least
once in order to establish the reproducibility of the results.

2.12. DNA extraction and laddering

DNA was isolated from roots of A. cepa bulb and N. tabacum
leaves post treatment schedule using a modified CTAB method
(Khan et al., 2007; Al-Qurainy, 2009). The roots/leaves were
weighed and frozen at —20 °C till further use. The roots/leaves
were ground in extraction buffer (100 mM Tris buffer pH 8,
25 mM EDTA, 2 M NacCl, 3% CTAB, 3% PVP). The suspension was
gently mixed and incubated at 65 °C for 20 min with occasional
mixing. The suspension was then cooled to room temperature
and an equal volume of chloroform: isoamyl alcohol (24:1) was
added. The mixture was centrifuged at 12,000 rpm for 5 min. The
clear upper aqueous phase was then transferred to a new tube,
to which 2/3 volume of ice-cold isopropanol was added, and incu-
bated at —20 °C for 30 min. The nucleic acid was collected by cen-
trifugation at 10,000 rpm for 10 min. The resulting pellet was
washed twice with 75% ethanol. The pellet was air-dried under a
sterile laminar hood and the nucleic acid was dissolved in TE
(10 mM Tris buffer pH 8, 1 mM EDTA) at room temperature and
stored at 4 °C until used. RNA was eliminated by treating the sam-
ple with RNase A (10 mg mL~") for 30 min at 37 °C. DNA purity was
determined by measuring the absorbance of diluted DNA solution
at 260 nm and 280 nm.

The isolated DNA from all the treated samples were resolved on
2.5% agarose gel in 1 x TAE (Tris-acetate-EDTA) buffer at 100 V, at
4 °C. A lane was loaded with 100 bp ladder for reference. DNA was
stained with aqueous solution of EtBr, visualized and photo-
graphed under a UV transilluminator.

2.13. AFM image of DNA extracted from N. tabacum leaf

Size and surface topography of the drop coated film of isolated
DNA solution from N. tabacum leaf treated with TiO, nanoparticles
was investigated using AFM (NANOSCOPE (R) 111a Veeco multi-
mode, USA) and high resolution surface images were produced.
In AFM characterization, the contact mode (NP10) with a silicon
probe over scan sizes of 10 um was used.

2.14. Lipid peroxidation (LPO) assay in A. cepa

LPO was determined by measuring the amount of malondialde-
hyde (MDA) according to Ohkawa et al. (1979) with modifications
(Celik et al., 2008). Each experiment was performed with three rep-
licates. A total of 0.2 g of root tissues from control and treated
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plants were cut into small pieces and homogenized by the addition
of 1 mL of 5% trichloro-acetic acid (TCA) solution. The homogenates
were then transferred into fresh tubes and centrifuged at
12,000 rpm for 15 min at room temperature. Equal volumes of
each supernatant and 0.5% TBAR in 20% TCA solution (freshly pre-
pared) were added into a new tube and incubated at 96 °C for
25 min. The tubes were transferred into ice bath and then
centrifuged at 10,000g for 5 min. The absorbance of the superna-
tant was recorded at 532 nm and corrected for non-specific turbid-
ity by subtracting the absorbance at 600 nm; 0.5% TBAR in 20% TCA
solution was used as the blank. Malondialdehyde (MDA) content
was determined using the extinction coefficient of 155 mM™!
cm L,

2.15. Statistical analyses

For mitotic index, micronuclei, chromosomal aberrations, stu-
dents ‘t’ test was performed. For comet assay, one way analysis
of variance (ANOVA) test was performed. For all statistical tests
Sigma Stats.3 software (SPSS Inc., Chicago, Illinois, USA) was used.
The level of significance was established at P < 0.05.

3. Results
3.1. Size and characterization of TiO, nanoparticles using AFM

The AFM images (Fig. 1) obtained of TiO, nanoparticles revealed
the particles to be symmetric, spherical in shape, well distributed
without much aggregation and in the size range of 90-110 nm as
specified by the supplier (TiO, nanoparticles, size ~100 nm; Sig-
ma-Aldrich, USA).

3.2. DNA damage evaluation using comet assay in A. cepa and N.
tabacum

The DNA damage induced in A. cepa root nuclei by TiO, nano-
particles showed a similar pattern in dose response over different
treatment times (3, 6 and 24 h). Comet parameters for all the treat-
ment sets (3, 6 and 24 h) showed an initial increase in DNA damage
up to a treatment concentration of 4 mM followed by a gradual de-
crease up to the highest dose (Fig. 2a). Though a uniform pattern of

Zoom

dose response was observed in A. cepa at all treatment schedules,
no particular time dependent effect was noticed. Similarly TiO,
nanoparticles treated (24 h) N. tabacum leaf nuclei showed an ini-
tial increase in extent of DNA damage followed by a gradual de-
crease up to the highest dose (Fig. 2b). The value was statistically
significant (p < 0.05) at 2 mM.

3.3. Viability of lymphocytes

3.3.1. Trypan blue dye exclusion method

Trypan blue dye exclusion method did not indicate of any sig-
nificant amount of cytoxicity in human lymphocytes treated with
different concentrations (0, 0.25, 0.50, 0.75, 1, 1.25, 1.50, 1.75,
2 mM) of TiO, nanoparticles and bulk TiO,. The percent viability
(Fig. 3a) varied between ~93% in control set to ~82-85% at the
highest treatment doses for both the test compounds.

3.3.2. MTT and WST-1 assays

MTT and WST-1 assay (Fig. 3b) revealed a significant increase in
cytotoxicity with increase in treatment doses as compared to con-
trol. Both the assays revealed a very similar trend, with LCso rang-
ing between 1.0 and 1.25 mM.

3.4. DNA damage analysis using comet assay in lymphocytes

The percentage of tail DNA (% tail DNA) in lymphocytes treated
with different concentrations of (0, 0.25, 0.50, 0.75, 1, 1.25, 1.50,
1.75, 2 mM) of TiO, nanoparticles and bulk TiO, revealed a distinct
pattern of genotoxicity (Fig. 3c). While TiO, nanoparticles showed
signs of significant DNA damage only at lower concentration
(0.25 mM) followed by gradual decrease, bulk TiO, particles in-
duced a dose dependent increase in extent of DNA damage with
significant (p < 0.05) damage observed at concentrations above
1 mM.

3.5. Root growth inhibition test and determination of ECso using A.
cepa

The ECso value of TiO, nanoparticles as obtained from root
growth inhibition test was found to be ~4 mM. The test also re-

0.2 v

0.1 v

0.0 v

Digital Instruments NanoScope

Scan size 3.107 pm
Scan rate 1.507 Hz
Number of samples 256
Image Data AmpTitude
Data scale 200.0 mv

.00
Hm

Fig. 1. Characterization of TiO, nanoparticles; AFM image showing TiO, nanoparticles in size range of ~90-110 nm.
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Fig. 2a. Comet data (% tail DNA) of TiO, nanoparticles treated (0, 2, 4, 6, 8 and 10 mM) Allium cepa root over different treatment times (3, 6 and 24 h); “p < 0.05; in inset
images of cells at different concentrations, showing varying extent of DNA damage as analyzed by comet assay.
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Fig. 2b. Comet data (% tail DNA) of TiO, nanoparticles treated (0, 2, 4, 6, 8 and 10 mM) Nicotiana tabacum leaf (24 h treatment); *p < 0.05; in inset images of cells at different
concentrations, showing varying extent of DNA damage as analyzed by comet assay.
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Fig. 3a. Comparative representation of cell viability of bulk TiO, and TiO, nanoparticles in human lymphocytes treated with TiO, nanoparticles using trypan blue dye

exclusion method.
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Fig. 3b. MTT and WST-I cell viability assay, cytotoxicity induced in human lymphocytes treated with TiO, nanoparticles.

vealed significant reduction in root elongation at treatment doses
6 mM (—4.81%) and 8 mM (0%) as compared to the control set.

3.6. Allium test

The clastogenic effect of TiO, nanoparticles was evaluated on
the basis of Allium test results (mitotic index, micronucleus, chro-
mosomal aberrations). MI that was determined in control and
treatments (range: 5.72-9.16%) did not show statistical signifi-
cance. This indicated normal mitotic progress. TiO, nanoparticles
induced micronuclei at all doses compared to control, with the
highest being observed at 8 mM treatment dose (Table 1). TiO,
nanoparticles revealed a dose dependent increase in chromosomal
aberrations, significant at treatment dose of 6 mM and above. Of
the chromosomal aberrations anaphase-telophase bridges were
predominant. Almost a 6-fold increase in.% of chromosomal aber-

rations was observed at 10 mM (0.29 + 0.02%) treatment dose as
compared to control set (0.05 + 0.01%).

3.7. DNA laddering

The DNA damaging effect of TiO, nanoparticles in A. cepa was
further evaluated qualitatively using DNA laddering. The result ob-
tained can very well be correlated with that obtained from comet
assay. While the negative control set showed presence of undam-
aged genomic DNA represented by a thick band on the agarose
gel, the highest extent of DNA damage was observed at treatment
concentration of 4 mM. The gel (Fig. 4a) also clearly indicated of an
initial increase in DNA damage up to 4 mM followed by subsequent
reduction in extent of DNA damage with increasing treatment con-
centrations. At 4 mM treatment dose, large number of fragments of
sizes less than 1 kb was observed, unlike in the other concentra-
tions which were characterized by the presence of larger DNA frag-
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Table 1

Mitotic index (MI), number of micronuclei/1000 cells and % chromosomal aberrations revealing the genotoxic potential of TiO, nanoparticles in Allium cepa roots as analyzed by
Allium test and Allium anaphase-telophase chromosome aberration assay.

TiO, nanoparticles (mM)  No. of cells examined

Cells in mitosis ~ MI (£SD)

Cells with micronuclei Micronuclei/1000 cells % Chromosomal aberrations

0 4191 263 6.28 +0.78 0 0 0.05+0.01
2 4130 271 6.57+1.23 1 0.24 0.05 +0.01
4 4010 270 6.73 +1.51 3 0.67 0.06 +0.02
6 4241 388 9.16£0.73 2 0.45 0.140.01"
8 4101 234 572+£0.68 13 3.15 0.20+0.03"
10 4109 236 5.76 +1.15 4 0.99 0.29 +0.02"
" Significant at p < 0.05.
Control 2mM  4mM 6mM 8mM 10mM DNA marker 2mM  4mM  6mM 8mM 10mM DNA marker
} } J Control
+ 1 Kb
<+ | Kb
+ 100bp

Fig. 4a. DNA laddering of Allium cepa root DNA treated with different concentra-
tions of TiO, nanoparticles; 2.5% agarose gel showing different degrees of DNA
shearing at different treatment concentrations.

« 100bp

Fig. 4b. DNA laddering of Nicotiana tabacum leaf DNA treated with different
concentrations of TiO, nanoparticles; 2.5% agarose gel showing different degrees of
DNA shearing at different treatment concentrations.
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Fig. 5. AFM image of interaction of DNA with TiO, nanoparticles, in Nicotiana tabacum leaf.
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Fig. 6. Lipid peroxidation assay in Allium cepa; MDA concentration as plotted against TiO, nanoparticles (0, 2, 4, 6, 8 and 10 mM) post 24 h treatment time; *p < 0.05.

ments comparable to negative control. Similarly agarose gel elec-
trophoresis of N. tabacum leaf DNA (Fig. 4b) show varying extent
of DNA fragmentation, the highest being observed at the highest
concentration (10 mM).

3.8. AFM image of DNA extracted from TiO, nanoparticles treated N.
tabacum leaf

The uptake of TiO, nanoparticles by N. tabacum leaf was visual-
ized by AFM. The AFM image (Fig. 5) clearly indicates presence of
nano-sized (90-110 nm), spherical particles similar to the ones ob-
served from AFM image of TiO, nanoparticles. The image (Fig. 5)
further shows the presence of a few larger aggregations appearing
to be that of TiO, nanoparticles and N. tabacum leaf DNA.

3.9. Lipid peroxidation (LPO) assay in A. cepa

The roots were also analyzed for LPO post 24 h treatment to
TiO, nanoparticles. The concentration of MDA thus obtained from

the TiO, nanoparticles treated A. cepa roots showed an initial in-
crease in concentration of MDA up to a treatment concentration
of 4 mM (0.9 uM of MDA) followed by a decrease up to the highest
treatment concentration of 10 mM (0.148 uM of MDA). The result
thus obtained from LPO assay (Fig. 6) in A. cepa could be correlated
with the results obtained from comet assay as well as that ob-
tained from DNA laddering.

4. Discussion

The study reveals the genotoxic potential of TiO, nanoparticles
in the plant systems, A. cepa and N. tabacum. The pattern of dose
response shows an initial increase in DNA damaging effect fol-
lowed by a decrease up to the highest treatment concentration.

In A. cepa comet parameter indicated DNA damage. The pattern
of dose response showed a ~3.5-fold increase in extent of DNA
damage at 4 mM concentration. This was followed by a gradual de-
crease in amount of DNA damage with respect to increasing treat-
ment dose. The highest dose (10 mM) strikingly showed a similar
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result comparable to that obtained in control set. The percent tail
DNA in N. tabacum, shows an initial increase in genotoxicity
(2 mM), followed by a decrease up to the highest treatment dose
(10 mM). This could be attributed to a property of nanomaterials
to form agglomerates by virtue of which, with increase in treat-
ment concentration the nanoparticles had a tendency to precipi-
tate. The greater interaction of nanoparticles amongst themselves
that could have increased owing to increase in treatment concen-
tration might have limited the free TiO, nanoparticles from inter-
acting with the plant system.

The genotoxicity of TiO, nanoparticles in A. cepa roots were fur-
ther confirmed qualitatively using DNA laddering. A greater
amount shearing of DNA was noted at 4 mM treatment concentra-
tion in A. cepa roots whereas in N. tabacum leaves the highest
amount of DNA fragmentation was observed at the highest dose
(10 mM). This discrepancy cannot be explained at the moment. A
possible explanation could be in the difference of the tissues being
processed.

AFM image of DNA isolated from N. tabacum leaf, confirms the
uptake of TiO, nanoparticles. This indicates interaction of TiO,
nanoparticles with DNA that might be responsible for the DNA
damage.

Though some studies have claimed TiO, nanoparticles to be
genotoxic and cytotoxic this to the best of our knowledge is the
first work of the kind in plant system.

The cell cycle dependent classical Allium test affirms the geno-
toxicity of TiO, nanoparticles. The clastogenicity of TiO, nanoparti-
cles is evident from chromosomal aberrations and interphase
micronuclei. Presence of micronuclei (at interphase) is manifesta-
tion of chromosome fragmentation that occurred in the previous
cell cycle. Earlier studies have established the fact that chromo-
some aberrations, such as fragments and chromosome losses, can
result in micronucleated cells (Leme and Marin-Morales, 2009).
According to Ma et al. (1995) micronuclei are the most effective
parameter of studying cytological damages resulting from environ-
mental contamination. Analysis of chromosomal aberrations is
equally important revealing both the genotoxicity and mechanism
of action of the genotoxicant (Rank and Nielsen, 1993). Results of
the chromosomal aberrations and micronuclei do not show similar
trend/or a good correlation with that of the comet assay, in A. cepa.
The difference could be because induction of chromosomal aberra-
tions and micronuclei are strictly cell cycle dependent whereas the
comet assay is not (Gichner et al., 2009).

The study further reveals the in vitro cytotoxicity and genotox-
icity of TiO, in human lymphocytes. The Trypan blue exclusion test
showed cytotoxic response for both TiO, nanoparticles and bulk
TiO, particles. This was further confirmed using MTT and WST-1
assays, indicating possible induction of mitochondrial damage by
TiO, nanoparticles. Comet assay revealed two distinct patterns of
DNA damage. While bulk TiO, particles revealed dose dependent
genotoxicity, significant at 1.25 mM and above; TiO, nanoparticles
revealed a dose response pattern similar to that observed in plant
system. Lymphocytes demonstrated significant genotoxic response
at 0.25 mM that was followed by a gradual decrease in extent of
DNA damage. This could be explained for, owing to agglomeration
property of TiO, nanoparticles. Recent studies in animal models
both in vitro and in vivo have shown TiO, nanoparticles to induce
DNA damage and cause genetic instability (Kang et al., 2008; Ve-
vers and Jha 2008; Trouiller et al., 2009; Bernardeschi et al., 2010).

From previous study reports in animal cell lines it is evident that
TiO, nanoparticles generate large amount of hydroxyl free radical
thereby leading to DNA damage (Reeves et al., 2007; Zhu et al,,
2008). It has been proposed that the genotoxicity of metals and me-
tal oxides results from non-direct formation of reactive oxygen spe-
cies (ROS). Abiotic stress (including heavy metals) may result in
DNA damage to plant cells either directly or indirectly (Zhang

et al., 2005; Kumari et al., 2009). Protonation of radical of O, can
produce the hydroperoxyl radical (‘OH, H,0,), which can convert
fatty acids to toxic lipid peroxides, destroying biological mem-
branes (Zhang et al., 2005). MDA formation is used as a general indi-
cator of the extent of lipid peroxidation resulting from oxidative
stress. In the present study, MDA contents in A. cepa roots increased
~4.5 times after exposure to TiO, nanoparticles at 4 mM concentra-
tion. This suggests that TiO, nanoparticles indirectly lead to exces-
sive generation of superoxide radicals resulting in increased lipid
peroxidation and oxidative stress. Subsequent decrease of MDA
concentration up to 10 mM was similar to that observed in the
genotoxicity studies. Considering the positive findings of different
tests in the two trophic levels, possible consequence of the release
of nanoparticles like TiO, warrants further investigation.

5. Conclusion

Genotoxicity of TiO, nanoparticles was assessed in vivo in
plants and in vitro in human lymphocytes. TiO, used in this study
were mainly nano-sized but also showed a strong tendency to
aggregate in spite of sonication of the suspension. DNA fragmenta-
tion as a marker for genotoxicity was determined by comet assay
and DNA laddering. Trypan blue dye exclusion test, MTT and
WST-1 assays were used as a measure of cytotoxicity. In addition
MDA was measured for oxidative stress. Results from this study
demonstrate that TiO, nanoparticles were genotoxic to both plant
and human lymphocytes. Formation of MDA as a consequence of
lipid peroxidation could be a possible reason for the genotoxic po-
tential of TiO, nanoparticles.
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