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The research was targeted to investigate the effect of nano-TiO2 (anatase) on germination, vigour index, stress
enzymes and mitotic cell cycle profile in lentils (Lens culinaris Medik.). Seed germination results indicated that
TiO NP (Nanoparticle) at lowest concentration promotes seed germination, vigour index and biomass; however,
at higher concentrations, they showed significant reduction in growth parameters and photosynthetic pigments in
concentration-dependent manner. NP treatments triggered an excessive formation of reactive oxygen species
(ROS) which was evident from increased production of stress enzymes, lipid peroxidation, augmented DNA
damage and aberrant mitotic cell division. The results exhibit a dose-dependent modification of NP- mediated
oxidative stress and genotoxicity in lentil.

1. Introduction

Nanoscience is the study that deals in manipulation of materials at
nanoscale, where properties differ significantly from the bulk material.
Particle size and distribution are the most important characteristics of
nanoparticle (NP) and are the major factors for the determination of it's in
vivo distribution, biological fate, toxicity and the targeting ability of NP
systems [1]. Effects of engineered nanoparticles on plants are of great
concern because of their crucial interaction with the environment [2] and
can have adverse effects on land and aquatic biota. Titanium oxide (TiO3)
is among the top ten most produced engineered nanomaterials (ENMs) by
mass [3] and was included in the list of ENMs of priority for immediate
testing by the Organization for Economic Cooperation and Development
(OECD) [4]. Titanium oxide NPs (TiO;) possesses many unique proper-
ties compared to it's bulk counterpart having high surface area. They
have an ability to pass the cell membrane of living organisms because of
their small size and are extensively used in cosmetics, printing ink,
self-cleaning ceramics, sensing materials, glass, medicines, antiseptic,
and a wide variety of industrial materials. The unproportionate use of
these nanoparticles result into their accumulation in the soil, producers
and ultimately entering the food chain since plants serve as a potential
pathway for the transportation of Nanoparticles (NPs) [5] from primary
producers (plants) to high trophic-level consumers [6]. Several studies

* Corresponding author.
E-mail address: khanzeba02@gmail.com (Z. Khan).

https://doi.org/10.1016/j.heliyon.2019.e02069

have reported that injected or inhaled TiO2 NPs can migrate to several
organs through circulation and impose adverse effects on organisms [7].
Therefore potential effects of these NPs on plants, especially on edible
crop plants, should be evaluated before their widespread application.

Zheng et al. [8], Gao et al. [9], have shown that nano-sized TiO5 can
have a positive effect on the growth of spinach when administered to the
activity of several enzymes and to promote the adsorption of nitrate,
acceleration of the transformation of inorganic into organic nitrogen. But
at higher concentration of TiO9, seed germination, plant growth and
physiological activities related to it may be adversely affected.

Plants possess several tissue antioxidants for protection against the
potentially cytotoxic forms of activated oxygen. The harmful effects of
free radicals produced as a result of oxidation are neutralized by the
enzymatic antioxidant defences such as superoxide dismutase (SOD),
glutathione peroxidase (GPx) and catalase (CAT). It is believed that
nanoparticles increase the oxidative stress which mediates damage to cell
structures, including lipids, membranes, proteins, and DNA. Ruffini
Castiglione et al. [10] considered oxidative stress and oxidative damage
as indicators of possible cytotoxicity caused by these nanoparticles.

The reports from previous studies have updated our knowledge
regarding the toxicological impact of nanomaterial but still, the fate of
release of these nanoparticles and their consequences on the plant system
is poorly understood. There is also a paucity of literature regarding
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cytogenetic toxicity and dose-response relationship of nanoparticles in
plant systems. Lentil is an economically important pulse crop with high
protein content, widely used protein source for human, particularly for
vegetarians, they are the only source of protein. Thus lentils are an
important part of Indian crop. There are a lot of studies on heavy metal
pollution on these crops but the problem of engineered NPs pollution is a
new class of chemical pollution. Plant genotoxicity assays can be used in
risk assessment for detection of environmental mutagens. So this
research is an effort to examine the possible effects of anatase nano-
particles on germination, growth, genotoxicity and its role in inducing
oxidative stress in lentil.

2. Materials & methods
2.1. TiO2 nanoparticles

The above-mentioned TiO, NPs were obtained purchased from
Sigma-Aldrich, USA, under the name of Titanium (IV) oxide, Anatase.
According to manufacturer's data, the physical characteristics of the
particles include specific surface area 45-55 m2/g, particle size <25 nm,
mp 1825 °C (lit.) and density 3.9 g/mL at 25 °C (lit.). Characterisation of
NP was done by UV-Vis optical spectra using Lambda 35 instrument
(Perkin-Elmer).

2.2. Plant materials and treatments

The study was carried at Department of Botany, Aligarh Muslim
University, India. Seeds of lentil were procured from National Seed
Corporation (NSC), New Delhi, India. Fresh and healthy seeds were
surface sterilized with 5% NaOCl for 10 min to ensure surface sterility
and were rinsed thoroughly with distilled water several times. Seeds
were then treated with five different concentrations (25, 50, 75, 100, 200
pg/mL) of TiO2 nanoparticle suspension for 24 h and 50 seeds per petri
plate (size 200 x 20mm) in triplicates were allowed to germinate on wet
cotton, at a controlled temperature of 25 + 1 °C in the dark for 24 hours.
The seeds were checked for germination and sprouts were used for
growth and vigour studies. Another set of 75 seeds in replicates of three
(25 seeds in each replicate) for each concentration were also sown in
earthen pots for biochemical studies and allowed to grow under green-
house condition. Control plants without treatment were also grown for
comparative studies.

2.3. Growth studies

The parameters such as germination, seedling height, root length and
vigour index were studied on 14 days old lentil seedlings after 24 h acute
exposure of anatase NP. Vigour index (VI) was calculated by the pro-
cedure described by Abdul Baki and Anderson [11].

2.4. Photosynthetic pigment measurement

Estimation of chlorophyll was done by Acetone method [12]. Chlo-
rophyll was extracted in 80% acetone and the absorbance was read at
663 and 645nm. The amount of chlorophyll was calculated using the
formula.

Chlorophyll a (mg/g) = 12.7 (Age3) — 2.69 (Agss) x V/1000 x W

Chlorophyll b (mg/g) = 22.9 (A ¢45) — 4.68 (A ¢63) X V/1000 x W

Total chlorophyll (mg/g) = 20.2(A ¢45) + 8.02(A g3) x V/1000 x W

Carotenoid (mg/g) = 7.6 (A 4s0) — 1.49 (A 510) x V/1000 x W
Where

A = absorbance at specific wavelengths
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V = final volume of chlorophyll extract
W = fresh weight of tissue extracted

2.5. Hydrogen peroxide scavenging effects

Hydrogen peroxide scavenging was determined [13] spectrophoto-
metrically at 230 nm. The methanolic solution of leaf extracts at a con-
centration of 100 pg/mL was added to hydrogen peroxide solution (0.6
mL; 40 mM), prepared in phosphate buffer (pH 7.4). Final volume of the
solution was made up to 3 mL and incubated for 10 min. Phosphate
buffer solution without HyO,, served as a blank. Absorbance of all the
compounds was measured at 230 nm. The extent of HyO, scavenging of
the plant extracts was calculated as

Hydrogen peroxide scavenging (%) = (Ag — A1) x 100/Ag
Ag — Absorbance of control
A; — Absorbance in the presence of plant extract

2.6. Lipid peroxidation

Lipid peroxidation was estimated following the method of Madhav
Rao and Sresty [14]. Frozen 0.2 g of leaf samples were homogenized in 2
mL of 0.1% trichloroacetic acid (TCA) and centrifuged at 10,000 rpm for
10 min to pellet debris. Aliquots of supernatant were mixed with 4 mL of
20% TCA containing 0.5% thiobarbituric acid and 100 pL of butylated
hydroxyl toluene in 4 % ethanol and incubated at 90 °C for 1 hr. After the
tubes were cooled in an ice bath, they were centrifuged at 10,000 rpm for
5min. The supernatant was then measured at 532 nm, unspecific
turbidity of the sample was measured at 600 nm and subtracted with the
absorbance at 532 nm. The solution of 0.25% TBA in 10% TCA served as
a blank. TBARS (thiobarbituric acid-reactive substance) content was
expressed as nmol/g fresh weight (fw) using an extinction coefficient of
155 mM em L

2.7. Superoxide dismutase (SOD) and catalase (CAT) activity

SOD activity was measured according to the protocol of Yu and
Rengel [15] with slight modification. One unit of SOD activity was
defined as the amount of enzyme that causes 50% inhibition of the
photochemical reduction of NBT. Total CAT activity was analyzed by
measuring the consumption of HoO5 at 240 nm according to the method
of Gallego etal [16]. Enzymatic activities of SOD and CAT were expressed
asUmg~ ! protein.

2.8. Chromosomal aberration studies

For cytological analysis, treated as well as control root tips were
hydrolysed in 1 N HCI at 60 °C for five minutes. The root tips of lentil
were then fixed in aceto alcohol (3 alcohol: 1 acetic acid) and were stored
in 70% alcohol. Root tips were then squashed and stained in a 2% aceto
carmine stain. The slides were scored for chromosomal aberrations.
Abnormalities were counted at each phase of mitosis. Some of the com-
mon anomalies scored were stickiness, stray chromosomes, fragments,
bridges, lagging chromosomes, C-mitosis etc.

2.9. Data analysis

The effect of TiO, NPs was determined by one-way analysis of vari-
ance (ANOVA) using software SPSS 17.0 for windows 7. The difference of
mean values between the treatment and control were analysed using
One-way analysis of variance (ANOVA). The means of the treatments
were compared by the least significant difference (LSD) test (P < 0.05).
The spread of values is shown in the figures as standard errors of the
means.
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3. Results
3.1. Nanoparticles characterization

The nanomaterial was dispersed thoroughly in Millipore water using
ultra-sonicator. Fig. 1 shows the absorbance of the sample in aa nano
range between 200 to 800 nm at room temperature. A peak at 500 nm
wavelength was observed with an absorbance of 0.39 (<1), which shows
that it exhibits good absorbance at UV region [17]. Since with increase in
particle size energy decreases, the nanoparticles, which have a size less
than the bulk compound, shows shift in the UV-Visible spectra of nano-
particles which may be considered as the confirmatory test for the so-
lution exhibiting properties of nanoparticle.

3.2. Effects of TiO2 NPs on growth and seedling biomass

Fig. 2 shows the effect of nano-TiO» on germination in 6 days old
seedling. Average seed germination in control was 97.55% and decreased
with the increasing concentrations of NP (Fig. 3A). Besides reduction in
germination percentage, delayed germination was also observed at
higher concentrations possibly due to change in metabolic activity of the
cells, though the germination was delayed insignificantly for 2-3 days
but not retarded. Anatase NPs had a toxic effect on lentil seedlings at
higher concentrations as shown in the root length values. Significant
decrease in the root length was observed at 200 pg/mL (Fig. 3B). Shoot
length increased insignificantly in 25 pg/mL compared to control, where
it was 14.09cm (Fig. 3C). However, at the highest concentration, it
decreased significantly to 10.80 cm (Fig. 3C). Similarly seedling dry
weight was also found to increase slightly at the lowest concentration and
then decrease in dose-dependent manner; however, the decrease was
significant at the highest concentration (200 pg/mL) of nano-TiO,
(Fig. 3E). Mean values for seedling vigour in response to seedling length
was also dose-dependent and decreased with the increasing concentra-
tions except at 25 pg/mL, where it increased insignificantly over control
due to increase in the mean values of seedling shoot length (Fig. 3F).

3.3. Effect of nanoparticles on pigment system

TiO2 NP at optimum temperature inhibits chlorophyll and carotenoid
contents. The decrease in total chlorophyll content was significant at the
highest concentration (Fig. 4A) and this result could cause an overall
inhibition in the process of photosynthesis.

3.4. Effect of nano-TiO, on stress enzymes (SOD, catalase), H202
scavenging and lipid peroxidation

The enzyme, SOD has been known to produce as the first line of
defence against generated reactive oxygen species (ROS) during oxida-
tive stress. A gradual increase in SOD and CAT activities were observed in
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Fig. 1. Absorption spectrum of TiO, nanoparticles.
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treated populations when compared with the control (Fig 4 C, D). The
Significant (P < 0.05) increase in SOD at highest concentration indicates
increased generation of ROS and conversion of superoxide anion free
radicals into hydrogen peroxide which is displayed in our result by
increased H,0, scavenging. Hydroxyl radical scavenging effect of
anatase nanoparticles shows activity in dose-dependent manner and
increased insignificantly with the increasing concentrations of nano-
particles (Fig. 4E). Change in malondialdehyde (MDA) concentration has
been used as a parameter to assess oxidative stress damages to lipid
membranes [18]. An increase in the level of lipid peroxidation measured
as TBARS in leaves was dose-dependent. The higher level of MDA means
higher level of cellular damage and occurrence of oxidative stress which
was recorded at 200 pg/mL (Fig. 4 F). Accumulation of high level of MDA
indicates nano-TiOy induced stress.

3.5. Chromosomal aberration studies

No chromatic aberrations were observed in the root tip cells of control
plants. Frequency of chromosomal aberrations was dose-dependent and
increase with the increasing concentration of nanoparticle suspension
(Fig. 5A). Slides prepared as a part of experiment for scoring chromo-
somal anomalies were used for calculating the mitotic index. Chromatic
aberration (CA) value was lowest at 25 pg/mL and increases along with
the increasing concentration; highest value of CA (21.94%) was recorded
at 200 pg/mL (Fig. 5B). The above result shows that the percentages of
abnormal cells were directly proportional to the increasing concentra-
tions of TiO,. Contrastingly Mitotic index (MI) was found to be highest in
control (82.22%) and decreased with increasing concentration of nano-
particle solution (Fig. 5B). Treated plants showed abnormalities like
stickiness and stray chromosomes (Fig. 6A, B), sticky chromosomes at
metaphase (Fig. 6D), fragments (Fig. 6E), lagging chromosome with
broken bridge at anaphase (Fig. 6E) laggard at telophase (Fig. 6 F),
micronucleus (Fig. 6G) etc.

4. Discussion

Metal NPs are hardly degraded as they possess strong bonds that
allow them to stay in the environment for a longer time [19]. Therefore,
their retention in the ecological system can be dangerous as they are
highly reactive as compared to their bulk material and thus can be
potentially toxic. Current research study was conducted to study the
phytotoxicity of anatase nanoparticles on lentils since anatase nano-
particles are now considered as a “legacy nanoparticles” due to its
widespread application in almost every field of application. Since with
increase in size, energy decreases, the nanoparticles, which have a size
less than the bulk compound, shows a blue shift in the UV-Visible ab-
sorption spectra due to the quantum size effect of TiO, nanoparticles.
This blue shift observed by the suspension may be considered as one of
the confirmatory test for the existence of nanoparticle properties.
Different endpoints have been proposed to evaluate NPs phytotoxicity,
with germination rates being most widely used. Germination is not a
specific response, but definitely an ultimate response dependent on ge-
netic, biochemical, and physiological responses [20]. Literature review
revealed a very contradictory result of nano-TiO2 showing both positive
and negative response. For example, anatase exposure showed a positive
effect on germination in Linum usitatissimum [21] and in Arabidopsis
thaliana [22]. At higher concentrations, TiO, NPs were shown to delay
germination, reduce the mitotic index, and inhibit root elongation of
Vicia narbonensis L. and Zea mays L [23]. In our study, the germination
response at low concentration was somewhat near to control, however
higher doses proved to be toxic affecting germination and vigour index
(200 pg/mL). Our study was in support with the previous reports about
the growth inhibiting effects of TiO5 on Vicia narbonensis [8]. It has been
suggested that nanoparticles promotes the germination and growth of
soybean by increasing the strength of roots and activity of nitrate
reductase [24] however, at higher concentration it inhibits germination.



Z. Khan et al.

(ng/mL)

Heliyon 5 (2019) e02069

Fig. 2. Effect of TiO, nanoparticles on seed germination.
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Fig. 3. Effect of nano-TiO, on Seed germination (A); Root length (B); Shoot length (C); Seedling Fresh weight (D); Seedling Dry weight (E) and Vigour Index (F).

Vertical bars represent Mean + SE; * represents statistical significance at p < 0.05.
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Fig. 4. Effect of TiO, nanoparticles on Chlorophyll content (A) Carotenoid content (B). SOD activity (C); CAT activity (D); Hydrogen peroxide scavenging (E) and Lipid
peroxidation (MDA concentration) (F); Vertical bars represent Mean + SE; * represents significance at p<0.05.

The possible mechanism behind inhibition may be that nanoparticles
being small-sized particles can be easily translocated inside the plant cells
whereby it decreases nitrate reductase activity at higher concentration,
consequently decreasing the ability of seeds to absorb water and fertil-
izers. These nanoparticles when present in higher concentrations damage
the plant cell wall and plasma membrane thus penetrate and disrupt the
physiological processes. At lowest concentration, the shoot length and
seedling biomass increased slightly as compared to control showing that
relatively low concentrations could promote the seedling growth, as
supported by previous study in Lentil [25]. As the level of nanoparticles
increased in the soil as their concentration increased in the environment
of the plants as well. These results suggest that environmental pollution
with nanoparticles is easily transferable to the plants and can enter into
the food chain [26].

A significant diminution in photosynthetic pigment, chlorophyll was
observed in 200 pg/mL (p < 0.05). The decrease in carotenoid content
was non-significant at all concentrations. There are several proposed

mechanisms for decrease in photosynthetic pigments, such as the nano-
particles can cause serious damage to the photosynthetic process and
tend to decrease the number of thylakoids per grana, resulting in the
reduced amount of PSII-LHCII complexes which play a crucial role in
light-harvesting as well as ultrastructural organization of thylakoids
[27]. The decline within the overall chlorophyll contents, as well as the
growth inhibition, can be regarded as general responses associated with
nanoparticle toxicity [28]. Mukherjee et al. [29] also observed low
chlorophyll level in leaves treated with ZnO NPs, compared to the control
plant. Similar reduction of total chlorophyll content in algal species
treated with anatase (25 nm particle size) was reported by Sadiq et al
[30] Nanoparticles interfere with plant metabolism and different
oxidative processes resulting in oxidative burst [31], which can induce
many kinds of negative effects including membrane peroxidation, loss of
ions, protein cleavage, and even DNA strand breakage [32]. Phytotox-
icity of various nanoparticles is related to the imbalance between ROS
production and scavenging in the cellular components of plants [33].
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Fig. 5. Frequency of chromosomal anomalies induced by Anatase TiO, NP at different stages of mitotic cell division (A); Percent Mitotic index (MI) and Chromosomal

Anomalies (CA) induced by TiO5 NP (B).

TiOq catalyses the overproduction of ROS, hence the enzymes associ-
ated with it were found to increase many folds. The SOD catalyses the
disproportionate superoxide anion free radicals into hydrogen peroxide
and molecular oxygen. The significant increase in SOD activity at the
highest concentration of NP demonstrates the increased free radical pro-
duction and conversion of superoxide anion into hydrogen peroxide.
However, hydrogen peroxide itself is not very reactive but gives rise to
hydroxyl radical which, when accumulates at critical level causes damage
to the cell. Therefore removal of HyO5 is very important for cell defence.
An increase in HoO; concentration in the treated plants indicates that in
the presence of TiOy NP, the efficiency of redox reactions increases. At
higher concentration, the anatase nanoparticles also increase the activity
of HyoOy-metabolizing enzymes [34]. SOD activity was also reported to
increase in plants exposed to various environmental stresses, including
drought and metal toxicity [35]. MDA level significantly increased at
higher concentrations in nano-stressed plants resulting in membrane
damage. These findings are similar to those reported by Rico et al, [5] in
rice seeds after treating with Cerium oxide nanoparticles (nCeO2).

Induction of chromosome alterations represents an effective method
for analysis of genotoxicity. In the present study changes in chromosomal
behaviour induced via nanoparticles have been extensively studied in
order to assess the spectrum of chromosomal damage caused by them.
Control plant showed no chromosomal aberrations while treated plants
showed anomalies even at the lowest concentration. Occurrence of these
abnormalities suggests their clastogenic, aneugenic and tubergenic ef-
fects [21] and are produced as a result of disturbances in spindle

apparatus (bridges, anomalous metaphase, anaphase and telophase),
chromosomal breakage (stray, fragments, micronuclei) etc [36, 37].
Hypothesis behind the occurrence of these root tip anomalies might be
due to the fact that nanoparticles enter inside the plant through root tip
cells, where it interferes with normal cell division and induces toxicity.
Mitotic Index is a reliable parameter for estimating the frequency of cell
division. In the present study decrease in mitotic index with increasing
concentration was due to cdk genes which limit cdc2 expression. This is a
common stress response leading to cell cycle arrest and prolonged
S-phase progression [38]. Previous studies on plants as well as animal
cells also demonstrated that nanoparticles accumulate in the cytoplasm
and penetrate in sub-cellular structures, such as mitochondria and nu-
cleus where it encourages production of ROS through disruption of
mitochondrial respiratory chain leading to DNA breakages.

5. Conclusions

Cytotoxicity of nanoparticles was directly proportion to the concen-
tration of treatments. Increased concentrations of TiO2-NPs is clearly
indicating a negative impact on the plant physiology and genetics, sug-
gesting that nanoparticles present in the environment are easily trans-
ferable to the plants and ultimately enter into the food chain. Precisely
these TiO2-NPs inhibit plant growth by inducing oxidative stress and
subsequently causing DNA damage, therefore, it poses a potential envi-
ronmental risk. These results are significant in terms of disposal of
nanoparticles and concentration at which they are harmful.
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Fig. 6. A, B: Stickiness and stray chromosomes at metaphase, C: Sticky chro-
mosomes at metaphase, D: Fragments at anaphase, E: Lagging chromosome
(marked) with broken bridge at anaphase, F: Laggard at telophase, G:
Micronucleus.
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