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Abstract: The increasing use of nanoparticles and their occurrence in the environment has made it imperative to
elucidate their impact on the environment. Although several studies have advanced our understanding of
nanoparticle-plant interactions, our knowledge on the exposure of plants to nanoparticles and their effects on edible
crop plants remains meager and is often paradoxical. The aim of this study was to increase our knowledge on the
effect of zinc oxide nanoparticles on eggplant seed germination and seedling growth. Zinc oxide nanoparticles had a
negative effect on the growth of eggplant in plant tissue culture conditions, as the growth of seedlings decreased with
the increase in the concentration of zinc oxide nanoparticles. In contrast, zinc oxide nanoparticles enhanced eggplant
growth under greenhouse conditions. The accumulation of zinc oxide nanoparticles in various parts of eggplant was
observed through scanning electron microscopy of both plant tissue-culture and greenhouse-raised eggplant
seedlings. To the best of our knowledge, this is the first paper to report on zinc oxide nanoparticle accumulation in
eggplant and its effect on seed germination and seedling growth.

Keywords: eggplant, SEM, zinc oxide nanoparticles, zinc oxide nanoparticles accumulation, effect of nanoparticles, seed
germination.

1. Introduction especially in agriculture, with a focus on toxicity, plant

Nanomaterials, with a peripheral dimension of disease, and nutrient management applications.

100 nanometers or less, have various applications in
agricultural, medical, and environmental fields [1][2][3].
Its physicochemical properties can significantly differ
from the corresponding bulk material, thus, indicating the
unknown biological effects of nanomaterials in living
cells [4]. Nanotechnology is rapidly gaining industrial
importance due to its enormous revolutionizing potential
in fields like electronics, medicine, and agriculture. On
the other hand, there is a lack of clarity regarding of
nanomaterial decay, deposition, and effects in the
environment [5]. It should be noted that the increasing
production and use of nanoproducts have resulted in their
accumulation and spread in the environmental system [6].

From the past two decades, several studies have
reported the effect of nanoparticles on the plants. Both
positive and negative or non-significant effects of various
nanoparticles on plants have been reported [8][9]. This is
because the effect of nanoparticles on plants varies from
plant to plant and species to species [10]. Even the
properties of nanoparticles vary with the method of
synthesis and the solvents used in the synthesis of
nanoparticles [11]. Easy penetration into organisms and
living cells is the major factor for nanoparticles
interaction, which, in turn, induces morphological
variations [12] and produce pathological changes at the
molecular level [13].

Although the impacts of various nanomaterials
on environment and ecosystem have been elucidated,
studies on plants exposure to nanoparticles remain
limited and often contradictory. It has been reported that
plants produce certain mineralized nanomaterials
required for their growth under certain conditions [7].
Understanding the interactions between nanoparticles and
plant systems environment is important in understanding
the impact of nanomaterials on the environment,

Zinc oxide (ZnO) nanoparticles have
exceptional UV absorption and reflective properties.
They are being used extensively in numerous products
such as paints, coating materials, medical and personal
care products [14] and are also applied in various fields
of food and agriculture sectors as pesticides [15],
fungicides [16], and fertilizers [17]. Nano-ZnO has been
reported to improve the germination, root growth, shoot
growth, dry weight of Vigna radiata, Cicer arietinum
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[18], Solanum lycopersicum L. [19], and pod yield of the
peanut seeds [20]. However, ZnO nanoparticles have
shown toxicity in Raphanus sativus, Brassica napus,
Lolium multiflorum, Lactuca sativa, Cucumis sativus,
Brassica nigra, Zea mays, oryza sativa[21], and Ipomoea
batatas [22] by inhibiting seed germination and root
growth [23]. The ZnO nanoparticles have been shown to
enter ryegrass cells and pass all the way through the
epidermis and cortex through an apoplastic pathway [24].
Capped ZnO and CuO nanoparticles enhanced the
production of sweetner compounds by enhancing the
shoot growth in Stevia rebaudiana. [25] The observed
genotoxicity of ZnO nanoparticles in Allium cepa, [26]
and Lathyrus sativus L., [27], and its cytotoxicity and
genotoxicity in plants generally occur as a result of
deregulation of components of the ROS-antioxidant
machinery, and cell-cycle arrest, leading to DNA damage
and cell death [28].

Although these studies have advanced our
perception and understanding of nanoparticle-plant
interactions, there is still a lack of knowledge on the
mechanisms of nanoparticles transport from root areas to
other plant parts. No relevant references are available on
vegetables like eggplant (Solanum melongena) or
aubergine. The current study will examine and assess the
impact of ZnO nanoparticles on seed germination and
seedling growth of the eggplant and their accumulation.

2. Materials and methods:
2.1. Nanomaterial:

ZnO nanoparticles with an average particle size
of 35 nm were used in this study (Sigma-Aldrich,
California, USA). Stock solution was first prepared by
dispersing 2 g of ZnO nanoparticles in 500 ml Milli-Q
water and homogenized by a sonicator. Five
concentrations of ZnO nanoparticles were used for the
seed germination experiment: 5 mg/L, 10 mg/L, 15 mg/L,
20 mg/L, and 100 mg/L against control with equal
volumes of sterile distilled water.

2.2. Plant material and media:

Seeds of Arka Anand variety of eggplant were
obtained from the Indian Institute of Horticultural
Research, Bangalore, India were used in the experiment.
Seeds were surface sterilized in 0.05% Tween-20 and
then washed with distilled water for 3-4 times and 0.05%
mercuric chloride followed by several washes with sterile
distilled water. Sterilized seeds were then placed on ZnO
nanoparticles-enriched Murashige and Skoog medium
(MS basal salts, 3% sucrose, 0.8% agar, pH 5.7). Plates
were sealed and incubated in the dark till germination.
Five types of media were used: standard MS medium
(control), supplemented with 5 mg/L, 10 mg/L, 15 mg/L
and 20 mg/L ZnO nanoparticles. Three replications were
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used for the treatments. The seeds were sown in
germination trays filled with coco peat enriched with
ZnO nanoparticles (0 mg/kg, 5 mg/kg, 10 mg/kg, 15
mg/kg, 20 mg/kg and 100 mg/kg of coco peat), and the
trays were covered with black sheet and incubated in the
dark. After germination, the seedlings were transferred
and allowed to grow in pots filled with 1:1 agricultural
soil and coco peat under green house conditions of 22/16
°C (day/night) and 60% relative humidity.

Germination percentage was calculated using the
following equation:

Germination % = (number of seeds germinated) / (no. of
seeds inoculated) X 100 [29]

2.3. Scanning electron microscopy:

Environmental scanning electron microscopy
(ESEM) Quanta 200 FEI was used to detect the
transportation and accumulation of ZnO nanoparticles in
various parts of eggplant plants. Root and stem samples
were collected from 2 to 3-weeks-old seedlings grown in
MS media. Stem, leaf, and flower samples were obtained
from the potted plants at the flowering stage. 1-2 mm
sized samples were obtained using a fine scalpel, and
then placed on a specimen stub over an adhesive carbon
tape. Then the samples were gold coated using sputter
coating machine for better conductivity. Energy
dispersive spectrometry is used to detect the chemical
composition of observed nanoparticles in various plant
parts.

2.4. Statistical analysis:

All the data obtained were represented as an
average of 3 replicates with standard error. Data were
analyzed by Web Based Agricultural Statistics Software
Package (WASP 2.0) with ANOVA to find the
differences between the treatments at 5% level of
significance.

3. Results and Discussion:
3.1. Seed germination and seedling growth:

Zinc is an essential element for plant growth and
development. It acts as a binding domain in many
proteins, such as transcriptional regulatory proteins [30].
However, it becomes toxic when its amount is above
certain concentrations, affecting many cellular processes.
The effect of ZnO nanoparticles on seed germination and
seedling growth of eggplant may be due to zinc ions
resulting from ZnO dissolution [31].

The germination percentage was recorded after
5 days of germination. Seed germination of eggplant was
negatively affected by ZnO nanoparticles in MS medium,
but it showed positive results by enhancing seed
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germination in the soil medium. The percentage of seed
germination of eggplant in MS media decreased as the
concentration of ZnO nanoparticles increased. In soil
media, the germination percentage was lowered at initial
concentrations of ZnO nanoparticles (5 mg/kg and 10
mg/kg), but it increased with the increase in
concentrations of ZnO nanoparticles from 15 mg/kg
onwards. A higher toxicity of ZnO nanoparticles was

observed in MS medium than in soil medium. The
variations in the germination percentage are given in (see
Fig.1). At lower concentration (5mg) of ZnO
nanoparticles, the germination percentage was 88% in
MS medium and 80% in soil medium, but at higher
concentration (20mg) of ZnO nanoparticles, the
germination percentage was 45% in MS medium and
100% in soil medium.
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Fig.1. Germination percentage variations of eggplant exposed to zinc oxide nanoparticles in (a) MS medium and (b) soil
medium.Concentration of ZnO nanoparticles (a): A-0 mg/l, B-5 mg/l, C-10 mg/l, D-15 mg/l, E-20 mg/l; Concentration of
ZnO nanoparticles in (b): A- 0 mg/kg, B-5 mg/kg, C-10 mg/kg, D-15 mg/kg, E-20 mg/kg, F-100 mg/kg, Error bars represent
standard error. Different letters represent significant differences among treatments (p < 0.05).

The observations for morphological traits were
recorded after 2-3weeks of germination. The variations in
the growth of seedlings have been observed with varying
concentrations of ZnO nanoparticles in the MS media.
The major effect was observed in the root growth (see
Fig. 2 and Fig. 3). As the concentration of ZnO
nanoparticles increased, a decrease in the number of
lateral roots and thickening of the roots were observed.
Thus, there is a decrease in leaf length, shoot and root
mass with the increase in concentration of ZnO
nanoparticles (see Fig. 4).

The response of ZnO nanoparticles on the test
plants in soil differed from that observed in plant tissue
cultures in MS media. ZnO nanoparticles have not shown
toxicity towards the growth of plants in soil medium,
rather it enhanced the plant growth. Shoot length, leaf
length, and leaf width along with plant mass were found
to be decreased at lower concentration of ZnO
nanoparticles (5 mg/kg). However, these parameters
increased with the increase in concentration of ZnO
nanoparticles till 15 mg/kg and then decreased with
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further increase in ZnO nanoparticles concentration to 20
mg/kg and 100 mg/kg. ZnO nanoparticles showed a
positive effect on root traits; this is because with the
increase in the concentration of ZnO nanoparticles, the
root length and root mass also increased. ZnO
nanoparticles did not show significant effect on shoot
length (see Fig. 5 & Fig. 6). Statistical analysis by
ANOVA using WASP2.0 revealed that the treatments are
significant at 5% level of significance.

The results obtained were consistent with the
findings of a previous study [32] in Phaseolus radiates
and Sorghum biocolor, where varied silver nanoparticles
toxicity caused by media was observed. Negative effect
on seed germination of B. nigra by ZnO nanoparticles in
culture media has been demonstrated [33]. Enhanced
plant growth and development by ZnO nanoparticles in
wheat has been reported [34]. TiO, nanoparticles showed
varied effects on tomato when exposed through soil and
aerosolized foliar spray; the foliar spray had a negative
effect and soil means exposure enhanced the growth of
tomato [35].

IET Review Copy Only



IET Nanobiotechnology Page 4 of 11

Thisarticle has been accepted for publication in a futureissue of thisjournal, but has not been fully edited.
Content may change prior to final publication in an issue of thejournal. To cite the paper please usethe doi provided on the Digital Library page.

Fig.2. Eggplant seedlings with variations in root traits. Concentration of ZnO nanoparticles: Control — 0 mg/l, A-5 mg/I, B-
10 mg/l, C-15 mg/l, D-20 mg/I

Fig.3. View of seedlings of eggplant in different concentrations of ZnO nanoparticles. Concentration of ZnO nanoparticles:
Control — 0 mg/l, A-5 mg/l, B-10 mg/Il, C-15 mg/l, D-20 mg/I
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Fig.4. Effect of ZnO nanoparticles on (a) number of lateral roots, (b) root length, (c) root mass and (d) leaf length,
Concentration of ZnO nanoparticles: Control — 0 mg/l, A-5 mg/l, B-10 mg/l, C-15 mg/l, D-20 mg/l; Error bars represent
standard  error.  Different letters represent significant differences among treatments (p < 0.05).
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Fig.5. Effect of ZnO nanoparticles on (a) shoot length, (b)root length, (c)plant mass, (d)root mass; Concentration of ZnO
nanoparticles: Control- 0 mg/kg, A- 5 mg/kg, B- 10 mg/kg, C- 15 mg/kg, D- 20 mg/kg, and E- 100 mg/kg; Error bars
represent standard error. Different letters represent significant differences among treatments (p < 0.05).
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Fig.6. Effect of ZnO nanoparticles on (a) number of leaves, (b) leaf length, (c )leaf width; Concentration of ZnO
nanoparticles: Control- 0 mg/kg, A- 5 mg/kg, B- 10 mg/kg, C- 15 mg/kg, D- 20 mg/kg, and E- 100 mg/kg Error bars
represent standard error. Different letters represent significant differences among treatments

Fig.7. SEM micrographs of control eggplant without ZnO nanoparticles (a) in vitro stem, (b) in vitro root, (c) in vitro leaf.
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Fig.8. Energy dispersive spectroscopy of control eggplant.
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Fig.9. SEM of in vitro cultured eggplant (a) stem and (b) root with ZnO nanoparticles accumulation
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Fig.10. Energy dispersive spectroscopy of observed ZnO nanoparticles of in vitro cultured eggplant

3.2. Microscopic Studies:

Environmental scanning electron microscopy
was used to detect the transportation and accumulation of
ZnO nanoparticles in eggplant. Different plant samples
like root, stem, and leaf of seedlings grown in MS media
were freshly obtained, coated with gold for better
conductivity and visualized for the detection of ZnO
nanoparticles. Control samples of in vitro cultures
without ZnO nanoparticles (see Fig.7) and the energy
dispersive spectroscopy readings are given (see Fig.8).
Triangularly shaped ZnO nanoparticles were detected in
various parts of eggplant. The accumulation of ZnO
nanoparticles was detected in stem and root (see Fig.9).
Energy dispersive spectroscopy attached to scanning
electron microscope was used to confirm the
accumulated particles as ZnO nanoparticles (see Fig.10).

The samples from eggplant grown in soil media
were obtained at the flowering stage. Various samples
from leaf, stem, root and flower were collected for the
detection of transportation and accumulation of ZnO
nanoparticles in eggplant (see Fig.11 & Fig.12). It has
been found that ZnO nanoparticles were accumulated in
various aerial parts of eggplant like leaf, stem and flower

7|Page

as confirmed by energy dispersive spectroscopy (see
Fig.13). This provided evidence for the possibility of
ZnO nanoparticles accumulation in fruits. So there is a
need for further research on ZnO nanoparticles
accumulation in subcellular organelles and their effect on
physiological and biochemical parameters. The
accumulation of metal and metal oxide nanoparticles in
edible crops is of particular concern because most of the
nanoparticles are toxic to living organisms. Numerous
reports have documented nanoparticles uptake either
through the soil or foliar contact, where nanoparticles
adhere to the root surface and enter epidermis and cortex
by means of an apoplastic pathway
[36][37][38][39][40][41]. However, the uptake and
translocation of nanoparticles in plants may vary with
plant species, cultivars, and growth conditions
[42][43][44][45]. Multi-walled carbon nanotubes directly
penetrated periwinkle (Catharanthus roseus) protoplasts
[46], while single-walled carbon nanotubes labeled with
fluorescein isothiocyanate entered Bright Yellow (BY-2)
cells through endocytosis [47]. Carbon-coated magnetic
nanoparticles could be taken up by the roots of crops
(pea, sunflower, tomato, and wheat) and distributed in the
whole plant [48].
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Fig.12. SEM micrographs of eggplant with ZnO nanoparticles accumulation in (c)(d)(e) flower of potted plant with different
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magnifications.
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Fig.13. Energy dispersive spectroscopy of observed ZnO nanoparticles in eggplant of potted plant flower

4. Conclusion:

The seed germination in this study was negatively
affected by ZnO nanoparticles in MS-cultures and
enhanced in soil medium. Plant growth was varied,
showing a negative effect in culture media but positive
effect in soil media. The uptake, transportations and
accumulation of ZnO nanoparticles in both the media
were observed in various parts of eggplant. Thus, it is

8|Page

clear that ZnO nanoparticles enter and accumulate in
various parts of eggplant despite the use of growth media.
The further effects of the accumulated ZnO nanoparticles
on physiological and biochemical parameters on eggplant
need to be investigated. To the best of our knowledge,
this is the first paper to report the effect of seed
germination, seedling growth, and accumulation of ZnO
nanoparticles in eggplant.
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