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The effect of zinc oxide nanoparticles (ZnONPs) was studied in wheat (7riticum aestivum L.) seedlings
under in vitro exposure conditions. To avoid precipitation of nanoparticles, the seedlings were grown in
half strength semisolid Murashige and Skoog medium containing 0, 50, 100, 200, 400 and 500 mg L-! of
ZnONPs. Analysis of zinc (Zn) content showed significant increase in roots. /n vivo detection using fluo-
rescent probe Zynpyr-1 indicated accumulation of Zn in primary and lateral root tips. All concentrations
of ZnONPs significantly reduced root growth. However, significant decrease in shoot growth was
observed only after exposure to 400 and 500 mg L-! of ZnONPs. The reactive oxygen species and lipid
peroxidation levels significantly increased in roots. Significant increase in cell-wall bound peroxidase
activity was observed after exposure to 500 mg L-! of ZnONPs. Histochemical staining with phloroglu-
cinol-HCI showed lignification of root cells upon exposure to 500 mg L-! of ZnONPs. Treatment with
propidium iodide indicated loss of cell viability in root tips of wheat seedlings. These results suggest that
redox imbalances, lignification and cell death has resulted in reduction of root growth in wheat seedlings
exposed to ZnONPs nanoparticles.
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INTRODUCTION

The enhanced or altered physico-chemical properties of engineered nanoparticles
(ENPs) as compared to the bulk materials have resulted in their widespread use
in several consumer, cosmetic, medical, pharmaceutical and agriculture applica-
tions [11, 19]. However, the release of ENPs from these products to the environ-
ment could result in environmental contamination by creating nano-waste which
can create unknown potential ecotoxicological problems [2, 5, 34]. Moreover, the
continuous production, utilization and subsequent release of ENPs will lead to
their increase in environmental concentrations [34].

Zinc (Zn) is an essential micronutrient required for growth and development of
plants and is involved in many physiological processes such as photosynthesis and
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biosynthesis of plant growth factors [4]. The harmful effect of excess Zn, such as
changes in nutrient homeostasis, leaf chlorosis and inhibition of photosynthesis has
been reported from previous studies [24]. Zinc oxide nanoparticles (ZnONPs) are
among the most widely used ENPs in optical, semiconductors, magnetic and gas
sensing, pigments, sunscreens, food additives etc. [11]. As a result of their increased
use in agricultural related applications and through the application of sewage sludges,
the ZnONPs could get accumulated in agricultural fields and contaminate food
crops [21].

As plants are the essential base component of the ecosystems, and being sessile
organisms, they play an important role to assess the effects of ENPs in the environ-
ment [22, 34]. In plants, root growth is characterized by high metabolic activity and
alteration or inhibition occurs as a result of abiotic stresses such as exposure to excess
trace elements [24]. Therefore, root growth has been considered as simple and sensi-
tive test to investigate the effects of metal stress [24]. Moreover, different types of
plant species need to be examined to clarify nanoparticle uptake by plant and the
subsequent fate within food chains [18]. The toxic effect of ZnONPs has not been
studied in detail in wheat, an economically important food crop. Therefore, the aim
of the present study is to understand the toxic effects of ZnONPs in roots of an eco-
nomically important food crop, wheat (Triticum aestivum L.).

MATERIALS AND METHODS
Characterization of nanoparticles

ZnONPs were purchased from Sigma-Aldrich (St. Louis, MO, USA). The morphol-
ogy of the ZnONPs was examined under transmission electron microscope (TEM;
LIBRA 120, Carl Zeiss, Germany) after drop coating and drying on carbon-coated
TEM grids (Tedpella Inc., USA).

Plant material and growth conditions

The seeds were surface sterilized for 15 min using sodium hypochlorite (10% v/v)
and washed three times with sterilized deionized water and germinated by placing on
two layers of wet whatman#1 paper in petri dishes (SPL Life Sciences, South Korea)
under 25 °C in the dark for 48 h. Ten germinated seeds, with 1 mm root length, were
transferred to plant growth vessels (SPL Life Sciences, South Korea) containing half
strength Murashige and Skoog medium [pH 5.7; 20 g L-! sucrose; 5 g L-! agar
(Duchefa Biochemie, The Netherlands)]. Different concentrations of ZnONPs (0, 50,
100, 200, 400 and 500 mg L-!) were added to the medium and mixed well by vortex-
ing before pouring into the growth vessels. For Zn ion treatment, the seedlings were
grown in the presence of 8 and 12 mg L-! of ZnSO,. The cultures were incubated
under growth chamber (Hanbaek Scientific Co., South Korea) conditions with a light
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intensity of 100 m E m~2 with 16+ 8 h photoperiod at 26 +2 °C. Each of the treatment
contained five replications with ten seedlings in each growth vessel and the seedlings
were harvested after 7 days. The experiment was repeated four times.

Analysis of zinc content

Zn content in root samples from the control, low (50 mg L-1), medium (200 mg L-1)
and high (500 mg L-!) concentrations of ZnONPs treated samples was determined
using inductively coupled plasma atomic emission spectroscopy (ICP-AES; Ultrace,
Jobin Yvon, France). The roots were washed with deionized water and dried at 75 °C
for 48 h in a drying oven (Model: HB-503 LF; Hanback Company; South Korea).
Fifty milligrams (dry weight, DW) of the dried root samples were digested with con-
centrated HNO; in a dry bath (Model: JBI-01; JMC R&D Inc., Daejeon, South Korea)
at 115 °C for 3 h. After digestion of samples, the volume was adjusted to 20 mL with
deionized water. The samples were filtered using 0.2 pm nylon filters (Chromedisc®
syringe filter, Seoul, South Korea).

Detection of zinc accumulation using Zinpyr-1 treatment

Detection of Zn accumulation in roots of ZnONPs and Zn ion (8 and 12 mg L-1)
treated seedlings was done with Zinpyr-1 treatment as described by Song et
al. [33] after washing alternately with deionized water and in 10 mM ethylenedi-
aminetetraacetic acid (EDTA). Images were taken using the fluorescent micro-
scope and associated software (BX61-32 FDIC, Olympus, Japan).

Physiological analysis

H,0, content in roots was determined as described by Brennan and Frenkel [3] using
200 mg of plant tissues. Lipid peroxidation in roots was determined according to
Heath and Paker [12]. The cell wall peroxidase (POD) activity was determined
according to the protocol of Li et al. [16].

Detection of reactive oxygen species, cell death and lignin

To detect the superoxide generation, fresh roots were treated with fluorescent probe
dihydroethidium (DHE) [13]. For detection of H,O, generation in roots, the fluores-
cent probe, 3'-(p-hydroxyphenyl) fluorescein (HPF) (Invitrogen, USA) was used [14].
The cell death in roots was determined using propidium iodide (PI) treatment
with minor modifications from the method of Kwon et al. [15]. For the in vivo
detection of lignification of roots, fresh roots were incubated in 1% (w/v) phloro-
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glucinol-HCI solution for 5 min as described by Rogers et al. [25]. The DHE, HPF
and PI treated roots were photographed with a fluorescence microscope and associ-
ated software (BX61-32 FDIC, Olympus, Japan). The phloroglucinol treated roots
were photographed using a Nikon 80i (Nikon, Japan) microscope and related soft-
ware.

Data analysis

Data were analyzed using one-way ANOVA test with the statistical software
SPSS12.0 KO (SPSS Inc., IL, USA). Dunnett’s post-doc test was done to determine
the effect of different exposures on tested parameters. The data were expressed as
mean * standard error (SE). A probability level of p<0.05 was considered signifi-
cant.

RESULTS
Analysis of nanoparticles and zinc content

Morphological analysis of ZnONPs using TEM showed that they were near-spherical,
rod shaped and hexagonal in shape (Fig. 1A). The Zn content significantly increased
in representative root samples exposed to low (50 mg L-1), medium (200 mg L-!) and
high (500 mg L-!) concentrations of ZnONPs as compared to the control
(Fig. 1B). Visualization of Zn in roots using Zinpyr-1 revealed accumulation of Zn in
primary (Fig. 2, A-F) and lateral root tips (Fig. 2, H-J) as a result of exposure to
ZnONPs. However, in case of Zn ion treatment, Zynpyr-1 treatment showed translo-
cation of Zn to the upper parts of the roots also (Fig. 2, K-M).

Morphological measurements of seedlings

The results showed no significant difference in shoot length when the seedlings were
grown in the presence of 50-200 mg L-! of ZnONPs as compared to the control.
However, the shoot growth significantly reduced after exposure to 400 and 500
mg L-! of ZnONPs. Exposure to all concentrations of ZnONPs significantly reduced
the root length (Table 1).

Measurement of H,0,, MDA content and cell wall POD activity

The H,0, level did not show any significant increase at the lowest concentration of
(50 mg L) of ZnONPs exposure (Table 2). However, it was significantly increased
as a result of exposure to 100-500 mg L-! of ZnONPs (Table 2). The lipid peroxida-
tion level was not modified when plantlets were exposed to 50 and 100 mg/L of
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Table 1
Effect of different concentrations of zinc oxide nanoparticles on root and shoot growth
of wheat seedlings

Concentlr(e;ggnL?anONPs Root length (cm) Shoot length (cm)
Control 12.5+£0.09 14.23 £0.12
50 8.12 +0.12* 1428 +£0.11
100 6.23 £ 0.11%* 13.12 +£2.09
200 3.82 £ 0.2%** 12.29 +£2.07
400 1.82 + 0.05%** 7.23 £0.09*
500 1.08 £ 0.09%** 5.98 + 0.03**

Values are expressed as means £SE, *, ** and *** indicate significant difference at p<0.05, p<0.01 and
p<0.001 level as compared to the control.

Table 2
Effect of different concentrations of zinc oxide nanoparticles on hydrogen peroxide production, MDA
level and root cell wall peroxidase activity in roots of wheat seedlings

Concentration of ZnONPs H,0, MDA Cell wall peroxidase
(mg L) (umol g~ DW) (umol g! DW) (U mg! protein)
Control 62.98 +0.59 0.69 +0.09 428 +1.12

50 69.59 + 1.88 0.78 £ 0.11 412 +1.18
100 112.53 £ 0.89%* 0.81 +=0.74 423 +1.21
200 134.76 = 1.74%* 0.98 £ 0.10* 402+ 1.14
400 163.56 = 1.47%** 1.12 £ 0.12%%* 408+ 1.16
500 185.60 & 1.39%** 1.39 £ 0.09%* 6.11 = 1.18*

Values are expressed as means +SE, *, ** and *** indicate significant difference at p<0.05, p<0.01 and
»<0.001 level as compared to the control.

ZnONPs/L. However, the MDA levels in roots increased significantly after exposure
to 200, 400 and 500 mg L-! of ZnONPs (Table 2). The cell wall-POD changed sig-
nificantly only after exposure to 500 mg L-! of ZnONPs (Table 2).

Analysis of superoxide and H,O, fluorescence in roots
Detection of superoxide generation using the fluorescent probe DHE showed a con-
centration dependent increase in fluorescence levels in roots of wheat seedlings ex-

posed to different concentrations of ZnONPs. The increase in DHE fluorescence
levels was more obvious in the root tips (Fig. 2, Panel 1 A-F). As illustrated in
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Fig. A—F, an increase in H,O, level was detected in roots after exposure to different
concentrations of ZnONPs as evidenced by an increase in HPF fluorescence levels.
The intensity of fluorescence was highest at the root tips.

Root lignification and cell death

Treatment with phloroglucinol-HCI showed no lignification in control roots (Fig.
2M). However, lignification of root tissue highlighted by red coloration was observed
in roots of seedlings exposed 500 mg L-! of ZnONPs (Fig. 2. N-Q). Cytotoxicity
analysis showed no cell death in roots of control and 50 mg L-! of ZnONPs exposed
wheat seedlings (Fig. 2, P-Q). However, loss of cell viability was detected in the root
tips of wheat seedlings after exposure to 100-500 mg L-! of ZnONPs (Fig. 2, R-U).

DISCUSSION

In the present study, it was observed that though the shoot had grown to a certain
level, root elongation was suffered negatively as a result of exposure to ZnONPs.
Though we tested two concentrations of soluble Zn ions (i.e. 8 and 12 mg/L), no
significant phytotoxic effect was observed. Both qualitative and quantitative analysis
showed the presence of excess Zn in ZnONPs exposed wheat seedlings. In a recent
study, Mukherjee et al. [23] has also reported that green pea plants grown in organic
matter enriched soil treated with ZnONPs accumulated Zn in a concentration-
dependent manner in roots. Treatment with the fluorescent probe Zinpyr-1 indicated
that accumulation of Zn as a result of ZnONPs exposure was localized in the primary
and lateral root tips of wheat seedlings. However, translocation of Zn to the upper
parts of the roots, most probably through the vascular bundles, as evidenced by the
Zynpyr-1 treatment in the vascular bundle area, was observed in roots of Zn ion
treated seedlings. This strongly suggests that Zn accumulation was localized to the
root tips of wheat seedlings as a result of ZnONPs treatment. Therefore, it could be
assumed that, if the dissolution of Zn from ZnONPs was the cause of phytotoxicity
in wheat seedlings, the Zn uptake would have increased the Zn content in upper parts
of the root as a result of ZnONPs exposure just as in the case of Zn2" treatments as
suggested by Lin and Xing et al. [18] in ryegrass (Lolium perenne) seedlings.
Therefore, as observed by Lin & Xing [18] as in the case of ZnONPs treatment in rye
seedlings, the phytotoxicity of ZnONPs in wheat seedlings was a result of their
physical and chemical interferences with the root growth. Inhibition of root growth
has also been observed in wheat seedlings when raised in a native, acid soil [32] and
sand [8] impregnated with ZnONPs.

In this study, treatment with DHE and HPF also showed that the superoxide and
H,0, formation in roots was increased in roots treated with ZnONPs. Root growth
inhibition and excess H,0, accumulation has been reported from different plants
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under abiotic stress conditions [9, 17]. The correlation between root growth retarda-
tion and H,O, level as a result heavy metal stress has also been reported from differ-
ent plants [26, 16]. Dimkpa et al. [8] has also reported that in wheat, the phytotoxic-
ity of ZnONPs was associated with oxidative stress. Therefore, based on the results
obtained it is clear that excess H,0, generation as a result of ZnONPs exposure was
one of the reasons for the root growth retardation in wheat seedlings. It has been
known from earlier studies that, the redox status in the apical region of the root affects
the root elongation in plants [7].

Several studies have been reported on lignin accumulation in plants under biotic,
abiotic stresses [6, 29, 31]. Based on previous studies it has been known that excess
formation of H,0, will lead to activation of secondary defense responses in plants
which will result in the lignification of cell walls, loss of cellular viability and growth
[16]. Moreover, the lignification controls plant cell growth by promoting cell wall
rigidity and has been correlated with decrease in growth of plant seedlings [20]. In
this study, significant increase in cell wall bound POD activity was observed as a
result of exposure to 500 mg L-! of ZnONPs. Phloroglucinol-HCI staining also
showed an increase in lignin accumulation at the highest concentration (500 mg L-1)
of ZnONPs. Therefore, the increase in lignification as a result of ZnONPs in the pres-
ence of excess H,O, points that lignification of cells was also responsible for the
inhibition of root growth in wheat seedlings exposed to ZnONPs.

When ROS production exceeds the scavenging ability of a plant, oxidative damage
can take place resulting in the degradation of cell membranes, nucleic acids and other
cellular functions [1]. When the cellular ROS concentration increases due to the
biotic and abiotic stresses, the balance of antioxidant defense systems and ROS gen-
eration get spoiled, then plants undergo an oxidative stress which causes lipid per-
oxidation, protein oxidation, enzyme inhibition, and nucleic acid damage leading
to programmed cell death [10, 27, 28]. In this study, we detected an increase in PI
fluorescence in root tips of ZnONPs exposed wheat seedlings. Previous studies dem-
onstrated that Zn could form stable complexes with nucleic acids, affecting their
stability and also cause genotoxicity in plants [30]. As reported by Finger-Teixeira et
al. [9], the reduction of root growth as observed in this study might also be linked to
significant loss of cell viability in wheat seedlings.

CONCLUSIONS

On the basis of the results obtained in the present investigation and based on previous
reports, it could be concluded that the enhanced generation of H,0,, lignification and
cell death might be responsible for the inhibition of root growth in wheat seedlings
under ZnONPs treatment. Therefore, care must be taken to protect the food crops
from potential toxic effects of ZnONPs though their accidental release to the agricul-
tural fields.
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