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ABSTRACT
Phytotoxicological evaluation of ZnO nanoparticles (NPs) is
important to determine the possible effects on ecosystems.
Although bulk Zn2þ ions can be used by plants as an
essential micronutrient, it has many adverse effects on liv-
ing organisms in nano-size. In this study, the growth, the
development, and the stress effects of ZnO and Ni-doped
(5%) ZnO NPs on wheat (Triticum aestivum – _Ikizce 96)
were comparatively evaluated. In the growth and develop-
ment experiments seed germination rate, root-shoot elong-
ation, seedling vigor, plant height, and chlorophyll content
in plants were determined, and the plant stress was eval-
uated depending on superoxide dismutase, catalase (CAT),
and ascorbate peroxidase (APX) activities. It was observed
that the height of the plants was decreased with increasing
the NPs treatments. The seed germination and chlorophyll
content were affected by neither the pure ZnO nor Ni-
doped ZnO NPs. The effects of ZnO were more pronounced
on superoxide dismutase while Ni:ZnO on CAT, and APX.

Abbreviations: APX: ascorbate peroxidase; CAT: catalase;
Ni:ZnO: nickel doped zinc oxide; SOD: superoxide dismu-
tase; ZnO: zinc oxide
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1. Introduction

Nanotechnology has become a popular technology as a result of its
applicability in almost every field. Nanoparticles (NPs), which are the
basic building blocks in the development of nanotechnology, are
included in many products used in daily life (cleaning materials, cosmet-
ics, textiles, paint, automotive, etc.). As a result of the widespread use of
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this technology, the environmental impacts that will occur are expected
to increase day by day. With this inevitable end, determining the envir-
onmental impact of NPs and assessing their risk for ecosystems
is important.
Living organisms such as plants, algae, and some bacteria are widely

used to determine the environmental effects of NPs (Kumar et al. 2011;
Dalai et al. 2013; Kim et al. 2010). Plants are the largest interfaces that
connect soil and man. For this reason, nanotoxicology studies are
focused on plants because they are easier and faster in terms of applic-
ability and results than other organisms. Over the last decade, it has
been figured out that the effects of the same NPs could be quite different
for different plants. For this reason, more research is needed to deter-
mine the legal regulations and environmental impacts to be made on
nanotoxicology.
In order to determine the toxic effects of NPs, 10 plants (tomatoes,

cucumbers, lettuce, soybeans, cabbage, oats, grass, onions, carrots, and
corn) are identified by the US Environmental Protection Agency (US
EPA) and are recommended to be investigated, but other plants, which
have economic and ecological importance, such as wheat and barley, can
also be used (US EPA 1996). There are many studies in the literature on
the plants aforementioned (Lin and Xing 2007; Song et al. 2013; Larue
et al. 2014; Zhang et al. 2017; Konate et al. 2018). These studies are
mostly focused on the effects of multiple NPs and the basic, i.e. non-
nano-sized states of that NP, on one or more plants. However, in add-
ition to NP and plant type parameters, it has been determined that NP
size, shape, surface characteristics, concentrations, which stage of life the
plant is exposed to these NPs and many other factors such as exposure
pathway are important parameters upon the determination of the nano-
toxicological effects.
Zinc and the most widely used oxide form zinc oxide (ZnO), which

are vital in plant growth and development, are belong to the most
important elements/compounds that researchers focus on toxicological
research, particularly in nanotoxicology (Kouhi et al. 2014; Dastjerdi,
Sahid, and Jusoh 2016; Do�garo�glu and K€oleli 2017a, 2017b; Tripathi
et al. 2017; Garc�ıa-G�omez et al. 2018). It was reported in the literature
that the effects of ZnO NPs on plants often have positive or negative
effects or non-effective on germination and/or growth. For example,
ZnO NPs with an average size of 32 nm and 10mg/L have a negative
effect on the germination of bread wheat and rye plant and have positive
effects on durum wheat and barley (Do�garo�glu, Eren, and Baran 2019).
However, ZnO NPs (approximately 30 nm) have no significant effects on
germination of wheat seeds and root-shoot length (Do�garo�glu and K€oleli
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2017a). Lin and Xing (2007) investigated the effect of Zn (35 nm) and
ZnO (20 nm) NPs on seed germination and root-shoot length of six dif-
ferent plants. As a result, it was stated that only ryegrass and corn plants
were affected by exposure to Zn and ZnO NPs at the concentration of
2000mg/L; on the other hand, radish, colza, lettuce, and cucumber plants
were not affected by these NPs. At the same time, it was determined that
root growth decreased in the corn plant and limited root development in
the other five plant species. It was reported that the toxicity of ZnO NPs
is caused by Zn2þ ions that pass into the solution in the test media.
Kouhi et al. (2014) investigated the effects of ZnO NPs (<50 nm), ZnO
microparticles (>100 nm), and Zn2þ ions on rapeseed and obtained simi-
lar results. ZnO NPs had no effects on seed germination significantly dif-
ferent from ZnO microparticles, and negative effects occurred in Zn2þ

ion exposure.
Recently, the environmental effects of metal-related NPs have also

been investigated in nanotoxicology studies (Mukherjee et al. 2014;
Pirsaheb et al. 2019). In this study, the effects of ZnO and nickel doped
ZnO (Ni:ZnO) NPs on wheat plant, which is widely cultivated in the
world and is one of the main nutrients, were investigated. There are very
few current studies on the phytotoxic effects of the nickel oxide (Ni:O)
NPs (Torbati 2018) and ZnO bonded with other metals (Mukherjee et al.
2014; Torbati, Khataee, and Saadi 2017). To the best of our knowledge,
there is only one study published on the effects of Ni:ZnO NPs on plants
(Khan et al. 2020). In this study, we investigated that the effects of pure
ZnO and 5% Ni:ZnO NPs on wheat seed germination, chlorophyll con-
tent, and also antioxidative enzymes such as SOD, CAT, and APX, how-
ever, Khan et al. (2020) have investigated the effect of pure ZnO and Ni
(1, 3, 5%) doped ZnO NPs on only germination rate of wheat and pearl
millet seeds. Zn(NO3)2.6H2O and Ni(NO3)2.6H2O were used Zn2þ and
Ni2þ ions source. As a result, for wheat and pearl millet seeds, it was
observed that 3% Ni-doped ZnO NPs have excellent germination rate
with 93.4% and 70%, respectively.

2. Materials and method

2.1. Preparation of pure ZnO and Ni:ZnO NPs

ZnO and Ni-doped ZnO nanopowders were synthesized by using sol–gel
technique. The zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Sigma-Aldrich,
St. Louis, MO, 98%), nickel nitrate hexahydrate (Ni(NO3)2.6H2O, Carlo
Ebra, Barcelona, Spain), polyethylene glycol (PEG300, Sigma-Aldrich),
and ammonia (NH3, Merck, Kenilworth, NJ, 25%) were used as precur-
sors. ZnO and Ni:ZnO NPs are prepared according to Yıldırımcan and
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Erat (2019). For ZnO, 0.1M Zn (NO3).6H2O dissolved in ultrapure water
and PEG300 was added. The pH was adjusted to 10 using ammonia. The
resulting solution was stirred for one day at 80 �C and water was
removed at 100 �C to obtain a light blue precipitate. The precipitate was
sintered at 500 �C for 2 h and annealed at 900 �C for another 2 h. The
same method was used to synthesize 5% Ni-doped ZnO NPs. An aque-
ous solution with 5% Ni (NO3)2.6H2O concentration was added to the
prepared ZnO solution and the final product was sintered at 500 �C
for 2 h.

2.2. Seed germination and root–shoot elongation tests

The wheat seeds (Triticum aestivum – _Ikizce 96) were purchased from
Mersin Province, Turkey, kept at 4–5 �C for 3 d, and pre-sterilized and
sterilized according to Do�garo�glu and K€oleli (2017a, 2017b). The steri-
lized and washed seeds were transferred to 100� 15mm glass Petri
dishes which included double layer of filter papers cut in appropriate
sizes as inert material. Each petri dish included 10 seeds and the seeds
were treated with 5mL different NPs concentrations. The NPs suspen-
sions were prepared using deionized water at different NPs concentra-
tions (5, 10, 20, 40, or 80mg/L). The NP suspensions were stirred on a
mechanical stirrer and seeds were immediately treated with ZnO or
Ni:ZnO NP suspensions. Germination was allowed to progress for 7 d in
the dark at 25 �C. For each dish, the number of germinated seeds was
determined the lengths of roots and shoots of three average-sized plants
were measured using millimetric paper. The seedlings, germinated in
Petri dishes, were transferred to pots (made from expanded polystyrene
– 207mL) contained 50 g commercially obtained turf (pH 6–8, total N:
0.2–0.45%, water-holding capacity: 300–450%). Every pot included five
healthy seedlings and the plants were grown at room temperature for
21 d in a place with daylight and plants were watered with tap water
(pH 7.3) every third days.

2.3. Zinc and nickel concentrations in plants

The plants were harvested 1 cm above the ground 21 d after planting
and digested as described by Do�garo�glu and K€oleli (2017a, 2017b).
Aliquots of 0.2 g plant shoots were oven-dried at 65 �C for 2 h and
digested with 5mL of 12mol/L nitric acid (HNO3, Merck, 65%) on a hot
plate at 220 �C. The digestion process was ended when plant’s biomass
completely dissolved. The digests were diluted to 25mL with deionized
water and the concentrations of Zn and Ni were determined by
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inductively coupled plasma mass spectrometry (7500ce ICP-MS, Agilent,
Saitama, Japan) in three replicates.

2.4. Determination of chlorophyll content

With the effect of ZnO and Ni:ZnO treatments on plants, chlorophyll
changes in leaves were determined with a chlorophyll meter (SPAD 502,
Konica–Minolta, Osaka, Japan). Results were given as SPAD units.

2.5. Enzyme analyses

Activities of superoxide dismutase, catalase (CAT), and ascorbate perox-
idase (APX) were determined according to Cakmak and
Marschner (1992).

2.5.1. Superoxide dismutase (SOD) activity
Superoxide dismutase (SOD) activities based upon the reduction of nitro
blue tetrazolium chloride (NBT) by O2 under light. According to
method, 0.2 g plant were homogenized in 3mL 50mmol/L (pH 7.6)
phosphate buffer included 0.1mmol/L EDTA (Merck). The supernatant
was collected after homogenate centrifugation (6000� rpm at 4 �C for
10min). Reaction mixture were prepared in glass tubes (borosilicate
glass, 12mL) as 0.2mL enzyme extract, 2.8mL phosphate buffer, 0.5mL
50mmol/L Na2CO3, 0.5mL 12mmol/L L-methionine (Sigma-Aldrich,
99%), 0.5mL 75 mmol/L NBT (Sigma-Aldrich, �90%), and 0.5mL
10 mmol/L riboflavin (Sigma-Aldrich). The samples were kept under light
for 10–15min. Absorbance values were measured using a UV–Vis spec-
trophotometer (DR6000, Hach, Ankara, Turkey) at 560 nm.

2.5.2. Catalase (CAT) activities
In CAT enzyme analysis, 0.2 g plant were homogenized in 2mL
50mmol/L phosphate buffer (pH 7.6) included 0.1mmol/L EDTA and
then the homogenate was centrifuged at the same condition of SOD. For
the preparation of reaction mixture 0.8mL phosphate buffer, 0.1mL
supernatant, and 0.1mL 100mmol/L H2O2 were added in quarts spectro-
photometer cuvette of 1mL volume. The absorbance values were meas-
ured using UV–Vis spectrophotometer (DR6000, Hach, Ankara, Turkey)
at 240 nm.
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2.5.3. Ascorbate peroxidase (APX) activities
To determine the APX activities, plants were homogenized and centrifuged
as in CAT activities. The reaction mixture, 0.7mL phosphate buffer, 0.1mL
12mmol/L H2O2 with EDTA, 0.1mL supernatant, and 0.1mL 0.5mmol/L
ascorbic acid (Sigma-Aldrich), was added in quarts spectrophotometer
cuvette of 1mL volume. The enzyme activities were measured using
UV–Vis spectrophotometer (DR6000, Hach, Ankara, Turkey) at 290nm.

2.5.4. Statistical analysis. All statistical analyses were performed using one-
way analysis of variance (ANOVA) with Dunnett’s test. It was used to com-
pare a control group with more than one experimental group with a signifi-
cance level of 95% (p<.05) were used to determinate statistical significance.
SPSS Statistic program version 20 (SPSS, Chicago, IL) was used.

3. Results and discussion

3.1. Nanoparticles characterization

Pure ZnO and Ni-doped ZnO nanopowders have hexagonal wurtzite
structure with respect to the x-ray diffraction results (Yı ldırımcan and

Figure 1. FE-SEM images and Zeta-sizer measurement of a and c) pure ZnO, and b and
d) Ni:ZnO.
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Erat 2019). The crystallite size of the ZnO and Ni:ZnO was calculated by
using Debye–Scherrer equation and found to be 52.73 and 41.50 nm,
respectively. The morphology of ZnO and Ni:ZnO samples were investi-
gated by field emission scanning electron microscope (FE-SEM) (Zeiss,
Supra 55, Oberkochen, Germany) and shown in Figure 1(a,b).
The crystallographic structure of the nanopowders was analyzed by

using x-ray diffraction (XRD) (Rigaku, Smart Lab, Tokyo, Japan) tech-
nique. Furthermore, in our previous study, the elemental analysis of Ni-
doped ZnO was investigated by energy-dispersive x-ray (EDX) (Zeiss,
Supra 55, Oberkochen, Germany). The optical properties and the chem-
ical bonding of Ni-doped ZnO nanopowder were analyzed by using
UV–Vis (Shimadzu, 1800, Japan) and Fourier transform infrared spec-
troscopy (FTIR) (PerkinElmer, Waltham, MA, FT-IR/FIR/NIR
Spectrometer Frontier, ATR, ABD), respectively. The analysis results for
the Ni-doped ZnO sample were presented in detail in the previous study
(Yıldırımcan and Erat 2019).
Both pure ZnO and Ni:ZnO are formed of nano-spherical particles

and micrometer-sized rods. The pure ZnO rods are more like nanonee-
dle structure while the rods in Ni:ZnO are more deformed and are more
irregular in shape. Size distribution of ZnO and Ni-doped ZnO particles
was measured by using a Zetasizer system (Malvern zetasizer, Nano-ZS)
with dynamic light scattering (DLS) technique. Average particle size dis-
tributions of pure ZnO and Ni-doped ZnO are shown in Figure 1 (c,d).
The results are confirmed by FE-SEM images.

Figure 2. Concentrations of Zn dissolved from ZnO nanoparticles, and dissolved from Ni:ZnO
nanoparticles.
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Figure 3. Root and shoot length of wheat seedlings (a) ZnO nanoparticles treatment, (b)
Ni:ZnO nanoparticles treatment, and (c) seedling vigor index values.
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3.2. Nanoparticles concentration in plants

The vertical transportation of elemental Zn and Ni was determined in
green parts (shoot and leaves together) of wheat plants. Results showed
that the concentration of Zn in green parts of plants increased with
increasing ZnO NPs concentration. The minimum and the maximum Zn
concentrations in plants were determined at 5 and 80mg/L ZnO NPs
treatments, respectively (Figure 2). ZnO NPs can dissolve in soil media
because of both pH of suspension and some organic acids secreted from
plant roots. These factors may cause an increasing uptake of Znþ ions
by plants. In this study, the pH values of the NP suspensions were nearly
same (range from 7.41 to 7.63), thus the pH effects were negligible.
However, the uptake and accumulation process may need more time for
NPs at low concentrations (Moll et al. 2017). Du et al. (2011) showed
that the field application of ZnO NPs has toxic effects in wheat, also the
uptake of dissolved Zn by wheat plants increased. By the way, Ni con-
centration in wheat dissolved from Ni:ZnO NPs was scarcely any, com-
pared to Zn concentration in wheat. However, the maximum Ni
concentration in wheat was determined at the same concentrations with
Zn, as 5, 10, and 40mg/L (data not shown).

3.3. Seed germination and root–shoot elongation

It was determined that the wheat seed germination did not affect by the
ZnO and Ni:ZnO NPs treatments (p>.05). The minimum wheat seed
germination rate at the ZnO NPs treatment was determined at 5mg/L
(90%), and the maximum germination rate was determined at 10mg/L
(97%). By the way, at the Ni:ZnO NPs treatment, the minimum and the
maximum seed germination rate was determined at 10mg/L (90%), and
5mg/L (100%), respectively (p>.05). The results fit with Khan et al.
(2020) study. Researchers showed that the wheat seed germination rate
was inhibited with the treatment of 5% Ni-doped ZnO NPs (75%).
The fact that no toxic effects are observed even at high concentration

in seed germination and/or root elongation does not mean that there
are/will be no toxic effects in the plant. In such cases, it can be reported
that there is minimal toxicity on test plants (US EPA 1996). The root
and shoot elongation of wheat was not significantly affected from ZnO
NPs treatment (p>.05), like as Ni:ZnO NPs treatment (p>.05), compared
to control (Figure 3(a,b)). Rawat et al. (2018) showed that the 50mg/L
ZnO and nickel NPs treatment increased the wheat root–shoot elong-
ation. The differences among the literature studies depend on the NPs
synthesize methodology, NPs type, concentrations, and characteristics.
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According to Ullah and Arshad (2014), seedling vigor index (SVI) is
an important indicator for the clarify of insignificant effects. Because the
SVI plays a role in explaining the minimal toxicity hidden in the germin-
ation and root-shoot elongation parameters, which are required for the
ecotoxicological evaluation of test chemicals. The SVI is calculated by
multiplying the germination percentage by the seedling length (root
lengthþ shoot length) (Do�garo�glu, Eren, and Baran 2019). In this study,
SVI values decreased in ZnO and Ni:ZnO NPs treatment, except 5mg/L
Ni:ZnO application (Figure 3(c)) (p>.05). On the other hand, Rawat
et al. (2018) indicated that the ZnO, NiO, and TiO2 NPs (Ullah and

Figure 4. Chlorophyll content of wheat leaves exposed to (a) ZnO nanoparticles and (b)
Ni:ZnO nanoparticles.
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Arshad 2014; Mahmoodzadeh and Aghili 2014) application increased the
SVI values in wheat. By the way, the plant height was decreased with the
increasing concentration of ZnO and Ni:ZnO NPs treatments (Data not
shown). The plants exposed to ZnO NPs were greener but shorter than
exposed to Ni:ZnO NPs. According to green biomass results, the plants
exposed to Ni:ZnO NPs heavier than exposed to ZnO NPs, except for
5mg/L ZnO treatment and control plants (data not shown). The ZnO
NPs results are fit in with Du et al. (2011). It was indicated that the
ZnO NPs caused decreases in wheat plant biomass.

3.4. Chlorophyll content of wheat leaves

Chlorophyll content of wheat leaves, exposed to increasing ZnO and
Ni:ZnO NPs concentrations, was determined using SPAD-502
Chlorophyll meter. In this study, the chlorophyll content was measured
to determine the negative or positive effects of ZnO and Ni:ZnO NPs on
wheat plant’s photosynthetic activities and thus plant growth.
Chlorophyll content was measured in different leaves, as aged leaves and
young leaves, in three replications. ZnO and Ni:ZnO NPs treatments
were not significantly affected the chlorophyll content in wheat (p>.05)
(Figure 4(a)). The minimum and the maximum chlorophyll content of
aged leaves were determined at concentration 10 and 20mg/L (nearly
equal to control value), respectively. Also, the minimum and maximum
chlorophyll content of young leaves were determined at concentration 5
and 20mg/L ZnO NPs, respectively. However, there were no any signifi-
cant differences between aged leaves, and young leaves at increasing
Ni:ZnO treatment (Figure 4(b)). The changes in photosynthetic activity
may depend on the concentration and size of particles (Torbati, Khataee,
and Saadi 2017; Munir et al. 2018). In this study, the ZnO and Ni:ZnO
NPs sizes are 52.73 and 41.50 nm, respectively. Although the size of the
Ni: ZnO NP is smaller than the ZnO NP, it is thought that the Zn ions
dissolved from ZnO are more than that dissolved from Ni: ZnO. There
are many studies in the literature that focused on the effects of different
NPs on different plants. According to these studies, photosynthetic pig-
ments (chlorophyll and carotenoid) of wheat plants exposed to ZnO
NPs, grown in calcareous and acidic soil were not affected at concentra-
tion 20, 225, 450, and 900mg/kg (68–80 nm) (Garc�ıa-G�omez et al. 2018),
the photosynthetic pigments were decreased at 1000mg/kg ZnO NPs
(30–40 nm) (Zhu et al. 2019), and also it increased in wheat plants which
exposed to ZnO NPs via foliar or soil application at 25, 50, 75, and
100mg/kg (20–30 nm) (Hussain et al. 2018).
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Figure 5. Antioxidative enzyme results in wheat exposed to ZnO and Ni:ZnO nanoparticles
(a) SOD inhibition, (b) CAT activity, and (c) APX activity.
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3.5. SOD, CAT, APX enzymes

In cases where seed germination and seedling growth data do not pro-
vide sufficiently clear results in terms of toxicity, the results should be
made clear by doing antioxidative enzyme analyses. SOD is the first
enzyme that plays an important role to scavenging the reactive oxygen
spaces (ROS) and works with other antioxidative enzymes in oxidative
chain. Its mission is to convert oxygen radicles to hydrogen peroxide,
and so CAT can decompose hydrogen peroxidase to oxygen and water
molecules (Thakur et al. 2016; Rizwan et al. 2019; Du et al. 2019). Thus,
the environmental stress in the cell is tried to be suppressed and intracel-
lular oxidative balance is provided. However, when enzymatic stress
defense is sufficient to suppress the level of ROS in the plant, there may
be no change in the values of antioxidative enzymes (Garcia-Gomez
et al. 2018). In this study, all the test concentrations and test chemicals
negatively affected the SOD inhibition compared to control (p<.05)
(Figure 5(a)). The minimum SOD inhibition was determined at 5mg/L
ZnO NPs treatment. The differences in SOD inhibition of wheat,
exposed to ZnO NPs, has been observed in other studies (Mishra et al.
2017), in some studies the SOD inhibition has increased (Rizwan et al.
2019; Du et al. 2019; Hussain et al. 2018) and, also decreased in others
(Burman, Saini, and Kumar 2013). By the way, Zhu et al. (2019) showed
that the SOD activity increased in wheat shoot and, also were differences
(increase or decrease) in wheat root at 250, 500, and 1000mg/L ZnO
NPs treatment. The same effects apply to CAT activity. In this study, the
CAT activities of wheat significantly increased at 10 and 40mg/L ZnO
concentration (p<.05) and 5, 20, 40, and 80mg/L Ni:ZnO NPs concen-
tration (p<.05), compared to control (Figure 5(b)). The maximum CAT
activity was determined at 5mg/L Ni:ZnO NPs treatment while, the min-
imum value was determined at 5mg/L ZnO NPs treatment. Du et al.
(2019) showed that the ZnSO4 effects greater than ZnO NPs, and the
ZnO NPs caused decreases in the CAT activity in wheat seedlings at con-
centration 10, 20, 50, 100, 200, and 1000mg/L. However, Zhu et al.
(2019) indicated that the 250, 500, and 1000mg/L ZnO NPs treatment
increased the CAT activity in wheat shoots. It was found in the literature
that about the nickel interaction; Manna and Bandyopadhyay (2017) and
Chung, Venkidasamy, and Thiruvengadam (2019) determined that
increasing NiO NPs caused increasing ROS generation in Allium cepa,
and Chinese cabbage seedlings, respectively. In this study, despite the
increased CAT activity in wheat seedlings, significant decreases in APX
activity were found (p<.05). The significantly decrease in APX value was
determined at 5, 20, and 80mg/L ZnO NPs (p<.05) and 20mg/L
Ni:ZnO NPs treatment (p<.05) (Figure 5(c)). Teixeira et al. (2005)
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mentioned that the APX enzymes have higher affinity against H2O2, but
have lower processing rate, compared to CAT. Therefore, we conclude
that the CAT activity was higher than APX activity.

4. Conclusion

Germination process is an important and first stage of plant life which
the plants (seeds) may be face to face with environmental contaminants.
It was determined in this study that if the ZnO and Ni:ZnO NPs cause
negative effects on different stage of plants life, or not. Although both
NPs used did not cause any significant negative effect in the germination
stage, it was determined that they caused some changes in the later
growth stages and enzyme activities. The photosynthetic activity was
more affected in ZnO treatment than Ni:ZnO, like as in SOD activity,
and the contrary results were observed in CAT and APX activity.
Increase in CAT activity is a kind of proof that the increase in the
amount of H2O2 caused by NPs-induced stress. Our results showed that
NPs can generate some negative effects at different stages of plant life.
For this reason, more studies should be studied to show the ecotoxico-
logical effects of each produced and used NPs.
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