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Effect of ZnO, TiO2, Al2O3 and ZrO2 nanoparticles on wheat callus 
cells
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Effect of metal oxide nanoparticles on calli of two wheat 
varieties: Parabola (stress tolerant) and Raweta (sensi-
tive) was studied. ZnO induced 10% larger membrane 
damage in Raweta calli. TiO2, Al2O3, and ZrO2 caused 
nearly 30% greater lactate dehydrogenase leakage for 
Raweta compared to Parabola. UV-irradiation of samples 
containing ZnO particles intensified this effect. Mem-
brane lipid peroxidation in ZnO treated Raweta calli 
was twice as high as in Parabola and further increased 
after UV-irradiation. TiO2, Al2O3, and ZrO2 nanoparticles 
caused a 4-fold increase in malondialdehyde concentra-
tion in Raweta calli in comparison to Parabola calli. The 
nanoparticles studied damaged the cellular defense sys-
tem by inactivating the antioxidative enzymes. 
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INTRODUCTION

Metal nanoparticles have always been naturally emit-
ted into the atmosphere as a result of volcanic eruptions, 
fires and the burning of everyday use materials like fuels. 
However, with industrial development, the concentration 
of metal nanoparticles in the environment is still increas-
ing, due to faster than ever development of nanotechnol-
ogy and numerous applications of nanoparticles (Moore, 
2006). Despite the safeguards, products and industrial 
waste often go to the aquatic environment (Daughton, 
2004). Constant increase of nanoparticles` amount is ob-
served not only in water reservoirs and soil but also in 
the air (Nations et al., 2011). Undoubtedly, this is a rea-
son for the growing exposure of plants to nanomaterials 
(Ge et al., 2011). 

Silver and gold nanoparticles are best studied because 
they show, among others, bactericidal properties. Metal 
oxides are a group of compounds with diversified chem-
ical and physical properties. The metal oxides (e.g. ZnO, 
TiO2, CuO) in form of nanoparticles are widely used in 
cosmetics, sunscreens, self-cleaning coverings and tex-
tiles. They are also applied as agents for water treatment, 
components of solar batteries and car catalytic convert-
ers. The biological activity of nanoparticles depends on 
their size, chemical composition, surface structure, solu-

bility, shape and propensity to aggregate, as well as the 
environmental conditions (including pH or salinity), and 
plant species they interact with (Nel et al., 2006; Handy 
et al., 2008; Milewska-Hendel et al., 2016). 

In previous works, it has been demonstrated that sig-
nificant impact of silver nanoparticles on generating an 
oxidation stress in wheat callus cells depends on the sur-
face charge of silver nanoparticles (Barbasz et al., 2016; 
Barbasz et al., 2018). This work investigates the influence 
of metal oxide nanoparticles: zinc oxide (ZnO) of two 
particle sizes: >100 nm and >130 nm, aluminum oxide 
(Al2O3) (30–60 nm), titanium oxide (TiO2) (<150 nm) 
and zirconium oxide (ZrO2) (<100 nm) on callus cells 
of two varieties of wheat (Triticum aestivum L.) Parabola 
and Raweta. Wheat is one of the most commonly culti-
vated cereals, thus its exposure to adverse environmental 
factors (including nanomaterials) is inevitable (Curtis & 
Halford, 2014). The selected cell type allows linking the 
influence of the tested substances to cell defense mecha-
nisms. The influence of UV radiation on the cytotoxicity 
of ZnO nanoparticles in the tested wheat cells has also 
been checked.

MATERIALS AND METHODS

Five commercial metal oxide nanoparticles: zinc oxide 
(ZnO-NPs) of two particle sizes (>100 nm and >130 
nm), aluminum oxide (Al2O3-NPs) (30–60 nm), titani-
um oxide (TiO2-NPs) (<150 nm) and zirconium oxide 
(ZrO2-NPs) (<100 nm) were purchased from Sigma-Al-
drich (USA).

Cell culture. Immature embryos were isolated from 
the seeds of two spring wheat (Triticum aestivum L.) va-
rieties (drought stress tolerant Parabola and drought 
stress sensitive Raweta). Embryos were sterilized in 
70% ethanol for 1 minute, then for 10 minutes in 10% 
solution of bleaching agent “Domestos”. Next, they 
were rinsed in sterile water and placed in Petri dishes 
on Murashige and Skoog (MS) medium containing vi-
tamins from Duchefa Biochemie (Murasnige & Skoog, 
1962) supplemented with 2,4-Dichlorophenoxyacetic 
acid (2 mg/dm3, Sigma-Aldrich) to promote growth 
of undifferentiated calli (Filek et al., 2009). After three 
months of culture, 1 g of callus cells was transferred 
into 20 cm3 MS media containing the investigated na-
noparticles at concentrations 3, 6 and 12 mg/dm3 and 
into the medium without additional supplementation 
(adopted as a control). A selection of samples (con-
taining ZnO-NPs) was additionally exposed to 254 nm 
wavelength light emitted by a 30W mercury lamp (San-
kyo Denki G30T8) for 30 minutes. Culture flasks were 
placed in a circular shaker inside a growth chamber and 
cultured at 25°C in the dark for 24 hours. Next, cy-
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tological and biochemical analyses of the cultures were 
conducted. 

LDH assay. Lactate dehydrogenase leakage (LDH as-
say) was used to determine cell viability after nanopar-
ticles treatment. After 24 h incubation, the cells were 
centrifuged (5 min, 1 000 × g), and the pellet was sus-
pended in PBS (0.01 M Na2HPO4, 1.8 mM KH2PO4, 
2.7 mM KCl and 13.7 mM NaCl). Next, the cells were 
vortexed for 1 minute and then lysed using ultrasonic 
bath (15 kHz) for 5 minutes and centrifuged (10 min, 
10 000 × g). 0.2 cm3 of each of the supernatants (ob-
tained after the centrifugation) were added to the mix-
ture of 0.5 cm3 0.75 M sodium pyruvate and 0.01 cm3 
of 0.14 mM NADH. The mixtures were incubated at 
37°C for 30 minutes. Afterwards, 0.5 cm3 of 1 mM solu-
tion of 2,4-dinitrophenylhydrazine in 1 M HCl was added 
to each sample. After 1 hour, the absorbance of formed 
hydrazone was measured at 450 nm using the microplate 
reader Epoch (BioTek Instruments). 

Determination of lipid peroxidation. The lipid 
membrane peroxidation was determined according to 
method of Dhindsa and others (Dhindsa et al., 1981) 
which was then used in the study of cytotoxicity of 
silver nanoparticles (Barbasz et al., 2016). Approxi-
mately 1 g of callus cells after treatment was homog-
enized in 0.5% trichloroacetic acid (TCA). Next, after 
centrifugation at 19 000 × g, 0.5 cm3 of the supernatant 
was mixed with 2.5 cm3 of 0.5% thiobarbituric acid 
(TBA) in 20% TCA and the samples were boiled for 
30 min. Malondialdehyde (MDA) concentration (as the 
indicator of lipid peroxidation) was determined spec-
trophotometrically at λ=532 nm at room temperature, 
corrected for non-specific background by subtracting 
the absorbance at λ=600 nm. The concentration of 
MDA was calculated using the molar extinction coef-
ficient of 155 mM–1 cm–1.

Enzyme assays. To determine total superoxide dis-
mutase activity [SOD; EC 1.15.11], about 1 g of callus 
cells was homogenized in a 0.05 M phosphate buffer 
(pH 7.2) containing 0.1% bovine serum albumin and 
0.1 M EDTA. The homogenate was centrifuged for 10 
minutes at 10 000 × g. Then, supernatant and xanthine 
oxidase were added to a reaction mixture consisting 
of phosphate buffer (pH 7.2), 0.1 mM cytochrome c, 
0.1 mM  EDTA, and 0.1 mM xanthine. The absorbance 
measurements were conducted for two minutes at λ=550 
nm. It was assumed that the unit of activity (1 unit, 1 
unit of cytochrome) corresponded to the amount of en-
zyme which causes 50% inhibition of the reduction of 
cytochrome C at 25°C.

Measurements of total peroxidase activity [POX; EC 
1.11.19] were performed spectrophotometrically accord-
ing to the modified method of Lück (Lück, 1962). The 
assay mixture contained 2 cm3 of 0.05 M phosphate 
buffer, 0.05 cm3 of 1% p-phenylenediamine (pPD), and 
0.05 cm3 of enzyme extract. In the next step, 0.05 cm3 
of 0.03 M H2O2 was added to initiate the reaction, and 
absorbance was measured at λ=460 nm for 2 minutes. 
All the measurements were carried out using a UV-Vis 
spectrophotometer from Thermo Fisher Scientific. The 
activity of the studied enzymes was expressed relatively 
to the protein content in the supernatant. Protein con-
centration was determined by the method of Bradford 
(Bradford, 1976).

Statistical analysis. The results of biochemi-
cal analyses were presented as the mean values with 
standard deviation (±S.E.) calculated from three ex-
periments. The statistical analysis was performed using 

Duncan’s Multiple Range test at p<0.05 and PC SAS 
8.0 software.

RESULTS AND DISCUSSION

To investigate the effect of nanoparticles` impact 
on callus cell viability, the LDH content in cells was 
measured. Lactate dehydrogenase, as a cytoplasmic en-
zyme, should be released from the cell as a result of 
its damage. The graphs show percentage changes in the 
content of LDH in cells (Fig. 1; the higher percentage 
means the greater number of damaged cells). The level 
of damage of ZnO-NPs-treated calli cells of stress sen-
sitive and stress tolerant wheat varieties (in comparison 
to control) differed significantly. On average, it was 10% 
greater for the Raweta variety. The varieties tested re-
acted similarly to silver nanoparticles treatment (Barbasz 
et al., 2016). The variety sensitive to drought stress was 
definitely more sensitive also to the stress generated by 
the presence of metal nanoparticles. Padmavathy and Vi-
jayaraghavan (Padmavathy & Vijayaraghavan, 2008) have 
shown that the toxicity of ZnO to bacteria depends on 
the nanoparticles’ size (the smaller nanoparticles were 
more bactericidal). Interestingly, for callus cells, the larg-
er nanoparticles (130 nm) were more toxic for tolerant 
variety, oppositely to the smaller ones (100 nm) which 
were more toxic for the sensitive variety. These differ-
ences between wheat varieties can be directly related to 
the structure of their cell membranes. As was shown by 
Filek and others (Filek et al., 2012), the cell membranes 
of Parabola and Raweta varieties have different com-
position, with different content of saturated fatty acids. 
Other studies indicate that ZnO-NPs exhibited toxic ef-
fect also on other terrestrial plants. Exposure of Brassica 
nigra to high concentrations of ZnO-NPs (above 500 mg 
dm–3) had a negative impact on seed germination, seed-
ling growth and resulted in increased concentration of 
enzymatic and non-enzymatic antioxidants in cells (Za-
far et al., 2016). ZnO-NPs were also toxic to Arabidopsis 
thaliana, causing a strong inhibition of seed germination, 
as well as root growth and a decrease in the number of 
leaves (Lee et al., 2010).

Literature reports point to UV radiation as an impor-
tant environmental factor that may contribute to the in-
crease in the cytotoxicity of metal oxide nanoparticles. 
As reported by Ma and others (Ma et al., 2014), a pho-
ton with a wavelength of less than 368 nm has the po-
tential to photoactivate zinc oxide, leading to the pro-
duction of reactive oxygen species (ROS). It has also 
been proven that UV radiation accelerates the dissolu-
tion of ZnO-NPs (Han et al., 2010). Waves shorter than 
368 nm constitute about 6% of solar energy reaching the 
Earth’s surface, therefore the photochemical degradation 
of ZnO-NPs together with photoinduced generation of 
ROS significantly increases the potential risk connected 
with these nanomaterials entering the environment (Ma 
et al., 2014). Under the influence of UV light, ZnO-
NPs show photocatalytic activity and act as antibacterial 
agents (Han et al., 2010; Ann et al., 2014). However, Lee 
& An (2013) in their studies on green algae (Pseudokirch-
neriella subcapitata) indicated that the toxicity of ZnO-NPs 
did not depend on ultraviolet radiation. In the present 
study, ZnO NPs of 130 nm diameter and at the high-
est tested concentration (12 mg dm–3), exhibited greater 
cytotoxicity to both wheat varieties after exposure of the 
samples to UV radiation, the effect being particularly 
pronounced for Raweta. 
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Figure 1. Lactate dehydrogenase leakage (LDH) from callus cells of Parabola (A, C) and Raweta (B, D) after 24 h exposure to metal 
oxide nanoparticles, as compared to control media (0). 
Comparison of malondialdehyde (MDA) level in callus cells of Parabola (E, G) and Raweta (F, H) cultured on control media (0) and af-
ter 24 h exposure to metal oxide nanoparticles. Values are mean ±S.E. Different letters indicate significant (p<0.05) differences between 
treatments. 
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Other tested nanoparticles (TiO2, Al2O3, ZrO2) did 
not act cytotoxically on Parabola callus cells. For Raw-
eta, the cytotoxic activity of these NPs correlated with 
concentration of the studied nanoparticles. The highest 
cytotoxicity, expressed as the degree of membrane dam-
age, was found for TiO2-NPs. Many studies have found 
that nanoparticles of metal oxides have a negative effect 
on mammalian cells and some aquatic organisms (Na-
tions et al., 2011). Al2O3-NPs showed no phytotoxicity 
in Arabidopsis thaliana (Lee et al., 2010), but they were 
shown to inhibit cell growth and lower chlorophyll con-
tent in algae (Scenedesmus sp. and Chlorella sp.) (Sadiq et al., 
2011). Al2O3-NPs also had a negative effect on tobacco 
(Nicotiana tabacum), inhibiting seedling and root growth, 
decreasing plant biomass and significantly increasing the 
expression of genes involved in plant response to envi-

ronmental stress (Burklew et al., 2012). The increasing 
concentration of TiO2-NPs led to a significant reduction 
of all growth parameters of Lemna paucicostata and Spirode-
la polyrhiza. In the latter, the changes in antioxidant en-
zymes activity were shown (Kim et al., 2014; Movafeghi 
et al., 2018). The effect of TiO2-NPs strongly depends 
on the concentration and species of the plant. It has 
been shown that the nanoparticles of this metal oxide 
can both favorably and negatively affect germination of 
seeds and the growth of the root, shoot and cuttings, as 
well as the photosynthesis process (Kataria et al., 2019). 
The investigations of nano- and micro-particles of ZrO2 
showed that they were not cytotoxic (Karunakaran et al., 
2016). The effect of both TiO2-NPs and ZrO2-NPs on 
terrestrial plants is ambiguous. 

Table 1. Antioxidant activities (superoxide dismutase. SOD and peroxidase POX) in callus cells of two wheat varieties cultured in con-
trol medium (0) and after 24h exposure to metal oxide nanoparticles. 
The values for callus cells after 1h UV-treatment and then 24h exposure to metal oxide nanoparticles are marked in gray. The presented 
values are mean ±S.E. Different letters indicate significant (p<0.05) differences between treatments.

Concentra-
tion [mg/
dm–3]

Parabola Raweta

SOD [U/mg of proteins]

ZnO  
100 nm

ZnO  
130 nm TiO2 Al2O3 ZrO2

ZnO  
100 nm

ZnO  
130 nm TiO2 Al2O3 ZrO2

0

0.1176±
0.0065a

0.1176±
0.0117a

0.1176±
0.0694a

0.1176±
0.0954a

0.1176±
0.0099a

0.1335±
0.0498a

0.1335±
0.0257a

0.1335±
0.0276a

0.1335±
0.0034c

0.1335±
0.0432c

0.0581±
0.0038D

0.0581±
0.0054A

0.0935±
0.0046A

0.0935±
0.0087A

3

0.1171±
0.0153a

0.0316±
0.0028b

0.1020±
0.0429a

0.1302±
0.0541a

0.1069±
0.0386a

0.1319±
0.0138a

0.0850±
0.0105b

0.1549±
0.0543a

0.1755±
0.0654b

0.2193±
0.0168a

0.1029±
0.0074A

0.0374±
0.0047B

0.0505±
0.0036B

0.0239±
0.0025B

6

0.09746±
0.0038b

0.0140±
0.0089c

0.1102±
0.0046a

0.1060±
0.0083a

0.0825±
0.0086b

0.0811±
0.0074b

0.0769±
0.0104b

0.1693±
0.0655a

0.1846±
0.0065a

0.1681±
0.0627b

0.0755±
0.0032B

0.0032±
0.0002D

0.0393±
0.0025C

0.0155±
0.0047C

12

0.0809±
0.0096c

0.0007±
0.0002d

0.1244±
0.0943a

0.1284±
0.0897a

0.0823±
0.0064b

0.0500±
0.0054c

0.0700±
0.0085b

0.1396±
0.0235a

0.1834±
0.0146a

0.1368±
0.0367c

0.0646±
0.0083C

0.0069±
0.0004C

0.0200±
0.0058D

0.0100±
0.0010C

Concentra-
tion [mg/
dm-3]

Parabola Raweta

POX [U/mg of proteins]

ZnO  
100 nm

ZnO 
130 nm TiO2 Al2O3 ZrO2

ZnO 
100 nm

ZnO 
130 nm TiO2 Al2O3 ZrO2

0

0.9347±
0.1005a

0.9347±
0.1038a

0.9347±
0.1017a

0.9347±
0.0543a

0.9347±
0.0763a

0.6658±
0.0117a

0.6657±
0.0654b

0.6657±
0.0017a

0.6657±
0.0329b

0.6657±
0.0394c

0.7157±
0.0998C

0.7157±
0.0573C

0.4032±
0.0659B

0.4032±
0.0579B

3

0.9893±
0.1390a

0.5561±
0.0682b

0.8866±
0.0478b

1.0393±
0.0765a

0.9279±
0.0754a

0.4486±
0.0531b

0.6003±
0.0076c

0.8890±
0.0201a

1.0522±
0.0992a

1.6405±
0.0432a

1.7063±
0.2860A

1.3234±
0.0765B

0.8295±
0.0768A

0.7013±
0.0105A

6

1.1065±
0.0965a

0.4906±
0.0532c

0.9479±
0.0394a

0.8603±
0.0658a

0.8357±
0.0578a

0.4517±
0.0068b

1.0679±
0.0049a

1.2950±
0.7120a

1.3238±
0.0392a

1.4496±
0.8470a

1.3557±
0.1170B

1.6567±
0.1648A

0.4181±
0.0132B

0.5307±
0.0580B

12

0.5357±
0.0362b

0.2695±
0.0430d

1.0016±
0.0997a

1.1332±
0.3971a

0.6717±
0.0276b

0.2874±
0.0467c

0.5525±
0.0038d

0.9544±
0.1004a

1.1139±
0.1149a

1.0158±
0.1843b

0.6821±
0.0660C

1.4526±
0.0763A

0.7721±
0.0114A

0.7222±
0.0077A
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The results of lipid peroxidation tests show that under 
the influence of the studied nanoparticles, callus cells un-
dergo oxidative stress. After treatment of cells with 130 
nm ZnO-NPs, a higher MDA content was found in the 
samples of the sensitive variety. UV radiation enhanced 
the toxic effect of ZnO-NPs. Interestingly, the highest 
concentration of MDA (more than twice in comparison 
to that caused by ZnO-NPs) was found after treatment 
of Raweta calli by TiO2, Al2O3, ZrO2 nanoparticles at a 
concentration of 12 mg dm–3. This may be related to a 
significantly different content of unsaturated fatty acids 
in biological membranes of the tested varieties (Filek et 
al., 2012).

The activity of SOD (expressed in relation to the pro-
tein content in the samples) decreased with increasing 
ZnO-NPs concentration (Table 1). This decrease was 
smaller for the Parabola variety. SOD activity increased 
after treating cells with other nanoparticles. TiO2-, Al2O3-, 
ZrO2-NPs at the lowest tested concentration (3 mg dm–3) 
affected the increase of SOD activity in the analyzed cells 
of the Raweta variety. Superoxide dismutase is the first line 
of defense against reactive oxygen species and is consid-
ered to be the basic element of cell fight with oxidative 
stress (Alscher et al., 2002). The decrease in its activity 
may be associated with the induction of too intense oxi-
dative stress.

POX activity increases in the Parabola variety cells 
after UV irradiation of samples containing ZnO-NPs 
(Table 1). For the sensitive Raweta, TiO2, Al2O3, ZrO2 
nanoparticles all enhance the POX activity. Peroxidas-
es are involved in many processes in plant cells during 
their growth and development, and play an important 
role in plant’s defense against pathogenic germs and in-
sects; they also take part in wound healing (Chittoor et 
al., 1997; Garcia-Laraa et al., 2007; Mohan et al., 1993). 
Literature reports confirm that the induction of ROS by 
nanoparticles is the main mechanism of their cytotoxic-
ity. The disruption of cellular oxidation and reduction 
processes lead to damage to its structures and, as a con-
sequence, to cell death (Rastogi et al., 2017).

Based on the obtained results, it can be concluded 
that cell resistance to the cytotoxic effect of metal ox-
ide nanoparticles depends on the sensitivity of the plant 
to environmental stress. The plant variety sensitive to 
drought stress is definitely more sensitive to stress gener-
ated by the presence of nanoparticles as well. ZnO-NPs 
act more cytotoxic as their diameter increases and in 
cells exposed to UV radiation. The differences in bio-
logical membranes structure can be the key to explaining 
the different reactions of callus cells to the tested na-
noparticles. Generally considered to be non-toxic, metal 
oxide nanoparticles (TiO2-NPs, Al2O3-NPs, ZrO2-NPs) 
can generate cellular stress, damage cell membranes and 
significantly deactivate cellular defense systems. Cur-
rently, the growing pollution of the natural environment 
with nanoparticles can remarkably affect the productivity 
of agronomically important crops.
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