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well as the inhibition of growth can be regarded 
as general responses associated with Co3O4 NPs 
toxicity. In parallel with the presented results, 
López-Luna et al. (2018) reported a considerable 
decline in photosynthetic pigments in wheat 
seedling exposed to 500-8000 mg kg-1 of nano-
cobalt ferrite by free radicals generated by metals.

OXIDATIVE INDICATORS 
AND SHOOT COBALT CONTENT

The impacts of Co3O4 NPs on oxidative indicators 
and shoot cobalt content in canola are shown in 
Fig. 3. The results indicated that H2O2 content in 
leaves was increased at 250-4000 mg L-1 of Co3O4 
NPs and the maximum level was recorded at 
4000 mg L-1 (Fig. 3a). The MDA content in leaves 
was raised at high concentrations of Co3O4 NPs, 
but no significant difference was observed at 50, 
100, and 250 mg L-1 (Fig. 3b). The other aldehydes 
content was elevated beyond 500 mg L-1 of Co3O4 
NPs (Fig. 3c). In the LOX activity, no significant 
changes were observed by application of Co3O4 NPs 
up to 100 mg L-1, but the activity was increased 
at higher concentrations (250 to 4000 mg L-1) 
(Fig. 3d). The MSI was significantly reduced by 
higher than 250 mg L-1 of Co3O4 NPs (Fig. 3e).

Oxidative stress occurrs in different plants 
subjected to NPs. The ROS-induced toxicity may 
damage the normal physiological redox-regulated 
functions, which ultimately results in cell death 
in plants (Meng et al., 2009; Ma et al., 2015). In 
this study, the concentration-dependent increment 
of H2O2 along with the enhanced antioxidant 
capacity suggested that the oxidative stress may 
be the primary mechanism for the toxicity of these 
NPs, which eventually can lead to cellular damage. 
Similarly, in rapeseed plants exposed to nano-sized 
CuO, the heightened H2O2 levels, lipoperoxidation 
and cell death were observed (Nair and Chung, 
2017). Also, increment in H2O2 levels in radish 
under 250-2900 mg L-1 of Fe2O3 NPs was reported 
(Saquib et al., 2016).

The MDA as an indicator of lipid peroxidation 
and oxidant state is produced via LOX activity or 
ROS reactions (Ayala et al., 2014). In this study, 
the maximum content of MDA was observed at 
4000 mg L-1 of Co3O4 NPs, which may be due to 
the enhanced LOX activity or the raised values of 
ROS. Similarly, the increment in H2O2 levels, MDA, 
LOX activity and the decrement in MSI in marigold 
leaves sprayed with 400-3200 mg L-1 of CeO2 NPs 
were documented (Jahani et al., 2019).

Here, the heightened ROS levels may damage 
the cell membrane integrity and MSI, which results 
in ion leakage and disruption of the cellular 
metabolism. Singh et al. (2017) reported ion 
leakage due to the decline of membrane stability in 

cauliflower and tomato exposed to 50-500 mg L-1 
of CuO NPs.

The results showed that the shoot cobalt 
content was linearly raised with increasing Co3O4 
NPs concentration and the maximum one was 
observed at 4000 mg L-1 (Fig. 3f). 

It has been demonstrated that cobalt oxide NPs 
can cross plasma membranes (Bossi et al., 2016) 
and plants can absorb and translocate them into 
different tissues (Amde et al., 2017). The presented 
results confirmed that in canola plants exposed 
to foliar application of Co3O4 NPs, cobalt was 
absorbed via the leaves and translocated to the 
shoots. Similarly, López-Luna et al. (2018) reported 
accumulation of cobalt and iron in shoots and roots 
of wheat seedling treated with 500-8000 mg kg-1 of 
nano-cobalt ferrite. Also, foliar Cu accumulation in 
lettuce and cabbage sprayed with nano-scaled CuO 
was documented (Xiong et al., 2017). It was reported 
that different factors such as the NPs characteristics 
(type, size, dose, surface charge, etc.), plant species, 
leaf morphology and anatomy, and environmental 
conditions (light, wind, and moisture) can affect the 
foliar uptake of NPs (Hong et al., 2014).

NON-ENZYMATIC ANTIOXIDANTS 
AND ANTIOXIDANT CAPACITY 

The impacts of Co3O4 NPs on non-enzymatic 
antioxidants and antioxidant capacity of canola 
leaves are presented in Fig. 4. The results showed 
that the application of high concentrations of 
Co3O4 NPs diminished the ASC content and 
ASC/DHA ratio but increased the DHA content 
(Fig. 4a–c). Application of Co3O4 NPs at dosages 
less than 1000 mg L-1 did not show any significant 
impact on the GSH content but decreased it at 
higher concentrations (Fig. 4d). The contents of 
total flavonoids and flavonols were elevated after 
application of 1000 and 2000 mg L-1 of Co3O4 NPs, 
respectively (Fig. 4e–f). 

Plants have evolved an antioxidant defence 
mechanism as the first line of defence, which 
involves enzymatic and non-enzymatic components 
to minimize the oxidative damage during exposure 
to metal oxide-based NPs (Ma et al., 2015). 

It has been reported that cobalt NPs can cause 
oxidative loss of ASC in cells and biological fluids 
(Salnikow et al., 2004). The presented results 
indicated that increase of Co3O4 NPs induced 
oxidative stress and led to decrease in the ASC 
content, whereas DHA was raised. 

GSH is known as the most important defence 
against ROS in plants exposed to metal stress 
(Hasanuzzaman et al., 2017). However, during 
strong stresses, degradation of the GSH pool may 
occur (Hernández et al., 2015). In this study, the 
decrease of GSH content at high concentrations of 
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Fig. S1. Effect of foliar application of different concentrations of Co3O4 NPs (0-4000 mg L-1) on canola 
plants grown in a greenhouse. 
 
Fig. S2. A schematic image of the present study. 
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