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Nanotechnology has been widely applied in agriculture, and understanding of the mechanisms of plant interaction 
with nanoparticles (NPs) as environmental contaminants is important. The aim of this study was to determine the 
effects of foliar application of cobalt oxide (Co3O4) NPs on some morpho-physiological and biochemical changes 
of canola (Brassica napus L.) leaves. Seeds were sown in plastic pots and grown under controlled conditions. 
Fourteen-day-old seedlings were sprayed with different concentrations of Co3O4 NPs (0, 50, 100, 250, 500, 1000, 
2000, and 4000 mg L-1) at weekly intervals for 5 weeks. Growth parameters of the shoot (length, fresh and dry 
weights) were stimulated by low concentrations of Co3O4 NPs (50 and 100 mg L-1) and repressed by higher con-
centrations. Similar trends were observed in photosynthetic pigment contents. The results indicated that high 
concentrations of Co3O4 NPs increased lipoxygenase (LOX) activity and the malondialdehyde (MDA), hydrogen per-
oxide (H2O2), and dehydroascorbate (DHA) contents, but reduced the membrane stability index (MSI), ascorbate 
(ASC), and glutathione (GSH). Despite the increase of antioxidant capacity (DPPH) and the accumulation of non-
enzymatic antioxidants (total flavonoids and flavonols) and osmolytes (proline, glycine betaine (GB) and soluble 
sugars) at high concentrations of Co3O4 NPs, the growth and photosynthesis were reduced. The defence system 
activity did not seem to be sufficient to detoxify reactive oxygen species (ROS). Altogether, high concentrations of 
Co3O4 NPs showed a phytotoxic potential for canola as an oilseed crop.

Keywords: ascorbate and glutathione, carbohydrate, environmental contaminants, glycine betaine, 
lipoxygenase activity, total flavonoids and flavonols, toxicity and beneficial assessment

Abbreviations: AFM – atomic force microscopy; ASC – ascorbate; Co3O4 NPs – cobalt oxide nano-
particles; DHA – dehydroascorbate; DLS – dynamic light scattering; DPPH – 2,2-diphenyl-1-picril-
hydrazil; DW – shoot dry weight; FW – shoot fresh weight; GB – glycine betaine; GSH – glutathione; 
H2O2 – hydrogen peroxide; ICP-OES – inductively coupled plasma optical emission spectrometry; 
LOX – lipoxygenase; MDA – malondialdehyde; MSI – membrane stability index; ROS – reactive oxygen 
species; XRD – X-ray diffraction.
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IN CANOLA (BRASSICA NAPUS L.)
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INTRODUCTION 

During the last few years, nanotechnology has 
become a powerful technique across different 
fields including medical, engineering, and 
agricultural sciences. Several studies have 
emphasized the importance of nanoparticles 
(NPs) as a building block for novel applications 

in plants. The small size of NPs (1-100 nm) and 
their ability to cross barriers (cell walls and plasma 
membranes) facilitate effective absorption and 
modify physicochemical properties compared to 
the bulk material. Moreover, their large specific 
surface can result in a good level of interaction 
with intracellular structures (Ma et al., 2015; 
Janmohammadi et al., 2017). 
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Different factors such as plant species, 
NPs type, concentration, chemical composition, 
surface activity, and size of NPs cause both 
positive and negative impacts on plant growth, 
development and metabolism (Rastogi et 
al., 2017). For instance, the increased seed 
germination in Capsicum chinense imposed 
by 100–500 mg L-1 of ZnO NPs was reported 
(Garcia-López et al., 2019). Reddy Pullagurala 
et al. (2018) stated the incremented chlorophyll 
value in cilantro plants exposed to 400 mg kg-1 
of nano-ZnO. Furthermore, the increment in 
chlorophyll index, nodules number and yield in 
soybean treated with nanometal powders (Co, Fe 
and Cu) was observed (Ngo et al., 2014). Also, nano 
Zn-Fe oxide promoted wheat yield under salinity 
condition (Babaei et al., 2017). In another study, 
the decrement in seedling growth and chlorophyll 
content and the increment in reactive oxygen 
species (ROS) production and DNA damage in 
Solanum melongena exposed to nano-scaled 
NiO, CuO and ZnO were demonstrated (Baskar et 
al., 2018). In lettuce imposed by 500–2000 mg L-1 
of CeO2 NPs, lipoperoxidation and electrolyte 
leakage occurred (Cui et al., 2014). 

Cobalt (Co) is a magnetic element with pro-
perties similar to iron and nickel (Barceloux 
and Barceloux, 1999). This element plays an 
essential role in synthesizing several enzymes and 
coenzymes, symbiotic nitrogen fixation, rhizobia 
growth, activation of glycolysis enzymes, and 
oxidizing processes (Sonia and Thukral, 2014). 
High concentrations of Co have toxic effects on 
plants including leaf abscission, inhibition of 
greening and active transport, chlorosis, premature 
leaf closure, and decrement of dry weight (Sonia 
and Thukral, 2014). 

Owing to their unique physical properties, 
Co3O4 NPs have been applied in pigments, 
catalysis, sensors, electrochemistry, magnetism, 
and energy storage (Faisal et al., 2016). In addition, 
Co3O4 NPs are likely to be associated with plants’ 
physiological functions. A previous report on 
Co3O4 NPs (5–20 μg mL-1) demonstrated the 
reduction of root length in Allium cepa, without 
much elaboration on the nature of cellular damage 
and the mechanism of phytotoxicity (Ghodake et 
al., 2011). In Sesbania cannabina root meristems 
exposed to nano-sized cobalt and cobalt oxide, 
different types of chromosomal aberrations were 
observed (Srivastava, 2015). 

Most previous studies were focused on root 
or seed exposure and only a few studies reported 
about the foliar uptake of NPs (Hong et al., 2014; 
Xiong et al., 2017). In this experiment, due to 
the use of the foliar spray method, the leaves 
were directly exposed to NPs treatments as they 
are the most important and sensitive tissues in 

this method. In the foliar spray method, the NPs 
are absorbed through the leaf stomata and cause 
physio-biochemical changes. Hence, here, leaves 
were analyzed.

Canola (Brassica napus L.) as a member 
of Brassicaceae family has been known as 
a healthy and rich source of oil with a low content 
of saturated fatty acids and high content of 
polyunsaturated fatty acids (Lin et al., 2013). This 
plant supplies proteins for feed. In addition, oil 
seed crops, particularly those containing vitamin E 
(tocopherol) are thought to demonstrate the high 
antioxidant capacity and the consumption of food 
rich in antioxidants provide protection against 
several diseases (Loganes et al., 2016). 

In this study, canola was selected as the test 
plant because it is one of the most important stra-
tegic agricultural products in providing vegetative oil 
for human consumption. To the best of the authors’ 
knowledge, there is no study on the inter action of 
Co3O4 NPs with canola. Also, in this stu dy, a wide 
range of concentrations of Co3O4 NPs (0–4000 mg L-1) 
was tested, including high levels; although these 
concentrations are well above the expected 
concentrations in the environment, this worst-case 
scenario allows to better highlight the toxic potential 
of Co3O4 NPs. Furthermore, here, the foliar application 
way was considered via spraying to leaves. This way 
as one of the main ways of plant contamination in the 
environment by NPs is considered (i.e., aerial/rain 
deposition), allowing a comprehensive and informative 
picture on the actual impacts of Co3O4 NPs 
contamination towards plant.

Because of the increasing use of nanomaterials 
such as Co3O4 NPs in various commercial and 
industrial products, releasing these compounds 
into the environment is predictable. Plants can 
act as the entry point of NPs into the food chain. 
Therefore, in this study, the potential beneficial 
and toxic effects of Co3O4 NPs in a wide range of 
concentrations (0–4000 mg L-1) as foliar spraying 
on growth, photosynthetic pigments, compatible 
osmolytes, carbohydrate, oxidative indicators, non-
enzymatic antioxidants, antioxidant capacity, and 
cobalt accumulation in canola were investigated.

MATERIALS AND METHODS 

CHARACTERIZATION OF Co3O4 NPS 

Co3O4 NPs were purchased from US Research 
Nanomaterials, Inc. (Houston, TX, USA). The Co3O4 
NPs suspension was dispersed using an ultrasonic 
apparatus (model S.A., FUNGILAB, Barcelona, 
Spain) at 160 W and 40 Hz for 45 min in deionized 
water at pH 6.3 and then the surface charge (zeta 
potential) of NPs was measured by a zeta sizer 
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(model ZEN3600, Malvern Corp, Worcestershire, 
UK). Furthermore, the NPs hydrodynamic size was 
determined based on the dynamic light scattering 
(DLS) method and using a particle size analyzer 
(model VASCO 3, Cordouan, Pessac, France) at 
25°C. Also, the average size of Co3O4 NPs was 
measured using transmission electron microscopy 
(TEM; model LEO 912 AB, Zeiss, Oberkochen, 
Germany) and atomic force microscopy (AFM; 
model NTEGRA, NT-MDT, Zelenograd, Russia). 
The structure was assessed using an X-ray 
diffractometer (XRD; model EXPLORER, GNR, 
Novara, Italy) at 40 kV and 30 mA. 

PLANT MATERIALS AND TREATMENTS

This experiment was performed in a completely 
randomized design with four replicates. Plastic 
pots (18 cm height × 19 cm diameter) were filled 
with a mixture of loam, clay, and sand (2:2:1 ratio) 
and in each pot, five canola seeds (Brassica 
napus L. cv. Zarfam) were sown at a depth of 
2 cm. The pots were placed in a growth chamber 
with 16/8 h photoperiod, 25 ± 5°C and 30 ± 5% 
relative humidity. After two weeks, the seedlings 
were exposed to weekly foliar application of 
different concentrations of Co3O4 NPs (0, 50, 
100, 250, 500, 1000, 2000 and 4000 mg L-1) 
for five times (Supplementary Fig. S1). These 
concentrations were chosen based on previous 
studies (Wu et al., 2012; López-Luna et al., 2018). 
After 50 days, the samples were harvested and the 
length and fresh and dry weights of the shoots were 
measured and the leaves were used for physio-
biochemical analysis. All chemicals and reagents 
used in the present study were of analytical grade.

PHOTOSYNTHETIC PIGMENTS 
(CHLOROPHYLLS AND CAROTENOIDS)

Chlorophyll and carotenoid contents were deter-
mined according to the method of Lichtenthaler 
(1987). Briefly, 0.2 g of fresh leaf samples were 
extracted with 10 mL of 80% (v/v) acetone and 
then centrifuged (model 2-6E, Sigma, Osterode, 
Germany) at 4,000 g for 10 min. The samples were 
diluted with 80% (v/v) acetone before reading their 
absorbance at 646.8, 663.2 and 470 nm using 
a spectrophotometer (model UV-1100, Shimadzu, 
Kyoto, Japan). The contents of chlorophyll a, b, 
total chlorophyll, and carotenoid (mg g-1 FW) were 
calculated using the following equations:

Chlorophyll a = (12.25 A663.2 – 2.79 A646.8) 
Chlorophyll b = (21.50 A646.8 – 5.10 A663.2) 
Total Chlorophyll = Chlorophyll a + Chlorophyll b 
Carotenoid = [(1000 A470 – 1.82 Chlorophyll a – 

– 85.02 Chlorophyll b) / 198]

OXIDATIVE INDICATORS 
(H2O2, MALONDIALDEHYDE (MDA), 

OTHER ALDEHYDES, LIPOXYGENASE (LOX) 
ENZYME ACTIVITY, 

AND MEMBRANE STABILITY INDEX (MSI))

H2O2 content was measured based on the method 
described by Velikova et al. (2000). Briefly, 0.5 g 
of fresh leaf sample was extracted in 0.1% (w/v) 
trichloroacetic acid (TCA) solution and then the 
extract was centrifuged at 12,000 g for 15 min. 
Then, 500 μL of the supernatant was mixed 
with 500 μL 100 mM potassium phosphate 
buffer (pH 7) and 2 mL 1 M potassium iodine. 
The reaction mixture was placed in darkness 
at room temperature for 1 h before recording 
the absorbance at 390 nm. The H2O2 content 
(μM g-1 FW) was calculated using an extinction 
coefficient of 0.28 μM-1 cm-1.

To measure MDA content, 0.2 g of fresh leaf 
sample was extracted with 5 mL 0.1% (w/v) TCA 
and then centrifuged at 10,000 g for 5 min. One mL 
of the supernatant was mixed with 4 mL 20% (w/v) 
TCA solution containing 0.5% (w/v) thiobarbituric 
acid (TBA). The mixture was heated at 95°C for 
30 min and then immediately cooled down on ice 
and centrifuged again at 10,000 g for 10 min. For 
MDA measurement, the non-specific absorbance of 
the supernatant at 600 nm was subtracted from the 
maximum absorbance at 532 nm and an extinction 
coefficient of 1.55 × 105 M-1 cm-1 was used for 
calculation (Heath and Packer, 1968). For other 
aldehydes (propanal, butanal, hexanal, heptanal 
and propanol dimethyl acetal) measurement, 
absorbance of 600 nm was subtracted from 
maximum absorbance of 455 nm and the extinction 
coefficient of 0.457 × 105 M-1 cm-1 was used for 
calculation (Miers et al., 1992).

The enzyme activity of LOX (EC 1.13.11.12) 
was measured based on the method described by 
Doderer et al. (1992). Initially, the enzyme extract 
was prepared. Two hundred mg fresh leaf sample 
was homogenized in an ice-cold mortar using 2 mL 
of 50 mM potassium phosphate buffer (pH 7.0) 
containing 1 mM ethylene diamine tetra-acetic acid 
(EDTA), 1% (w/v) soluble polyvinyl pyrrolidone 
(PVP) and 1 mM phenyl methane sulfonyl fluoride 
(PMSF). After centrifugation (VS-15000 CFN P, 
Vision, Tokyo, Japan) at 20,000 g for 20 min, the 
supernatant was used as enzyme extract. Then, for 
measurement of LOX activity, the substrate solution 
was prepared by adding 35 μL linoleic acid to 5 mL 
distilled water containing 50 μL Tween-20. The 
solution was kept at pH 9.0 by adding 0.2 M NaOH 
until all the linoleic acid was dissolved and the pH 
remained stable. After adjusting the pH to 6.5 by 
adding 0.2 M HCl, 0.1 M phosphate buffer (pH 6.5) 
was added to make a total volume of 100 mL. LOX 
activity was determined spectrophotometrically 
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by adding 50 μL of enzyme extract to 2.95 mL 
substrate. The increase in absorbance at 234 nm 
was recorded for 5 min at 25°C, and the activity 
was expressed as produced hydroperoxide (H2O2) 
min-1 mg-1 protein using an extinction coefficient of 
25,000 M-1 cm-1.

MSI was determined according to the method 
of Sairam et al. (1997). First, the fresh leaf samples 
(0.1 g) were soaked in 10 mL double distilled water. 
A set of samples was heated at 40°C for 30 min and 
then electrical conductivity was recorded (C1). The 
second set was also heated at 100°C for 10 min in 
boiling water and then electrical conductivity was 
recorded (C2). MSI was calculated according to the 
following formula:

MSI (%) = [1 – (C1/C2)] × 100

NON-ENZYMATIC ANTIOXIDANTS 
(ASCORBATE (ASC), DEHYDROASCORBATE (DHA), 

GLUTATHIONE (GSH), TOTAL FLAVONOIDS 
AND FLAVONOLS)

ASC and DHA contents were measured based on 
the method described by De Pinto et al. (1999). 
Briefly, total ASC was determined after reduction 
of DHA to ASC with dithiothreitol (DTT), and the 
concentration of DHA was estimated from the 
difference between total ASC pool (ASC + DHA) 
and ASC. The reaction mixture for total ASC pool 
contained a 0.1 mL aliquot of the supernatant, 
0.25 mL of 150 mM phosphate buffer (pH 7.4), 
and 0.05 mL of 10 mM DTT. After 10 min 
at room temperature, 0.05 mL of 0.5% (w/v) 
N-ethylmaleimide (NEM) was added. ASC was 
determined in a similar reaction mixture except 
that 0.1 mL of H2O was added rather than DTT 
and NEM. The color was developed in both reaction 
mixtures after addition of the following reagents: 
200 μL of 10% (w/v) TCA, 200 μL of 44% (v/v) 
orthophosphoric acid, 200 μL of 4% (w/v) 
α,α’-dipyridyl and 10 μL of 0.3% (w/v) FeCI3. After 
vortexing, the mixture was incubated at 40°C 
for 40 min and the absorbance was then read at 
525 nm. A standard curve was developed based on 
ASC. Also, the ASC to DHA ratio was calculated.

GSH content was measured according to the 
method of Ellman (1959). Briefly, 0.5 g of fresh 
leaf samples were extracted in 4 mL 15% (w/v) 
metaphosphoric acid and then the extract was 
centrifuged at 10,000 g at 4°C for 30 min. Then, 
200 μL of the supernatant solution was mixed with 
6.2 mL sodium phosphate buffer (pH 7.7) and 
200 μL 6 mM 5,5’-dithiobis-(2-nitrobenzoic acid) 
(DTNB). The mixture was left at room temperature 
for 30 min before recording the absorbance at 
412 nm. GSH content (mg g-1 FW) was calculated 
using a standard curve.

The total flavonoid and flavonol contents were 
determined according to the aluminium chloride 
method, described by Akkol et al. (2008). Briefly, 
the oven-dried and powdered leaf samples (0.1 g) 
were extracted in 5 mL 80% (v/v) methanol and 
then 1 mL of the extract was mixed with 250 mL 
10% (w/v) aluminium chloride and 250 mL 
1 M potassium acetate. The mixture was left at 
room temperature for 40 min before recording the 
absorbance at 415 nm. The total flavonol content 
was measured by mixing 1 mL methanolic extract 
with 1 mL 2% (w/v) aluminium chloride and 3 mL 
5% (w/v) sodium acetate. Then, the absorbance 
was recorded at 440 nm. Different concentrations 
of rutin were used as a standard for developing 
a calibration curve.

ANTIOXIDANT CAPACITY ASSAY BY 
2,2-DIPHENYL-1-PICRYLHYDRAZYL (DPPH) 

RADICAL SCAVENGING

The antioxidant capacity of methanolic extract 
of the samples was assayed using free radical 
2,2-diphenyl-1-picrylhydrazyl (DPPH), as 
described by Blois (1958). For this purpose, 
0.2 mL of methanolic extract was mixed with 
1 mL 500 μM DPPH solution. The mixture was 
vortexed for 30 s and then placed in a dark 
chamber at room temperature for 30 min. 
The absorbance was recorded at 517 nm. The 
antioxidant capacity of the extracts was calculated 
using the following equation:

DPPH scavenging activity (%) = 
[(Acontrol – Asample (/ Acontrol] × 100 

ASSAY OF COMPATIBLE OSMOLYTES 
(PROLINE AND GLYCINE BETAINE (GB))

The proline content was determined according to 
the method of Bates et al. (1973). The fresh leaf 
samples (0.5 g) were extracted with 5 mL 3% (w/v) 
sulphosalicylic acid solution. The extracts were 
centrifuged at 4,000 g for 10 min. Then, 2 mL of 
the supernatant was mixed with 2 mL ninhydrin 
solution (1.25 g ninhydrin, 30 mL of acetic acid, 
and 20 mL of 6 M phosphoric acid) and 2 mL of 
96% (v/v) acetic acid. The mixture was incubated at 
100°C for 1 h in a hot water bath (model WNB 10, 
Memmert GmbH, Germany). After incubating, 4 mL 
of toluene was added to each sample followed by 
mixing. Eventually, the absorbance of the pink-red 
upper phase was recorded at 520 nm.

The glycine betaine (GB) content was 
determined according to the method described 
by Grieve and Grattan (1983). First, 0.25 g of 
dried leaf sample was extracted in 10 mL double 
distilled water and kept at room temperature for 
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24 h. Then, 250 μL of the extract was filtered 
and mixed with 250 μL 2 M sulfuric acid in a test 
tube. The tubes were placed on ice for 1 h. Next, 
200 μL cold KI-I2 reagent (made by dissolving 
15.7 g I2 and 20 g KI in 100 mL distilled water) 
was added to the tubes and mixed using a vortex 
mixer (model VX-200, International Inc., Edison, 
NJ, USA). The tubes were stored in a fridge for 
16 h before centrifuging at 10,000 g for 20 min. 
The pellet (periodide crystals) was dissolved in 
9 mL 1,2-dichloroethane and then kept at room 
temperature for 2 h. Finally, the absorbance was 
recorded at 365 nm. The GB content (mg g-1 DW) 
was determined using a standard curve. 

CARBOHYDRATE (SOLUBLE SUGARS AND STARCH) 
ASSAY

The phenol-sulfuric acid method was used to 
measure soluble sugars (Kochert, 1978). The dried 
and powdered leaf samples (0.1 g) were soaked in 
10 mL of 70% (v/v) ethanol for a week at 4°C. Then, 
0.5 mL of the solution was mixed with 1.5 mL 
distilled water and 1 mL of 5% (w/v) phenol. Next, 
5 mL of 98% (v/v) sulfuric acid was added and then 
the samples were placed at room temperature for 
30 min to cool down. The absorbance was recorded 
at 485 nm. The soluble sugar content (mg g-1 DW) 
was determined using a standard glucose curve.

The ethanol-soaked leaf samples from the 
soluble sugar content test were used to measure the 
starch content. The samples were filtered through 
filter paper (Whatman No. 2) and weighted after 
drying. The samples were placed in test tubes and 
mixed with 10 mL distilled water and heated on 
boiling water for 15 min. The samples were filtered 
again and made up to 25 mL of distilled water. The 
starch content was measured based on the phenol-
sulfuric acid method at 485 nm (Kochert, 1978). 
The standard curve for soluble sugars was also 
used to determine the starch content.

SHOOT COBALT CONTENT 

The powdered dried shoots (0.5 g) were digested in 
5 mL HNO3 (65% v/v) for 24 h and heated at 90°C 
for 1 h to digest the tissues. For more digestion, 
1 mL H2O2 (30% v/v) was added and the samples 
were placed on a hotplate (LMS-1002, Daihan 
LabTech, Korea) at 90°C until the mixture dried off. 
After cooling, their volume was brought to 25 mL 
with distilled water and cobalt content of the shoot 
was measured using an inductively coupled plasma 
optical emission spectrometer (ICP-OES; model 
SPECTRO ARCOS 76004555, SPECTRO Inc, Kleve, 
Germany) (Kalra, 1998).

STATISTICAL ANALYSIS 

All of the experiments were conducted in a com-
pletely randomized design and at least four 
independent repetitions. Statistical analyses were 
performed using one-way analysis of variance 
(ANOVA) by SPSS software, version 22.0 (IBM 
Corp, Armonk, NY, USA, 2013) and were expressed 
as the mean values ± SD. The significance of 
differences between treatments was evaluated using 
Duncan’s test at 5% probability level.

RESULTS AND DISCUSSION

CHARACTERIZATION OF Co3O4 NPS  

The TEM image exhibited spherical shapes of Co3O4 
NPs and size as >50 nm (Fig. 1a). According to the 
AFM measurement, the average size of Co3O4 NPs 
was 50 nm (Fig. 1b–c). DLS results revealed that the 
hydrodynamic size of cobalt oxide NPs was 26 nm 
(Fig. 1d). Also, the surface charge (zeta potential) of 
Co3O4 NPs dispersed in deionized water at pH 6.3 
was -21.37 mV (Fig. 1e). The structure of Co3O4 NPs 
was investigated using XRD at 2θ angles of 10°-80°) 
Fig. 1f (The diffraction peaks at 2θ angles: 19.25°, 
31.54°, 37.09°, 38.81°, 45.07°, 56.01°, 59.61° and 
65.51° corresponded to (111), (220), (311), (222), 
(400), (422), (511) and (440) planes and were 
readily indexed to a pure cubic phase structure 
(JCPDS file no. 01-074-2120) (Fig. 1f).

GROWTH PARAMETERS 
AND PHOTOSYNTHETIC PIGMENTS

The impacts of Co3O4 NPs on the shoot growth 
characteristics and photosynthetic pigments of 
canola are presented in Fig. 2. The results indicated 
that 50 and 100 mg L-1 of Co3O4 NPs enhanced the 
shoot length of canola by 12% and 10% compared 
with the control, respectively (Fig. 2a). Increasing 
concentration to 500 mg L-1 of Co3O4 NPs or above 
resulted in a significant reduction in the shoot length 
and the minimum one (59%) was related to 4000 mg 
L-1, compared with the control (Fig. 2a). The fresh 
weight (FW) of the shoot was enhanced with raising 
Co3O4 NPs concentration up to 100 mg L-1 (Fig. 2b). 
High concentrations of Co3O4 NPs led to a significant 
reduction in the FW of the shoot and the minimum 
one was obtained when 4000 mg L-1 was applied 
(Fig. 2b). A similar trend was observed in terms of 
dry weight (DW) of the shoot (Fig. 2c). Application 
of 50 mg L-1 of Co3O4 NPs increased the DW of the 
shoot by 8% compared with the control (Fig. 2c). 
The minimum DW of the shoot was related to 1000, 
2000, and 4000 mg L-1 of Co3O4 NPs (Fig. 2c). 
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In this study, the stimulatory effect of low doses 
of Co3O4 NPs on the shoot growth parameters may be 
related to the regulation of plant hormone synthesis 
and activation of enzyme systems determining growth 
processes. Similarly, the increment in the shoot 
and root length of Capsicum chinense exposed to 
100-300 mg L-1 of ZnO NPs was reported (Garcia-
López et al., 2019). Here, the suppressive effect 
of high doses of Co3O4 NPs on the shoot growth 
parameters may be due to the heightened levels 
of ROS and lipoperoxidation. In parallel with the 
presented results, the diminished FW and DW of 
maize subjected to 0-1000 mg kg-1 nano-Co3O4 was 
demonstrated by Bouguerra et al. (2019).

The results also showed that the content of 
chlorophyll a was increased at 50 and 100 mg L-1 
of Co3O4 NPs but was decreased at high 
concentrations and the minimum content was at 
2000 and 4000 mg L-1 (Fig. 2d). A similar trend 
was observed in chlorophyll b and the minimum 
content was at 4000 mg L-1 of Co3O4 NPs (Fig. 2d). 
The total chlorophyll content and chlorophyll 
a/b ratio were diminished beyond 250 mg L-1 of 
Co3O4 NPs (Fig. 2d-e). The carotenoid content 
was increased at 50 and 100 mg L-1 of Co3O4 
NPs but was reduced at high concentrations and 
the minimum one (42% of control) was related to 
4000 mg L-1 (Fig. 2f).

a

d e

f

b c

Fig. 1. Images of transmission electron microscopy (TEM; scale bar: 25 nm) (a), atomic force microscopy (AFM; scan 
area: 2 μm × 2 μm) (b–c), hydrodynamic diameter (d), zeta potential (e), and X-ray diffraction (XRD) (f) of Co3O4 NPs.
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It has been reported that NPs of cobalt oxide 
which is an inorganic catalyst may affect water 
photo-oxidation and chlorophyll synthesis (Jiao 
and Frei, 2009; Gopal, 2014). In this study, the 
enhancement of chlorophyll content at 50 and 
100 mg L-1 of Co3O4 NPs suggested the stimulation 
of chlorophyll biosynthesis. Similarly, Sonia and 
Thukral (2014) showed that Co3O4 NPs treatment 
(up to 200 mg kg-1) increased the contents of 
chlorophyll a, b, total chlorophyll, and the shoot 
length of Hordeum vulgare but decreased the root 

length. Also, the increment of carotenoid content in 
cilantro plants under 100 mg kg-1 of ZnO NPs was 
reported (Reddy Pullagurala et al., 2018). Under 
different environmental stressors, photosynthesis 
is affected (Borowiak et al., 2018; Skórska and 
Murkowski, 2018; Tighe-Neira et al., 2018). Here, 
reduction of photosynthetic pigments at high 
concentrations of Co3O4 NPs may be attributed 
to over-production of ROS and damages of 
photosynthetic apparatus and biomolecules. 
Therefore, reduction of the chlorophyll value as 

Fig. 2. Effects of spray application of Co3O4 NPs on the length (a), fresh weight (FW) (b), and dry weight (DW) (c) of the 
shoot and the contents of chlorophyll a, b, and total chlorophyll (d), ratio of chlorophyll a/b (e) and carotenoids (f) of 
canola. Means with the same letter do not differ significantly, Duncan’s test (P ≤ 0.05).
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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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Co3O4 NPs was observed. Similarly, the usage of 
200 μM of cerium heightened the DHA level and 
lowered GSH and the proportion of DHA/total 
ASC in Oryza sativa seedlings (Xu and Chen, 
2011). Furthermore, the lowered level of GSH in 
Arabidopsis subjected to 5.8 μM quantum dot NPs 
was observed (Navarro et al., 2012). In contrast, 
the incremented ASC in rice under 2.5–1000 mg L-1 
of nano-scaled CuO was reported (Da Costa and 

Sharma, 2016). In this study, the declined levels 
of ASC and GSH and the raised levels of DHA may 
be due to ROS accumulation, which may cause the 
interruption in ASC-GSH cycle and the decline in 
ASC and GSH recovery.

Flavonoids as non-enzymatic antioxidant 
components participate in neutralizing of free 
radicals (Skórska et al., 2019). In this study, the 
enhancement of flavonoid and flavonol contents 

Fig. 3. Effects of spray application of Co3O4 NPs on the contents of H2O2 (a), malondialdehyde (MDA) (b), other alde-
hydes (c) lipoxygenase (LOX) enzyme activity (d), membrane stability index (MSI) (e), and shoot cobalt accumulation 
(f) of canola. Means within a column with the same letter do not differ significantly, Duncan’s test (P ≤ 0.05). 
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Fig. 4. Effects of spray application of Co3O4 NPs on the contents of ascorbate (ASC) (a), dehydroascorbate (DHA) (b), 
ASC/DHA ratio (c), glutathione (GSH) (d), total flavonoids (e), flavonols (f), and antioxidant capacity (DPPH) (g) of canola 
leaves. Means with the same letter do not differ significantly, Duncan’s test (P ≤ 0.05).
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may protect the cellular components from 
damages of oxidative stress caused by NPs. These 
observations were congruent with the findings of 
Zafar et al. (2016) on Brassica nigra subjected 
to 500–1500 mg L-1 of CuO NPs. Also, the 
incremented levels of total flavonoids in eggplant 
(Solanum melongena) exposed to three different 
NPs (ZnO, NiO and CuO) were demonstrated 
(Baskar et al., 2018).

The results showed that the antioxidant 
capacity was increased with higher concentrations 
(500–2000 mg L-1) of Co3O4 NPs but was 
diminished at 4000 mg L-1 (Fig. 4g). Similarly, 
Mohsenzadeh and Moosavian (2017) demonstrated 
the increment in antioxidant capacity in rosemary 
(Rosmarinus officinalis) leaves subjected to nano-
scales ZnO NPs.

COMPATIBLE OSMOLYTES 
AND CARBOHYDRATE CONTENTS 

The impacts of Co3O4 NPs on compatible osmolytes 
and carbohydrate contents of canola are presented 
in Fig. 5. The results showed that the content of 
proline was elevated upon usage of Co3O4 NPs up 

to 1000 mg L-1, but it was decreased at higher 
concentrations (Fig. 5a). A similar trend was 
observed in GB content and the maximum one was 
related to 2000 mg L-1 of Co3O4 NPs (Fig. 5b). 

Proline and GB as compatible osmolytes 
protect plants under environmental stresses 
(Singh et al., 2015). In this study, the increased levels 
of proline and GB in response to high concentrations 
of Co3O4 NPs could be a biochemical adaptation to 
scavenge ROS. Similarly, in rice, the increment of the 
proline level due to the usage of 1000 mg L-1 of nano 
scaled-CuO was reported (Da Costa and Sharma, 
2016). Also, the raised proline content in wheat 
subjected to 25–50 mg mL-1 of nano-sized Al2O3 was 
observed (Yanik and Vardar, 2018).

The results showed that high concentrations 
of Co3O4 NPs increased the soluble sugar content 
in leaves and reached the maximum value (38% 
of control) at 1000 mg L-1 (Fig. 5c). The starch 
content was stable up to 250 mg L-1 of Co3O4 NPs, 
but it was reduced at higher concentrations. The 
minimum starch value was observed when 2000 or 
4000 mg L-1 of Co3O4 NPs were applied (Fig. 5d). 

Carbohydrates have several functions in 
plants, ranging from energy storage to signalling 

Fig. 5. Effects of spray application of Co3O4 NPs on the contents of proline (a), glycine betaine (GB) (b), soluble sugars (c), 
and starch (d) of canola leaves. Means within a column with the same letter do not differ significantly, Duncan’s test 
(P ≤ 0.05).
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and plant adaptation in environmental stresses 
(Sami et al., 2016). In this study, reduction of 
starch and accumulation of soluble sugars as 
possible oxidative stress indicators could provide 
energy and solutes for osmotic adjustment at high 
concentrations of Co3O4 NPs. Similarly, nano-scaled 
CuO (50–200 mg kg-1) diminished the starch value in 
oregano (Origanum vulgare) leaves (Du et al., 2018). 
In another study, the increase of soluble sugars in 
rosemary leaves subjected to 4000 and 7000 mg L-1 
of nano-sized ZnO was reported (Mohsenzadeh and 
Moosavian, 2017). Also, the increment of soluble 
sugars in wheat subjected to 1500 mg L-1 of nano Zn 
and Fe oxide was demonstrated (Babaei et al., 2017). 

Overall, canola showed a dual response to 
different concentrations of Co3O4 NPs. Canola 
growth and photosynthesis were stimulated at low 
concentrations of Co3O4 NPs, whereas canola was 
susceptible to high concentrations of Co3O4 NPs 
despite the activated defence and osmoregulating 
system and eventually it showed phytotoxicity 
symptoms of Co3O4 NPs. In addition, a schematic 
image of the present study is displayed in 
Supplementary Fig. S2. 

CONCLUSION

Nowadays, the beneficial and toxic impacts of 
Co3O4 NPs in plants are still in its infancy and have 
remained largely unexplored. In this study, the 
impact of Co3O4 NPs on canola was concentration-
dependent. In most cases, lower concentrations 
of Co3O4 NPs (50 and 100 mg L-1) had positive or 
no significant effects on morpho-physiological or 
biochemical parameters. Despite the accumulation 
of non-enzymatic antioxidants and compatible 
osmolytes, toxic effects of high concentrations 
of Co3O4 NPs may interfere with plant functions 
and cause physiological damages such as lipid 
peroxidation and cell membrane instability. It can 
be concluded that the plant defence strategy did not 
have enough efficiency to endure Co3O4 NPs toxicity. 
The results suggested the necessity of phytotoxicity 
studies of Co3O4 NPs to understand their functional 
mechanisms in other crop plants.
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