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ABSTRACT

Soil salinisation is one of the main abiotic stresses decreasing crop productivity. Here, we show that
the plant treatment with iron oxide (Fe3O4) nanoparticles (NPs) may be a promising solution for
reducing the negative impact of soil salinity on plant performance. For this purpose, effects of the
NPs on growth, photosynthesis, pro-/antioxidant, redox balance and the content of mineral
elements in 19-day-old wheat (Triticum aestivum) plants under soil salinity were studied. Seed
treatment with NPs (200 and 500 mg L−1) enhanced growth and photosynthetic rate in leaves.
Moderate salinity stress (150 mM NaCl) led to a decrease in plant biomass as well as the rate of
photosynthesis and PSII activity; leaf photosynthetic characteristics were also suppressed
by lower (75 mM NaCl) salinity treatment. However, seed pre-treatment with the NPs partially
eliminated the negative effect of the salt on growth, PSII activity and photosynthesis. Also, we
observed a decrease in the content of malondialdehyde (MDA) and an increase in ascorbate and total
peroxidase activity in the plant leaves upon combined treatment with NaCl and the NPs compared
with treatment with NaCl alone. The combined treatment with the NPs and salinity also led to a
noticeable increase in the content of Fe and Mn in the shoot. It was concluded that Fe3O4 NPs can
enhance plant growth by improving photosynthetic characteristics, antioxidant balance and the
availability of iron and manganese ions, under conditions of soil salinisation.

Keywords: antioxidants, growth, iron oxide, nanoparticles, photosynthesis, soil salinity, stress,
Triticum aestivum L.

Introduction

In recent decades, abiotic stressors such as extreme temperatures, salinity, drought, 
flooding and various toxic compounds have been increasingly affecting plant growth and 
development as well as product quality (Qamer et al. 2021). To mitigate these detrimental 
effects, it is necessary to develop new biotechnologies that can increase plant tolerance to 
various stressors. One of the most promising new strategies is the application of synthetic 
nanoparticles (NPs) as bioactive stimulants and micro-fertilisers (Abhilash 2010; Ahmad 
and Akhtar 2019; Usman et al. 2020). Such application was shown to increase productivity 
of various crops by improving seed germination, enhancing synthesis of various 
metabolites, particularly proteins, and improving the balance between antioxidants and 
prooxidants (Bakhtiari et al. 2015; Rui et al. 2016; Amjad et al. 2018; Singh et al. 2021). 
They also reduce environmental risks of different chemical fertilisers and increase fertiliser 
use efficiency (Baruah and Dutta 2009; Bakhtiari et al. 2015). In this context, seeds priming 
is considered as more environmentally friendly due much less contamination of soil while 
using this technology. Also, in a contrast to micronutrients applied in ionic form, 
micronutrients delivered by NPs penetrate in the plants more gradually and can be 
considered as analogues of slow-release fertilisers. 

NPs have unique properties that depend on such characteristics as their size, shape, 
chemical composition and pH of the medium (Wang et al. 2011; Elfeky et al. 2013); all 
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these factors will affect their efficiency as both micro-
fertilisers and regulators of plant adaptive responses to 
hostile environment. The advantages of NPs are their high 
activity, effective penetration into various plant organs and 
relatively small amounts when used compared to ionic 
and chelate forms (Ghafari and Razmjoo 2013). As such, 
beneficial effects of NPs applications on crop yield (Torney 
et al. 2007; Singh et al. 2021) and photosynthesis (Liu et al. 
2017; Mohamed et al. 2017; Feng et al. 2022) were reported. 
However, the patterns, pathways of action and targets of 
NPs under stress conditions on photosynthesis and other 
metabolic processes are poorly understood. 

Iron is an essential micronutrient that plays a key role 
in the regulation of plant growth and development, being 
involved in numerous processes of metabolism and biosynthesis 
of chlorophyll, photosynthesis and dark respiration (Iannone 
et al. 2016; Siddiqi et al. 2016; Rizwan et al. 2019). As 
biological iron availability for plants is strongly affected by 
soil pH, iron deficiency is common phenomenon in plants 
growing on many soils (Mazaherinia et al. 2010). Iron 
uptake is also severely affected in plants under stress. Thus, 
application of nano-iron in various forms (Fe, FeO, Fe2O3, 
Fe3O4) under stress conditions may provide an efficient 
way of mitigating symptoms of iron deficiency and enhance 
plant performance in hostile soils. 

One of major constraints on crop production is soil salinity 
(Pan et al. 2021). Accumulation of salts such as NaCl is the 
most important reason for the reduction of cultivable land 
(Ahmad and Akhtar 2019). However, the decrease in 
photosynthetic rate and crop productivity due to salt stress 
can be avoided by applying NPs. For example, application of 
FeO NPs to soil at all tested concentrations markedly 
increased K+ uptake by wheat (Triticum aestivum) plants, but 
at the same time decreased the amount of Na+ accumulated in 
the shoot (Manzoor et al. 2021). Also, application of Ag-based 
NPs improved germination percentage, increased fresh and 
dry weight of seedlings and finally provided better survival 
and growth of Lathyrus sativus under saline conditions 
(Hojjat 2019), and beneficial effects of ZnO NPs on growth 
of Lupinus termis were also reported (Abdel Latef et al. 2017). 

Earlier, we showed that treatment of seeds with iron oxide 
(Fe3O4) NPs led to an increase in photosynthetic rate and 
antioxidant potential of wheat plants (Feng et al. 2022). 
Importantly, no negative effects of Fe3O4 NPs were reported 
over a wide range of concentrations tested (Rizwan et al. 
2019; Feng et al. 2022). Thus, we have postulated that Fe3O4 
NPs may be suitable to ameliorate detrimental effects of 
salinity stress on plant photosynthesis (and overall growth). 
Experiments were conducted on wheat, the second most 
important staple food crop in the world. Wheat is considered 
to be sensitive to salinity, with its salinity threshold being 
6 dS m−1 (Maas and Hoffman 1977) and most varieties dying 
or failing to set-up grain at salinities exceeding 150 mM 
NaCl (Cuin et al. 2009). The latter occur due to numerous 
constraints imposed by salinity stress (van Zelm et al. 2020; 

Zhao et al. 2020). One of them is osmotic stress (the 
lowering of the external water potential) that compromises 
a plant’s ability to take up water. Prolonged exposures to 
salinity also result in a major nutritional imbalance and 
elemental (mostly Na+ and Cl−) toxicities. As a result, plant 
ability for CO2 assimilation is compromised, due to both 
stomatal and non-stomatal limitations (Pan et al. 2021). 
Finally, salinity stress results in a rapid increase in amount 
of reactive oxygen species (ROS) in plant tissues, causing a 
major damage to key cellular structures (Ozgur et al. 2013) 
and disturbing plant ion homeostasis by direct activation of 
numerous ion channels in cellular membranes (Demidchik 
2015; Shabala et al. 2016). Accordingly, plant tolerance to 
salinity is conferred by a large number of complementary 
mechanisms involved in control of Na+ uptake, long-distant 
transport, and sequestration; K+ retention; optimising stomata 
operation; and maintain redox balance (Wu et al. 2018; van 
Zelm et al. 2020; Zhao et al. 2020). 

In the light of above, this work aimed to elucidate impact of 
salinity and potential ameliorative effects of NP on growth, 
photosynthesis, redox balance and ion content in wheat 
plants. Our working hypothesis was that NP treatment may 
ameliorate detrimental effects of salinity by affecting ROS-
mediated ionic homeostasis in plant tissues. 

Materials and methods

Plant material and growing conditions

Seeds of wheat (Triticum aestivum L. cv. Moscow 35) were 
obtained from Rusagro Group of Companies (Moscow, 
Russia). The seeds were sterilised in 5% hydrogen peroxide 
solution for 10 min followed by a thorough rinsing with 
deionised water. Iron oxide nanoparticles (Fe3O4 NPs) sized 
80–110 nm (99% purity; Advanced Powder Technology, 
Tomsk, Russia) were used in the study. The particles were 
prepared in double-distilled water and subjected to 20 min 
treatment with an ultrasonic generator UZG13-0.1/22 
(Ultrasonic Technologies, St. Petersburg, Russia) at a 
frequency of 22 kHz. Working concentrations of Fe3O4 

varied from 40 to 500 mg L−1. 
Wheat seeds were treated with Fe3O4 solution while 

shaking in tubes for 6 h with a shaker (Rotamix RM-1; ELMI, 
Riga, Latvia). In some experiments, iron citrate FeC6H5O7 

(200 mg L−1) was used instead of Fe3O4 NPs. As a control 
sample, seeds were not treated with Fe3O4 NPs but were 
shaken in an aqueous solution for 6 h or in iron citrate 
solution in the same concentrations as Fe3O4 NPs. Seeds were 
then washed and placed on a moist filter paper in Petri dishes, 
which were placed in a thermostat at 23 ± 0.5°C for 2 days 
under weak illumination (5 μmol quanta m−2 s−1). 

For planting, uniform seedlings of about 1 cm in size were 
selected and transplanted into 1.2 L plastic pots filled with a 
soil mixture containing a mixture of top and bottom peat, 
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washed sand, and lime flour (Garden Retail Service, 
Ivanteevka, Russia), The soil contained 250 mg kg−1 nitrogen, 
400 mg kg−1 phosphorus, 500 mg kg−1 potassium, and 
micronutrients (pH 6.5). Plants were then grown for 18 days 
under white LED lamps at 24 ± 1°C and irradiation levels of 
300 μmol (photons) m−2 s−1 at 16-h photoperiod. Six days 
after soaking the NaCl solution (either 75 or 150 mM) was 
added to pots. Two vessels with 32 plants were used for each 
treatment. At the end of experiment, plant photosynthetic and 
biochemical characteristics were measured, and plants were 
harvested for an agronomical assessment (fresh and dry 
weight). The youngest fully developed leaf (leaf 3) was 
used for analysis. 

Photosynthetic activity

To assess PSII activity, fluorescence parameters that 
characterise the state of the photosynthetic apparatus were 
determined. They were calculated on the basis of Chl a 
fluorescence induction curves, by analysing the data of 
rapid fluorescence induction kinetics in dark adapted leaves 
(JIP-test). To record the induction curves, we used the 
fluorometer described previously (Kreslavski et al. 2014), 
which allows recording of chl a fluorescence induction curves 
at 1-ms intervals and at 10-μs intervals within the first ms. 

The curves were recorded in the 1-s interval at a saturation 
light intensity of 5000 μmol quanta m−2 s−1 at λm = 455 nm. 
Based on the obtained induction curves, fluorescence para-
meters were calculated: DI0/RC and FV/F0, which denote 
quantum efficiency of energy dissipation in PSII and 
PSII maximum quantum yield, respectively. Also, the PSII 
performance index PIABS was calculated. 

PIABS = ðFV=FMÞ=ðM0=VJÞ × ðFV=F0Þ × ð1 − VJÞ=VJÞ (1) 

M0 = 4 ms  ðF300ms − F0Þ=ðFM − F0Þ (2) 

VJ = ðF2ms − F0Þ=ðFM − F0Þ (3) 

where M0 is the average value of the initial slope of the 
relative variable fluorescence of chl a. M0 reflects the rate 
of closure of PSII reaction centres, and VJ is the relative 
level of fluorescence in phase J after 2 min. 

The rates of photosynthesis, respiration, and transpiration 
as well as the value of stomatal conductance were determined 
using a LCPro+ infra-red gas analyser from ADC Bio-Scientific 
Ltd. (Hoddesdon, UK) connected to a 6.25 cm2 leaf chamber. 
Photosynthetic rate was measured at a saturating light 
intensity of 1200 μmol quanta m−2 s−1, and respiration rate 
was measured in the dark. Leaf samples were placed in the 
chamber so that the portion between the central and upper 
leaf regions was in the study area, and then light with an 
intensity of 1200 μmol quanta m−2 s−1 was turned on. 

Photosynthetic pigments

Concentrations of chl a and b and carotenoids (Car) in 
pigment extracts were determined spectrophotometrically 
in 80% acetone as described by Lichtenthaler (1987), using 
a spectrophotometer (Genesis 10UV, Thermo Spectronic, 
Waltham, MA, USA). 

Lipid peroxidation and enzyme activity

The intensity of lipid peroxidation was assessed by measuring 
malonic dialdehyde (MDA) content using the method 
(Uchiyama and Mihara 1978). A total of 0.25 g of leaves 
were grinded in a mortar with 2 mL of chilled 100 mM 
K-phosphate buffer (pH 7.5) containing 0.1 mM ethylenedi-
aminetetraacetic acid (EDTA). The homogenate was then 
centrifuged for 15 min at 13 000g at 4°C. The reaction 
mixture consisted of equal proportions (v/v) of the supernatant 
and a solution that contained 0.8% thiobarbituric acid and 20% 
trichloroacetic acid. The mixture was heated in boiling water 
for 15 min, then quickly cooled with ice and centrifuged at 
15 000g for 5 min. 

Ascorbate peroxidase (APX) activity was determined 
according to the method described by Veljovic-Jovanovic 
et al. (2006) with some modifications by measuring the 
absorbance decrease at 290 nm (ε = 2.8 mM−1 cm−1) in the 
reaction mixture (2 mL) containing 50 mM K-phosphate 
(pH 7.2), 0.3 mM ascorbate, 0.1 mM H2O2 and 100 μL extract. 
A mixture without ascorbate was used for a comparison. The 
activity of guaiacol-dependent peroxidase (POD) was 
determined as described elsewhere (Chance and Maehly 
1955; Maehly 2006). Enzyme activity was measured by an 
increase in absorbance at 470 nm (ε = 26.6 mM−1 cm−1) 
compared with controls without the enzyme. Estimation of 
specific enzyme activity was performed on the basis of a 
crude biomass of plant material. 

Proline content and protein determination

Determination of the amount of free proline (Pro) was carried 
out according to the method of Bates et al. (1973). Dry plant 
material (20 mg) was homogenised in 4 mL of 3% 
sulfosalicylic acid. After centrifugation at 15 000g for 
15 min, 2 mL of the supernatant was mixed with 2 mL of 
glacial acetic acid and 2 mL of ninhydrin solution (2.5% 
ninhydrin was dissolved in a mixture of glacial acetic acid 
and 6 M phosphoric acid, 3/2, v/v). The reaction mixture 
was incubated at 100°С for 1 h. The reaction was stopped 
by placing the samples in an ice bath, then 4 mL of toluene 
was added, shaken, and the absorbance of the toluene 
fraction was measured at 520 nm. Pro content (μg g−1 DW) 
was determined from a calibration curve. 

Total protein content was determined using the method of 
Bradford (1976). 
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Leaf elemental content

To determine the elements, the plant material was dried for 
2 days at 85°C and then manually grinded in a mortar. The 
content of Ca, K, Na, Cl, Mg, P, S, Mn and Fe in various wheat 
tissues was determined by X-ray fluorescence method 
(S6 Jaguar Spectrometer, Bruker, FRG, Billerica, MA, USA) 
according to the protocol described by Towett et al. (2013) 
and presented as % of DW. 

Statistics

At least 12 plants for each treatment were used to calculate 
growth rates. Between 6 and 12 leaves selected from two 
growth containers were used to measure chlorophyll 
fluorescence and to estimate enzymatic activity, malonic 
dialdehyde and pigment content. The data presented in the 
tables and figures are mean values ± s.d., where n represents 
a pooled sample of three to four biological replicates. 
Significance of differences between several groups was 
performed using a one-factor analysis of variance (ANOVA) 
and Tukey’s multiple comparison test. For data processing 
and statistical analysis, we used R 3.5.0 (R Foundation for 
Statistical Computing, Vienna, Austria, 2017). 

Results

Growth, leaf gas exchange, and pigment
composition

Salinity stress has reduced plant biomass in a dose-dependent 
manner; seed pre-treatment with NPs has reversed this effect 
(Fig. 1a). Salt treatment also significantly decreased activity 
of leaf photosynthetic machinery as evident in a decline in 
chlorophyll fluorescence characteristics such as PSII maximal 
quantum yield (Fv/Fm ratio; Fig. 2a) and PSII performance 
index (PIABS; Fig. 2b) but increased the value of heat 
dissipation (DI0/RC; Fig. 2c). Treatment with NPs did not 
affect any of these parameters under control conditions. 
However, leaf photosynthetic characteristics were improved 
in NP-treated plants. The effect was specific to NPs, as 
mock controls using pre-treatment with equivalent concentration 
of citrate did not ameliorate the inhibitory effect of the salt 
treatment on PSII operation. 

Photosynthetic rates were higher in plants treated with NP 
(Table 1, Fig. 3). Salinity stress reduced the rate of net CO2 

assimilation in a dose-dependent manner (Fig. 3) but this 
reduction was ameliorated in NP-treated plants. However, the 
positive effect of iron citrate pre-treatment was absent sug-
gesting the effect was specific to NPs. The similar conclusion 
was made for effect of NPs on leaf respiration (Table 1). 

No noticeable increase in pigment content was observed 
in NPs-treated plants under control conditions (Fig. 4a, b). 
However, Fe3O4 NP treatment relieved the negative effect 

Fig. 1. Effect of salt treatments on the fresh weight of the third leaf
(a) and total shoot fresh weight (b) in plants treated with two concen-
trations of Fe3O4 NPs (200 mg L−1, abbreviated as +NPs(200); and
500 mg L−1, abbreviated as +NPs(500)). Data is means ± s.d. (n = 12).
Data labelled with different letters is significantly different at P < 0.05.

of salinity on photosynthetic pigments content leading to 
increased chl (a + b) content reduced by salinity. 

Redox characteristics, proline (Pro) content and
elemental composition

Activity of APX was not affected by NP treatment under 
control conditions but increased in salt (150 mM) grown 
plants (Fig. 5a). Activity of POD was increased in NP-treated 
and salt-grown plants (Fig. 5b). The MDA content was 
increased upon salinity exposure (Fig. 5c). NPs treatment 
has markedly decreased MDA content in leave in salt-grown 
plants. Pro content data showed no obvious trends (Fig. 6), 
with most changes being physiologically not significant. 

Sodium and chloride content has significantly increased in 
plant leaves under saline conditions (Fig. 7a, b), and treat-
ment with NPs had only very minor effect (a small reduction 
in Cl content; no impact on Na content). However, both Fe and 
Mn content was drastically increased in NP-treated plants 
exposed to salinity while no difference was reported for 
control plants. 
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Fig. 2. Effect of salt treatment on chlorophyll fluorescence charac-
teristics in plants treated with 500 mg L−1 Fe3O4 NPs. (a) maximal
quantum yield of PSII (Fv/Fm ratio); (b) performance index (PIABS);
(c) PSII energy dissipation (DI0/RC). Data is means ± s.d. (n = 12).
Data labelled with different letters is significantly different at P < 0.05.

The content of mineral nutrients in the seeds was lower 
than in shoots. Plant treatment with NPs has significantly 
reduced seed Na and increased seed Fe content (Fig. 7a, c). 

Discussion

Treatment of wheat seeds with Fe3O4 NPs is known to 
positively affect the growth and photosynthesis of wheat 

Table 1. Effect of salt treatment on relative (% of control) rates of
CO2 assimilation (Pn) and respiration (R) of the third leaf of wheat
plants treated with 200 mg L−1 Fe3O4 NPs.

NaCl concentration NP content Pn (% of R (% of
(mM) (mg L−1) control) control)

0 0 100 ± 4b 100 ± 7ab

75 0 91 ± 5b 92 ± 6b

0 200 132 ± 6a 126 ± 8a

75 200 161 ± 10a 85 ± 5b

0 200 IC 105 ± 5b 109 ± 8ab

75 200 IC 68 ± 4c 58 ± 5c

Data is means ± s.d. (n = 6). Data labelled with different letters is significantly
different at P < 0.05. Plants treated with iron citrate (IC) were used as mock
controls for NP treatments.

Fig. 3. Effect of salt treatment on net CO2 assimilation in plants
treated with 500 mg L−1 Fe3O4 NPs. Data is means ± s.d. (n = 6).
Data labelled with different letters is significantly different at P < 0.05.

plants (Rizwan et al. 2019; Feng et al. 2022). In particular, 
treating plants with 200 mg L−1 and 500 mg L−1 Fe3O4 NPs 
was beneficial for photosynthetic pigments content, photosyn-
thetic rate, and leaf carbon consumption (Feng et al. 2022). 
We then hypothesised that these treatments may ameliorate 
the inhibitory effect of NaCl salinity on plant growth and 
photosynthesis. Indeed, this was the case (Figs 1 and 3, 
Table 1). Similar data were reported earlier for ameliorative 
effects of Fe3O4 NPs on plant responses to cadmium stress 
(Rizwan et al. 2019; Manzoor et al. 2021). 

Salinity stress disturbs plant ionic homeostasis and results 
in reduced K+/Na+ ratio in the cytosol as well as increased 
production of ROS in various cellular compartments (Shabala 
2009). In our case, NPs treatment had no physiologically 
relevant effects on plant Na content, however reducing the 
extent of oxidative stress (as judged by MDA data; Fig. 5). 
Apparently, NPs treatment does not reduce Na influx but 
affects the pro-/antioxidant balance in leaves. This is consistent 
with our data on an increase in guajacol-dependent peroxidase 
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Fig. 4. Effect of salt treatment on pigment content in plants treated
with 500 mg L−1 Fe3O4 NPs. (a) chlorophyll content; (b) carotenoid
content. Data is means ± s.d. (n = 6). Data labelled with different
letters is significantly different at P < 0.05.

and ascorbate peroxidase activity and a decrease in MDA 
content at joint treatment with NPs and NaCl compared 
with the treatment with NaCl alone. Apparently, treatment 
of seeds with NPs leads to accumulation of the Fe3O4 in the 
seeds, which is consistent with the greater accumulation of 
iron in the treated seeds (Fig. 7). NPs penetrate in the 
wheat upper organs and likely induce weak oxidative stress 
and as a result increase in antioxidant potential in leaves. 
This possibility is considered in the literature (Wang et al. 
2016; Gupta et al. 2018). 

The lack of impact of NP on shoot Na+ content in salt-
grown plants was surprising, given previous reports in the 
literature (see review by Li et al. 2022). The possible 
explanation is that salinity tolerance in plants is determined 
not by an absolute value of amount of Na+ accumulated in 
the tissue but its content in the cytosol. For obvious reasons, 
whole-leave ion analysis does not allow to differentiate 
between Na+ distribution in vacuolar and cytosolic compart-
ments. Additional experiments using fluorescence Na+ dyes 
(such as CoroNa Green; Wu et al. 2018) are required. Also, 
plant tissue tolerance is conferred by the cytosolic K/Na 
ratio, not just Na+ content. It can be envisaged that NP 

Fig. 5. Effect of salt treatment on antioxidant activity and redox
relations in plants treated with 500 mg L−1 Fe3O4 NPs. (a) APX activity;
(b) POD activity; (c) MDA content. Data is means ± s.d. (n = 6). Data
labelled with different letters is significantly different at P < 0.05.

treatment might affected K+ uptake or retention in leaf 
mesophyll, thus improving plant tissue tolerance without 
affecting Na+ transport. 

There are a number of studies that analyse the possible 
pathways of action of various NPs under stress factors 
associated with induction of antioxidant system and their 
link with intake of micro and macro elements from soil (Liu 
et al. 2017; Mohamed et al. 2017; Rizwan et al. 2019; Venzhik 
et al. 2021; Feng et al. 2022). Specifically, it has been 
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Fig. 6. Effect of salt treatment on proline content in plants treated
with 500 mg L−1 Fe3O4 NPs. Data is means ± s.d. (n = 6). Data
labelled with different letters is significantly different at P < 0.05.

suggested that the mechanisms of salt tolerance induction 
during NP treatment depend on Pro metabolism, ion accumu-
lation, and defence mechanisms associated with increased 
antioxidant activity (Wahid et al. 2020). One of the ways in 
which low molecular weight antioxidants such as Pro act 
under stress is their ability to bind metal ions with variable 
valence and thus inhibit non-enzymatic free radical 

processes (Liang et al. 2013). However, in our case, Pro 
changes were physiologically insignificant to explain the 
observed phenotype (Fig. 6). On another hand, under salt 
stress activity of antioxidant enzymes such as POD and APX 
in NP-treated plants increased (Fig. 5). 

In our case, the reduction in the inhibitory effect of NaCl 
treatment on photosynthesis due to NPs application seems 
to be associated with the enhancement of antioxidant 
activity in plant leaves. This is manifested by an increase in 
both total peroxidase and APX activities (Fig. 4), which are 
critical antioxidant enzymes (Bela et al. 2015). Fe is known 
to be a key determinant of the biological functions of a large 
number of cellular enzymes in organelles and its presence is 
important for maintaining photosynthesis, respiration, and 
growth processes (Briat et al. 2015). Manganese is also 
important for photosynthetic processes. An enhancement of 
primary photochemical processes was also observed in 
plants grown from NP-treated seeds and then exposed to salt 
treatment compared to plants exposed to the salt treatment 
alone (Fig. 2). It follows that the maintenance of photosyn-
thesis under the combined action of salt stress and seed 
pre-treatment seems to be partly due to the enhancement of 
photochemical processes in plants due to the positive effect 
of Fe3O4 NPs pre-treatment. However, iron in ionic form 
(iron citrate) did not activate photosynthetic processes 
(Table 1). 

Fig. 7. Effect of salt treatment on leaf elemental composition in plants treated with 500 mg L−1 Fe3O4 NPs. (a) Sodium,
(b) chloride, (c) iron and (d) manganese. Data is means ± s.d. (n = 6). Data labelled with different letters is significantly
different at P < 0.05.
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Taken together, the negative effect of salinity on growth 
and photosynthesis is likely not a consequence of a marked 
decrease in sodium ions in leaves or an increase in potassium 
ions (data not shown), but rather a consequence of a decrease 
in oxidative stress characterised by MDA level (Fig. 5). The 
reason for the decrease appears to be the increased activity 
of antioxidant enzymes such as different peroxidases due to 
increased availability of Fe and Mn. The explicit proof for 
this hypothesis may come from experiments using mutants 
with altered antioxidant activity or by using gene editing 
tools such as CRISP/R. 

The dual role of NPs is known; on the one hand, they act as 
inducers of oxidative stress, and on the other hand, they can 
counteract the development of stress and increase the potential 
of the plant antioxidant system (Rui et al. 2016; Askary et al. 
2017; Amjad et al. 2018; Singh et al. 2021). Seed treatment 
with nanomaterials appears to provide a sustainable and 
inexpensive tool for enhancing plant stress tolerance at the 
initial stress vulnerable stage (Wahid et al. 2020). Thus, 
treatment of wheat seeds with Fe3O4 NPs resulted in decrease 
in the negative effects of salinity on plant growth and photo-
synthesis. Less inhibition of the growth in plants grown from 
seeds treated with the NP appear to be due to a higher rate of 
photosynthesis and increased respiration as well as a higher 
antioxidant potential in the leaves of these plants. Thus, 
the use of NPs can contribute to the sustainability goal of 
increasing crop yields by using a sufficiently safe and environ-
mentally friendly nanobiotechnology. 
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