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Zhu et al.18 investigated the effect of Fe3O4-NPs on pumpkins (Cucurbita maxima) and found that they can 
absorb, displace and accumulate nanoparticles in tissues.

The application of super paramagnetic iron oxide NPs (SPION)17 resulted in the increased chlorophyll levels 
in soybean leaves. Spherical Fe0-NPs and Fe3O4-NPs caused the inhibition of germination and leaf extension in 
soft wheat (Triticum vulgare Vill.)19. Fe-NPs positively influenced the germination and growth of wheat seedlings 
during exposure to drought and excessive salt - an increase in the weight and length of seedlings, shoots and roots 
was observed20.

Shrivastava et al.21 and Das et al.22 used aqueous suspension of non-paramagnetic nanoparticles of iron pyrite 
of (FeS2 + H2O) for the treatment of spinach seeds. In both cases aqueous suspension of nano iron pyrite, signif-
icantly increased the yield of spinach.

In the first experiment, seeds were soaked in an aqueous nanoparticle’s suspension and sown in the field. Seeds 
treated with water were used as control. The crop yields from iron-pyrite nanoparticle - treated seeds and control 
seeds were evaluated. The plants developed from nanoparticle - treated seeds exhibited significantly broader leaf 
morphology, larger leaf numbers, increased biomass; along with higher concentration of calcium (Ca), manga-
nese (Mn) and zinc (Zn) in the leaves as compared to control.

To reduce the concentration of H2O2 generated during seed treatment with aqueous FeS2 nanoparticle’s sus-
pension nano-ceria oxide CeO2 was added to the suspension. It was found that application of FeS2 resulted in 
obtaining leaves with increased chlorophyll and carbohydrate content which additionally were bigger than in the 
case of treatment with water (control), nano-CeO2 or FeS2 + CeO2. It was found that while nano-FeS2 hastened 
the germination and functioned as a seed vigor enhancer, nano-CeO2 had an opposite effect. The obtained results 
can be used to accelerate or delay germination, manipulate the weed population, store seeds in critical conditions 
and during other agro-technical treatments22.

The use of iron oxide nanomaterials in environmental protection technology has gained a lot of attention 
due to their unique properties: very small size, high surface area to volume ratio, surface modifiability, enhanced 
magnetic properties and excellent biocompatibility23. Celebi et al.24 used zero-valent iron nanoparticles (nZVI) 
to remove Ba2+ ions and Boparai et al.25 for removing Cd2+ ions, respectively. In order to remove water pollution 
with Cr6+, amorphous FeB alloy modified magnetite nanocomposites (Fe3O4-FeB) were used26. The removal of 
Pb2+ and Cd2+ traces from milk, human urine and blood plasma by selective ionic liquid ferrofluid in dispersive 
solid phase extraction was carried out by Ramandi and Shemirani27. Li and Zhang28 showed that Fe-NPs act as a 
sorbent and reductant when used to sequestrate Ni2+ in water.

For the removal of Pb2+ from the aqueous solution, synthesized kaolin-supported nanoscale zero-valent iron 
(K-nZVI)29 was used, which was also effective in removing Ni2+, Cd2+, Pb2+ (98.8%) and Cr (99.8%) from gal-
vanic sewage.

Ge et al.30 used Fe3O4 polymer-modified magnetic nanoparticles to remove heavy metal ions (Cd2+, Zn2+, 
Pb2+ and Cu2+) from an aqueous solution.

Surface-active magnetic Fe3O4-NPs showed superparamagnetic behavior and a high effectiveness in remov-
ing toxic metal ions (Cr3+, Co2+, Ni2+, Cu2+, Cd2+, Pb2+ and As3+) and bacteria from contaminated water31 
Badruddoza et al.32 produced carboxymethyl-β-cyclodextrin-modified Fe3O4 nanoparticles (CMCD-MNPs) to 
remove Cu2+ ions from the aqueous solution.

Bimetallic iron nanoparticles possess significantly better physical and chemical properties (including mag-
netism) and the ability to reduce various metals as compared to mono-metallic Fe-NPs33.

Ferromagnetic carbon-coated Fe-NPs showed the ability to remove more than 95% of Cr6+ in wastewater by 
means of physical adsorption on coating34 containing certain amount of a carboxylic functional group. Wang 
et al.35 developed a novel magnetic nanocomponent (core-shell) Fe3O4@SiO2 to remove heavy metal ions from 
aqueous media.

Studies on the use of Fe2O3-NPs for the selective removal of toxic metals (Cr6+, Cu2+ and Ni2+) from indus-
trial wastewater have shown that the adsorption process is solution pH-dependent36. Liu et al.37 used Fe3O4-NPs 
coated with humic acid (Fe3O4/HA), to remove more than 99% of Hg2+ and Pb2+ and more than 95% of Cu2+ 
and Cd2+ from water. Savina et al.38 developed nanocomposite materials in which Fe-NPs were embedded in the 
walls of a macro-porous polymer. They showed excellent ability to remove trace concentrations of As3+ from the 
solution. Tang et al.39 created iron doped ordered mesoporous carbon (Fe/CMK-3) to remove Cr6+ (97%).

Corredor et al.40 used NPs to the targeted delivery of nourishing substances to treat plant diseases. The move-
ment of Fe- and Cu-NPs in plant cells of pumpkin (Cucurbita pepo) was discovered.

Constant and variable magnetic and electric fields, ionizing radiation, microwave and laser radiation41–43 as 
well as magnetized water44 were frequently used for pre-sowing seed stimulation. Positive influence on germi-
nation and improvement of crop yield from seeds treated with electromagnetic (ELM) fields has been found45. 
According to Binhi46, the magneto-biological effects in a living cell are reproducible when the so-called “elec-
tromagnetic window” coincides with the “physiological” window. Positive or negative effects can be observed 
depending on the intensity, frequency, amplitude and the exposure time to field operation.

García Reina et al.47 suggested that the magnetic field interacts with ionic currents in the embryo’s cell mem-
brane and, as a result of changes in ion concentration and osmotic pressure, regulates the penetration of water 
into seeds. Magnetic field can also affect the permeability of ion channels in the membrane and therefore the 
transport of substances into cells, it can enhance the formation of free radicals and induce changes in the concen-
tration of hormones, enzymes as well as changes in DNA synthesis or transmission48. Under the influence of the 
magnetic field, the external electron shells of the water molecules and dissolved ions can became polarized. This 
can result in the changes of the conditions of ion hydration, which can serve as crystallization nuclei. Interaction 
of magnetic field with water in plant material can result in an increase in electrical conductivity and a decrease in 
the surface tension of water. Such an effect may be due to the Lorenz’s force exerted on the charged particles (ions) 
in water, which causes their temporary polarization corresponding to the external magnetic field49,50.
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The mostly pronounced increase in the concentration occurred for Ca (samples P-5-0: 1.23 times and P-5-50: 
1.2 times) and Na (2.56–4.8) and a decrease in Ca (1.2–2.2 times; the highest for 500 ppm), K (1.13–1.2) and P 
(1.13–1.19). In the case of combined factors (magnetic field and Fe-NPs), there was an increase for Na (1.14–4.8) 

P-5-0 P-5-500 P-5-50 P-25-0 P-25-500 P-25-50 P-120-0 P-120-500 P-120-50 K-0-0 K-0-500 K-0-50

5 mT, Fe-
NPs = 0

5 mT, 500 
ppm

5 mT, 50 
ppm

25 mT, Fe-
NPs = 0

25 mT, 500 
ppm

25 mT, 50 
ppm

120 mT,  Fe-
NPs = 0

120 mT, 
500 ppm

120 mT, 50 
ppm

Control, 
Fe-NPs = 0

Control, 
500 ppm

Control, 50 
ppm

G (%) 81.7 ± 13.6 73.4 C ± 5.8 64.5 ± 20.4 90.8 ± 3.6 82.2 ± 10.7 51.9 C ± 25.7 82.2 ± 6.9 73.3 C ± 8.8 69.7 ± 23.6 94.7 ± 6.5 84.4 ± 11.7 67.8 ± 33.4

HSS (%) 89.1 ± 4.9 82.2 C ± 2.3 86.8 ± 5.8 92.3 ± 2.2 84.1 ± 4.1 84.5 ± 8.2 90.2 ± 1.9 83.8 ± 35 84.5 ± 4.7 93.5 ± 0.9 84.04 ± 4.19 85.4 ± 6.3

WSS (g) 0.309 
± 0.064

0.211 C 
± 0.019

0.277 
± 0.041

0.347 
± 0.042 0.234 C ± 0.025 0.276 

± 0.038
0.293 
± 0.039

0.236 C 
± 0.022

0.253 C 
± 0.062

0.314 
± 0.051

0.247 
± 0.035

0.261 
± 0.026

Values in relation to samples K-0-50 and K-0-500 (Effect of nanoparticles)

GREL 0.862 0.869 0.951 0.959 0.974 0.766 0.868 0.869 1.029 — — —

HREL SS 0.961 0.979 1.016 0.987 1.0 0.990 0.964 0.997 0.989 — — —

WREL SS 0.984 0.860 1.058 1.106 0.954 1.058 0.933 0.962 0.972 — — —

Values in relation to sample K-0-0 (Effect of nanoparticles and magnetic field)

GREL 0.863 0.775 0.681 0.959 0.868 0.548 0.868 0.774 0.736 — 0.891 0.715

HREL SS 0.961 0.879 0.928 0.987 0.899 0.904 0.964 0.896 0.903 — 0.899 0.913

WREL SS 0.984 0.672 0.882 1.105 0.745 C 0.879 0.933 0.752 0.806 — 0.787 0.831

Values in relation to samples P-5-0, P-25-0 and P-120-0 (Effect of magnetic field)

GREL — 0.898 0.789 — 0.905 0.572 — 0.892 0.848 — — —

HREL SS — 0.923 0.974 — 0.911 0.915 — 0.929 0.937 — — —

WREL SS — 0.683 0.896 — 0.674 0.795 — 0.805 0.863 — — —

Table 2. Parameters of germination and water content of sunflower seedlings for different the magnetic field 
inductions and various concentrations of Fe-NPs. The mean values have been determined in relation to the 
appropriate control. For all control samples B = 0. G - germination capacity, HSS - mean water content, WSS - wet 
mass od single seedling, GREL- relative germination, HREL SS - relative water content, WREL SS - Relative mass of a 
single seedling. Statistical significance occurred only for the combined effect of Fe-NPs and the magnetic field 
and is marked with C.

Element

P-5-0 P-5-500 P-5-50 P-25-0 P-25-500 P-25-50 P-120-0 P-120-500 P-120-50 K-0-0 K-0-500 K-0-50

5 mT, Fe-
NPs = 0

5 mT, 500 
ppm

5 mT, 50 
ppm

25 mT, Fe-
NPs = 0

25 mT, 500 
ppm

25 mT, 50 
ppm

120 mT, Fe-
NPs = 0

120 mT, 500 
ppm

120 mT, 50 
ppm Control, Fe-NPs = 0

C ontrol , 
500 ppm

C ontrol, 
50 ppm

Ca 2223 P 1012FCN 1320FCN 1323 P 1072FCN 1264FC 1242 P 942FCN 1032FCN 1802 945 M 1102 M

K 13090 P 11065CN 10960FC 12365 P 10880FCN 10930FCN 12715 P 11185FCN 11360 C 12590 10510 M 10670 M

Mg 5150 P 4839FCN 4861FCN 4854 P 4633CN 4871 C 4850 P 4774 C 4766 C 5295 4644 M 4813 M

Na 44.3 P 143.8FCN 113.1FCN 36.4 P 97.1FCN 160.9FCN 39.2 P 123.5FC 140.6FCN 39.0 112.1 M 187.2 M

P 14510 P 12305CN 13210CN 15030 P 12280CN 13190CN 14885 P 12565CN 13230CN 16635 12270 M 13170 M

S 3344 P 3239CN 3335FN 3136 P 3215CN 3434FN 3147 P 3206 C 3399FCN 3148 3236 M 3283 M

Cu 23.6 P 22.9FCN 22.9FCN 17.9 P 23.0FCN 24.0FCN 18.1 P 23.1FCN 23.5FCN 26.9 22.1 M 22.4 M

Fe (III) 200.4 P 68.1FCN 69.1FCN 174.7 P 71.4FCN 73.6FCN 162.3 P 81.2FCN 68.5FCN 181.7 67.9 M 64.3 M

Mn (III) 32.67 P 25.74FCN 27.95FCN 32.05 P 26.63FCN 30.25FCN 31.42 P 26.26FCN 27.13CN 33.28 27.47 M 27.79 M

Mo 1.938 P 0.474 N 0.499 N 1.528 P 0.485 N 0.478 N 1.461 P 0.534FN 0.503 N 1.575 0.471 0.444

Ni (III) 6.78 P 4.82FCN 5.72FCN 21.08 P 4.52FCN 5.46FCN 14.07 P 4.90FCN 5.25FCN 28.67 4.90 M 4.84 M

Se 6.84 P 0.91 N 0.88 N 2.85 P 0.87 N 0.87 N 3.01 0.89 N 0.91 N 5.12 0.88 0.85

Zn 66.0 P 72.3FCN 70.4FCN 72.0 P 61.7FCN 71.9FCN 65.3 P 70.6FC 69.5FCN 63.8 61.8 M 64.1 M

Cr (III) 36.24 P 0.90CN 0.81CN 32.66 P 0.87CN 0.89CN 32.61 P 0.88CN 0.93FCN 34.99 0.85 M 0.85 M

Al (III) 123.75 P 3.57CN 4.88FCN 44.75 P 3.00FCN 4.35FCN 56.97 P 2.97CN 2.96CN 60.09 3.39 M 3.07 M

Sr 1.16 P 2.02FCN 4.14FCN 1.09 P 2.09FCN 2.60FCN 1.09 P 1.79FCN 2.17FCN 1.17 1.80 M 2.96 M

Cd 0.666 P 0.676FC 0.771FCN 0.615 0.742CN 0.788FCN 0.453 P 0.716FN 0.726CN 0.536 0.757 M 0.700

Hg 0.774 P 0.175 N 0.132FN 0.729 0.176 0.131 0.727 P 0.170 N 0.136 0.780 0.152 0.143

Pb 2.58 P 0.63CN 1.33FC 2.93 P 0.47CN 0.74FCN 2.42 P 0.53CN 0.77 C 2.60 0.44 M 1.06 M

Table 3. Concentration of the elements in sunflower seedlings (ppm). Possibly trivalent elements are marked 
with (III). Statistical significance for the effect of the magnetic field (in relation to K-0-500 and K-0-50 
respectively)-F, for the effect of Fe-NPs (against P-5-0, P-25-0 or P-120-0, respectively) - N, for the effect of Fe-
NPs and magnetic field (with respect to K-0-0)-C; the effect of Fe-NPs on K-0-500 and K-0-50 (relative to K-0-
0)- M, the effect of magnetic field for samples P-5-0, P-25-0 and P-120-0 (relative to K-0-0)- P.
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Upon exposition of the sunflower roots (Helianthus annuus L.) to three different concentrations of 
nano-maghemite (NM: Fe2O3, γ-Fe2O3)54 reduction of the hydraulic root conductivity and lower nutrient uptake 
were observed. A decrease in root functionality for water uptake to 57% was observed with respect to control 
value at a dose of 50 mg∙l−1 and was reduced to 26% at a dose twice as high. This is consistent with our findings 
where smaller water content was found in samples subjected to NPs.

The concentrations of Ca, K, Mg and S in the shoots were also reduced compared to the control plants, which 
also resulted in the reduction of chlorophyll pigments in the plant. The above confirms the results obtained in 
our study. The decrease in macronutrients as Ca (mostly pronounced at 500 ppm of Fe-NPs), K, P and Na at the 
level of several percent upon treatment with NPs was observed. The decrease of parameters GREL, HREL SS and WREL 

SS, indicate a negative impact on seed germination and development of seedlings (eventually no effect) for the 
majority of the cases when magnetic field of different induction and/or Fe-NPs at different concentrations were 
applied. In particular, interesting is the negative impact of the nanoparticles on control samples (samples contain-
ing Fe-NPs in relation to K-0-0). In that case, for higher concentrations of Fe-NPs in aqueous solution (500 ppm 
of Fe-NPs) a lower relative water content and relative mass of a single seedling was found.

Cifuentes et al.55 studied the effects of carbon-coated magnetic nanoparticles in the form of bio-ferrofluid on 
four plants: peas, sunflower, tomato and wheat. NPs were not detected outside the vascular tissues of the sun-
flower, unlike other plants. This means that the uptake of NPs by the roots of this plant is much slower than in 
other species. The above research showed that the sunflower had a lower radial ability to move bio-ferrofluid out-
side the vascular tissues, which might be the reason for low iron concentration in the plant tissue, similarly to our 
studies. In our case, the use of non-coated NPs (non-functionalized) was intended to facilitate their better pene-
tration through the cell walls of the plant. Transmission electron microscopy images of wheat root cross-sections 
showed that Fe-NPs entered the root through the apoplastic path and were subsequently detected in the walls 
of the root epithelium cells56. A huge increment of Fe content in the wheat roots was observed. The authors did 
not detect NPs in the aboveground part (seedling), which would indicate that magnetite nanoparticles were not 
displaced by vascular tissues in wheat plants, which is opposite to the results found in our research.

López-Moreno et al.57 investigated tolerance of tomato Lycopersicum Solanum L. to CoFe2O4-NPs. In the 
above studies, seed exposure to NPs did not significantly affect the germination and growth of plants. The authors 
observed the absorption of Fe and Co into plant tissues and their effect on the concentration changes of Mg and 
Ca in the plant leaves.

Interestingly, much higher decrease in the content of trivalent and toxic elements occurred in our study for 
samples treated with the combined factors: magnetic field and Fe-NPs in comparison with treatment with Fe-NPs. 
The obtained results indicate the strengthening (synergistic) effect of the magnetic field in combination with nan-
oparticles. In our studies, a significant effect on the concentration of the elements is observed only for the samples 

Element Seed (ppm) Soil (ppm) Blotting paper (ppm) SSOIL/SEEDS SPAPER/SEEDS SSOIL/PAPER

Ca 1418 ± 3 18130SC ± 62 4219 P ± 7 12.79 2.98 4.29

K 11640 ± 65 64 750SX 18 820 P 5.56 1.62 3.44

Mg 2337 ± 14 6852SC ± 90 6113 P ± 59 2.93 2.62 1.12

Na 235 ± 4 1415SC ± 4 582.2 P ± 3 6.02 2.43 2.43

P 951 ± 42 11250SC ± 138 13590 P ± 247 1.18 1.43 0.83

S 2175 ± 6 10810SC ± 172 5025 P ± 37 4.97 2.31 2.15

Cu 13.69 ± 0.05 25.09SC ± 0.41 26.96 P ± 0.19 1.83 1.97 0.93

Fe (III) 136.2 ± 0.8 741SC ± 11 276.4 P ± 2.4 5.44 2.03 2.68

Mn (III) 20.41 ± 0.04 74.98SC ± 1.06 52.59 P ± 0.45 3.67 2.58 1.43

Mo 0.2 ± 0.03 2.555SC ± 0.031 0.704 P ± 0.021 12.76 3.52 3.63

Ni 3.166 ± 0.866 6.368SC ± 0.128 6.899 P ± 0.029 2.01 2.18 0.92

Se 1.608 ± 0.461 1.789 C ± 0.475 2.787 P ± 0.115 1.11 1.73 1.56

Zn 27.88 ± 0.05 119.2SC ± 1.9 98.81 P ± 0.69 4.27 3.54 1.21

Cr (III) 89.19 ± 0.46 19.52SC ± 0.34 9.63 P ± 0.05 4.56 9.26 2.03

Al (III) 74.24 ± 1.79 346.7SC ± 5.61 105 P ± 0.76 4.67 1.41 3.30

Sr 1.938 ± 0.006 167.6SC ± 1.02 40.42 P ± 0.21 86.48 20.85 4.15

Cd 0.468 ± 0.008 0.946SC ± 0.011 0.946 P ± 0.013 2.02 2.02 0.99

Hg 0.13 ± 0.04 n.d. n.d. — — —

Pb 3.5 ± 0.6 1.75 ± 0.49 0.729 P ± 0.287 2.0 4.81 2.39

Table 4. The content of elements and the relative factor S of its increase or decrease for seeds and seedlings 
growing in soil or on blotting paper. The measurement involved a large amount of 7-day seedlings (over 100 
pcs). The composition of the seeds was evaluated for seeds with a seed coats. Increase - bold digits, decrease 
- italicized digits. Trivalent elements marked with (III). Labels: SSOIL/SEEDS - relative content for seedlings 
growing in soil compared to seed composition, SPAPER/SEEDS - Relative content for seedlings growing on blotting 
paper compared to seed composition, SSOLI/PAPER - Relative content for seedlings growing in soil and on paper. 
Statistical significance: S - for the relation between seedlings and seeds, P - for relation between seedlings grown 
on paper and seeds, C - for relation between seedlings grown in soil and seedlings grown on paper, X - no data 
for determining the relationship, n.d. – not detected.
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