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Abstract: Magnetic nanoparticles of iron oxides were obtained by precipitation from aqueous solutions 

of iron chlorides (Fe2+/Fe3+). It is shown that, depending on the use of various technological techniques 

in their synthesis (ultrasound, bubbling with argon, heating, the addition of oleic acid), nanoparticles 5-

40 nm in size, spherical or plate-like, with a specific surface area of 52-92 m2/g, are formed 

corresponding to maghemite or solid solutions of maghemite with magnetite. The latter, in particular, 

are synthesized with a shell of oleic acid. Aqueous suspensions of nanoparticles (0.00001 to 100 mg/L) 

were used for the pre-sowing treatment of seeds of spring barley, cabbage, and salad crops, as well as 

for foliar treatment (0.001 to 1 mg/L) of vegetative cucumber and lettuce plants. It was found that these 

nanoparticles do not possess fungicidal and bactericidal activity against pathogens (Xanthomonas 

campestris pv. campestris (Pammel) Dowson) of cabbage vascular bacteriosis, barley dark brown spot, 

and root rot (Cochliobolus sativus (S. Ito & Kurler ex.) Drechs. Dastur), but exhibit weak fungicidal 

activity in certain concentrations, in particular, against the causative agents of blackleg in white 

cabbage. Presowing seed treatment, in general, has a positive effect on germination and morphometric 

parameters of different plants. These parameters significantly depend on the concentration of 

nanoparticles in suspensions, their phase composition, and the presence or absence of an inert shell on 

the surface. Foliar treatments of cucumber and lettuce seedlings with suspensions of synthesized 

nanoparticles improved the morphometric and biochemical parameters of plants, which together 

provide a tendency to increase their productivity, which is more pronounced at a nanoparticle 

concentration of 0.01 mg/L. In the future, it is possible to further enhance the phytoprotective effect of 

iron oxide nanoparticles, which will reduce the dose load of persistent agrochemicals and pesticides on 

the environment. 
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1. Introduction 

Using synthetic nanoparticles in agriculture as bioactive stimulators and fertilizers are 

one of the prospective fields of research and therefore attracts a lot of attention from scientists 

[1]. The positive influence of the nanoparticles on the plants includes photocatalytic activity, 

an increase of the chlorophyll content, germination, and growth stimulation [2-8]. There is 

evidence that nanoparticles can suppress plants in different ways: slowed growth, oxygen 

stress, impaired photosynthesis, water transport disturbance, increasing of the sensibility to the 

natural toxins [9-11]. But the researchers point out that nanoparticles influence plants via 

several mechanisms at once, and the behavior of the nanoparticles in the environment itself is 

regulated by the complicated principles, so the interaction between a specific plant and specific 

nanoparticles should be studied in every single case [12]. 

Iron plays an important role in the plant metabolism: it increases growth rate, length of 

leaves, chlorophyll content; it decreases the content of the hydrogen peroxide and therefore 

decreases lipids oxidation [3]. Researchers state that although iron can be used as the fertilizer 

in the form of nanoparticles of metallic Fe [6, 13-14], still, the FexOy oxides are the main usable 

form of it [3, 9, 12, 14-17]. Particularly, one of the most used forms of iron oxide is the 

maghemite – magnetic modification γ-Fe2O3. 

It is worth noting that maghemite nanopowders can be used for the solution of multiple 

problems: cleaning water from oil products [18, 19], utilizing maghemite in biomedical 

applications as the contrasting agent for magnetic resonance imaging, hyperthermia, and drug 

delivery [20-23]. These applications were developed earlier than agricultural ones, so the 

possibility of using maghemite in agricultural technologies arose only recently [3, 6, 12, 14, 

19, 24]. In this case, commercial end-products are often used, the composition and properties 

of which are practically not described, as well as detailed data on products based on these 

nanoparticles are not provided. Until now, there are conflicting opinions as to whether 

magnetite or maghemite is better (safer and / or more efficient) to use in agricultural 

technologies. One of the areas of research is the use of commercial or specially synthesized 

nanoparticles of metal oxides, with functional layers (shells) created on their surface, which 

make it possible to achieve better aggregate stability of the products on their basis, contain 

nutrients for plants, improve biocompatibility with seeds or plants, reduce the toxic effect of 

nanoparticles. Most authors are inclined to believe that it is necessary to study the effect of 

nanoparticles on each plant species separately, taking into account the peculiarities of the 

composition and structure of nanoparticles, studying their effect in a wide range of 

concentrations used for treating seeds or plants. 

The aim of this work was to synthesize magnetic nanoparticles (maghemite and / or 

magnetite) to study their physicochemical and biological properties for the development and 

improvement of technological methods for pre-sowing and foliar treatment of seeds and 

vegetative plants. To achieve this goal, it was necessary to solve the following tasks: 

- to synthesize and characterize magnetic nanoparticles of maghemite and / or 

magnetite, differing in a number of basic characteristics: phase composition, size, morphology, 

texture, and surface additives; 

- to identify whether these nanoparticles have bactericidal and / or fungicidal properties, 

whether they affect the resistance of plants to phytopathogens (for example, white cabbage); 

- to reveal how the pre-sowing treatment of seeds with aqueous suspensions of the 

obtained magnetic nanoparticles of iron oxides, depending on their composition, morphology, 
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texture, concentration, affects germination and morphometric characteristics at the early stages 

of development of the following important agricultural plants: spring barley; garden cress; 

vegetable brassicas – white cabbage, cauliflower; 

- to establish how the foliar treatment with aqueous suspensions of the obtained 

magnetic nanoparticles affects the morphometric, physiological, and biochemical parameters 

of vegetable crops using the example of cucumber and lettuce when growing plants under 

controlled conditions of intensive light culture. 

2. Materials and Methods 

2.1 Synthesis of nanopowders 

Based on the literature data [25-29] and our own experience [30-33], we synthesized 

magnetic iron oxide nanopowders using three techniques of chemical deposition from aqueous 

solutions of iron (II, III) salts. 

1st technique. Aqueous solutions of iron chlorides FeCl2 and FeCl3 were mixed at room 

temperature in a molar ratio FeCl2:FeCl3 = 1:2. Then an aqueous ammonia solution (12.5 wt.%) 

was gradually added. According to the chemical reaction, magnetite should be obtained: 

FeCl2 + 2FeCl3 + 8NH4OH = Fe3O4 + 8NH4Cl + 4H2O. 

Since it is known about the successful use of maghemite for the treatment of plant 

seedlings [3], we tried to oxidize magnetite and obtain precisely maghemite γ-Fe2O3 

nanopowder: 

4Fe3O4 + O2= 6Fe2O3 

To promote the oxidation of magnetite to maghemite, the precipitation process was 

carried out under the influence of ultrasound (240 W, 40 kHz) for 30 minutes. The powder 

from the resulting suspension was extracted by magnetic separation using a neodymium 

magnet, washed with water, and dried at 100 °C for 24 h. The synthesis scheme is shown in 

Fig. 1 – 1st technique. 

2nd technique. Aqueous solutions of iron chlorides FeCl2 and FeCl3 in the same molar 

ratio were mixed with constant bubbling with argon. To intensify the process of nanopowder 

deposition with an aqueous solution of ammonia (6.25 wt%), it was carried out under bubbling 

with argon and at an elevated temperature of 60 °C. The powder from the resulting suspension 

was extracted by magnetic separation using a neodymium magnet, washed with water, and 

dried at 100 °C for 24 h. The synthesis scheme is shown in Fig. 1 – 2nd technique. 

3rd technique. This technique was identical to the second one until the deposition of 

the magnetic powder. Then, several operations were carried out to create a shell of oleic acid, 

which was designed to mitigate the possible aggressive effect of magnetic iron oxide 

nanoparticles on plants. For this, 1 ml of oleic acid was added to the freshly formed precipitate. 

The mixture was vigorously stirred with a magnetic stirrer for 1 hour at a temperature 

of 50 °C. The precipitate was recovered from the solution, not by magnetic separation, but by 

decantation, then washed with water, and dried at 100 °C for 24 h. The synthesis scheme is 

shown in Fig. 1 – 3rd technique. 
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Figure 1. Three schemes of chemical synthesis of magnetic powders of iron oxides, differing by the methods of 

co-precipitation process intensification. 

2.2. Physicochemical methods for studying the phase composition, morphology, and texture of 

nanopowders. 

The phase composition and crystal structure of the powders were studied via powder 

X-ray diffraction using a Bruker D8-Advance diffractometer (CuKα radiation, range 20 – 80° 

2θ, step 0.0075°, exposure 7 s). The lattice parameters were calculated via the least-squares 

method using the PDWin software package. 

Since the powders turned out to be nanosized, FTIR spectroscopy was used to identify 

the phase composition, which was also used to confirm the presence of oleic acid on the surface 

of the powder nanoparticles. The measurements were performed using Infraspec FSM 2202 

spectrometer. 1 mg of the sample was pressed with 200 mg of KBr in the tablet; measurement 

was carried out in the wavelength range 400 – 4000 cm-1. 
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The morphology of nanoparticles (size, shape, and degree of their aggregation) was 

studied via scanning electron microscopy (SEM), which was carried out by means of a scanning 

electron microscope with a field emission cathode (FE-SEM) ZeissMerlin, as well as using 

high-resolution transmission electron microscopy (TEM) carried out by means of ZEISS Libra 

120 transmission electron microscope at the Centre for Collective Use of Scientific Equipment 

(CCUSE). 

The measurements of the specific surface area of nanopowders were performed by low-

temperature nitrogen adsorption using QuantaChrome Nova 1200e analyzer. The samples were 

degassed at 150 °C in a vacuum for 17 h prior to analysis. Based on the data obtained, the 

specific surface area SBET was calculated for the samples using the Brunauer–Emmett–Teller 

model (BET) and the seven points technique within the relative pressure range of P/P0 = 0.07 

÷ 0.25 (where P0 is the saturation pressure). The calculation of the pore size distribution was 

carried out on the basis of nitrogen isotherms using the Barrett-Joyner-Halenda (BJH) 

technique. 

2.3. The investigation of the aggregate stability of suspensions by colloidal techniques. 

Since magnetic nanoparticles of iron oxides were supposed to be used for treating seeds 

and plants in the form of aqueous suspensions, it was useful to assess their aggregate stability. 

On the basis of iron oxide nanopowders, aqueous suspensions with a concentration of 0.1 

mg/ml were prepared. To achieve better dispersion of nanoparticles in water, the powders were 

exposed to ultrasound in an ultrasonic bath (240 W, 40 kHz) for 20 minutes. Freshly prepared 

suspensions were muddy and highly concentrated. Therefore, they were left for 3 days to 

achieve aggregate and sedimentation stability. Then, the aggregate stability of the supernatant 

was measured by measuring the average hydrodynamic diameter of nanoparticles in an aqueous 

suspension using the dynamic light scattering technique by means of NanoBrook 90 PlusZeta 

device. 

Due to the fact that some suspensions had larger mean hydrodynamic diameters than 

the device allowed to measure, all suspensions were additionally diluted 10 times and, after 

ultrasonic treatment for 20 minutes, were measured again. Subsequently, the suspensions, both 

after the first and after the second dilution, were tested for aggregation stability after 1 week, 

after 1 month, and after 4 months. Such an interest in the size of the aggregate in the water 

suspensions is due to the importance of the water suspensions for the pre-sowing and foliar 

treatment. 

2.4. Biological, microbiological, and biochemical techniques for studying the properties of 

magnetic nanoparticles of iron oxides and their effect on biological objects. 

2.4.1. The evaluation of the bactericidal and fungicidal properties of magnetic iron oxide 

nanoparticles. 

The fungicidal and bactericidal properties of the investigated magnetic nanoparticles of 

iron oxides were evaluated using two phytopathogens as test objects: a) the causative agent of 

vascular bacteriosis of cabbage Xanthomonas campestris pv. campestris (Pammel) Dowson, 

strain 5212; b) the causative agent of barley dark brown spotting and barley root rot, the 

micromycete Cochliobolus sativus (S. Ito & Kurib.) Drechsler ex Dastur. The solutions of the 

preparations were mixed in distilled water; for making the stock solutions, an Elmasonic S30H 
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ultrasonic bath was used, into which a glass test tube with a substance and a solvent was 

immersed for 30 minutes. 

Evaluation of the magnetic iron oxide nanoparticles fungicidal activity was carried out 

on pure cultures of phytopathogenic fungi by the dilution technique using Czapek’s nutrient 

medium with lactose and urea as modified by Benken et al. [34]. The solution of the preparation 

was added to the specified medium, poured into 12-well plates, 2 ml in each well, and cooled 

to 45° C. After solidification, a spore suspension of a phytopathogenic fungus was applied to 

the surface of the medium under sterile conditions at a concentration of 30 thousand spores per 

1 ml of the medium or 50 μl per dish. After keeping Petri dishes with applied test objects in a 

sterile cabinet for 1 day at a temperature of 25 °C, the germination of spores on the surface of 

the medium was assessed in comparison with the control using an inverted microscope Biolam 

P1. 

The bactericidal activity of magnetic iron oxide nanoparticles was assessed according 

to the technique of A.N. Ignatov [35]: a culture of phytopathogenic bacteria was incubated in 

a modified liquid King B medium containing the preparation for 36 hours at 28 °C, followed 

by plating on a solid nutrient medium of the same composition for testing the viability of the 

bacterial samples exposed to the preparation. The growth of colonies of the bacterial 

phytopathogen was counted after 72 hours. The bactericidal effect of the preparations was 

judged by the presence or absence of growth on the fourth day on the solid medium. The tests 

were carried out in duplicate. 

2.4.2. The assessment of the biological activity of magnetic iron oxide nanoparticles and their 

effect on biological objects. 

 The study of the iron oxides magnetic nanoparticles biological activity consisted of 

determining the influence of treating the number of vegetable and grain crops seeds on their 

germination energy, germination rate (GOST 12038-84), as well as through the influence of 

the treatment of seeds and foliar effects on the plants morphophysiological characteristics 

during the vegetative period. In a number of experiments, the effect of the treatment of 

phytotest objects seeds with synthesized substances on the plant’s resistance to damage by 

major phytopathogenic microorganisms was evaluated. 

The phytotest objects of research were seeds and / or vegetative plants of spring barley, 

zoned in the Leningrad region, as well as cabbage crops: white cabbage variety Penca de Povoa 

(k-2558, Portugal), cauliflower variety Hobart (k-874, UK); garden cress variety Azhur and a 

number of varieties and hybrids of vegetable crops, more adapted to the controlled conditions 

of intensive light culture, lettuce of Typhoon and cucumber hybrid F1 Neva. The crops seeds 

were obtained from the collections of the N.I. Vavilov All-Russian Institute of Plant Genetic 

Resources (VIR) and Russian seed breeding companies (JSC “Agricultural selection and 

production enterprise” Sortsemovosch, Gavrish). 

The assessment of the effect of synthesized magnetic nanoparticles of iron oxides on 

plants was carried out at the Agrophysical Research Institute (St. Petersburg), in laboratory 

conditions and on a special biopolygon under controlled conditions of intensive light culture, 

as well as in VIR greenhouses. 

Presowing seed treatment was carried out by mixing for 10 min via simple shaking the 

seeds in containers with water (control), as well as with the mentioned above aqueous 

suspensions with different contents of synthesized iron oxides from 0.00001 to 100 mg/L. 

Suspensions were prepared using an ultrasonic bath. This technique was especially necessary 
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for nanoparticles coated with oleic acid since they did not mix well with water. The seeds were 

dried at room temperature in air and then at 30 °C for 60 minutes in an oven. Seed drying 

regimes corresponded to those specified in GOST 12038. Treated seeds were stored at room 

temperature before sowing. The repetition of the experiment was 400 seeds for each variant of 

the experiment. 

Foliar treatment with aqueous suspensions of iron oxides magnetic nanoparticles in 

concentrations of 0.001–1 mg was carried out three times every 5 days after the previous for 

each stage of 3-5 true leaves development in a series of experiments during the period of 

vegetative growth of cucumber hybrid F1 the Neva and lettuce variety Typhoon seedlings. In 

the control variant, the plants were treated with water. 

2.4.2.1. The assessment for the effect of test crops seed treatment with synthesized substances 

on plant resistance to damage by major phytopathogenic microorganisms. 

White cabbage cultivar Penca de Povoa (k-2558, Portugal) was used as phytotest object. 

Its seeds were pretreated with iron oxides magnetic nanoparticles aqueous suspensions in 

various concentrations. The seeds were planted on a substrate infected with cabbage blackleg 

pathogens - micromycetes Pyhtium debaryanum Hesse, Olpidium brassicae Wor., Phizoctonia 

aderholdii Kolosh., Leptosphaeria maculans (Sowerby) P. Karst., Fusarium sp). Cabbage 

seeds treated with the mentioned aqueous suspensions and sown in cassettes with autoclaved 

non-contaminated soil served as background controls. Seeds treated with distilled water and 

sown on non-contaminated soil served as a general control without contamination. The plants 

were cultivated for 21 days in a growing chamber at a constant air temperature of 18 °C and 

light day/night mode - 16h / 8h. At the end of the experiment, two indicators were taken into 

account - the number of plants and the degree of damage on the VIR scale (1 - no damage, 3 - 

mild symptoms, 5 - typical symptoms, 7 - severe symptoms, necrosis, 9 - lack of seedlings) 

according to the VIR methodological instructions [36]. In this case, the weighted average defeat 

score for the variants was calculated according to the formula: М=∑(a*b)/N, where ∑(a*b) is 

the sum of the affected variants multiplied by the corresponding defeat score, N is the total 

number of variants [36]. 

2.4.2.2 The evaluation of the biological activity of magnetic iron oxide nanoparticles. 

Seeds of phytotest objects were germinated in Petri dishes 10 cm in diameter on filter 

paper soaked in 10 ml of an aqueous solution of the test substance. In the control variants, the 

seeds were germinated in distilled water. On the 3rd day, the energy of seed germination was 

assessed; on the 7th day - their germination rate (GOST 12038–84) and the length of shoots 

and roots of seedlings were also measured. The studies were carried out in accordance with the 

rules of the International Seed Testing Association (ISTA) and generally accepted methods 

[37, 38]. All experiments were repeated three times. 

 2.4.3. Methodology for conducting vegetation experiments. 

 In a series of vegetation experiments under controlled conditions on the biopolygon of 

the Agrophysical Research Institute, the seedlings of cucumber or lettuce were cultivated in a 

plant growing light equipment [39] with light blocks lifting along the vertical axis containing 

light sources - gas-discharge mirrored sodium lamps DNaZ-400 (Reflux, Russia). Irradiation 

in the useful area in the field of photosynthetically active radiation was 80–90 W/m2, the 
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duration of the light period was 14 h. The air temperature was maintained within the range of 

+22...+ 24° С during the day and +18...+20 °С at night, the relative humidity of the air - at the 

level of 65–75%. Seedlings of phytotest objects were grown on a small-volume analog of soil 

“Agrophyte” [40] with the Knop’s nutrient solution applied to it [41] via the drip irrigation 

technique. The number of lettuce plants - 5 pieces/tray, cucumber - 1 piece/container, 

replication - 20 plants per each variant of the experiment. After three consecutive foliar 

treatments, carried out during the stages of 3-5 true leaves development, the harvesting of 

plants was carried out at the beginning of 6th leaf development of cucumber and the beginning 

of 10-11 leaf of lettuce. Vegetation experiments were carried out in duplicate. When 

harvesting, the height of the plants, the number and size of leaves, the leaf area, the wet and 

dry weight of the above-ground part of the plants, and the percentage of dry matter were taken 

into account. The biochemical composition of plants, namely the content of chlorophyll and 

carotenoid pigments in the leaves, as well as trace elements (iron, copper, manganese, and 

zinc), was determined in the Testing Laboratory of the Agrophysical Research Institute. The 

determinations were carried out in accordance with the requirements of modern regulatory 

documents and generally accepted methods [42, 43]. 

Statistical data processing was carried out using Excel 2010 and Statistica 8 programs 

(Stat-Soft, Inc., USA). The mean values of the studied indicators, confidence intervals, and 

coefficients of variation were determined. The significance of differences between the options 

was assessed using parametric statistics methods (Student’s t-test). Differences between the 

options were considered significant at p ≤ 0.05. 

3. Results and Discussion 

3.1. Phase composition of nanopowders. 

The results of the X-ray phase analysis are shown in Fig. 2. As can be seen from the X-

ray diffraction patterns, they are almost identical. Broad peaks characteristic of nanoparticles 

is observed in all three variants. 

 
Figure 2. X-ray diffraction patterns of magnetic nanopowders synthesized by techniques 1, 2, and 3. 

X-ray phase analysis showed that all powders correspond in composition to magnetite 

and/or maghemite and do not contain more than 5% impurities of any other phase (Fig. 2). 

Both maghemite and magnetite share a common crystal lattice structure. Therefore, it was not 
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possible to distinguish magnetite from maghemite based only on the analysis of the position of 

the peaks in the diffractograms of nanopowders. However, a comparison of the unit cell 

parameters makes it possible to distinguish magnetite from maghemite [31, 43–46]. This was 

done in this study. The results of calculating the parameters of unit cells for the synthesized 

iron oxides are given in Table 1, along with literature data and data for natural magnetite and 

commercial magnetite nanopowders. 

The obtained data indicate solid solutions of maghemite and magnetite were obtained 

during the syntheses in all three variants. Indeed, if magnetite and maghemite are isostructural, 

then the chemical formula of maghemite can be represented as Fe(3-1/3)O4, and the formula of 

the solid solution as Fe(3-δ)O4, where δ ≤ 1/3 [31, 47]. Using the dependence of the parameter a 

(the size of the unit cell of the crystal lattice) on the number of vacancies in the crystal structure, 

it is possible to determine to which crystalline modification the resulting nanopowder is closer 

(Fig. 3, Table 1). The straight-line equation has the form of y=0.1818x+7.8505. Substituting 

the value of the parameter into this equation, we get the value of δ. 

Based on the values of the crystal lattice parameters, it can be concluded that the 

nanopowder precipitated from aqueous solutions of iron salts using ultrasonic action and 

isolated from the mother liquor by magnetic separation (technique 1) is very close in phase 

composition to maghemite. For nanopowders deposited with continuous bubbling with argon 

and heating to 60 °C (techniques 2 and 3), the preparation methods of which are almost 

identical and differed only in the presence or absence of oleic acid addition, and different 

methods of precipitation separation from the mother liquor (magnetic separation or 

decantation), it is possible to state that they correspond to the composition of the maghemite-

magnetite solid solution, but also nevertheless closer to maghemite. In this case, apparently, 

the action of the inert gas argon prevented complete oxidation of iron to the trivalent state. 

 
Figure 3. Dependence of the parameter a of the unit cell of the crystal lattice of iron oxides on the number of 

vacancies (δ) in the structure of the solid solution. The line is drawn according to the data of Nasrazadani & 

Raman [41]. 

Table 1. Unit cell parameters for nanopowders obtained by techniques 1, 2, and 3, in comparison with 

experimental data for natural and commercial magnetite and literature data. 

Name  a, Å 

Maghemite γ-Fe2O3 [37, 39]] 8.336–8.339 

 

Nanopowder, synthesized 

via technique 1 

 

 

8.3410.004 

via techniques 2 and 3 (with oleic acid) 8.3550.004 

 

Mineral magnetite* 

Commercial magnetite * 

Magnetite Fe3O4 [39, 42] 

 

8.38400.0003 

8.38550.0002 

8.396–8.397 
*/The data were obtained by the authors for natural magnetite (Kovdorskoe deposit, Kola Peninsula, Russia) and commercial magnetite 

(Sigma-Aldrich, CAS N 1317-61-9). 

https://doi.org/10.33263/LIANBS102.22152239
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS102.22152239  

 https://nanobioletters.com/ 2224 

The presence of oleic acid on the surface of iron oxide nanoparticles obtained by 

technique 3 was confirmed by IR spectroscopy data (Fig. 4). The spectrum of sample 3 contains 

absorption bands that correspond to the functional groups of oleic acid [48, 49]. 

 
Figure 4. IR spectra of nanopowders obtained via techniques 1 and 2 (without oleic acid) and 3 (with oleic 

acid). 

The bands at 2927 and 2852 cm-1 correspond to vibrations of the CH2 group 

(asymmetric and symmetric vibrations, respectively), the band at 1706 cm-1 to the vibrations 

of C = O, and the band at 1409 cm-1 to the vibrations of the CH3 group. 

It is known [50-55] that maghemite is characterized by bands at 559 and 632 cm-1, and 

magnetite - at 580 cm-1. Thus, we can conclude that in both cases, we are dealing with solid 

solutions of iron oxides maghemite and magnetite. However, the sample obtained by technique 

1 is closest in phase composition to maghemite since the size of the elementary parameter, a 

crystal lattice, is very close to the parameters of maghemite. 

In what follows, for the convenience of presenting the results of the powder 

nanoparticles synthesized by technique 1 study, we will identify as maghemite and denote it as 

γ-Fe2O3, and powder nanoparticles synthesized by methods 2 and 3 as nanoparticles 

corresponding in composition to the maghemite-magnetite solid solution γ-Fe2O3-Fe3O4 

without a shell and with a shell of oleic acid: γ-Fe2O3-Fe3O4@oleic acid. 

3.2. Morphology of nanoparticles of powders. 

SEM images of the surface of powder nanoparticles are shown in Fig. 5. These images 

do not give a complete picture of the size and shape of powder nanoparticles. However, already 

being guided by them, it can be concluded that nanoparticles in powders are agglomerated 

regardless of the preparation technique. 

To better assess the morphology and size of nanoparticles, they were examined using 

high-resolution transmission microscopy (Fig. 6). 

As can be seen from Fig. 6, nanoparticles of the γ-Fe2O3 powder obtained under 

ultrasonic action in the absence of oleic acid and isolated from the mother liquor by means of 

magnetic separation (technique 1) turned out to be larger, with a spread in size from 5-10 to 20 

and even up to ~ 40 nm; they have a shape close to spherical. In contrast to them, nanoparticles 

of γ-Fe2O3-Fe3O4 and γ-Fe2O3-Fe3O4@oleic acid powders were obtained by bubbling with 

argon with heating (60 °C), regardless of how they were isolated from the mother liquor 

(techniques 2 and 3) turned out to be smaller in size - from 5 to 20 nm. An increase in the size 

of nanoparticles obtained by technique 3 (with oleic acid) in comparison with nanoparticles 
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obtained by identical technique 2 (without oleic acid) occurs due to the shell of oleic acid, 

which is clearly visible on Fig. 6 (2). 

 
Figure 5. SEM image of the surface morphology of nanoparticles of powders obtained by techniques 1 (γ-

Fe2O3), 2 (γ-Fe2O3-Fe3O4), and 3 (γ-Fe2O3-Fe3O4@oleic acid). 

 
Figure 6. TEM images of iron oxide nanoparticles obtained: 

  - according to technique 1 - γ-Fe2O3, under ultrasonic action, with magnetic separation (1a, 1b); 

  - according to technique 2 - γ-Fe2O3-Fe3O4, at 60 °C and bubbled with Ar, with magnetic separation (2); 

  - and according to technique 3 - γ-Fe2O3-Fe3O4@oleic acid, at 60 °C and bubbled Ar, using oleic acid and the 

decantation method (3a, 3b). 

3 

 
3 

1 1 

2 2 
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It should be especially noted that large-sized lamellar nanoparticles tend to roll up into 

tubes. This can be seen from the TEM images (Fig. 6, 3 b), as well as from the microdiffraction 

pattern (Fig. 7 c). They are a two-dimensional thin object, lamellar, or rolled into a tube. This 

is evidenced by the characteristic bows, which are formed as a result of the fact that the invisible 

crystal planes become visible when tilted relative to the electron beam (Fig. 7c). 

 
Figure 7. Microdiffraction patterns for nanopowders obtained by the following methods: 1 - γ-Fe2O3 (a); 2 - γ-

Fe2O3-Fe3O4 (b), and 3 - γ-Fe2O3-Fe3O4@oleic acid (c). 

Polycrystalline nanopowders were obtained by all three methods as the diffraction 

patterns show thin rings (Fig. 7). For the γ-Fe2O3 nanopowder obtained by technique 1, a 

chaotic distribution of luminous points is observed (Fig. 7a); that is, the structure of this 

nanopowder is less ordered. Thus, the deposition of nanoparticles with continuous bubbling 

with argon and heating to 60 °C promotes the formation of nanoparticles with a more ordered 

crystal structure. 

Fig. 8a shows the complete nitrogen adsorption-desorption isotherms for iron oxide 

nanopowders obtained via techniques 1, 2, and 3, respectively. These isotherms are 

characterized by pronounced capillary-condensation hysteresis and belong to type IV 

according to the IUPAC classification, corresponding to adsorption on mesoporous (containing 

pores with a diameter of 2–50 nm) materials. However, as can be seen from this figure, the 

shape of the hysteresis loops for nanopowders prepared by different methods differs 

significantly. 

 
Figure 8. Adsorption-desorption isotherms (a) and their corresponding pore size distributions dV(D) (b), 

obtained from the analysis of desorption isotherms using the BJH model, for iron oxide nanopowders: (1) γ-

Fe2O3 – 1st technique; (2) γ-Fe2O3-Fe3O4 – 2nd technique; (3) γ-Fe2O3-Fe3O4@oleic acid – 3nd technique. 

Thus, the hysteresis loop observed for γ-Fe2O3 obtained by technique 1 almost 

completely corresponds to the classical type H1, which is characteristic of porous materials 

containing cylindrical pores open on both sides with a rather narrow pore size distribution. In 

this case, the fact that the closure of the adsorption and desorption branches occurs at the values 

a c b 

a b 

https://doi.org/10.33263/LIANBS102.22152239
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS102.22152239  

 https://nanobioletters.com/ 2227 

of the partial pressures P/P0, much higher than 0.3, clearly indicates the absence of micropores 

in this sample. 

In the case of nanopowders: γ-Fe2O3-Fe3O4 and γ-Fe2O3-Fe3O4@oleic acid, prepared 

according to techniques 2 and 3, respectively, the shape of the hysteresis loops can be attributed 

to the H3 type according to the IUPAC classification, which is usually associated with the 

presence of slot-like pores characteristic for materials consisting of lamellar particles. 

Moreover, in the case of γ-Fe2O3-Fe3O4@oleic acid nanopowder prepared by technique 3, the 

collapse of the hysteresis loop occurs at partial pressures P/P0<0.3, which, in turn, indicates the 

presence of a significant number of micropores in the sample. 

Mathematical processing of the complete nitrogen adsorption-desorption isotherms 

within the Barrett-Joyner-Halenda (BJH) model made it possible to obtain the pore size 

distributions dV(D) shown in Fig. 8b. As can be seen from this figure, the form of the obtained 

distributions dV(D) significantly depends on the procedure for synthesizing the samples. Thus, 

for the γ-Fe2O3 nanopowder obtained by technique 1, there is a clearly pronounced lognormal 

pore size distribution with a maximum in the mesopore region dp13nm. At the same time, 

both micro- and macropores are practically absent in this sample. The pore size distribution 

dV(D) for the γ-Fe2O3-Fe3O4 composite nanopowder prepared according to technique 2 also 

has a lognormal form, but with a diffuse maximum shifted to the region of larger mesopores 

dp24nm. There are no micropores in this sample (Fig. 8b), which is also evidenced by the 

closure of the hysteresis loop of adsorption-desorption isotherms in the region of high partial 

pressures. At the same time, for the composite γ-Fe2O3-Fe3O4@oleic acid nanopowder 

prepared by technique 3, the pore size distribution has a bimodal form with the maxima dp12 

and dp28 nm, respectively. Thus, the obtained distributions dV(D) (Fig. 8b) are in satisfactory 

agreement with the conclusions drawn from the analysis of the shape of the total nitrogen 

adsorption-desorption isotherms for both iron oxide powders (Fig. 8a). 

Table 2. The morphology of nanoparticles of powders obtained by three methods. 

Parameters 
1st technique 

γ-Fe2O3 

2nd technique 

γ-Fe2O3-Fe3O4 

3nd technique γ-Fe2O3-Fe3O4@oleic 

acid 

SBET (m2/g) 92.0  4 51.7  1 75.0  11 

VP/P0→0.99(cm3/g) 0.35 0.34 0.43 

dP (nm) BJH (des) 13.4 24.2 1.9; 7.9 

Pore and 

nanoparticle type 

- open cylindrical 

mesopores with a 

narrow size 

distribution; 

- close to spherical 

nanoparticles. 

- slit-like mesopores; 

- lamellar nanoparticles. 

- slit-like micro- and mesopores; 

- lamellar nanoparticles. 

Nanoparticle size, 

nm 
d = ~5-20 (40)  = ~5-20  = ~10-20 

Note: SBET - specific surface area; VP/P0 → 0.99 - specific pore volume; dp - average pore diameter - parameters 

determined from the analysis of complete nitrogen adsorption-desorption isotherms using the BET and BJH 

models; d is the diameter for spherical nanoparticles or the size of lamellar nanoparticles (lamellar, determined 

from TEM data). 

The results of determining the texture parameters of the iron oxide nanopowder samples 

obtained from the analysis of the complete nitrogen adsorption-desorption isotherms using the 

Brunauer–Emmett–Teller (BET) and BJH models are given in Table 2. According to the data 

obtained (see Table 2), γ-Fe2O3 nanopowder prepared under the ultrasonic treatment (technique 

1) has the largest specific surface area (SBET = 92 m2/g) and specific pore volume (VP/P0 → 

0.99 = 0.35 cm3/g). The γ-Fe2O3-Fe3O4 sample obtained with argon bubbling and slight heating 
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(technique 2) has a slightly lower specific surface area (SBET = 52 m2/g and almost the same 

specific pore volume (VP/P0 → 0.99 = 0.34 cm3/g). The use of oleic acid as a surfactant leads 

to an increase in both the specific surface area (SBET = 75 m2/g) and the specific pore volume 

(VP/P0 → 0.99 = 0.43 cm3/g) of γ-Fe2O3-Fe3O4@oleic acid nanopowder (technique 3) 

compared with γ-Fe2O3-Fe3O4 nanopowder obtained under identical conditions (technique 2). 

The bimodal pore distribution in this powder may be due to the fact that it contains 

nanoparticles with a wide size distribution, both plate-like and rolled into a tube. 

It should be noted separately that all three nanopowders obtained via the 1st, 2nd, and 

3rd techniques have magnetic properties; they are attracted to the magnet. Powders γ-Fe2O3 

and γ-Fe2O3–Fe3O4 were separated from the mother liquor by magnetic separation. 

Measurement of the magnetic properties of γ-Fe2O3-Fe3O4@oleic acid powder using the NMR 

method in a flowing liquid (nutation method) [56] showed that this composite nanopowder is 

a soft magnetic material (saturation magnetization 20000 A/m, remanent magnetization 250 

A/m, coercive force 370 A/m). 

3.3. Aggregate stability of aqueous suspensions of iron oxide nanopowders. 

Data on the change in the hydrodynamic diameter of iron oxide nanoparticles in 

aqueous suspensions during storage, which indirectly characterize the aggregate stability of 

these suspensions, is given in Table 3. 

Table 3. Average value of the hydrodynamic diameter of iron oxide nanoparticles (D) was obtained by three 

different techniques in the supernatant liquids of aqueous suspensions during their storage. 

Soak period Average value of the hydrodynamic diameter of iron oxide nanoparticles prepared 

according to different aqueous synthesis techniques, D, nm 

1st variant 

γ-Fe2O3 

2nd variant 

γ-Fe2O3-Fe3O4 

3rd variant 

γ-Fe2O3-Fe3O4@oleic acid 

The supernatant of the initial suspension (0.1 g/L) after sonication (240 W, 40 kHz, 20 minutes) during storage 

One week 620 155 220 

One month 600 155 220 

10-Fold diluted supernatant of the original suspension during storage 

One week 600 145 180 

One month 650 140 180 

Four months − 130 180 

As can be seen from the table, the size of the hydrodynamic diameter of γ-Fe2O3 

nanoparticles without oleic acid is significantly larger (by 3 times) than for composite γ-Fe2O3-

Fe3O4 and γ-Fe2O3-Fe3O4 @ oleic acid nanoparticles, both with and without oleic acid. This 

can be caused by the larger size of γ-Fe2O3 nanoparticles, their greater tendency to aggregation, 

as well as the formation of a substantially thicker hydration shell (by a factor of 3 or more). 

Perhaps this is due to the presence of open cylindrical pores and a more developed surface. It 

can be noted that judging by the values of the hydrodynamic diameter, the size of iron oxide 

nanoparticles obtained by all three methods remained unchanged in aqueous suspensions for a 

rather long time - for 1 month, and for γ-Fe2O3-Fe3O4 and γ-Fe2O3-Fe3O4@oleic acid 

nanoparticles - over 4 months. 

The disadvantage of suspensions based on nanoparticles with oleic acid γ-Fe2O3-

Fe3O4@oleic acid is the difficulty of their preparation because the surface of the particles is 

poorly wetted with water. This problem was solved only with the use of ultrasonic exposure. 

Thus, regardless of the specific features of the water deposition technique, iron oxide 

nanopowders corresponding to the phase composition of γ-Fe2O3-Fe3O4 solid solutions, both 

with and without surfactant on the surface, form stable aqueous suspensions with hydrated 
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nanoparticle sizes in the range of ~ 130-650 nm. This conclusion is especially important since 

it is these hydrated nanoparticles that will subsequently interact with seeds or various parts of 

vegetative plants. 

3.4. Biological activity of magnetic iron oxide nanoparticles and their effect on phytotest 

objects. 

3.4.1. Fungicidal and bactericidal properties against fungal and bacterial phytopathogenic 

microorganisms. 

Comparative assessment for the growth characteristics of bacterial colonies 

Xanthomonas campestris pv. campestris (Pammel) Dowson., strain 5212 - the causative agent 

of cabbage vascular bacteriosis, as well as spore germination and mycelium growth, the 

formation of colonies of fungus Cochliobolus sativus (S. Ito & Kurib.) Drechsler ex Dastur - 

the causative agent of barley dark brown spot and root rot for 5 days indicate that studied 

aqueous suspensions of γ-Fe2O3 nanoparticles (0.001; 0.01; 0.1; 1.0; 10.0, 100.0 mg/L), γ-

Fe2O3–Fe3O4 and γ-Fe2O3–Fe3O4@oleic acid nanoparticles (0.1; 1.0; 10.0; 100.0 mg/L) ), in 

the tested concentrations, do not possess fungicidal and bactericidal properties. In all variants 

of the experiment, the growth and development of pathogens did not differ from those in the 

control variants without the tested substances. 

3.4.2. The effect of test crops seed treatment with magnetic iron oxide nanoparticles on plant 

resistance to damage by major phytopathogenic microorganisms. 

The data obtained (Table 4) on the survival rate of white cabbage variety Penca de 

Povoa (k-2558, Portugal) plants and the incidence of blackleg disease when grown on a 

substrate infected with fungal phytopathogens of this disease, in a greenhouse complex, 

indicate that a weak protective effect on the plant, providing a tendency to an increase in their 

survival rate and a decrease in the damage score, is provided by aqueous suspensions of γ-

Fe2O3–Fe3O4 nanoparticles at concentrations of 0.1 and 10.0 mg/L with the most pronounced 

positive effect at a lower suspension concentration; and γ-Fe2O3–Fe3O4@oleic acid 

nanoparticles at a concentration of 1.0 mg/L, which only at the indicated concentration showed 

a slightly more significant positive effect on plant stress resistance compared to that of a 

suspension of γ-Fe2O3–Fe3O4 nanoparticles without oleic acid at a concentration of 1.0 mg/L. 

In other variants of concentrations, the protective effect was not revealed. 

It should be noted that aqueous suspensions of γ-Fe2O3 nanoparticles do not have a 

protective effect on plants due to the suppression of the vital activity of the latter. This effect 

is less pronounced at the lowest tested concentration of the γ-Fe2O3 nanoparticle suspension 

(0.01 mg/L) and increases with its raising. 

Thus, suspensions of nanoparticles containing ferric and bivalent iron oxides (γ-Fe2O3–

Fe3O4) were found to be more effective at low concentrations in increasing the resistance of 

white cabbage variety Penca de Povoa (k-2558, Portugal) plants to phytopathogenic damage 

compared to the suspensions of nanoparticles with ferric iron oxides (γ-Fe2O3), which did not 

show a protective effect at the tested concentrations. The presence of the oleic acid shell on the 

surface of iron oxides (γ-Fe2O3–Fe3O4@oleic acid) magnetic nanoparticles also mainly did not 

have a significant positive effect on their phytoprotective ability under conditions of infection 

with fungal pathogens that cause blackleg in cabbage crops. 
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Table 4. Survival of white cabbage variety Penca de Povoa (k-2558, Portugal) plants and its susceptibility to 

blackleg when grown from seeds treated with the studied substances in favorable concentrations for plants, in a 

substrate infected with fungal pathogens of root rot 

Seed treatment option 
%alive 

plants 

Weighted average 

damage score 

water is a sterile substrate (control) 100,00 1 

0.1 mg/L γ-Fe2O3-Fe3O4 57.15 4 

10.0 mg/L γ-Fe2O3-Fe3O4 45.72 5 

1.0 mg/L γ-Fe2O3-Fe3O4-@oleic acid 45.72 5 

1.0 mg/L γ-Fe2O3-Fe3O4 34.29 7 

0.01 mg/L γ-Fe2O3 22.86 7 

water 38,86 8 

0.1 mg/L γ-Fe2O3 0.00 9 

1.0 mg/L γ-Fe2O3 0.00 9 

0.1 mg/L γ-Fe2O3-Fe3O4-@oleic acid 0.00 9 

10.0 mg/L γ-Fe2O3 0.00 9 

10.0 mg/L γ-Fe2O3-Fe3O4-@oleic acid 0.00 9 

3.4.3. Influence of the iron oxides magnetic nanoparticles concentrations on plant germination 

and morphometric characteristics. 

 A series of experiments revealed similarities and differences in the reaction of plants: 

spring barley variety Leningradsky, white cabbage variety Penca de Povoa, k-2558 and 

cauliflower variety Hobart, k-874, as well as watercress variety Azhur for presowing seed 

treatment with aqueous suspensions of iron oxides magnetic nanoparticles in the concentration 

range 0.00001 - 100.0 mg/L (Electronic supplementary information, Table 1-3). 

Various plant sensitivity to the effect of γ-Fe2O3 nanoparticles in the tested 

concentration ranges revealed (Electronic supplementary information, Table 1). Thus, the 

watercress of the Azhur variety and the white cabbage of variety the Penca de Povoa at the 

initial stages of germination turned out to be indifferent to the treatment of seeds with γ-Fe2O3 

suspensions, judging by the absence of the change in the indices of their germination energy 

and germination capacity. At the same time, cauliflower variety Hobart, k-874, and spring 

barley variety Leningradskiy reacted to seed treatment with γ-Fe2O3 suspensions at 

concentrations (0.001, 0.1, 1.0, 10) mg/L and (0.0001, 0.01, 100.0) mg/L, respectively, slowing 

germination on the 3rd day. On the 7th day, the marked inhibiting effect was retained in 

cauliflower in the variants of seed treatment with γ-Fe2O3 suspensions (0.1 mg/L), and in spring 

barley - at 0.01 and 100.0 mg/L. 

Differences in the direction of changes in the values of germination energy in different 

crops after treatment of their seeds with a suspension of γ-Fe2O3–Fe3O4 nanoparticles relative 

to those in control were manifested from a pronounced decrease in spring barley, a neutral 

reaction - in white cabbage, and stimulation in the form of a trend or significant - in cauliflower. 

(Electronic supplementary information, Table 2). Seed germination in all crops mainly did not 

differ from that in control or was higher, as, for example, in spring barley in the variants of 

seed treatment with suspensions of γ-Fe2O3–Fe3O4 nanoparticles at concentrations of 0.01, 1, 

and 10 mg/L. An exception was the treatment of barley seeds with a suspension of γ-Fe2O3–

Fe3O4 nanoparticles at a maximum concentration of 100 mg/L, which showed an inhibitory 

effect on this indicator. 

The presence of the oleic acid shell on the surface of γ-Fe2O3–Fe3O4@oleic acid 

nanoparticles, when treated with suspensions of Leningradskiy spring barley seeds at a 

concentration of 0.0001 mg/L, did not affect the germination energy of seeds; at a concentration 

of 0.01 mg/L it significantly contributed to an increase in this value (by 24%), and in other 

concentrations (0.001; 0.1; 1.0; 10.0 and 100.0 mg/L), it mainly significantly or in the form of 
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a tendency decreased its values relative to the control (Electronic supplementary information, 

Table 3). Treatment for seeds of white cabbage variety Penca de Povoa or cauliflower variety 

Hobart with the above-mentioned suspensions of γ-Fe2O3–Fe3O4@oleic acid nanoparticles 

mainly did not cause significant differences in the germination energy values from those in 

control, except for the treatment of cauliflower seeds at a concentration of 0,01 mg/L. All the 

differences revealed at the initial stages of germinations were leveled out on the 7th day, and 

in terms of germination, the experimental variants did not differ significantly from the control 

ones in all three phyto test cultures. A pronounced tendency to stimulate the germination of 

spring barley seeds in the variants of their treatment with suspensions of γ-Fe2O3–Fe3O4@oleic 

acid at concentrations of 0.001 and 0.01 mg/L can be noted. 

Judging by all the assessed growth and development indices of plant seedlings, the 

treatment of their seeds with γ-Fe2O3 suspensions had no effect or contributed to a significant 

increase or in the form of a weak tendency, by 3-15% in the length of the sprouts of garden 

cress variety Azhur at concentrations of 0.0001, 0.001, 0.01, 0.1, 1.0 and 10.0 mg/L; spring 

barley variety the Leningradskiy - in concentrations of 0.1 and 1.0 mg/L, white cabbage - in 

concentrations of 0.00001, 0.0001, 0.01; 1.0¸ 10.0 and 100.0 mg/L. cauliflower - at a 

concentration of 0.00001, 0.0001, 0.001, 0.01, 0.1 mg/L. At the same time, there is a weak or 

pronounced stimulation of root growth in garden cress by 6-28% with an increase in the 

manifestation of the effect in the variants of seed treatment with γ-Fe2O3 suspensions at low 

concentrations (0.001 and 0.01 mg/L); in spring barley - in concentrations of 0.0001, 0.01 and 

0.1 mg/L. It should be noted that there is a tendency towards a slowdown in root growth also 

in variants with seed treatment with γ-Fe2O3 suspensions at concentrations: for barley - 0.001, 

10 and 100 mg/L; for white cabbage - 0.01-100 mg/L; for cauliflower - 0.00001 - 1.0 mg/L. 

Treatment of test cultures seeds with suspensions of γ-Fe2O3–Fe3O4 nanoparticles in a 

wide range of concentrations also revealed differences in the response of plant cultures, 

namely: in cabbage crops - mainly stimulation of growth characteristics of plants (increase in 

the length of shoots and roots by 3-18%); while in spring barley - a significant (in the variant 

with a concentration of 10 mg/L) or in the form of a weak trend - a decrease in the growth rates 

of seedlings (by 5-14%). 

It was revealed that the presence of oleic acid shell on the surface of γ-Fe2O3–

Fe3O4@oleic acid nanoparticles contributed to an increase (up to 34%) in the absolute values 

of growth indicators of barley seedlings when compared with those in the variants with seed 

treatment with suspensions of γ-Fe2O3–Fe3O4 nanoparticles without oleic acid or γ-Fe2O3. At 

the same time, the treatment of white cabbage seeds with suspensions of γ-Fe2O3–Fe3O4@oleic 

acid nanoparticles did not affect the growth of sprouts but somewhat inhibited the growth of 

roots. The effect of seed treatment with γ-Fe2O3–Fe3O4@oleic acid suspensions on root growth, 

similar to the latter, was observed in cauliflower. However, in relation to sprouts, in contrast to 

that observed in white cabbage, stimulation of their growth (by 8-15%) was revealed at low 

concentrations of γ-Fe2O3–Fe3O4 nanoparticles (0.0001, 0.001, 0.01 mg/L). 

In general, judging by all the assessed growth and development indices of plant 

seedlings, the treatment of various plant species seeds with aqueous suspensions of γ-Fe2O3,  

γ-Fe2O3–Fe3O4, and γ-Fe2O3–Fe3O4@oleic acid have a weak positive effect on plants in the 

concentration range 0.00001 – 1 mg/L. The severity of the effect depends on the composition 

and concentration of the tested substance and is determined by the specific characteristics of 

the plant reaction. Thus, iron oxide nanoparticles in lower concentrations had a more significant 
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positive effect on cabbage crops (white cabbage and cauliflower) relative to controls; no 

significant effect on the growth characteristics of nanoparticles was found on spring barley. 

All the revealed differences in germination energy at the initial stages of plant 

development were leveled out on the 7th day, and in terms of germination, the experimental 

variants did not significantly differ from the control ones in all three phyto test cultures. 

3.4.4. Determination of the ranges of created compounds concentrations with positive influence 

under vegetative plants foliar treatment. 

Based on the results obtained on the treatment of plant seeds, a range of concentrations 

of aqueous suspensions of γ-Fe2O3 and γ-Fe2O3–Fe3O4@oleic acid nanoparticles were selected 

- 0.001-1.0 mg/L for foliar treatment of cucumber and lettuce seedlings. 

The results of studies of the effect of magnetic nanoparticles obtained by 2 techniques 

(1st and 3rd) on the morphophysiological characteristics of plants of the hybrid Neva F1 

cucumber are shown in Fig. 9. It can be seen that practically all the assessed indicators of the 

physiological state of plants (height, number of leaves, moisture content of plant material, raw 

ash, and the above-mentioned weight of the above-ground part) have higher values compared 

to the control. 

 
Figure 9. Morphophysiological parameters of cucumber plants after foliar treatment with aqueous suspensions 

of magnetic nanoparticles of iron oxides γ-Fe2O3 and γ-Fe2O3-Fe3O4@oleic acid in various concentrations when 

growing plants under controlled conditions of intensive light culture. 

Similar studies using only γ-Fe2O3 nanoparticles were repeated for two crops - a hybrid 

of cucumber Neva F1 and lettuce variety Typhoon (Electronic supplementary information, 

Tables 4 & 5). 

It was found that aqueous suspensions of γ-Fe2O3 nanopowder at the tested 

concentrations of 0.001-1.0 mg/L had a pronounced or weak tendency of stimulating effect on 

plant growth indicators under foliar treatment of the cucumber and lettuce plants during 

vegetative development (Electronic supplementary information, Table 4). 

As our studies have shown, the stimulation of the cucumber and lettuce plants growth 

under the influence of the synthesized magnetic iron oxide nanopowder is mainly due to: (a) 

an increase in the intake of mineral nutrients, including zinc, manganese, into the above-ground 
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part of the treated plants, which can be judged by a significant increase in the content raw plant 

ash and the content of these elements (Electronic supplementary information, Table 5); (b) a 

pronounced tendency to an increase in the water content of the tissues of stems and leaves after 

treatment with suspensions of iron oxide, which in turn indirectly indicates a higher osmotic 

potential in them due to the accumulation of low molecular weight compounds; to study the 

noted effect, it is planned to carry out further experiments on the effect of magnetic iron oxide 

nanoparticles suspensions under soil drought conditions on the stress resistance of plants; (c) 

an increase in the area of the assimilating leaf surface and the content of chlorophylls in plant 

leaves. The latter is more pronounced in the variants with the plants treated with γ-Fe2O3 

suspensions at concentrations of 0.01 and 0.001 mg/L (Electronic supplementary information, 

Table 5). In variants with a higher concentration, the content of chlorophylls in the leaves does 

not differ from that in control. It should be noted that there are differences in the direction of 

changes in the carotenoids content in cucumber and lettuce plants after treatment with 

suspensions of iron oxide at various concentrations. Thus, in cucumber leaves, it is similar to 

that in chlorophylls with maximum values when exposed to γ-Fe2O3 nanoparticles in low 

concentrations and their decrease at concentrations of 0.1 and 1.0 mg/L, although more 

significant relative to the control (by 18%). In lettuce leaves, under the influence of treatment 

with γ-Fe2O3 suspensions, a significant or tendency reduction in the content of carotenoids by 

13-28% is noted in the entire range of tested concentrations. It is well known that chlorophylls 

a and b, carotenoids are pigments involved in photosynthesis and / or redox processes, and the 

trace element iron catalyzes the formation of chlorophyll a pigment precursors - aminolevulinic 

acid and protoporphyrins. In addition, iron compounds are involved in the formation of 

chloroplast components: cytochromes, ferredoxin, etc. Apparently, with an increase in the 

concentration of suspensions of iron nanoparticles during plant foliar treatment, the need for 

the synthesis of secondary metabolites, including a number of pigments that enhance the 

absorption of this microelement by the root system, decreases. The revealed phenomenon 

requires additional in-depth research. 

The revealed pronounced positive effect of foliar treatment with aqueous suspensions 

of nanoparticles on the cucumber plants rates (F1 Neva hybrid) growth, the processes of the 

biosynthesis of photosynthetic pigments in the leaves, the enrichment of nutrients in the above-

ground part of plants in the complex, obviously, provided the manifestation of a weak tendency 

of plants productivity increase in variants treatment of plants with nanoparticles at a 

concentration of 0.01 mg/L (Table 5). 

Thus, the observed stimulation of the cucumber and lettuce seedlings growth after foliar 

treatment with aqueous suspensions of magnetic iron oxide nanopowder (maghemite) is mainly 

due to the intensification of metabolic processes and the supply of nutrients necessary for plants 

to the above-ground part. 

Table 5. Influence of foliar treatment with suspensions of iron oxide nanoparticles (concentration 0.01 mg/L) on 

the productivity of cucumber plants (for example, F1 Neva hybrid) when grown under controlled conditions of 

intensive light culture. 

Foliage Reagents 
Number of fruits Weight of one fruit Yield, kg of fruits per m2 

amount % of control g % of control kg % of control 

Water (control) 12.5±1.2 100 19.0±4.7 100 19.4±1.9 100 

γ-Fe2O3 13.0±2.5 104 19.5±8.7 99 20.0±2.7 103 

γ-Fe2O3-Fe3O4 13.0±0.7 104 18.5±1.2 98 19.7±1.6 102 

γ-Fe2O3-Fe3O4@oleic acid 13.5±1.2 108 202.5±8.5 104 21.9±3.6 113 
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An increase in nutrition and an increase in the content of mineral elements in plants 

contribute to an increase in the osmotic potential and, as a consequence, the hydration of tissues 

due to the flow of water into cells with increased osmotic potential. This is a very positive fact, 

which may indicate the ability of magnetic iron oxide nanoparticles to increase the plant's 

resistance in drought conditions. It is obvious that iron, as a cofactor of many enzymes, is 

involved in many metabolic processes in plants. Therefore, further study of the mechanisms of 

the influence of magnetic nanoparticles of iron oxides of various crystalline modifications is 

of great interest. The data obtained indicate that further studies of the mechanisms of the 

influence of magnetic nanoparticles of iron oxides on plants under favorable and stressful 

conditions are promising in order to create highly effective nano preparation and technology 

for their use in crop production of an open and protected ground, aimed at increasing the 

resistance of plants to stress factors and increasing the efficiency of their production potential. 

4. Conclusions 

 Three variants of magnetic nanoparticles of iron oxides, differing in phase composition, 

shape, and texture, were obtained by chemical deposition from aqueous solutions of iron (II, 

III) chlorides. The synthesis procedure was distinguished by the fact that according to the 1st 

technique, ultrasonication was used, according to the 2nd technique - bubbling with argon and 

heating to 60 °C during deposition, according to the 3rd technique, the synthesis was carried 

out similar to the second variant. Additionally, oleic acid was introduced into the reaction 

mixture. The mixture was subjected to homogenization at 50 °C and separated from the mother 

liquor not by magnetic separation (as in the first two variants), but by decantation. As a result, 

nanoparticles obtained under ultrasonication at room temperature most closely correspond in 

phase composition to maghemite (γ-Fe2O3), the shape of them is close to spherical and size 

within 5-20 (up to ~ 40 nm), with a specific surface area of ~ 92 m2/g. According to the second 

and third techniques of synthesis, with bubbling with argon and slight heating (60 °C), 

regardless of the method of isolation from the mother liquor and the presence or absence of a 

shell of oleic acid, identical in phase composition lamellar nanoparticles were obtained, which 

corresponds to a solid solution of maghemite-magnetite γ-Fe2O3-Fe3O4. Thus, according to the 

second and third techniques, nanoparticles of iron oxides with a higher content of ferrous iron 

were obtained in comparison with the nanoparticles obtained by the first method. As a result 

of the introduction of oleic acid into the reaction mixture, a film was formed on the surface of 

the nanoparticles, and composite γ-Fe2O3-Fe3O4@oleic acid nanoparticles were formed. This 

somewhat increased both the size of nanoparticles (from ~ 5-20 nm to ~ 10-20 and even up to 

~ 40 nm) and the specific surface area (from ~ 52 to 75 m2/g). At the same time, individual 

composite lamellar nanoparticles tended to roll up into tubes. After reaching sedimentation 

stability, aqueous suspensions of all three variants of nanoparticles retained their aggregate 

stability for more than 1 month at an aggregate size of ~ 550 nm (for γ-Fe2O3) and for more 

than 4 months at an aggregate size of ~ 130 nm (for γ-Fe2O3-Fe3O4) and ~ 180 nm (for γ-Fe2O3-

Fe3O4@oleic acid). 

The studied aqueous suspensions of γ-Fe2O3 nanoparticles (0.001; 0.01; 0.1; 1.0; 10.0, 

100.0 mg/L), and γ-Fe2O3-Fe3O4 and γ-Fe2O3-Fe3O4@oleic acid nanoparticles (0.1; 1.0; 10.0; 

100.0 mg/L), in the tested concentrations do not possess fungicidal and bactericidal properties 

in relation to phytopathogens – the causative agent of dark brown spot and root rot of barley - 

the micromycete Cochliobolus sativus (S. Ito & Kurib.) and the causative agent of vascular 

https://doi.org/10.33263/LIANBS102.22152239
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS102.22152239  

 https://nanobioletters.com/ 2235 

bacteriosis of cabbage – Xanthomonas campestris pv. campestris (Pammel) Dowson, 

respectively. 

Aqueous suspensions of magnetic nanoparticles corresponding to the composition of 

the γ-Fe2O3–Fe3O4 solid solution, containing oxides of ferric and ferrous iron, were found to 

be more effective at low concentrations in increasing the resistance of white cabbage cultivar 

Penca de Povoa (k-2558, Portugal) plants to fungal pathogens causing blackleg in cabbage 

crops, compared with suspensions of nanoparticles that most closely correspond to the 

composition of maghemite (γ-Fe2O3), which did not show a protective effect at the tested 

concentrations. The presence of a shell of oleic acid on the surface of magnetic nanoparticles 

of iron oxides (γ-Fe2O3–Fe3O4) also predominantly did not have a significant positive effect on 

their phytoprotective ability in conditions of infection with phytopathogens causing blackleg 

disease. On the contrary, smaller, also lamellar nanoparticles ~ 5-20 nm in size, corresponding 

to the composition of the γ-Fe2O3–Fe3O4 solid solution, without oleic acid, exhibited higher 

protective properties. In the future, it is of interest to find out what affects to a greater extent 

the bactericidal properties of nanoparticles - their size or phase composition (Fe atoms in 

oxidation state II or III).  

In general, judging by all the assessed growth and development indices of plant 

seedlings, the treatment of seeds of various plant species with aqueous suspensions of γ-Fe2O3, 

γ-Fe2O3–Fe3O4, and γ-Fe2O3–Fe3O4@oleic acid nanoparticles have a weak positive effect on 

plants in the concentration range 0.00001-1 mg/L. The severity of the effect depends on the 

composition and concentration of the tested substance and is determined by the specific 

characteristics of the plant reaction. Thus, iron oxide nanoparticles in lower concentrations had 

a more significant positive effect on cabbage crops (white cabbage and cauliflower) relative to 

the control. No significant effect on the growth characteristics of spring barley was found. All 

the revealed differences in germination energy at the initial stages of plant development were 

leveled significantly from the control in all three phyto test cultures. The stimulation of the 

growth of seedlings of cucumber and lettuce after foliar treatment with aqueous suspensions of 

magnetic γ-Fe2O3 nanoparticles, revealed in a series of vegetation experiments under controlled 

conditions of intensive light culture, is mainly due to an increase in metabolic processes and 

the supply of nutrients necessary for plants to the above-ground part. An increase in nutrition 

and an increase in the content of mineral elements in plants contributes to an increase in the 

osmotic potential and, as a consequence, tissue hydration due to the flow of water into cells 

with increased osmotic potential. This is a very positive fact, which may indicate the ability of 

magnetic iron oxide nanoparticles to increase the resistance of plants in drought conditions. It 

is obvious that iron, as a cofactor of many enzymes, is involved in many metabolic processes 

in plants. Therefore, further study of the mechanisms of the influence of magnetic nanoparticles 

of iron oxides in various crystalline modifications is of great interest. The data obtained indicate 

that further studies of the mechanisms of the influence of magnetic nanoparticles of iron oxides 

on plants under favorable and stressful conditions are promising in order to create highly 

effective nano preparation and technology for their use in crop production of open and 

protected ground, aimed at increasing the resistance of plants to stress factors and increasing 

the efficiency of their production potential. 

 In general, the phase composition and size of nanoparticles obtained by all three 

methods are close. However, even a small shift towards an increase in the number of ferrous 

iron atoms in the phase composition of nanoparticles had a positive effect after seed treatment 

on the resistance of white cabbage cultivar Penca de Povoa to blackleg disease when plants 
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were grown in a substrate infected with fungal root rot pathogens. The influence of the size, 

shape, and phase composition of magnetic iron oxide nanoparticles on the morphometric and 

biochemical parameters of plants, both during pre-sowing seed treatment and when processing 

vegetative plants with nanoparticles, is less obvious. However, the positive effect of oleic acid, 

oddly enough, is manifested in the fact that the best results in almost all parameters are achieved 

at lower concentrations of nanoparticles. All three variants of nanoparticles had a positive 

effect on the yield of cucumbers when used for foliar treatment of plants. It is interesting to 

note that it is the composite nanoparticles corresponding to the composition of the maghemite-

magnetite solid solution with a shell of oleic acid that contributed to the highest productivity 

of cucumber plants. In the future, to enhance the phytoprotective effect, it is planned to test the 

effect of modifying the surface of iron oxide nanoparticles with various substances, such as 

silicon dioxide or carbon nanomaterials, which, if successful, will reduce the dose load of 

persistent agrochemicals and pesticides on the environment. 
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