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Abstract: Iron deficiency is one of the limiting factors of plant growth. In recent years nanotechnology 

has attracted attention to producing forms of iron that are available to plants. Chitosan, which is widely 

used in agriculture due to its unique properties, has metal-binding abilities. We decided to study 

nanomagnetite and chitosan's combined action to improve seed germination 

and growth of wheat (Triticum aestivum L.). The thumbnail method was used in the study. The seeds 

were treated with magnetite suspension and chitosan solutions before planting. An increase in plant 

growth, root, and shoot length of plants was found in all seed treatment methods (chitosan, 

nanomagnetite, and combined action). This increase was significantly dependent on the concentration 

of chitosan. However, chitosan and magnetite combination was 1.3 times more effective for seed 

germination than pure chitosan or magnetite. A mechanism based on chitosan's ability to promote the 

better transfer of iron ions to plants is proposed. However, further investigation for the optimization of 

chitosan/magnetite proportions for improving seed growth is required. 
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1. Introduction 

Iron is an essential trace element for almost all living organisms due to its significant 

role as an energy carrier within the plant [1]. It is a constituent of certain enzymes and proteins. 

Also, iron is crucial for chlorophyll formation in photosynthesis and is involved in nitrogen 

fixation [2]. Iron deficiency is a limiting factor in plant growth. Although iron is present in 

high quantities in soils (2-3%), its availability to plants is usually very low [3]. Plants can 

uptake iron in their ionic forms, such as Fe2+ (ferrous) and Fe3+ (ferric). However, the Fe2+ form 

is physiologically more significant for plants. Iron is insoluble at neutral and high pH and is 

therefore unavailable for plants in alkaline and calcareous soil. The way to prevent the Fe2+ 

form oxidation is its stabilization with chelating agents (EDTA, DTPA, amino acids, humic 

and fulvic acids). Recently, a positive effect of highly dispersed magnetite (Fe3O4) on the 

germination and growth of wheat was shown [4]. Bio-inorganic nanoparticles are widely 

present in living organisms of all levels and types of organization. Biogenic generation of nano-

phase magnetic oxides is important from a fundamental viewpoint and meaningful for many 

applications [5-7]. However, only little is known about the joint action of magnetite in 

combination with organic substances. 
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Considering various organic substances to be applied with magnetite, it is interesting to 

focus on chitosan. Chitosan (Ch) is a well-known agent to protect plants against viruses and 

bacteria. Owing to its nontoxic, biodegradable, and nonpollution characteristics, it may be 

considered a new type of green pesticide. The unique properties may play an important role in 

agriculture, preserving crop yield, and quality [8-11]. Moreover, Ch is known for its ability to 

form complexes with metal ions [12]. 

In that connection, the study of the role of bio-inorganic nanocomposites combined 

with Ch to reduce the negative impact of diseases on crops' quality has growing interest. In the 

present study, we investigated the effects of chitosan, highly dispersed magnetite, and their 

combined action on wheat germination and seedling growth (Triticum aestivum L.). 

2. Materials and Methods 

 2.1. Materials. 

Natural polysaccharide chitosan (Ch) of Mw 300 kDа, with a deacetylation degree 82–

85%, was prepared in BioProgress Technology Ltd, Schelkovo used in the chloride form. Ch 

concentration was varied from 0 to 0.04%. The concentration of magnetite prepared by reaction 

[13] was kept constant (20 g/l). The average particle size was 400 nm.  

2.2. Methods. 

2.2.1. Thumbnail method. 

The study was made by the thumbnail method (Fig. 1). Before sowing, the collected 

wheat seeds (0,035 ± 0,003 g) were placed in 10 ml bulbs, where 3 ml of magnetite suspension 

and different quantities of chitosan solutions were added. The seeds were soaked for 4.5 h. 

Seeds soaked in water were used as control. Nine seed holes of about 3 cm depth were made in 

each pot. Nine seeds previously treated/nontreated with chitosan and magnetite were inserted 

into the holes in soil (sod-podzolic soil - Eutric Albic Retisol (Moscow region) [14]. The seed 

holes were closed, and the pots were kept at room temperature (21-23oC). Sowing seeds were 

watered with 10 ml of water every day during the whole time of the study. The influence of Ch 

and magnetite additions on seed germination was estimated by seeds viability in three days. 

The estimations of shoot height, root length, and weight of plants were made a week after plant 

sowing. The estimation of the studied characteristic was made based on the average value 

concerning nine planting seeds. 

 

 
Figure 1. Thumbnail method for the study of plant development. 
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2.2.2. Preparation of magnetite. 

Magnetite was prepared by the reaction of ammonium solution with the mixture of 

ferric chloride and ferrous chloride under intensive stirring [13]: 

FeCl2 + 2FeCl3 + 8NH3 → Fe3O4 + 8NH4Cl + 4H2O 

The average particle size of magnetite was determined by the LALLS method (Low 

Angle Laser Light Scattering) [15].  

2.2.3. Drop shape analysis (contact angle). 

Drop shape analysis (DSA) was used for determining the contact angle from 

the shape of the droplet. Contact angle, θ (theta), is a quantitative measure of a solid's wetting 

by a liquid. The contact angle is geometrically defined as the angle formed by a liquid at the 

three-phase boundary where a liquid, gas, and solid intersect. A drop of distilled water or 

chitosan solutions was placed onto a Teflon plate to determine a contact angle. The drop shape 

was recorded with a photo camera and treated by the software “Promer”. The accuracy of the 

method is ±1° [15].   

3. Results and Discussion 

3.1. Results.  

3.1.1. Effects of magnetite and chitosan on seed germination. 

It was shown that the treatment of seeds with magnetite without chitosan gave 

practically the same results in seed germination compared with the control test ones. In the case 

of seeds treatment by chitosan without magnetite, the highest seed germination was observed 

at high Ch concentration (0.04%). At the same time, the decrease of such value was determined 

at low Ch concentrations. The joint action of chitosan and magnetite is 1.3 times more effective 

in seed germination, compared to the control test at the concentration of Ch 0.01% (Fig.2).  

 
Figure 2. Influence of chitosan and nanomagnetite on germination of treated/nontreated seeds. 

3.1.2. Effects of magnetite and chitosan on shoot and root length of plants. 

The increase of shoot length (1.6 times) (Fig. 3) as well as of the root length of plants 

(1.4 times) (Fig. 4) was observed when seeds were treated with the maximum chitosan 

concentration (0.04%) without nanomagnetite.  
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Figure 3. Influence of chitosan and nanomagnetite on the shoot length of the plant. 

The combined action of magnetite and chitosan increased plants' shoot and root growth 

by 1.3 times and by 1.2 times, correspondingly. The treatment with nanomagnetite without 

chitosan gave an increase in shoots and root length by about 1.2 times.  

 
Figure 4. Influence of chitosan and nanomagnetite on the root length of the plant. 

3.1.3. Effects of magnetite and chitosan on the weight of sprouted wheat. 

The weight of sprouted wheat did not depend much on the combined action of Ch and 

magnetite (Fig. 5), but a slight increase in the average weight (1.2 times) was shown after the 

treatment of seeds with chitosan without nanomagnetite.  

 
Figure 5. Influence of chitosan and nanomagnetite on the weight of sprouted wheat. 
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3.2. Discussion. 

Recent research has discovered several compounds that affect plant development; 

nevertheless, their roles are less understood, especially the combined role of some compounds. 

In our work, we try to study the combined action of an organic substance (chitosan) and an 

inorganic substance (nanomagnetite). Our choice was based on the positive effects of each of 

these agents on the growth of plants. 

Iron is included in the composition of the plant in an amount of 0.08%. It is transported 

from the roots up to other parts of the plant by xylem in the form of a Fe-citrate complex. In 

most cases, iron's role is related to its ability to pass from the oxidized form (Fe3+) to the 

reduced form (Fe2+) and back. Iron is a part of the catalytic centers of many redox enzymes. 

The form of new groups is a part of such enzymes as cytochromes, cytochromoxideza, nitrate, 

and nitrite reductase.  Iron is also necessary for the formation of chlorophyll. In this case, iron 

catalyzes the formation of precursors of chlorophyll: aminolevulinic acid and protoporphyrins. 

It is assumed that iron plays a role in the formation of chloroplast proteins. With a lack of iron, 

there are no conditions for forming such important components of chloroplasts as cytochromes, 

ferredoxin, and some others [16]. The cytochrome system is a necessary component of the 

respiratory and photosynthetic electron transport chain. When there is not enough iron, both of 

these important processes are inhibited [17, 18]. 

Although total Fe is generally high in soil and varies in the range of 1 to 5% of its mass, 

the magnitude of its available fraction is generally very low [19-20]. Iron in the soil exists in 

ferrous (Fe2+) and ferric (Fe3+) forms. Soil pH and the aeration status of the soil determine 

which form predominates. Ferric iron compounds have low solubility in the soil solution, and 

conditions that favor these compounds' formation decrease iron availability [21]. The formation 

of available forms of soluble iron complexes that reach plant roots may be increased by 

interacting with an organic substance. Up to 21.5% of the global organic carbon is associated 

with the reactive forms of Fe in soils and sediments [22, 23]. 

Conversely, the formation of solid organic matter associated with minerals can reduce 

the mobile forms of iron and its absorption by plants [24]. An imbalance between the solubility 

of iron in soil and the demand for iron by the plant is the primary reason for iron deficiency 

(interveinal chlorosis) of the new leaves. The introduction of iron into the soil does not lead to 

an expected biological effect due to its rapid transition to an oxidized form that is inaccessible 

to plants. Due to the revealed biological activity of iron compounds, foliar feeding with 

solutions of organic (mainly chelates) or inorganic iron compounds is the most effective 

method for increasing crop yields [25].  

An urgent issue is the use of various iron forms (nanoform and ionic) to improve the 

sowing qualities of seeds and increase productivity. Especially, nanotechnologies have become 

promising in agricultural systems. Nanoparticles have a high degree of bioavailability; they 

influence the structure and function of the photosynthetic apparatus in plants, increasing the 

chlorophyll concentration [26, 27]. However, few studies were conducted on how nanoparticles 

affect plant growth and development [28, 29].  

Having mentioned above the role of organic matter on the migration of iron ions, we 

should consider the organic substance used in our study. Chitosan is a natural biopolymer 

consisting of glucosamine and N-acetyl chains and is wildly used in agriculture [30, 31]. It can 

be obtained by deacetylation of chitin; it is present and easily extracted from the fungal cell 

wall and crustacean shells. Differences in the structures of Ch and chitin, namely the presence 
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of Ch amino groups, are the base of the antimicrobial activity of chitosan compared with chitin 

that does not show any antimicrobial activity. Several mechanisms explain the antimicrobial 

and antifungal activity of chitosan. Protonated amino groups can establish electrostatic 

interactions between chitosan cationic amino groups and negatively charged substances such 

as N-acetylmuramic acid, sialic acid, and neuraminic acid present on the bacterial cell wall. Ch 

can increase the membrane permeability leading to the leakage of intracellular substances and 

pathogen growth inhibition [32-37]. There is an opinion that Ch antimicrobial activity consists 

in the fact that Ch can induce plants to produce defense enzymes (chitosanases, -glucanase, 

lipoxygenases) with antimicrobial activity and stimulating the generation of reactive oxygen 

species [38]. Another proposed mechanism of antimicrobial protection is the binding of 

chitosan with microbial  DNA,  which leads to the inhibition of the mRNA and protein 

synthesis via the penetration of chitosan into the nuclei of the microorganisms. Taking into 

account the excellent metal-binding capacities of Ch, a possible explanation of antimicrobial 

activity of Ch may be the chelation of metals, suppression of spore elements, and binding to 

essential nutrients to microbial growth [39-41]. 

One of the most important bioactivities of chitosan is the stimulation of seed 

germination. As was shown for maize and ajowan seeds, priming with chitosan stimulates plant 

growth, root length, the weight of plants, increases the crop yields and alleviates the harmful 

effect of abiotic stress on plant growth (under salt stress) [42, 43]. The application of chitosan 

is one way to decrease the negative effect of abiotic stress and improve the seed germination 

and growth of wheat seedlings [44].  

In recent years there has been an increased interest in using chitosan nanoparticles in 

agronomy as a comprehensive strategy towards productivity and plant protection [45-47]. Such 

an approach is based on specific properties of nanoparticles that enhance their penetration on 

the plant cell wall, increasing the agrochemical uptake. Moreover, the possibility of 

encapsulating agrochemicals in chitosan nanocarriers shields the toxic effect of the free 

agrochemicals on the plant. The study of the effect and mechanism of chitosan nanoparticles 

on the germination and seedling growth of wheat (Triticum aestivum L.), showed that the 

growth-promoting effect is observed at a lower concentration (5 μg/mL) compared with 

chitosan (50 μg/mL) [48]. The combined use of chitosan with other agents is one of the most 

promising modern agronomy areas [49-51]. It should be added to all the advantages of chitosan 

that, unlike pesticides, it cannot contaminate ecosystems, possesses such properties as 

biocompatibility and biodegradability, and has low-cost production.  

 

Figure 6. Contact angles of chitosan solutions on Teflon plate. 
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It was shown that chitosan and magnetite's joint action is 1.3 times more effective in 

seed germination than the control test. Whereas the seed treatment with the only chitosan shows 

a slight increase in seeds germination and the treatment with magnetite did not show positive 

results. All seed treatment methods (chitosan, magnetite, and joint action of magnetite and 

chitosan) show an increase in plant growth, root length, and plants' weight. It was found that 

this increase is extremely dependent on the concentration of chitosan. Our data on the 

concentration of chitosan, which has the maximum effect on plant growth, coincide with the 

results presented in [48]. It is possible to assume that concentration but molecular weight, 

degree of acetylation, pH, and other factors might affect Ch's biological activity. Because the 

action of Ch begins with interaction with the seed surface, one of the approaches to the 

mechanism of interaction was the study of the hydrophilic-hydrophobic properties of Ch 

solutions. As we can see from Fig. 6, due to the measurement of Ch solutions' contact angles 

on the Teflon plate, Ch in the studied concentration range (0-0.05%) has hydrophilic properties. 

The tendency to hydrophobization is observed when the Ch concentration is higher than 0.1%. 

That proposes the interaction of Ch with structure polysaccharides of seed surfaces, coved with 

a biofilm. 

Iron ions that stabilize the magnetite particles can form a complex with Ch. An increase 

in antimicrobial activity was found when chitosan binds to metal ions through nitrogen or 

oxygen [52]. The zeta-potential of such Ch-Fe complexes will be higher than zeta-potential of 

Ch, which ensures stronger electrostatic interaction between Ch and negatively charged cell 

walls. It was found that the reduced size and higher zeta potential of Ch nanoparticles resulted 

in their higher antibacterial activity [45]. Early we found that copper ions introduced into the 

soil and chitosan did not remain in the soil due to the formation of a complex with chitosan but 

penetrated plants [53]. It may be proposed that one of the functions of chitosan, when combined 

with magnetite, can be associated with facilitating iron ions to enter the plant cells [54]. On the 

other hand, magnetite particles flocculated by chitosan may better interact with seed 

polysaccharides [49]. However, further investigation is required to understand the reaction 

mechanism and optimization of chitosan/magnetite properties for improving seed germination 

and growth. 

4. Conclusions 

 Iron plays an important role in the life activity of plants. Although it is one of the most 

common elements in the Earth`s crust, its availability for plants is not high. Recently, there has 

been an increased interest in iron nanoforms that positively affect the development of plants. 

However, little is known about the use of nanomagnetite in combination with other substances, 

for instance, сhitosan, which is a well-known elicitor and widely used in agronomy. We 

decided to study their combined action and each component separately on the germination and 

seedling growth of wheat (Triticum aestivum L.). It was shown that the combined action of 

chitosan and nanomagnetite is 1.3 times more effective in seed germination compared to the 

control test. In contrast, the seed treatment with chitosan alone gave a slight increase in seed 

germination. No effect was revealed after the seed treatment with nanomagnetite. All seed 

treatment methods (chitosan, magnetite, and joint action) show an increase in plant growth, 

root, and shoot length. This increase is extremely dependent on the concentration of chitosan. 

A mechanism based on chitosan's ability to promote better transport of ferrous ions to plants is 

proposed to explain the synergistic effect of chitosan and nanomagnetite on plant growth. 

Therefore, future research should focus on understanding the details of chitosan's biochemical 
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functions in combination with nanomagnetite, which will advance their application in 

agriculture. 
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