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Abstract

Iron nanoparticles, as one of the most widely used nanomaterials in modern agriculture, have
garnered significant attention from researchers. These materials, with their unique chemical and
physical properties, are capable of exerting notable effects on plant growth and performance.
However, the utilization of Fe;Os NPs in the agricultural sector remains relatively limited.
Therefore, in the present study, a factorial experiment was conducted in a completely
randomized design with three replications and four treatment levels of Fe;O4 NPs (0, 25, 50, and
100 mg/L) applied via foliar spray on tomato plants. The results indicated that spraying with 25
mg/L FesOs NPs improved growth characteristics, photosynthetic pigment content, nutrient
elements, proteins, and antioxidant enzyme activity, while also reducing the content of MDA,
H,0,, and GABA, compared to the control in tomato plants. Overall, the findings of this
research clearly demonstrate the potential of Fe;Os NPs as a micronutrient nanofertilizer,
particularly in application via foliar spraying.
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Introduction

Nanotechnology, particularly the utilization of nanoparticles, offers innovative solutions for contemporary
agricultural challenges, including the enhancement of plant growth and crop yield while preserving soil
health (Usman et al., 2020; Feng et al., 2022). Among these, iron oxide nanoparticles (FeNPs) have garnered
increasing attention due to the critical role of iron in plant physiological and biochemical processes, such as
photosynthesis (El-Desouky et al., 2021; Goral et al., 2023). Iron deficiency, despite its abundance in soil
(owing to insoluble and unavailable forms), poses a significant limitation to the growth of many plants,
including tomatoes (Khan et al., 2020; Sagwal et al., 2023; Raiesi-Ardali et al., 2022). Tomato, as a vital
agricultural crop, is particularly vulnerable to environmental stresses and nutrient deficiencies (Collins et al.,
2022; Kaboré¢ et al., 2022). Conventional methods of iron supply using chemical fertilizers necessitate
innovative, cost-effective, and environmentally benign solutions due to their low absorption efficiency
(Pasricha et al., 2021).

Currently, iron nanoparticles have emerged as a promising alternative for addressing iron deficiency (Raiesi-
Ardali et al., 2022). However, research concerning their agricultural applications, specifically the effects of
foliar application of FesOs nanoparticles (FesOs NPs) on enhancing plant growth, remains limited. This study
was conducted to investigate the impact of foliar FesOs NPs treatment on the morphological, physiological,
and enzymatic traits of tomato plants, to determine the efficacy and optimal concentration of these
nanoparticles for this crop.

Materials and Methods

This experiment was conducted as a factorial experiment based on a completely randomized design with
three replications. Following surface sterilization with a 1.0% sodium hypochlorite solution, seeds were
rinsed and cultured in petri dishes. Three days post-germination initiation, seedlings were transferred to pots
containing perlite and irrigated with half-strength Hoagland solution. For the synthesis of FesOa
nanoparticles, iron (III) chloride hexahydrate and iron (II) chloride tetrahydrate were dissolved in 100 mL of
deionized water and maintained at 60°C. Subsequently, 10 mL of 25% ammonium hydroxide (NHsOH) was
added to the mixture (Rostami et al., 2018). For treatment application, FesOs NPs were prepared at
concentrations of 0, 25, 50, and 100 mg/L, sonicated, and sprayed onto plants at the four-leaf stage. At the
end of the treatment period, stems and roots were separated and snap-frozen in liquid nitrogen.

Chlorophyll content was determined according to Lichtenthaler’s method (1987). Malondialdehyde (MDA)
and hydrogen peroxide (H20:) levels were quantified using the methods described by Heath and Packer
(1969) and Velikova et al. (2000), respectively. GABA was measured by the method of Baum et al. (1996),
and protein content by the Bradford method (1976). The activities of superoxide dismutase (SOD)
(Giannopolitis & Ries, 1977), ascorbate peroxidase (APX) (Nakano & Asada, 1981), and catalase (CAT)
(Dhindsa et al., 1981) were assayed, along with elemental analysis using inductively coupled plasma mass
spectrometry (ICP-MS). Results were presented as mean =+ standard deviation. Statistical differences were
analyzed using Microsoft Excel software and Two-Way Analysis of Variance (ANOVA). Duncan’s multiple
range test was employed for mean comparisons, with a significance level set at p < 0.05.

Results and Discussion

The results indicated that 25 mg/L FesOs NPs increased dry weight, plant length, chlorophyll content, protein
content, and the activity of antioxidant enzymes SOD, APX, and CAT. Concurrently, the levels of MDA,
H:0:, and GABA showed a decrease. In contrast, 100 mg/L FesO4 NPs exhibited toxic effects, leading to a
reduction in dry weight, plant length, chlorophyll content, and protein content, accompanied by an increase
in MDA, H20:, and GABA content. These findings corroborate the dual effects of iron oxide nanoparticles:
at low concentrations, these nanoparticles can act as a growth stimulant, contributing to plant health by
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mitigating oxidative stress and modulating GABA accumulation. These positive effects are likely attributed
to the supply of iron for enhanced activity of antioxidant enzymes such as APX and CAT, in which iron
functions as a cofactor (Salehi Eskandari & Kharati Koopaei, 2020). In this study, 25 mg/L Fe;Os NPs also
led to an increase in the content of macronutrients (K, Ca, Mg) and micronutrients (Fe, Mn, Zn, Cu). Iron
nanoparticles may stimulate the production of growth hormones like auxin and cytokinin, promoting cell
division and improving the growth of aerial and root organs, which facilitates better nutrient absorption and
contributes to overall plant growth (Divte et al., 2021). Iron nanoparticles can enhance nutrient uptake and
distribution efficiency by regulating the expression of nutrient transporter genes (Yang et al., 2020) and, by
reducing stress conditions, allocate more energy towards nutrient absorption and translocation (Feng et al.,
2022). In this study, the 25 mg/L FesO+ NPs concentration provided a less stressful environment, leading to
improved nutrient uptake and, consequently, greater plant growth and biomass.

Conclusion

In this study, 25 mg/L FesO+ NPs demonstrated significant positive effects on the growth and physiology of
tomato plants. The findings suggest that FesOs NPs hold substantial potential as a novel and efficient
alternative to traditional iron fertilizers in agriculture, and their foliar application can serve as a rapid and
effective strategy for addressing nutritional deficiencies. However, further research under field conditions is
deemed essential to validate these results on a larger scale and to gain a deeper understanding of the
underlying mechanisms of action.
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Figure 1- Properties of Fe3O4 NPs by techniques XRD pattern (A) and SEM micrograph (B).
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Figure 2- Effects of different concentrations of Fe3O4 NPs on shoot dry Weight in tomato. Values are mean + SD of 3 replicates.
Mean values followed by similar letters did not differ significantly (P < 0.05) when determined by the Duncan test.
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Figure 3- Effects of different concentrations of Fe3O4 NPs on shoot and root length in tomato. Values are mean + SD of 3 replicates.
Mean values followed by similar letters did not differ significantly (P < 0.05) when determined by the Duncan test.
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Figure 4- Effects of different concentrations of FesO4 NPs on Chla, Chlb, Chlt, and Car in tomato. Values are mean + SD of 3
replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined by the Duncan test.
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Table 1- effects of different concentrations of Fe3;O4 NPs on MDA, Aldehydes, H2O2 and GABA in tomato.

Shoot Shoot

nano- Shoot MDA Aligﬁ;’;es Root MDA Ali‘l’l‘;tdes Shoot H,0,  Root H,0; GABA  RootGABA  protein pﬁ)‘;‘e’fn
Fe;04(mg/l)  (nM/gr FW) (nM/gr FW) (nM/gr FW) (nM/er FW) (uM/g Fw) (uM/g Fw) (ué\{[y/)gr (uM /gr FW) (r;l\g)ﬁr (mg/er FW)
0 0.13+0.017°  0.016£0.002°  0.24+0.019®  0.017£0.002°  26.98+0.89  56.1942.61°  39.04+2.31°  532143.71°  6.1940.29°  5.39+0.49"
25 0.05£0.006°  0.008£0.002°  0.16£0.002°  0.009£0.003  22.02+1.81°  43.98+1.88°  27.08+1.11°  39.98:3.11°  9.12£021°  6.83£011°
50 0.08:0.006°  0.01940.002®  0.19+40.007°  0.03£0.004  30.94+1.89°  64.07+1.62° 36.03£2.91°  57.3543.12%  7.1840.41°  4.79+0.59b¢
100 0.13+0.021®  0.031£0.003*  031+0.021°  0.03+0.003  38.05+1.62°  53.9243.11° 47.9541.61°  67.194321°  7.614021°  3.68+.019°

WLl (8313 0 g0 5T 3 e3lizel LP < 0.05 pelaws 53 1 e 33t pude S0bs 0Ly Cog o ool £ SD LG Y (Kol ¢ 3lie

Values are mean = SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined by the Duncan test.
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ST T LSL%-:};T Sl il 4 e el kas
YO chle s il op phe S i K a8 s
FesOs il 55 0,8 o YO Chile 5 1) 55 0 8
MVFF Ol 4 CAT o il cww NPs
Ol 4 SOD 5 8A/+0 5 AZY Ol 4 APX (\FF/YF
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leh)wgaé'@!&ﬁ&c@nglsmmﬁ

)]
role Bl mead Sl 4 by oSl anls
ale 45K, Fe, Mn, Mg, Zn, Cu, Ca 45k soge glde

FesOs _abd o Lnls Ol Hles s OLE 4t

éﬁ«:—f DSy g glse ¢l.U| SOD 5 APX (CAT (gl gims 5 Fe3s0a NPs Calizes glaclale 51-Y J g
Table 2- Effects of different concentrations of FesO4 NPs on CAT, APX, SOD in tomato.

oot (ST ST S eSSl g
Protein) Protein)

0 1.3640.21° 1.0440.13° 1.2340.12° 1.03+0.04¢ 0.86+0.10° 1.45+0.12°

25 2.96+0.34 2.53+0.14° 2.29+0.03* 2.04+0.16" 1.730.12° 2.28+0.21°

50 1.86+0.27° 1.57+0.11° 1.74+0.17° 1.36+0.10° 1.27+0.27° 1.66+0.07"

100 1.76+0.10b¢ 1.63+0.20° 1.52+0.12% 1.79+0.16° 0.98+0.95% 1.8440.08°

WLl (S35 0 9o 5T § P <005 el 53 s e SVt puke Kol 0SSy g ool £ 8D LISEY (i ¢ 3lie

Values are mean = SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined

by the Duncan test.
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Table 3- Effects of different concentrations of Fe3O4 NPs on shoot and root K, Ca, Mg, Fe, Mn, Zn and Cu content. in tomato.

nano- Shoot K Root K Shoot Ca Root Ca Shoot Mg Root Mg Shoot Fe Root Fe Shoot Mn Root Mn Shoot Zn Root Zn Shoot Cu Root Cu
(1:;3(/)6 g/kg dry g/kg dry g/kg dry g/kg dry g/kg dry g/kg dry mg/kg dry mg/kg dry mg/kg dry mg/kg dry mg/kg dry mg/kg dry mg/kg dry mg/kg dry
& weight weight weight weight weight weight weight weight weight weight weight weight weight weight
0 60.55+2.67°  45.25+1.61°  20.23£2.16° 17.44+£1.09° 4.81+0.16° 3.53+£0.25°  87.75+4.95¢ 66.54+6.99°  307.56+29.03°  366.09+30.69°  73.16+3.43°  62.25£3.94°  13.44+0.86° 13.51+0.47¢
25 92.98+0.90*  59.98+0.65*  36.08+1.11° 41.08+1.09° 6.89+0.21° 5.45+0.09° 139.98+£5.23°  110.68+4.59"  760.18427.92*  781.93+33.87* 103.85+3.36" 102.97+2.61° 24.3140.59"° 32.95+1.41°
50 72.99+1.69%  54.02+1.31°  28.01£0.91° 26.12+1.03°  5.74+0.19° 231+0.15° 159.92+4.95°  151.01+5.01°  522.26+44.48° 498.06+49.98°  83.0142.99™  76.49+1.01°  18.02+1.24> 21.03+0.99"
100 75.824£7.52°  52.19£3.74%  28.0240.88° 22.88+1.56° 2.72+0.16° 3.3440.14° 175.72+£3.41* 155.55£18.57*  470.40+£42.73°  490.13£21.16°  88.78+6.88°  84.17+£5.13°  17.30+1.00°  20.40+0.96°

sl o SS15 O 03T Lo 55 P <0.05 ch.w);)bv;mJ)&::‘-lr.\;ﬁlﬁcol.&iJ,g.@liSD)ﬁY@fﬂ:ﬂx;&e

Values are mean + SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined by the Duncan test.
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