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Abstract

:

In recent decades, magnetite nanoparticles received greater attention in nanobiotechnology due to wide applications. This study presents the influence of the oxidative stress caused by magnetite nanoparticles coated with aspartic acid (A-MNP) of 9.17 nm mean diameter size, on maize (Zea mays) seedlings, in terms of growth, enzymatic activity and chlorophyll content as evaluated in exposed plant tissues. Diluted suspensions of colloidal magnetite nanoparticles stabilized in water were added to the culture medium of maize seeds, such as to equate nanoparticle concentrations varying from 0.55 mg/L to 11 mg/L. The obtained results showed that the growth of maize was stimulated by increasing the level of A-MNPs. Plant samples treated with different concentrations of A-MNP proved increased activities of catalase and peroxidase, and chlorophyll content, as well. The exposure of plants to magnetite nanoparticles may induce oxidative stress, which activates the plant defense/antioxidant mechanisms.
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1. Introduction


Large amounts of reactive oxygen species (ROS) can cause cellular damages in plants exposed to different stress conditions. For several decades, iron oxide nanoparticles received more attention within nanobiotechnology research, being widely used in various fields of science. Among different types of iron oxide nanoparticles, magnetite (Fe3O4) nanoparticles are successfully used in biomedical applications, exhibiting low toxicity and high stability [1]. Recently, nanobiotechnology has extended its relevance in plant science and agriculture [2,3]. There is a particular interest in the applications of magnetic nanoparticles to plants for agricultural and horticultural benefits. Moreover, the production and availability of magnetic nanoparticles have been increasing considerably, extending the possibility of releasing them into the environment, including by accident. Therefore, monitoring the nanotoxicity of magnetic nanoparticles is important for evaluating the risk to human health and the environment [4]. The magnetic nanoparticles nanotoxicity and their potential accumulation in plant organisms has become one of the current research topics in the context of considering the impact of engineered iron oxide nanoparticles, such as magnetite, on biotic environmental components [5]. Being an important unit of the ecosystem, plants provide a potential carrier for the transport of magnetic nanoparticles into the environment, going as far as their bioaccumulation in the food chain [6]. In plants, iron plays an important role in the biosynthesis of chlorophylls, photosynthesis and the respiration processes [7]. As a result, magnetic nanoparticles have an important role in germination, efficient growth and increasing yield [8]. Magnetic nanoparticles showed efficiency as nanofertilizers used to improve the accessibility of iron to plants and to control the function of some antioxidant enzymes and phytohormones, resulting in enhanced plant biomass accumulation, height and root length [9]. Recently, the development of biocompatible nanoparticles that have antioxidant properties has attracted a great deal of attention [10]. In addition, magnetite nanoparticles possess an intrinsic enzyme mimetic activity similar to natural peroxidase activity [11]. The peroxidase-like activity of magnetite nanoparticles is based on the coexistence of Fe2+/Fe3+ ion pairing in the structure, such as Fenton’s reagent, which are known to catalyze the breakdown of hydrogen peroxide [12]. Furthermore, nanocomposites containing iron oxides were suggested to be used against iron deficiency, with potential utilization in food science [13,14]. Magnetic nanoparticles have also been applied in the food industry for the detection of foodborne pathogens or toxins [15,16]. Therefore, due to the vast utilization of iron oxide nanoparticles in nanobiotechnology, the evaluation of their biocompatibility becomes important. Few studies evaluated the potential nanotoxicity of iron oxide nanoparticles on plants [8,17]. Many studies are focused on cellular responses such as seeds germination, proliferation and differentiation process, after exposure to iron oxide nanoparticles, showing both inhibitory and stimulatory effects [18,19]. Genotoxicity is one of the most disturbing effects induced by iron oxide nanoparticles on plants [20,21]. Nevertheless, reduced progress has been made in relation to understanding the impact of magnetic nanomaterials at the molecular level, which is an important step in estimating the possible mechanism of observed effects of nanoparticles on plants. Nanotoxicity mechanisms still remain unknown, but it could be assumed they are closely related to the chemical composition, chemical structure, size and surface area of nanoparticles.



This study aimed to reveal the plant growth indices, activity of antioxidant enzymes and chlorophyll content after the treatment of maize seedlings with magnetite nanoparticles coated with aspartic acid (A-MNP). Maize (Zea mays) is one of the three most important food crops worldwide, having an important role in the food security of humankind. The assessment of the phytotoxicity of nanoparticles on agriculturally important crop plants is crucial to human health. It has been confirmed that magnetite nanoparticles exhibited high antioxidant ability [22]. In addition, it has been found that amino acids, such as aspartic acid, used as a coating agent for the present investigated nanoparticles sample may also have specific antioxidant activity [23,24]. On the other hand, some research studies revealed that supplementation of plant seeds with essential amino acids is beneficial due to their nutritive value [25,26].



In our previous studies, magnetic nanoparticles coated with aspartic acid (A-MNP) were prepared and tested, showing great potential for biomedical applications. Therefore, starting from these results reported by Răcuciu et al. (2022) [27] regarding the synthesis and characterization of A-MNP and the study on the genotoxicity of a similar A-MNP sample, reported by Răcuciu (2020) [28], we continued the research as presented in this paper dealing with the evaluation of the A-MNP influence on maize seeds. To our knowledge, no results regarding the influence of magnetic nanoparticles coated with aspartic acid on plants have been reported. Considering this, the obtained results may be further useful in estimating the possible interaction mechanisms of magnetic nanoparticles with plant organisms.




2. Materials and Methods


2.1. Experimental Design


Maize seeds (Zea mays) were chosen as biological material because of its economic relevance in agriculture and food industry fields. The experimental lot of undamaged maize (Zea mays) seeds with uniform genetic features was provided by a local farmer from Săliște, Sibiu county, România, with the local maize being own-sourced. Forty seeds of each sample were let to germinate in petri dishes on moistened filter paper with 15 mL aqueous solutions of A-MNP with different volume fractions, in a controlled laboratory room at 24 °C, in darkness. Six different volume fractions of A-MNP aqueous suspensions (20, 40, 80, 160, 320 and 400 µL/L) were prepared for plant samples’ treatment. Selection of concentrations for the treatment was done following similar studies’ values for volume fractions of nanoparticles aqueous suspensions. For preparing A-MNPs aqueous suspensions, a native magnetite coated with aspartic acid (C4H7NO4) sample synthesized in our laboratory by an adapted controlled chemical precipitation approach at room temperature, was used. The native magnetite nanoparticles sample is suitable for biomedical applications due to its small particles, narrow size distribution, mean physical diameter of about 9.17 nm and good stability [27]. The A-MNP concentrations corresponding to the six volume fractions used in this experiment are shown in Table 1.



The control sample was let to germinate under the same environmental conditions, but the substrate was only supplied with distilled water (15 mL). A daily supply of every sample of Zea mays plantlets with 12 mL A-MNP aqueous suspension of a certain concentration was carried out for 7 days, after germination. Maize seedlings were grown under controlled conditions of environmental temperature (22.0 ± 0.5 °C), illumination (light/dark cycle: 14 h/10 h) and 70% humidity, in a laboratory climate room. The control samples were let to grow under the same environmental conditions and plants were supplied with only the same amount of deionized water.




2.2. Assay of Enzymes Activity


Catalase activity (CAT) was determined in maize extracts according to the method described by Luck (1965) [29]. The extract was added to 3 mL of H2O2-phosphate buffer and the decrease of absorbance was measured at 240 nm. The Specord 200 Plus UV–VIS spectrophotometer (Analytik Jena, Jena, Germany) was used. The enzyme activity was expressed in terms of units/assay, one unit being defined as the amount of enzyme required to decrease the absorbance by 0.05.



Peroxidase activity (POD) was determined in maize extracts according to the method described by Reddy et al. (1995) [30]. The extract was added to 3 mL of 0.05 M pyrogallol and 0.5 mL H2O2. The change in absorbance was measured at 430 nm. The Specord 200 Plus UV–VIS spectrophotometer (Analytik Jena, Jena, Germany) was used. The enzyme activity was expressed in terms of units, one unit being defined as the change in absorbance/minute at 430 nm.




2.3. Assay of Magnetite Nanoparticles Phytotoxicity


The A-MNP effects on chlorophyll levels for different nanoparticle concentrations in the culture media were determined. In the presence of low amounts of MgCO3 and CaCO3, fresh tissue (about 0.1 g) from each sample was crushed and homogenized in 5 mL of 90% acetone (from SILAL Trading, Chemical Reagent Company, Romania). The homogenate was centrifuged and filtrated. The pigments extract was supplemented with 90% acetone to 10 mL. The chlorophylls level in the fresh tissue was assayed by spectrophotometric method using a Specord 200 Plus UV–VIS spectrophotometer device (Analytik Jena, Germany) provided with quartz cells of 1 cm width. Spectrophotometric measurements were accomplished at the wavelengths of: 630 nm, 647 nm, 664 nm and 691 nm. The level of chlorophylls was calculated according to Ritchie’s Formulas (1)–(3) [31] and expressed in mg per gram fresh weight (mg/g):


Chl a = −0.3319 A630 − 1.7485 A647 + 11.9442 A664 − 1.4306 A691 (±0.0020)



(1)






Chl b = −1.2825 A630 − 19.8839 A647 − 4.8860 A664 − 2.3416 A691 (±0.0076)



(2)






Total Chl = 21.3877 A630 + 10.3739 A647 + 5.3805 A664 + 5.5309 A691 (±0.0056)



(3)







In addition, the chlorophyll stability index (CSI) was calculated following the Formula (4) according to Sairam et al. (1997) [32]. CSI is an indicator used for the plant tolerance against stress conditions.


CSI = (total chlorophyll of treated sample ÷ total chlorophyll of control sample) × 100



(4)







Germination percentage (GP) was calculated according to the relationship (5) proposed by Dehnavi et al. (2020) [33]:


GP = (number of germinated seeds ÷ total number of seeds used per sample) × 100



(5)







The length of individual seedlings was measured after 7 days of growth with 1 mm precision using a simple ruler. The moisture content of fresh tissue samples was analyzed at 105 °C using a MAC210 infrared thermo-balance with 10−3% accuracy.




2.4. Statistical Analysis


Forty healthy seeds with uniform genes pool represented each experimental sample. For each batch of test seeds, the average plant lengths and the standard deviations (SD) were calculated. Using the Student t-test for the confidence level P = 95%, the confidence interval for every batch of plantlets was also evaluated.



All analyses were done in triplicate, using a specific weight from entire fresh green masses obtained for each experimental sample. The results were presented as mean ± SD (standard deviation). p < 0.05 was considered to be a significant difference. All statistical analyses and graph representation were performed using the Origin 64 and Microsoft Excel2016 software.





3. Results


The investigated A-MNP treatments positively influenced the shoot length of maize plants during the early ontogenetic stages. A stimulatory effect of increased concentrations of A-MNPs aqueous suspensions on the maize seedlings growth was recorded. Figure 1 shows the average length of maize seedlings versus six different concentrations of A-MNPs aqueous suspensions.



An over 50% increase of average seedlings length compared to the control was evidenced in the maize sample corresponding to A-MNP concentration of 1.1 mg/L, whereas for A-MNP concentrations higher than 1.1 mg/L, the stimulatory effect diminished gradually, reaching a 35% increase compared to the control. Statistically significant differences were revealed for all investigated A-MNP concentrations. By increasing the A-MNP concentration, the germination percentage (GP) decreased up to 18% in samples treated with 8.8 mg/L A-MNP compared to that of the control (GP = 85%). The A-MNP treatment of maize seeds seems to determine an increased moisture in the green tissue of young plants, up to 89.57% compared to that of the control (88.5%).



The A-MNP treatment did not show any inhibitory effects on POD activity of the maize leaves in contrast with the control (Figure 2). The enhanced level of POD activity favorizes the elimination of the excess ROS.



Compared to control, the CAT activity of maize leaves was not inhibited by A-MNP treatment (Figure 3), with the exception of the sample treated with 0.55 and 4.4 mg/L A-MNP, respectively. A significant increase of CAT activity was observed in the sample treated with 2.2 mg/L A-MNP (7.25 times higher than control).



According to the graphical plot of chlorophyll, as indicated in Figure 4, the level of the photosynthesis pigment increased in samples treated with lower A-MNP concentrations of 0.55–4.4 mg/L (up to 41% increasing) compared to that of the control sample (p < 0.05). For relatively high A-MNP suspension concentrations (8.8 and 11 mg/ L), the chlorophyll a level did not significantly vary compared to that of the control sample. A similar response was registered in the case of chlorophyll b content, which increased up to 38% for low A-MNP concentrations 0.55–4.4 mg/L.



A similar variation trend was noticed for the calculated total content of assimilatory pigments as that observed for chlorophylls a and b levels. Regarding the chlorophylls ratio (chlorophyll a/chlorophyll b), no statistically significant difference was found in relation to the control sample, whereas the A-MNP concentration was raised from 0.55 mg/L to about 11 mg/L. In addition, the experimental results revealed a significantly higher chlorophyll stability index (CSI) for low A-MNP concentrations (between 0.55 and 4.4 mg/L), and a lower CSI for higher A-MNP concentrations (8.8 and 11 mg/L). The highest CSI value resulted in samples treated with 4.4 mg/L A-MNP, treatment which led to increased Chl a, Chl b, total assimilatory pigments content and CSIs of ~41%, 38%, 37% and 37%, respectively.




4. Discussion


Magnetic nanoparticles are known to cause oxidative stress due to variation of iron levels [34]. Iron plays an essential role in plant development and biological processes, e.g., photosynthesis, respiration and redox reactions [9]. Plant iron deficiency determines a decrease of the chlorophyll content and photosynthesis efficiency. It has been shown that iron oxide nanoparticles have the potential to improve the capacity of plants to absorb nutrients through interactions at the molecular level [35]. Being an important component of the cell redox systems, iron acts as a cofactor of various antioxidant enzymes such as catalase (CAT) and peroxidase (POD). Nanoparticles can cause oxidative stress through ROS production, and thus induce an antioxidant defense system in plants. Within the antioxidant plant defense systems, CAT and POD are considered important enzymes to counter hydrogen peroxide produced under stress conditions. In recent years, numerous scientific papers reported that the iron containing nanoparticles may be used to work out the iron deficiency in plants [13,14]. As an enzyme cofactor, iron is required for photosynthetic reactions being a key factor for the plant growth. Rui et al. (2016) showed the positive effect of iron oxide nanoparticles on the iron deficiency-sensitive plant, the peanut [9]. It was reported that nanoparticles could enter into roots through the apoplastic or symplastic route [36]. As claimed by Nel et al. (2006), the small nanoparticles size, their large surface area and capacity to produce ROS all play an important role in nanoparticles’ toxicity [37]. The presence of nanoparticles on the root surface can change their surface chemistry and consequently affect the uptake of nutrients [38]. In addition, some studies have shown that iron oxide nanoparticles increased the iron content of different parts of the plant [36,39].



Our results showed that the A-MNP added to the maize seedlings culture medium stimulated the antioxidant enzyme activity (CAT and POD), plant development and chlorophyll biosynthesis as well. Magnetite nanoparticles induced an antioxidant defense in maize plants. Pintilie et al. (2006) reported increased CAT activity for maize seedlings treated with different volume fractions of water suspensions of magnetic nanoparticles coated with citric acid, up to 100 mL/L [40]. Iannone et al. (2021) revealed increased CAT activity in soybean and alfalfa shoots treated with 50 and 100 mg/L magnetite nanoparticles coated with citric acid [41]. According to Wang et al. (2011), the CAT activity in ryegrass and pumpkin shoots increased significantly when treated with both 30 and 100 mg/L levels of magnetite nanoparticles 25 nm in size coated with polyvinylpyrrolidone [42]. Similarly, Hu et al. (2017) revealed increased CAT activity compared to that of control, for Citrus maxima shoots under magnetite nanoparticles treatment at concentrations between 20–100 mg/L [43]. In addition, the POD activities of Citrus maxima shoots treated with magnetic nanoparticles at concentrations of 20 and 100 mg/L were significantly higher than those of the control [43]. Li et al. (2013) reported that the presence of iron oxide nanoparticles (with 9 nm nanoparticle size and concentrations between 2 mg/L and 50 mg/L) resulted in significantly higher CAT and POD activities than those of the control, and increased seedling growth indices in watermelon plants [44]. Compared to other reported studies, our results on maize seedlings samples treated with relatively low concentrations of magnetite nanoparticles indicated no significant influence on photosynthesis, but a remarkable increase of plant length and chlorophyll content. The investigated levels of added A-MNP up to 11 mg/L affected the seedlings length, revealing a stimulatory effect on the maize seedlings growth. An important number of studies revealed stimulatory effects of magnetite nanoparticles on different plant species development. Thus, the results of Plaksenkova et al. (2019) revealed significantly increased shoot and root lengths in garden rockets exposed to nanoparticles at concentrations of 1, 2 and 4 mg/L, for five weeks [45]. Elfeky et al. (2013) showed stimulatory effects of iron oxide nanoparticles up to 3 mg/L on the growth of Ocimum basilicum on seedlings length, total plant mass and weight [46]. Similar data were obtained by Zahra et al. (2015), such as shoot and root elongation of Lactuca sativa after exposure to magnetite nanoparticles [47]. Kokina et al. (2020) showed that enhanced yellow medick seedlings length for magnetite nanoparticles added up to 4 mg/L [48]. The growth of barley seedlings was improved when exposed to 17 mg/L or up to 250 mg/L magnetite nanoparticles [36,49]. Magnetite nanoparticles (20 nm in size and concentrations between 20 and 50 mg/L) significantly promoted growth and increased chlorophyll content in Pseudostellaria heterophylla plants [50]. Enhanced growth, biomass and chlorophyll content were obtained for Cannabis sativa plants treated with 17 nm of magnetite nanoparticles at concentrations between 50 and 500 mg/L [51]. Chlorophyll levels increased in soybean and alfalfa seedlings treated with 50 and 100 mg/L magnetite nanoparticles coated with citric acid [41]. As shown in our previous work, magnetite nanoparticles of 8.9 nm, synthetized using tartaric acid as coating agent, exhibited positive effects on growth and the chlorophyll content of maize when added in concentrations of 11 mg/L to the seed medium [52].



The increase in the chlorophyll content after treatment with nanoparticles might be related to an increased iron level given by the magnetite nanoparticles. It has been reported that the release of iron from magnetite nanoparticles provides a continuous iron supply for the formation of photosynthetic protein complexes, which could contribute to plant growth [41]. A similar response was observed for both chlorophyll a and b; therefore, the chlorophyll ratio (chlorophyll a/chlorophyll b) was approximately constant for A-MNP concentrations ranging from 0.55 to 11 mg/L. The highest variation of chlorophyll ratio was about 5% for the highest A-MNP concentration, but not statistically significant. The chlorophyll ratio might be used as an indirect indicator of the photosynthesis process efficiency [52]. From this point of view, no significantly influence of A-MNP on the photosynthesis process at maize seedlings was noticed during our experiment. Al-Amri et al. (2020) reported that iron oxide nanoparticles of different sizes are effective in increasing the iron content of wheat plants [53]. In addition, the iron ions released by magnetite nanoparticles can assist as a cofactor of various antioxidant enzymes such as catalase (CAT) and peroxidase (POD), or cytochromes of the electron transport chain. Other samples of A-MNP which are similar to the hereby synthetized ones but using another protocol, were evaluated for their genotoxic effect on the maize root tip cells indicating that the mitotic division of cells was stimulated by nanoparticles with a low rate of aberrant cell occurrence [28]. Magnetic nanoparticles toxicity can arise in different ways: through toxicity of the precursors used for magnetic nanoparticles synthesis and through disturbances of the ongoing cellular mechanisms inside the vegetal tissue. For in vivo applications, magnetic nanoparticles should be nontoxic and biocompatible. The toxicity of magnetic nanoparticles depends on numerous factors, such as size, shape, structure, surface modification, concentration, dosage, biodistribution and biocompatibility [54]. Nanoparticles’ toxicity towards plants is species-dependent [55], being linked to the applied treatment (nanoparticle type and concentration) and to growth conditions. The A-MNP sample, used in this study, is suitable for biomedical applications due to dominant small particles with a narrow size distribution and a physical diameter of about 9.17 nm, showing good stability [27].



The present investigation confirmed a positive influence of A-MNP on the performance of maize seedlings. It seems that magnetite nanoparticles coated with aspartic acid, at 9.17 nm in size and at concentrations of 0.55–11 mg/L, have a low toxicity on maize seedlings.




5. Conclusions


The addition of low concentrations up to 11 mg/L of investigated magnetite nanoparticles coated with aspartic acid, of 9.17 nm average size, in the maize culture medium during germination, showed a positive effect on the growth, chlorophyll biosynthesis and enzymatic activity of catalase and peroxidase. Increased antioxidant enzyme activity suggested an activated defense system by magnetite nanoparticles. Therefore, the low-cost nanoparticle samples may have potential for application as a new nano-fertilizer and could replace the traditional methods of plant growth enhancement. Further studies will be focused on electron microscopy analyses of nanoparticles internalization, activity of several important enzymes and iron level measurements on plant tissues treated with nanoparticles.







Author Contributions


Conceptualization, M.R. and S.O.; methodology, M.R., S.O. and A.T.; software, M.R.; validation, M.R., S.O. and A.T.; formal analysis, M.R., S.O. and A.T.; investigation, M.R. and A.T.; resources, M.R. and S.O.; data curation, M.R., S.O. and A.T.; writing—original draft preparation, M.R., S.O. and A.T.; writing—review and editing, S.O. and M.R.; visualization, M.R., S.O. and A.T.; supervision, M.R. and S.O.; project administration, M.R.; funding acquisition, M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Lucian Blaga University of Sibiu & Hasso Plattner Foundation research grants—grant number LBUS-IRG-2021-07.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All of the data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhu, K.; Ju, Y.; Xu, J.; Yang, Z.; Gao, S.; Hou, Y. Magnetic nanomaterials: Chemical design, synthesis, and potential applications. Chem. Res. 2018, 51, 404–413. [Google Scholar] [CrossRef] [PubMed]

	



Ranjan, A.; Rajput, V.D.; Kumari, A.; Mandzhieva, S.S.; Sushkova, S.; Prazdnova, E.V.; Zargar, S.M.; Raza, A.; Minkina, T.; Chung, G. Nanobionics in Crop Production: An Emerging Approach to Modulate Plant Functionalities. Plants 2022, 11, 692. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, B.; Rizvi, A.; Syed, A.; Rajput Elgorban, A.M.; Al-Rejaie, S.S.; Minkina, T.; Khan, M.S.; Lee, J. Understanding the phytotoxic impact of Al3+, nano-size, and bulk Al2O3 on growth and physiology of maize (Zea mays L.) in aqueous and soil media. Chemosphere 2022, 300, 134555. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Pan, B.; Li, H.; Lang, D.; Zhao, Q.; Zhang, D.; Wu, M.; Steinberg, C.E.W.; Xing, B. Can the properties of engineered nanoparticles be indicative of their functions and effects in plants? Ecotoxicol. Environ. Saf. 2020, 205, 111128. [Google Scholar] [CrossRef]

	



Aiken, G.R.; Hsu-Kim, H.; Ryan, J.N. Influence of dissolved organic matter on the environmental fate of metals, nanoparticles, and colloids. Environ. Sci. Technol. 2011, 45, 3196–3201. [Google Scholar] [CrossRef] [PubMed]

	



Rastogi, A.; Zivcak, M.; Sytar, O.; Kalaji, H.M.; He, X.; Mbarki, S.; Brestic, M. Impact of Metal and Metal Oxide Nanoparticles on Plant: A Critical Review. Front. Chem. 2017, 5, 78. [Google Scholar] [CrossRef]

	



Merinero, M.; Alcudia, A.; Begines, B.; Martínez, G.; Martín-Valero, M.J.; Pérez-Romero, J.A.; Mateos-Naranjo, E.; Redondo-Gómez, S.; Navarro-Torre, S.; Torres, Y.; et al. Assessing the Biofortification of Wheat Plants by Combining a Plant Growth-Promoting Rhizobacterium (PGPR) and Polymeric Fe-Nanoparticles: Allies or Enemies? Agronomy 2022, 12, 228. [Google Scholar] [CrossRef]

	



Ghafariyan, M.H.; Malakouti, M.J.; Dadpour, M.R.; Stroeve, P.; Mahmoudi, M. Effects of magnetite nanoparticles on soybean chlorophyll. Environ. Sci. Technol. 2013, 47, 10645–10652. [Google Scholar] [CrossRef]

	



Rui, M.; Ma, C.; Hao, Y.; Guo, J.; Rui, Y.; Tang, X.; Zhao, Q.; Fan, X.; Zhang, Z.; Hou, T.; et al. Iron Oxide Nanoparticles as a Potential Iron Fertilizer for Peanut (Arachis hypogaea). Front. Plant Sci. 2016, 7, 1–10. [Google Scholar] [CrossRef]

	



Khalil, I.; Yehye, W.A.; Etxeberria, A.E.; Alhadi, A.A.; Dezfooli, S.M.; Julkapli, N.B.M.; Basirun, W.J.; Seyfoddin, A. Nanoantioxidants: Recent Trends in Antioxidant Delivery Applications. Antioxidants 2019, 9, 24. [Google Scholar] [CrossRef]

	



Can, Z.; Keskİn, B.; Arda, A.; ErÇaĞ, E.; Apak, M.R. Magnetite nanoparticles-based hydroxyl radical scavenging activity assay of antioxidants using N, N-dimethyl-p-phenylenediamine probe. Turk. J. Chem. 2020, 44, 1366–1375. [Google Scholar] [CrossRef] [PubMed]

	



Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S.; et al. Intrinsic peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2007, 2, 577–583. [Google Scholar] [CrossRef] [PubMed]

	



Miller, D.D. Food Nanotechnology: New Leverage against Iron Deficiency. Nat. Nanotechnol. 2010, 5, 318–319. [Google Scholar] [CrossRef] [PubMed]

	



Hilty, F.M.; Arnold, M.; Hilbe, M.; Teleki, A.; Knijnenburg, J.T.N.; Ehrensperger, F.; Hurrell, R.F.; Pratsinis, S.E.; Langhans, W.; Zimmermann, M.B. Iron from Nanocompounds Containing Iron and Zinc Is Highly Bioavailable in Rats without Tissue Accumulation. Nat. Nanotechnol. 2010, 5, 374–380. [Google Scholar] [CrossRef]

	



Bhandari, D.; Chen, F.-C.; Bridgman, R.C. Magnetic Nanoparticles Enhanced Surface Plasmon Resonance Biosensor for Rapid Detection of Salmonella Typhimurium in Romaine Lettuce. Sensors 2022, 22, 475. [Google Scholar] [CrossRef]

	



Rai, M.; Gade, A.; Gaikwad, S.; Marcato, P.D.; Durán, N. Biomedical applications of nanobiosensors: The state-of-the-art. J. Braz. Chem. Soc. 2012, 23, 14–24. [Google Scholar] [CrossRef]

	



Zhu, H.; Han, J.; Xiao, J.Q.; Jin, Y. Uptake, translocation, and accumulation of manufactured iron oxide nanoparticles by pumpkin plants. J. Environ. Monit. 2008, 10, 713–717. [Google Scholar] [CrossRef]

	



Martínez-Fernández, D.; Barroso, D.; Komárek, M. Root water transport of Helianthus annuus L. under iron oxide nanoparticle exposure. Environ. Sci. Pollut. Res. 2016, 23, 1732–1741. [Google Scholar] [CrossRef]

	



Iannone, M.F.; Groppa, M.D.; de Sousa, M.E.; van Raap, M.B.F.; Benavides, M.P. Impact of magnetite iron oxide nanoparticles on wheat (Triticum aestivum L.) development: Evaluation of oxidative damage. Environ. Exp. Bot. 2016, 131, 77–88. [Google Scholar] [CrossRef]

	



Pavel, A.; Trifan, M.; Băra, I.I.; Creanga, D.; Cotae, C. Accumulation dynamics and some cytogenical traits at Chelidonium majus and Papaver somniferum callus under the magnetic liquid effect. J. Magn. Magn. Mater. 1999, 201, 443–445. [Google Scholar] [CrossRef]

	



Răcuciu, M.; Olosutean, H. Magnetic environmental pollution: Experimental simulation of engineered magnetic nanoparticles impact on Zea mays vegetal embryos. Rom. Rep. Phys. 2017, 69, 708. [Google Scholar]

	



Li, J.; Hu, J.; Xiao, L.; Wang, Y.; Wang, X. Interaction mechanisms between α-Fe2O3, γ-Fe2O3 and Fe3O4 nanoparticles and Citrus maxima seedlings. Sci. Total Environ. 2018, 625, 677–685. [Google Scholar] [CrossRef] [PubMed]

	



Triantis, T.M.; Yannakopoulou, E.; Nikokavoura, A.; Dimotikali, D.; Papadopoulos, K. Chemiluminescent studies on the antioxidant activity of amino Acids. Anal. Chim. Acta 2007, 591, 106–111. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Yang, J.; Wang, Y.; Zhang, J.; Gao, Y.; Yuan, J.; Su, A.; Ju, X. Study on antioxidant activity and amino acid analysis of rapeseed protein hydrolysates. Int. J. Food Prop. 2016, 19, 1899–1911. [Google Scholar] [CrossRef]

	



Fuller, M.F.; Mennie, I.; Crofts, R.M.J. The optimal amino acid supplementation of barley for the growing pig. Br. J. Nutr. 1979, 41, 333. [Google Scholar] [CrossRef]

	



Azevedo, R.A.; Lancien, M.; Lea, P.J. The aspartic acid metabolic pathway, an exciting and essential pathway in plants. Amino Acids. 2006, 30, 143–162. [Google Scholar] [CrossRef]

	



Răcuciu, M.; Barbu-Tudoran, L.; Oancea, S.; Drăghici, O.; Morosanu, C.; Grigoras, M.; Brînză, F.; Creangă, D.E. Aspartic Acid Stabilized Iron Oxide Nanoparticles for Biomedical Applications. Nanomaterials 2022, 12, 1151. [Google Scholar] [CrossRef]

	



Răcuciu, M. Iron oxide nanoparticles coated with aspartic acid and their genotoxic impact on root cells of Zea mays embryos. Rom. Rep. Phys. 2020, 72, 701. [Google Scholar]

	



Luck, H. Methods of Enzymatic Analysis; Bergmeyer, H.U., Ed.; Academic Press: New York, NY, USA; London, UK, 1965; pp. 895–897. [Google Scholar]

	



Reddy, K.P.; Subhani, S.M.; Khan, P.A.; Kumar, K.B. Effect of light and benzyladenine and desk treated growing leaves, Changes in the peroxidase activity. Cell Physiol. 1995, 26, 984. [Google Scholar]

	



Ritchie, R.J. Universal chlorophyll equations for estimating chlorophylls a, b, c, and d and total chlorophylls in natural assemblages of photosynthetic organisms using acetone, methanol, or ethanol solvents. Photosynthetica 2008, 46, 115–126. [Google Scholar] [CrossRef]

	



Sairam, R.K.; Deshmukh, P.S.; Shukla, D.S. Tolerance of drought and temperature stress in relation to increased antioxidant enzyme activity in wheat. Crop J. Agron. Sci. 1997, 178, 171–178. [Google Scholar] [CrossRef]

	



Rajabi Dehnavi, A.; Zahedi, M.; Ludwiczak, A.; Cardenas Perez, S.; Piernik, A. Effect of Salinity on Seed Germination and Seedling Development of Sorghum (Sorghum bicolor (L.) Moench) Genotypes. Agronomy 2020, 10, 859. [Google Scholar] [CrossRef]

	



Taran, N.; Batsmanova, L.; Kovalenko, M.; Okanenko, A. Impact of metal nano-form colloidal solution on the adaptive potential of plants. Nanoscale Res. Lett. 2016, 11, 89. [Google Scholar] [CrossRef] [PubMed]

	



Hasan, S.A.; Hayat, S.H.; Ahmad, A. Brassino steroids protect photosynthetic machinery against the cadmium inducedoxidative stress in two tomato cultivars. Chemosphere 2011, 84, 1446–1451. [Google Scholar] [CrossRef]

	



Tombuloglu, H.; Slimani, Y.; Tombuloglu, G.; Almessiere, M.; Baykal, A. Uptake and translocation of magnetite (Fe3O4) nanoparticles and its impact on photosynthetic genes in barley (Hordeum vulgare L.). Chemosphere 2019, 226, 110–122. [Google Scholar] [CrossRef]

	



Nel, A.; Xia, T.; Mädler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622–627. [Google Scholar] [CrossRef]

	



Mirzajani, F.; Askari, H.; Hamzelou, S.; Farzaneh, M.; Ghassempour, A. Effect of silver nanoparticles on Oryza sativa L. and its rhizosphere bacteria. Ecotoxicol. Environ. Saf. 2013, 88, 48–54. [Google Scholar] [CrossRef]

	



Pariona, N.; Martínez, A.I.; Hernandez-Flores, H.; Clark-Tapia, R. Effect of magnetite nanoparticles on the germination and early growth of Quercus macdougallii. Sci. Total Environ. 2017, 575, 869–875. [Google Scholar] [CrossRef]

	



Pintilie, M.; Oprica, L.; Surleac, M.; Dragut Ivan, C.; Creanga, D.E.; Artenie, V. Enzyme activity in plants treated with magnetic liquid. Rom. J. Phys. 2006, 51, 221–226. [Google Scholar]

	



Iannone, M.F.; Groppa, M.D.; Zawoznik, M.S.; Coral, D.F.; Fernández van Raap, M.B.; Benavides, M.P. Magnetite nanoparticles coated with citric acid are not phytotoxic and stimulate soybean and alfalfa growth. Ecotoxicol. Environ. Saf. 2021, 211, 111942. [Google Scholar] [CrossRef]

	



Wang, H.; Kou, X.; Pei, Z.; Xiao, J.Q.; Shan, X.; Xing., B. Physiological effects of magnetite (Fe3O4) nanoparticles on perennial ryegrass (Lolium perenne L.) and pumpkin (Cucurbita mixta) plants. Nanotoxicology 2011, 5, 30–42. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Guo, H.; Li, J.; Gan, Q.; Wang, Y.; Xing, B. Comparative impacts of iron oxide nanoparticles and ferric ions on the growth of Citrus maxima. Environ. Pollut. 2017, 221, 199–208. [Google Scholar] [CrossRef]

	



Li, J.; Chang, P.R.; Huang, J.; Wang, Y.; Yuan, H.; Ren, O. Physiological effects of magnetic iron oxide nanoparticles towards watermelon. J. Nanosci. Nanotechnol. 2013, 13, 5561–5567. [Google Scholar] [CrossRef] [PubMed]

	



Plaksenkova, I.; Jermalonoka, M.; Bankovska, L.; Gavarane, I.; Gerbreders, V.; Sledevskis, E.; Snikeris, J.; Kokina, I. Effects of Fe3O4 nanoparticle stress on the growth and development of rocket Eruca sativa. J. Nanomater. 2019, 2019, 2678247. [Google Scholar] [CrossRef]

	



Elfeky, S.; Mohhamed, M.; Khater, M.; Osman, Y.A.H.; Elsherbini, E. Effect of magnetite nano–fertilizer on growth and yield of Ocimum basilicum L. Int. J. Indig. Med. Plants 2013, 46, 1286–1293. [Google Scholar]

	



Zahra, Z.; Arshad, M.; Rafique, R.; Mahmood, A.; Habib, A.; Qazi, I.A.; Khan, S.A. Metallic nanoparticle (TiO2 and Fe3O4) application modifies rhizosphere phosphorus availability and uptake by Lactuca sativa. J. Agric. Food Chem. 2015, 63, 6876–6882. [Google Scholar] [CrossRef]

	



Kokina, I.; Plaksenkova, I.; Jermaļonoka, M.; Petrova, A. Impact of iron oxide nanoparticles on yellow medick (Medicagofalcata L.) plants. J. Plant Interact. 2020, 15, 1–7. [Google Scholar] [CrossRef]

	



Petrova, A.; Plaksenkova, I.; Kokina, I.; Jermalonoka, M. Effect of Fe3O4 and CuO Nanoparticles on Morphology, Genotoxicity, and miRNA Expression on Different Barley (Hordeum vulgare L.) Genotypes. Sci. World J. 2021, 2021, 6644689. [Google Scholar] [CrossRef]

	



Li, J.; Ma, Y.; Xie, Y. Stimulatory Effect of Fe3O4 Nanoparticles on the Growth and Yield of Pseudostellaria heterophylla via Improved Photosynthetic Performance. HortScience 2021, 1, 1–9. [Google Scholar] [CrossRef]

	



Deng, C.; Tang, Q.; Yang, Z.; Dai, Z.; Cheng, C.; Xu, Y.; Chen, X.; Zhang, X.; Su, J. Effects of iron oxide nanoparticles on phenotype and metabolite changes in hemp clones (Cannabis sativa L.). Front. Environ. Sci. Eng. 2022, 16, 134. [Google Scholar] [CrossRef]

	



Răcuciu, M.; Creangă, D. Magnetite/Tartaric acid nanosystems for experimental study of bioeffects on Zea mays growth. Rom. J. Phys. 2017, 62, 804. [Google Scholar]

	



Al-Amri, N.; Tombuloglu, H.; Slimani, Y.; Akhtar, S.; Barghouthi, M.; Almessiere, M.; Alshammari, T.; Baykal, A.; Sabit, H.; Ercan, I.; et al. Size effect of iron (III) oxide nanomaterials on the growth, and their uptake and translocation in common wheat (Triticum aestivum L.). Ecotoxicol. Environ. Saf. 2020, 194, 110377. [Google Scholar] [CrossRef] [PubMed]

	



Arruebo, M.; Fernández-Pacheco, R.; Ibarra, M.R.; Santamaría, J. Magnetic nanoparticles for drug delivery. Nano Today 2007, 2, 22–32. [Google Scholar] [CrossRef]

	



Malandrakis, A.A.; Kavroulakis, N.; Avramidou, M.; Papadopoulou, K.K.; Tsaniklidis, G.; Chrysikopoulos, C.V. Metal nanoparticles: Phytotoxicity on tomato and effect on symbiosis with the Fusarium solani FsK strain. Sci. Total Environ. 2021, 787, 147606. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 11 01193 g001 550] 





Figure 1. The average length of seedlings versus concentrations of A-MNPs. All average values are statistically significant. 
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Figure 2. Peroxidase level versus concentrations of A-MNPs. All values are statistically significant in relationship with control. Graph fitting is realized with Origin64 software. 
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Figure 3. Catalase level versus concentrations of A-MNPs. All values are statistically significant in relationship with control. 
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Figure 4. Evolution of the chlorophylls content with A-MNP concentration in maize plantlets (Chl a—chlorophyll a, Chl b—chlorophyll b). 
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Table 1. The A-MNP concentration of aqueous diluted A-MNP suspension samples.
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	A-MNP suspension volume fraction (µL/L)
	20
	40
	80
	160
	320
	400



	A-MNP concentration (mg/L)
	0.55
	1.10
	2.20
	4.40
	8.80
	11.00
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