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Abstract
The development of engineered nano formulations is a pivotal strategy to improve the bioavailability of
poorly mobile micronutrients like iron (Fe), minimizing agrochemical runoff and environmental footprint.
However, establishing clear ecotoxicological thresholds for these novel materials remains crucial for safe
agricultural application. Here, we report the synthesis, comprehensive physicochemical characterization,
and cellular toxicity screening of chitosan-coated iron oxide nanoparticles (CS:Fe3O4 NPs). The
synthesized composite was structurally and thermally characterized using Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM/EDX), and differential thermal analysis (DTA/DSC). FTIR confirmed the successful formation of the
composite via characteristic N-H and Fe−O stretching vibrations, while SEM/EDX revealed spherical
morphology (average diameter of 114 nm) consisting of Fe, C, and O. The physiological, biochemical, and
toxicological effects were evaluated in Zea mays L. leaf discs exposed to a concentration range of 0 (0), 1
(10), 20 (200), 40 (400), 60 (600), 80 (800) and 100 (1000) µg mg-1 (µg L⁻¹). Moderate application doses
induced a hormetic effect, significantly enhancing photosynthetic pigment biosynthesis and electron
transport efficiency in photosystem II (PSII). Conversely, high concentrations triggered severe oxidative
stress, characterized by significant accumulations of hydrogen peroxide (H2O2) and malondialdehyde
(MDA), indicating lipid peroxidation of cellular membranes. This toxicity resulted in a severe depletion of
non-enzymatic defense compounds including total phenolics, flavonoids, and tannins accompanied by a
reduction in guaiacol peroxidase (GPOX) and ascorbate peroxidase (APX) activities. To cope with excess
iron, the plant activated a catalase (CAT) mediated antioxidant defense pathway. In conclusion, CS:Fe3O4

NPs induce concentration-dependent modulations in PSII functionality and plant metabolism. These
findings successfully establish a safe environmental and agronomic application ceiling (< 60 (600) µg mg-

1 (µg L⁻¹)), providing critical baseline parameters for the sustainable management of iron nanofertilizers
in precision agriculture.

Introduction
Global population estimates project approximately 9 billion people by 2050, highlighting the urgent need
for substantially increased food production (Pereira et al., 2021; Pontes et al., 2025; Santos et al., 2025).
To address this demand, the adoption of advanced technologies is increasingly necessary to achieve
agriculture that is more efficient, productive, and environmentally sound, particularly given the concurrent
challenges of climate change and intense pressure on natural resources (FAO, 2024). However, the drive
for increased agricultural output inherently escalates the reliance on synthetic inputs, particularly
agrochemical fertilizers. Conventional fertilizer application faces critical limitations concerning durability
(field persistence), cost-effectiveness, and environmental impact, leading to poor nutrient use efficiency,
high rates of nutrient loss, limited bioavailability, and adverse effects on non-target organisms (Larsen et
al., 2021). In response, nanotechnology has emerged as a promising disruptive alternative with lower
environmental risk and greater biological effect (Zhang and Goss, 2022), capable of enhancing crop
productivity (Haris et al., 2023). Despite this substantial promise, nano-enabled agriculture presents
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several significant knowledge gaps, particularly regarding the dose-dependent mechanisms of nano-
impact on plant physiology and stress responses.

Fertilizers are indispensable inputs in modern agriculture, directly correlating with food yield by supplying
essential nutrients required for optimal plant growth (Penuelas et al., 2023). However, nutrients can be a
critical limiting factor due to deficiency or excess in the soil, making it crucial that they exist in a form that
can be assimilated by the plant (Morgan and Connolly, 2013). This challenge is particularly acute for low-
mobility micronutrients like Iron (Fe), which are prone to soil fixation. Iron is essential for photosynthesis,
cellular respiration, and the formation of enzymes and proteins (Kobayashi et al., 2019), and its deficiency
can damage the photosynthetic apparatus and chlorophyll synthesis, leading to necrosis and leaf
chlorosis (Li et al., 2021). The availability of iron is limited primarily by the low solubility of the ferric form
(Fe3+) in aerobic soils, while the ferrous form (Fe2+) is assimilated more readily through ferric chelate
reductase enzymes (Zuluaga et al., 2023). Consequently, synthetic chelated iron such as EDTA, EDTPA,
and EDDHA is commonly applied to promote plant absorption (Madhupriya et al., 2024).

Alternatively, supplying iron via microparticles is an intelligent way to make this element available and
absorbable to plants (Razzaq and Zhou, 2025). Fe3O4 microparticles can be obtained through various

methods, including the use of plants and chemical agents as reducing agents and precipitants (Nguyen et
al., 2021), and their magnetic properties are widely exploited in targeted delivery and controlled release
(Pontes et al., 2024). After overcoming biological barriers and internalization, metallic NPs undergo
oxidation and release ions for plant metabolism (Anuta et al., 2025). Polymer-chelated iron oxide systems,
such as Fe3O4 chelated with N-ethylenediamine and N-bis(2-hydroxyphenylacetic acid), exhibit greater
enzymatic activity and lower ROS production in Zea mays (Jalali et al., 2016). Conversely, evaluations by
Lau et al. (2020) with Fe3O4 coated with NH3 amine groups showed no effects on leaf and root growth in
Solanum lycopersicum. To enhance safety, chitosan (CS) a polymer with hydroxyl (− OH) and amino (− 
NH2) groups serves as a stabilizing matrix that prevents nanoparticle aggregation, acts as an elicitor of
plant defenses, and enhances the bioactivity of the iron core (Sahin et al., 2022).

Corn (Zea mays L.) cultivation is the third largest food source, with an extensive world production where
Brazil, the United States, and Argentina stand out as major producers (FAO, 2024; USDA, 2025). Its
caryopses contain essential macro- and micronutrients, including potassium and iron (Baranowska et al.,
2023). In this species, iron is a fundamental cofactor for proteins essential to photosynthetic activity,
acting directly on electron transport structures, and engineered nanoparticles have shown great potential
to modulate these photosynthetic electron pathways and enzyme activities (Li et al., 2024). However, the
strategic development of nanoformulations must prioritize detailed assessments of their modes of action
and physiological effects while paying critical attention to potential impacts on non-target organisms
(Pontes et al., 2023). Our study directly addresses this necessity by synthesizing and characterizing iron
nanoformulations chelated with chitosan (CS:Fe3O4 NPs) and critically evaluating their dose-dependent
effects on Zea mays L., focusing on photosynthetic activity, chlorophyll content, antioxidant enzymatic
activity, and membrane damage to establish robust parameters for safe and sustainable precision
agriculture.
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Materials and methods
2.1. Chemical materials

2.2. Synthesis of Fe 3 O 4 iron oxide nanoparticles

Iron oxide nanoparticles were prepared by the chemical coprecipitation method, according to the
stoichiometry of Eq. 1. Chloride salts were used as precursors; 20 mL of FeCl2 4H2O (0.025 mol L− 1) and

20 mL of FeCl3 6H2O (0.050 mol L− 1) were dissolved in 50 mL of distilled water. The solution was then

heated to 70°C and nitrogen was purged to remove oxygen during the dripping of 50 mL of sodium
hydroxide solution (NaOH 2M). The color change from brown to black indicated the formation of iron
oxide. The solution was kept under magnetic stirring for 8 hours at a speed of 300 rpm. Subsequently, the
solution particles were attracted with a neodymium magnet and washed with ethanol (99%) and distilled
water in triplicate to remove organic matter according to Grillo et al. (2016). Finally, they were transferred
to Petri dishes and the solution was evaporated at room temperature to obtain the solid NPs.

 Eq. (1)

2.3. Chitosan solution preparation
A 0.5 g L− 1 chitosan solution (Sigma Aldrich 99%) was prepared in 100 mL of 0.4 M acetic acid,
maintained on magnetic stirring (300 rpm) for 1 hour at room temperature (± 25 ºC) (Bavel et al., 2023).

2.4. Fe3O4 with chitosan (CS)

50 mg of Fe3O4 (solid) were slowly added to a solution of CS NPs (0.5 g L− 1) under stirring, and the

mixture was kept under stirring for 24 hours. Subsequently, the Fe3O4 NPs were stirred at high speed of
3.000 rpm/min for 10 minutes, followed by filtration through a 2 µm membrane using a vacuum pump.
Figure 1 shows the CS groups that chelate Fe3O4 ions. The working solution with a final concentration of

0.5 g L− 1 was kept refrigerated at 4°C.

2.5. Physicochemical characterization of nanomaterials

2.5.1. Fourier-transform infrared spectroscopy (FTIR)
Fourier transform infrared (FTIR) spectroscopy was performed using a Thermo Nicolet Nexus 670
spectrophotometer with KBr pellets in the spectral range of 4000–400 cm− 1. The spectrophotometer was

purged with dry air to remove any water vapor. All spectra were obtained at 4 cm− 1. All spectra were
obtained with a resolution of 8 cm and 128 scans, and a carbon black spectrum was collected as a
reference. All data were collected in triplicate and at room temperature.

Fe2+ (aq) + 2Fe3+ (aq) + 8OH− (aq) → Fe3O4 (s) + 4H2O
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2.5.2. Scanning Electron Microscopy (SEM) with Energy-
Dispersive X-ray Spectroscopy (EDS)
Morphological characterization used a ZEISS Sigma 360 VP field-emission SEM with secondary electron
detector. Samples were dispersed onto carbon tape on aluminum stubs and sputter-coated with gold for
90 s to ensure conductivity and minimize charging. Images were acquired at 2.0–10.0 kV accelerating
voltage, 4.2–9.8 mm working distance, and 3,200 − 100,000 x magnification to capture hierarchical
architecture and surface details. Semi-quantitative elemental analysis was performed using used an
Oxford Instruments EDS detector integrated with the ZEISS Sigma 360 VP SEM at 20 kV. Elemental
composition represents averaged measurements from five randomly selected regions. Due to hierarchical
porous microstructure inducing irregular electron scattering and variable X-ray take-off angles,
quantification should be considered semi-quantitative with typical uncertainties of ± 2–5 at%.

2.6. Differential Thermal Analysis (DTA) and Differential
Calorimetry (DSC)
DTA/DSC curves were obtained by thermal analysis. Samples were analyzed in synthetic air and nitrogen
atmospheres. In both analyses, heating from 20 to 900°C was used, with an N2 air flow and a heating rate
of 10°C per min− 1 in an alumina crucible.

2.7. Plant material
Planting was carried out in the experimental area of the Campus of the State University of Mato Grosso
do Sul, Brazil (Latitude 22°13′18.54″ S and Longitude 54°48′23.09″ W). Before planting, NPK (proportions
of 20-10-10, in the form of NH4NO3, NH4H2PO4 and K2SO4, respectively). Commercial seeds of the
CG1058 cultivar of Zea mays L. were used for planting, for this purpose, two seeds were placed 5 cm deep
in each 30 cm planting hole.

2.7.1. Bioassay with leaf discs containing CS and CS:Fe3O4
NPs
The leaf disc method was used to evaluate the effects of NPs on biochemical and photosynthetic
parameters (Pontes et al., 2021). Healthy leaves from the vegetative stage (V10) of Zea mays plants were
collected to obtain leaf discs. Discs with a diameter of 12.33 mm were cut in the leaf blade region along
the entire length of the leaves, except for the middle. The leaf disc treatments were standardized by the
ratio of µg of CS and CS:Fe3O4 NPs at an initial concentration of 0.5 g L− 1 per gram of leaf discs (500

mg). For this, solutions at concentrations of 1, 20, 40, 60, 80, and 100 µg mg− 1 were prepared in buffer
solutions of monobasic potassium phosphate (KH2PO4) and dibasic potassium phosphate (K2HPO4) at
pH 7. Two controls were used, with the control treatment being potassium phosphate buffer without
Fe3O4 and a control with CS solution (0.5 g L− 1). Then, the leaf discs were placed in the treatments, with
five repetitions at room temperature (± 25 ºC) and light (Fig. 2).
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2.7.2. Chemical parameters of solutions with CS and
CS:Fe3O4 NPs with Zea mays leaf discs

The parameters pH, electrical conductivity (µS cm− 1), total dissolved solids (ppm), and redox potential
(mV) were measured using a multiparameter probe. Measurements of the solutions were taken before the
leaf discs were applied, and after 24 hours of exposure, the discs were removed and the measurements
were taken again.

2.7.3. Chlorophyll fluorescence induction (ChlF)
The ChlF was determined at room temperature (25 ± 1°C) using a Handy PEA portable fluorometer
(Hansadech Instruments Ltd., Pentney, UK). Leaf discs (15 units) were clipped and kept in the dark for 30
minutes. After dark adaptation, a single pulse of red light at 650 nm and a saturation intensity of 3500
µmol m− 2 s− 1 was fired to excite chlorophyll. The following parameters were obtained according to the
transient intersections: (O-step) F0, fluorescence intensity at 50 µs; Fk, fluorescence intensity at 300 µs;
(J-step) Fj, fluorescence intensity at 2 ms; (I-step) FI, fluorescence intensity at 30 ms; (P-step) Fm,
maximum fluorescence. The following parameters were obtained: initial fluorescence (F0); maximum
fluorescence (Fm); maximum quantum efficiency potential of PSII (Fv/Fm); specific energy fluxes per
reaction center for: absorption (ABS/RC); dissipation (Dio/RC); electron transport (ETo/RC); energy
capture (TRo/RC); and energy-absorbed performance index (PIABS). Total photosynthetic index (PITOTAL).
The data obtained were used to calculate photochemical and biophysical parameters according to
Strasser et al. (2004).

2.7.4. Photosynthetic pigment content
The content of chlorophyll a, chlorophyll b, and total chlorophyll, and carotenoids were determined in leaf
discs. For this, 100 mg of fresh mass was macerated in 5 mL of 96% (v/v) ethanol:water, then kept in the
dark for 24 hours. The material was then centrifuged at 12.000 rpm for 30 minutes at 4°C. The
supernatant was measured using a spectrophotometer (UV-5200 Global Trade Technology). Absorbance
was evaluated and calculated according to the equations of Lichtenthaler and Wellburn (1983). Pigment
concentrations were expressed in µg mg− 1 of fresh mass (FW).

[Chlorophyll a] = (13.95 × Abs665) − (6.88 × Abs649) Equation (2)

[Chlorophyll b] = (24.96 × Abs649) − (7.32 × Abs665) Equation (3)

[Total chlorophyll] = Chla + Chlb Equation (4)

[Total carotenoids] = [(1000 × Abs470) – (2.05 × Chla) – (114.8 × Chlb)] / 245 Equation (5)

2.7.5. Quantification of total flavonoid, phenolic, and tannin
content

Page 6/31



For the analysis of flavonoid, phenolic, and tannin content, the methodologies of Lin and Tang (2007),
Bonoli et al. (2004), and Pansera et al. (2003), respectively, were followed. 100 mg of fresh mass were
macerated in 5 mL of 95% (v/v) ethanol:water, followed by centrifugation at 4000 rpm for 30 minutes. For
flavonoids, 500 µL of the extract, 100 µL of 10% aluminum chloride hexahydrate (AlCl3), 100 µL of 1 M
potassium acetate (CH3COOK), 1.5 µL of 95% alcohol, and 800 µL of distilled water were homogenized.
Absorbance was measured at 415 nm using a spectrophotometer. An analytical curve was constructed to
calculate flavonoid concentrations, using quercetin as an analytical standard (Sigma-Aldrich) and
expressed in µg mg− 1 of FW. For phenolics, 500 µL of the extract was homogenized with 1.5 µL of 2%
sodium carbonate, 500 µL of Folin-Ciocalteu (1:10 v/v) and 500 µL of distilled water and left to stand for
30 minutes. Absorbance was measured at 760 nm using a spectrophotometer. An analytical curve was
constructed to calculate phenolic concentrations, using gallic acid as an analytical standard (Sigma-
Aldrich), and expressed in µg mg− 1 of FW. For tannins, 500 µL of the extract was homogenized in 500 µL
Folin-Ciocalteu (0.05%), 1.5 mL of 0.5 M sodium carbonate (Na2CO3), and 500 µL of distilled water.
Absorbance was measured at 730 nm using a spectrophotometer (UV-5200, Global Trade Technologic).
An analytical curve was constructed to calculate tannin concentrations, using an analytical standard of
tannic acid (Sigma-Aldrich) and expressed in µg mg− 1 of FW.

2.7.6. Enzymatic activity
To evaluate enzymatic activity, 100 mg of fresh mass were placed in a crucible (containing liquid nitrogen)
and macerated with 2 mL of refrigerated extraction solution (100 mM potassium phosphate buffer pH 7.5,
1 mM dithiothreitol, 4% polyvinylpyrrolidone). After homogenization, the samples were centrifuged at
10.000 rpm for 30 minutes at 4°C. The supernatant was used for assays of the enzymes superoxide
dismutase (SOD), catalase (CAT), guaiacol peroxidase (GPOX), and ascorbate peroxidase (APX),
according to the methodology of Giannopolitis and Ries (1977), Kraus et al. (1995), Matsuno and Uritani
(1972), and Moldes et al. (2008), respectively. For a 50 µL SOD sample, 2.5 mL of reaction solution (3.0
mL of 0.1 M potassium phosphate buffer; 2.0 mL of L-methionine; 2.0 mL of 0.44 mM nitrotetrazolium;
2.0 mL of 100 mM ethylenediaminetetraacetic acid; 0.8 mL of 1 mM riboflavin) were homogenized and
kept for 15 minutes under light (20 W) at 25°C. As a control, samples without the addition of the extract
were used under dark conditions. Absorbance was measured at 560 nm using a spectrophotometer. The
difference in ABS between the samples kept in light and dark conditions was calculated and used to
determine the SOD activity. The result was expressed in SOD units (U) per mg⁻1 of FW. For CAT, 50 µL of
the sample was added to 925 µL of 100 mM potassium phosphate buffer pH 7.50 and 25 µL of 10% H2O2;

absorbance reading was taken at 240 nm. For APX, 50 µL of the sample was homogenized with 800 µL of
80 mM potassium phosphate buffer pH 7.00, 25 µL of 5 mM ascorbic acid, 100 µL of 1 mM
ethylenediaminetetraacetic acid (EDTA), and 25 µL of 1 mM H2O2; absorbance readings were taken over 1
minute at 290 nm. GPOX: 10 µL of the sample was added to a solution containing phosphate citrate
buffer (0.2 M dibasic sodium phosphate and 0.1 M citric acid pH 5.00) and 0.2% guaiacol and
homogenized in a vortex mixer. To this solution, 50 µL of 9.8 mM H2O2 was added and stirred, followed by
heating for 15 minutes at 30°C. Finally, the samples were placed in an ice bath and 50 µL of 2% sodium
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metabisulfite was added, and the absorbance was measured at 450 nm. The results were expressed in
nmol min− 1 mg− 1 of FW.

2.7.7. Hydrogen peroxide (H2O2) and lipid peroxidation
content (MDA)
To determine H2O2 and MDA content, 100 mg of fresh mass was macerated in 2 mL of 0.1%
trichloroacetic acid (TCA) and 20% PVPP, then centrifuged at 13.000 rpm for 10 minutes at 4°C. For H2O2

(Alexieva et al., 2001), 200 µL of the supernatant was homogenized in 200 µL of 100 mM potassium
phosphate buffer 7.50 and 800 µL of 1M KI (potassium iodide) and kept in the dark for 30 min, then the
absorbance was read at 390 nm. Lipid peroxidation was measured as malondialdehyde (MDA) content.
250 µL of the supernatant was homogenized in 1 mL of 20% TCA containing 0.1% thiobarbituric acid. The
samples were heated to 95°C for 30 min, then cooled in an ice bath. After reaching room temperature,
absorbance readings were taken at 532 nm and 600 nm. The MDA content was calculated using the
following equation and expressed in nmol mg− 1 of FW.

[MDA nmol/mg] = Abs (532–600) / �155 Eq. (6)

�155 mM− 1 cm− 1 = molar extinction coefficient  

3. Data analysis
The data were subjected to the normality test (Shapiro-Wilk) to assess the distribution of treatment
means. Parametric data were analyzed by two-way ANOVA followed by post hoc tests, whereas non-
parametric comparisons were assessed using Kruskal–Wallis with Dunn’s test. The BioEstat 5.3 software
with a significance level of p < 0.05 was used in all statistical analyses.

Results and discussion

4.1. Characterization
The FTIR spectra of Fe3O4 NPs, CS, and CS:Fe3O4 NPs are shown in Fig. 3A. The formation of the
CS:Fe3O4 NPs nanocomposite is supported by changes in the amide-related absorption bands. The band

at 568 cm− 1 corresponds to the Fe − O vibration of magnetite, confirming the presence of Fe3O4 (Ansari et

al., 2018). In the CS, characteristic bands at 2870 cm− 1 (− CH2), 1640 cm− 1 (C = O), 1551 cm− 1 (− NH2),

and 1060 cm− 1 (C − O) indicate the amide and polysaccharide groups of chitosan (Lustriane et al., 2018).
The shift and stretching of the amide bands in the composite further suggest the formation of a
chitosan–magnetite complex (Appu et al., 2021).

The elemental composition of Fe3O4 NPs is presented in the spectra containing the mass data (%)
(Fig. 3B), with Fe 40% and O 60%; the identified elements indicate an absence of impurities. For chitosan,
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C 58%, N 8% and O 33% were identified, elements that form chemical groups such as NH2 in the chemical
structure. In CS:Fe3O4 NPs, the spectra show C, 58%, N 7%, O 34% and Fe 0.11%, indicating the presence
of chemical groups originating from Fe3O4 and chitosan.

Micrographic images of CS, Fe3O4 NPs, and CS:Fe3O4 NPs are shown in Figs. 3C-E. Chitosan has a
lamellar structure with an irregular surface and cavities, which can favor adsorption and interaction
processes. The Fe3O4 NPs have a predominantly spherical shape and homogeneous distribution; the
particle size has an average diameter of 114 ± 9 nm. In the nanostructure formed by CS and Fe3O4 NPs,
the adhesion and distribution of the Fe3O4 NPs along the surface of the CS is observed, maintaining the
spherical morphology and average particle diameter of 114 ± 15 nm (Fig. 3E). The CS composed of
amines (− NH2) and Fe3O4 NPs with abundant hydroxyl groups (Fig. 3A) forms a hybrid system, in which

bonds occur between the aforementioned chemical groups (Silveira et al., 2021). Chitosan solubilized in
an acidic medium undergoes protonation (–NH2 → –NH3⁺) and is used to adsorb anionic ions, with
extensive results for the adsorption of metal oxides (Guibal et al., 2004; Wujcicki et al., 2026).

4.2. Thermal characterization
The thermograms are presented by DTA and DSC obtained in the range of 20–900 ºC (Fig. 4). The
oxidation-reduction peaks were recorded in DSC thermograms, along with the mass loss events (%) / DTA
of the samples. The DTA thermogram shows residual mass of 78%, 21%, and 24% for Fe3O4 NPs, CS, and
CS:Fe3O4 NPs, respectively. Our results show a mass loss in the range of 22–270 ºC, suggesting water

removal. For Fe3O4 NPs, two events were observed in the ranges of 100–270 ºC and 270–370 ºC, each
with a 4% loss.

Magnetite exposed to high temperatures undergoes oxidation-reduction reactions, which modify its
chemical structure. At temperatures above 500°C, the oxidation reaction of Fe3O4 is recorded by the
exothermic peak in the range of 700–760°C, obtained by the DSC thermogram (Fig. 4A). Results from
Sanders and Gallagher (2006), corroborate the exothermic events in magnetite samples. This event,
resulting from the oxidation reaction, indicates the conversion of Fe2+ to Fe3+ in the formation of Fe3O4,
with Fe2O3 gradually forming at temperatures above 700 ºC (Fumis et al., 2022).

Figure 4B shows the DTA/DSC thermograms of CS. A mass loss of 48% occurred in the range of 270–
370°C, followed by 21% in the range of 370–900°C. The two sharp peaks of chitosan mass reduction
indicate manipulation reactions of the amide and acetyl chains (Villar et al. 2018). Results from Nam et al.
(2010), suggest that the gradual loss of chitosan mass above 340°C is due to the degradation reaction of
2-amino-2-deoxy-D-glucopyranose (GlcN) units. Figure 4C shows the DTA/DSC thermogram of CS:Fe3O4

NPs. The thermal behavior between CS and CS:Fe3O4 NPs is similar, differing only in temperature range
and residual mass.

Page 9/31



DTA results show the first event at 25–100 ºC, with a loss of 14%. The greatest mass loss of 34%
occurred in the range of 250–370 ºC. The DSC thermogram of CS:Fe3O4 NPs begins with an endothermic
peak in the range of 25–120°C, an exothermic peak between 246–300°C with a slight shift compared to
pure CS, and a peak of lower intensity. Another endothermic peak is observed in the 430–630°C range,
followed by a continuous increase up to 900°C. The nanocomposite curve profile shows changes in
intensity and shift, with characteristics similar to those of the thermograms of CS and pure Fe3O4,
indicating an interaction and functionalization of the compounds (Ates et al., 2018). The residual mass of
CS:Fe3O4 NPs compared to CS may suggest the formation of the polymer-metal complex. The chitosan

matrix in metals is an excellent carrier of actives, including metals, corroborating the results of Pereira et
al. (2017), in which chitosan chelation with metals (Cu, Zn and Ni) yields residues of greater mass than CS
alone.

4.3. Chemical parameters of solutions with CS and
CS:Fe3O4 NPs on Zea mays leaf discs
Figure 5 presents the data for pH, electrical conductivity, total dissolved solids, and redox potential
obtained from solutions where Zea mays leaf discs were exposed to CS and CS:Fe3O4 NPs. The results
show that, except for pH, concentration was the most relevant factor, and little difference in values was
observed over time. The pH values after exposure showed a reduction for both CT and CS treatments,
whereas leaves treated with CS:Fe3O4 NPs, showed no significant reduction (Fig. 5A). Results for

electrical conductivity and total dissolved solids (Figs. 5B-C) show a similar profile, with increased values
when the CS:Fe3O4 NPs concentrations were increased. The grate values for total dissolved solids after

exposure (Figure C), observed at concentrations of 60, 80, and 100 µg mg− 1, may be related to the release
of leaf exudates through interaction with the NPs. Treatments with CS:Fe3O4 NPs had a higher oxidizing
potential than the control and CS before exposure to leaf discs (Fig. 5D), suggesting that Fe3O4

compounds are oxidized. Increases in redox potential values were also observed in the control, after 24
hours, suggesting that compounds are oxidized in the absence of CS or NPs presence. The chemical
parameters evaluated were clearly modulated by the NPs, given that metallic nanoparticles are suggested
to act as conductive pathways within the vascular system. Uptake and distribution can occur without
repulsion; however, depending on the amount of material involved, this may lead to increased exudate
release from the biological system—as evidenced by higher values for electrical conductivity and redox
processes affecting the system's pH (Merino‑Treviño et al., 2024).

4.4. Effect of CS and CS:Fe3O4 NPs on ChlF and
photosynthetic pigment content
Chlorophyll a fluorescence induction kinetics were observed in Zea mays leaf discs under different
nanoparticle treatments (Fig. 6) to assess their effects on the structure and function of the
photosynthetic apparatus. In general, treatments with particles reduced the intensity of ChlF emission,
especially at higher CS:Fe3O4 concentrations, with the CS treatment being the closest to the control.
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Regarding the fluorescence steps, the sigmoid pattern of the curves was maintained across all
treatments. The main changes in intensity began to appear in the O-J interval at 1 µg mg− 1 of CS:Fe3O4,

with the maximum fluorescence (Fm) suppressed at the highest dose (100 µg mg− 1). For samples treated
with CS, or with CS:Fe3O4 at concentrations > 20 µg mg− 1, reductions in ChlF a intensity are observed
from the I-P phase suggesting alterations in the PQ-pool. The ChlF behavior is dose-dependent, and the
steps affected by the treatments indicate a change in electron transfer from quinone A (QA) to quinone B
(QB) in photosystem II (J-I). Analysis of the OJIP (Kautsky) curve provided parameters describing PSII
behavior. F0 (step O) showed increased photon capture at the reaction center in PSII at 20, 40, and 80 µg
mg− 1, followed by a decrease at 100 µg mg− 1. For Fm (step P), the concentration of 1 µg mg− 1 led to the
highest maximum fluorescence index, indicating that low concentrations of Fe3O4 suggest that the
electron transfer capacity to QB is temporarily limited or saturated. The maximum quantum efficiency of
PSII (Fv/Fm) from a concentration of 40 µg mg− 1 shows lower values, but does not differ significantly (p 
< 0.05) from CT, although the values are within the normal range for maximum efficiency, except at 100 µg
mg− 1 of CS:Fe3O4 (0.6), which indicates damage to PSII.

The PSII reaction center results were obtained using absorption, dissipation, capture, and transport
parameters (Table 1). Absorption (ABS/RC) and dissipation (DI0/RC) parameters were higher with the iron
oxide treatment, with DI0/RC showing a significant difference (p < 0.05) compared to the control. Electron
Transport (ET0/RC) and capture (TR0/RC) per reaction center did not show a significant difference (p < 
0.05); however, the 60 µg mg− 1 concentration showed the highest value. Although the results not show a
significant gain, they indicate the effective electron transport in the PSII. The PIABS photosynthetic
performance index decreased with increasing CS:Fe3O4 concentration, whereas PITOTAL showed the

highest photosynthetic efficiency (PSI-PSII) at 20 µg mg− 1 of CS:Fe3O4.

Iron-based materials in plants can make electrons available, which consequently act on the
photosynthetic apparatus through electron transition and chlorophyll biosynthesis (Schmidt et al., 2020).
This hypothesis corroborates the results obtained by Li et al. (2020), which show that the interaction of
Fe3O4 NPs with isolated chloroplasts from Zea mays L. acts as a supplier of electrons to be captured and
transported in the PSII to PSI apparatus, consequently increasing photosynthetic efficiency. Gamito et al.
(2024), for Triticum aestivum L. exposed to Fe3O4 NPs, Fm was higher with the highest concentration,

while the maximum quantum efficiency was lower at the highest concentration (150 mg L− 1). This means
that the concentration factor significantly influences the mode of action of NPs in photosynthesis.
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Table 1
Effect of CS NPs and CS:Fe3O4 NPs on initial fluorescence (F0). Maximum fluorescence (Fm). Maximum

quantum efficiency of the donor side of PSII (Fv/F0). Maximum quantum efficiency of photosystem II
(Fv/Fm). On specific energy fluxes per reaction center for: Absorption (ABS/RC). Dissipation (DI0/RC).

Electron transport (ETo/RC). Energy capture (TRo/RC). Energy-absorbed performance index (PIABS). Total
photosynthetic index (PITOTAL). In Zea mays leaf discs exposed for 24 hours.

µg
mg˗1

F0 Fm Fv/F0 Fv/Fm Abs/RC Di0/RC ET0/RC TR0/RC PIABS PITOTAL

CT 627 
± 6b

3025 
± 7b

4.10 
± 
0.21a

0.80 
± 
0.01a

2.32 ± 
0.21a

0.49 ± 
0.05b

1.00 ± 
0.05a

1.88 ± 
0.11a

2.63 
± 
0.22a

1.02 ± 
0.32bc

CS 612 
± 9c

2891 
± 7c

3.75 
± 
0.41a

0.80 
± 
0.02a

2.50 ± 
0.31a

0.55 ± 
0.05ab

1.00 ± 
0.06a

1.97 ± 
0.05a

1.61 
± 
0.41b

1.13 ± 
0.41bc

1 628 
± 9b

3265 
± 9a

4.01 
± 
0.32a

0.80 
± 
0.02a

2.30 ± 
0.21a

0.47 ± 
0.05b

1.02 ± 
0.08a

1.77 ± 
0.06b

2.22 
± 
0.31a

1.34 ± 
0.22b

20 648 
± 9a

2760 
± 9c

3.51 
± 
0.41a

0.76 
± 
0.05a

2.51 ± 
0.21a

0.57 ± 
0.05ab

1.06 ± 
0.08a

1.94 ± 
0.10a

1.65 
± 
0.51b

1.53 ± 
0.42b

40 621 
± 6b

2670 
± 7c

3.16 
± 
0.42a

0.74 
± 
0.02a

2.60 ± 
0.21a

0.61 ± 
0.04a

1.01 ± 
0.08a

1.86 ± 
0.10a

1.41 
± 
0.22b

0.82 ± 
0.11c

60 634 
± 4a

2540 
± 8d

3.45 
± 
0.31a

0.75 
± 
0.02a

2.61 ± 
0.11a

0.60 ± 
0.05a

1.07 ± 
0.05a

2.00 ± 
0.09a

1.52 
± 
0.16b

1.43 ± 
0.31b

80 640 
± 4a

2570 
± 9d

2.14 
± 
0.52b

0.72 
± 
0.05a

2.61 ± 
0.22a

0.60 ± 
0.05a

0.98 ± 
0.06a

1.97 ± 
0.07a

0.71 
± 
0.22c

0.82 ± 
0.12c

100 580 
± 7d

2346 
± 6e

2.18 
± 
0.61b

0.70 
± 
0.05a

2.60 ± 
0.11a

0.65 ± 
0.05a

1.00 ± 
0.09a

1.98 ± 
0.10a

0.92 
± 
0.22c

0.82 ± 
0.12c

The results are represented by the means followed by the standard deviation (±). In the same column,
different letters indicate a significant difference between treatments, according to the two-way ANOVA
test (t-test).

Figure 7 shows the photosynthetic pigments. A significant increase in pigment content compared to CT
occurred in all treatments. The concentration of 20 µg mg− 1 showed the highest content of Chl-a, total
Chl, and carotenoids (Fig. 7A, C, D). The highest content of Chl-b was at the concentration of 40 µg mg− 1

(Fig. 7B). The increase in carotenoid content is significant because these molecules protect PSII from
photoinhibition by accepting electrons and leading the PSII complex to a lower energy state (Apel and Hirt
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2004). CS:Fe3O4 NPs can affect energy absorption and the glutamate pathway, a precursor of Chl-a (Li et
al., 2020). It is suggested that Fe-based NPs increase Chl-a content by making Fe ions available for the
photosynthetic process. The increase in pigment content has been observed in other plant species, such
as Zea mays, Triticum aestivum, Cannabis sativa L., Hordeum vulgare (Yan et al., 2020, Feng et al., 2022,
Deng et al., 2022, Tombuloglu et al., 2024).

4.5. Effect on enzyme activity (SOD, CAT, APX, GPOX)
Our results show that treatments with CS and CS:Fe3O4NPs affected enzymatic activity, depending on the
concentration (Fig. 8). SOD enzyme activity was reduced with CS, while CS:Fe3O4 NPs showed a slight

reduction (p < 0.05) (Fig. 9A). CAT enzyme activity increased at concentrations of 40 to 100 µg mg− 1

(Fig. 8B).

The highest APX activity was observed at a dose of 40 µg mg− 1 (Fig. 8C), while GPOX enzyme activity

increased significantly at 40 µg mg− 1, being reduced at higher doses (Fig. 8D). Enzymatic activity
corresponds to the first line of antioxidant defense. Therefore, the effects of reduction or gain represent
the plant's defense and/or yield. Our results show a significant change in enzymatic activity at higher NP
concentrations, corroborating the increase in H2O2 and MDA content (Fig. 10). It is suggested that higher
doses of CS:Fe3O4 NPs may cause damage to cell membranes (Fig. 10). Our results show an increase in

CAT activity at concentrations of 40 to 100 µg mg− 1, an enzyme responsible for H2O2 oxidation; however,

H2O2 levels are higher than CAT levels, which may have caused a reduction in APX and GPOX activity
(Wang et al., 2019). Fe nanoformulations, exhibit size, permeability, and availability characteristics that
enhance metabolic activity for maize and other crops (Elanchezhian et al., 2017; Haydar et al., 2022).

4.6. Effect on flavonoid, phenolic and tannin content
Total flavonoid content increased at a concentration of 20 µg mg− 1, while concentrations of 80 and 100
µg mg− 1 showed lower content compared to the control. Total phenolic content increased at
concentrations of 1 and 20 µg mg− 1, but contractions from 40 to 100 µg mg− 1 were smaller compared to

the control. Total tannin compounds showed a significant increase from 1 to 80 µg mg− 1, but decreased
at 100 µg mg− 1 (Fig. 9). Non-enzymatic antioxidant defense acts in the chelation of metal ions, preventing
the generation of reactive oxygen species (Ahmed et al., 2022, Kejík et al., 2022), suggesting that hydroxyl
and carbonyl groups are involved in this process. The reduction in the amount of these compounds at
higher concentrations of CS:Fe3O4 NPs may be associated with increased lipid peroxidation and H2O2

(Fig. 10A, B), being inefficient in oxidizing free radicals. Results from Kalisz et al. (2021) suggest that
Fe2O3 NPs stimulate the antioxidant capacity of lettuce by increasing the content of phenolics and

flavonoids.

4.7. MDA and hydrogen peroxide content - H2O2
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Hydrogen peroxide (H2O2) and MDA levels increased with concentrations of 40, 60, 80, and 100 µg mg− 1

(Fig. 10). The results show that high concentrations of CS:Fe3O4 NPs can induce oxidative stress; the Fe
oxide form can be converted into Fe ions and trigger oxidative reactions in plant tissue (Muller et al.,
2015). Fe ions can react with H2O2 and generate hydroxyl radicals, which are the main oxidants of cell
membranes (Hu et al., 2017). Malonaldehyde is a lipid aldehyde produced by cell membrane disruption,
widely used as an indicator of cell damage (Morales and Bosh 2019).

Conclusion
In summary, this study provides a definitive, mechanics driven resolution to the challenge of low-mobility
iron delivery in agroecosystems, effectively bridging the gap between advanced nanomaterial engineering
and environmental safety boundaries. Our structural and thermal characterizations confirm that the
chitosan matrix successfully encapsulates the magnetite core, yielding stable CS:Fe3O4 NPs while
preventing large-scale colloidal aggregation and structurally modulating iron-ion availability. Crucially, the
biological datasets obtained herein establish a robust, concentration-dependent hormetic paradigm in Zea
mays L. tissues, successfully mapping the precise metabolic threshold where nano-iron transits from a
physiological stimulant to a severe ecotoxin. Within the biostimulatory window, spanning from 20 (200) to
60 (600), µg mg− 1 (µg L⁻¹), the datasets demonstrate a synchronized upregulation of photosynthetic
pigment biosynthesis and electron transport efficiency, unlocking a highly optimized state of chloroplast
bioenergetics. Conversely, extending exposure levels beyond the 80 (800) µg mg− 1 (µg L⁻¹) inflection
point triggers a severe biological collapse characterized by acute phytotoxicity. At this elevated threshold,
the sudden, exponential accumulation of hydrogen peroxide overpowers the tissue's non-enzymatic
defense pool evidenced by a critical depletion of total phenolics, flavonoids, and tannins and directly
induces catastrophic lipid peroxidation of the plasma membranes, as validated by high malondialdehyde
levels. Our biochemical profiling resolves that under this acute oxidative stress, the plant tissue relies
dynamically on a catalase-mediated pathway as its primary enzymatic barrier to mitigate iron-induced
reactive oxygen species and delay systemic cellular necrosis. The broader scientific contribution of this
work extends far beyond standard crop nutrition, providing the global scientific community with critical,
quantifiable baseline parameters required to establish regulatory environmental ceilings for engineered
agro-nanomaterials. By demonstrating that a strict safety limit must be maintained below 60 (600) µg
mg− 1 (µg L⁻¹) to avoid cellular damage, these findings deliver a functional template for Safe-by-design
precision nanoformulations. This contribution is indispensable for mitigating ecological risks, preventing
non-target soil and aquatic chemical runoff, and ensuring that the transition toward nano-enabled
sustainable agriculture is both highly productive and ecologically secure.
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Figures

Figure 1

Representative diagram of the synthesis and chemical groups involved in the interaction of chitosan with
Fe3O4 NPs.
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Figure 2

Representation of the experiment by immersing Zea mays L. leaf discs in solutions of CS and
CS:Fe3O4NPs.
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Figure 3

Characterization: FTIR spectroscopy (A). Elemental analysis – EDS (B). Scanning microscopy of CS (C),
Fe3O4 NPs (D), CS:Fe3O4 NPs (E) and (F-H) their respective size distribution histograms.
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Figure 4

DTA/DSC thermograms of Fe3O4 NPs (A), CS (B) and CS:Fe3O4 NPs (C).
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Figure 5

Chemical parameters of solutions with Zea mays leaf discs before and after 24 hours of treatment with
CS and CS:Fe3O4 NPs. pH (A). Electrical conductivity (B). Total dissolved solids (C). Oxidation-reduction
potential (D). Results are represented by means followed by standard deviation (±). Different lowercase
letters indicate a significant difference (p < 0.05) between the treatments. Different uppercase letters
indicate a significant difference (p < 0.05) between the treatments after 24 hours. The symbol * between
columns of the same treatment indicate a significant difference (p < 0.05) before and after 24 hours.
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Figure 6

OJIP transient curve. Effect of CS and CS:Fe3O4 NPs.
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Figure 7

Effect of CS and CS:Fe3O4 NPs on photosynthetic pigment content. Chlorophyll a (A). Chlorophyll b (B).

Total chlorophyll (C). Carotenoids (D). Significant differences (p < 0.05) are represented by different
letters between treatments. Data are represented by the mean followed by the standard deviation (±).
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Figure 8

Effect of CS and CS:Fe3O4 NPs on the enzymatic activity of Superoxide dismutase (A). Catalase (B).
Ascorbate peroxidase (C). Guaicol peroxidase (D). Significant differences (p < 0.05) are represented by
different letters between treatments. Data are represented by the mean followed by the standard
deviation (±).
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Figure 9

Effect of CS and CS:Fe3O4 NPs on the content of flavonoids (A). Phenolics (B). Tannins (C). Significant
differences (p < 0.05) are represented by different letters between treatments. Data are represented by the
mean followed by the standard deviation (±).
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Figure 10

Effect of CS and CS:Fe3O4 NPs on hydrogen peroxide content (A). Malondialdehyde - MDA (B). Significant
differences (p < 0.05) are represented by different letters between treatments. Data are represented by the
mean followed by the standard deviation (±).
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