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Abstract

Foliar application with iron is a promising strategy for improving nitrogen nutrition and
productivity in horticultural crops. In this study, the effect of the foliar application of
iron oxide nanoparticles (IONPs) compared to conventional iron sources on physiological,
biochemical, and productive parameters of Spinacia oleracea L. was evaluated. Plants were
treated with different concentrations (0, 25, 50, and 100 ppm) of IONPs, ferric sulfate (FS),
and iron chelate (IC). Biomass, yield, nitrate reductase enzyme activity, soluble protein and
amino acid contents, SPAD values, and photosynthetic pigments were analyzed. The results
showed that IONPs, particularly at 50–100 ppm, promoted significant increases in biomass
(50% more than the control), yield (47%), and nitrate reductase enzyme activity (NRmax)
(246%) compared to the control (0 ppm) without negatively affecting pigment levels or leaf
physiological condition. Likewise, increases in soluble protein and photosynthetic pigment
levels were observed, reflecting improved nitrogen assimilation and photosynthetic effi-
ciency. These findings suggest that IONPs represent an efficient and safe alternative to
traditional Fe sources, contributing to the development of sustainable agricultural systems
aimed at improving the nutritional value and productivity of leafy crops.

Keywords: nanoparticles; foliar micronutrient application; Spinacia oleracea L.;
sustainable agriculture

1. Introduction
The growing pressure on agricultural systems resulting from climate change, popula-

tion growth, and the need for intensified food production highlights the urgent necessity to
implement more sustainable and efficient nutrient management strategies. Among essen-
tial nutrients, iron (Fe) and nitrogen (N) play critical roles in sustaining crop productivity,
particularly in horticultural systems [1,2].

The N assimilation process involves the absorption of nitrate (NO3
−) and ammonium

(NH4
+), followed by their reduction and conversion into amino acids through the enzymatic

pathways of nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), and
glutamate synthetase (GOGAT) [3]. Fe is a key micronutrient in these pathways, acting as
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an essential cofactor in nitrate reduction enzymes and in proteins such as ferredoxin, which
are essential for electron transport during photosynthesis and NO3

− reduction [4,5].
Despite the abundance of Fe in soils, its availability to plants is limited due to its low

solubility, especially in calcareous or high pH soils [5]. Therefore, the efficient management
of Fe and N is a technical and environmental challenge. In this context, the use of metal-
oxide nanoparticles, such as iron oxide nanoparticles (IONPs), and the development of
nano-biofertilizers represent significant advances in improving mineral nutrition and crop
resilience to adverse conditions. These innovative technologies increase the availability of
iron in the rhizosphere and its translocation within the plant, promoting essential physio-
logical processes such as photosynthesis, chlorophyll synthesis, and nitrate reduction [6,7].
The application of IONPs and nano-fertilizers based on iron-loaded algal biomass has
been shown to increase yield, amino acid content, and iron levels in crops of agricultural
interest [8]. Likewise, recent studies have highlighted that these nanoparticles can improve
growth, nutrient absorption, and antioxidant balance in horticultural species, even under
saline stress or in low-fertility soils [6,9]. In addition, research in horticultural systems
has shown that nanostructured biofertilizers can optimize nitrogen and other nutrient
metabolism, contributing to a better physiological and productive performance [10].

Different Fe sources have distinct physicochemical properties that influence their mo-
bility, solubility, and efficiency in plant systems [4]. For example, iron chelate (Fe-EDDHA)
is a synthetic compound designed to remain soluble even under high pH conditions [2],
ferric sulfate (Fe2(SO4)3) is a common inorganic salt but has limited availability under
alkaline conditions [11], and iron oxide nanoparticles (IONPs) represent an emerging tech-
nology with enhanced surface area and reactivity, potentially improving foliar absorption
and translocation [12]. These contrasting properties may significantly influence plant
physiological responses, particularly under nutrient-limited conditions.

Several studies have reported that metal nanoparticles and their derivatives can
improve biomass, photosynthetic pigments, and nitrogen compounds in crops such as
lettuce and tomato [13]. Recent research has also demonstrated that zinc oxide nanoparticles
(ZnO NPs) significantly enhance biomass production, chlorophyll content, and antioxidant
responses in rice under stress conditions, supporting their multifunctional role in crop
physiology [14]. However, in leaf crops with high nutritional demands such as spinach
(Spinacia oleracea), research on the effect of IONPs on N assimilation and physiological
indicators such as free amino acids and soluble proteins is still scarce [15]. This information
is key to understanding the role of nanoparticles in primary N metabolism and their
potential to optimize nutrition in sustainable agricultural systems.

Therefore, the objective of this study was to evaluate the effect of foliar application of
IONPs compared to conventional sources of Fe, iron chelate (Fe-EDDHA), and ferric sulfate
(Fe2(SO4)3) on biomass, yield and N assimilation in spinach (Spinacia oleracea L. cv. Viroflay).
We hypothesized that foliar application of IONPs would enhance nitrogen assimilation
efficiency, resulting in higher concentrations of free amino acids, soluble proteins, and
biomass compared to conventional Fe sources.

2. Materials and Methods
2.1. Experimental Site and Crop Management

The experiment was conducted at the Food and Development Research Center (CIAD)
in Delicias, Chihuahua, Mexico, from April to May 2023, under greenhouse conditions
with shade netting and an average temperature of 32.48 ◦C. Seeds of Spinacia oleracea L. cv.
Viroflay were used.

Germination was carried out in polystyrene trays with vermiculite as substrate, apply-
ing 250 mL of nutrient solution prepared with distilled water every three days for 30 days.
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Twenty-four days after sowing (DAS), the seedlings were transplanted into 5 L plastic pots
using a 2:1 (v/v) mixture of vermiculite and perlite as substrate.

The irrigation system used was passive hydroponics, using subirrigation in plastic
trays (33 × 55 × 4 cm), where the pots were placed directly on a constant layer of nutrient
solution. This system allowed water and nutrients to rise by capillary action from the base of
each pot, ensuring a uniform and efficient supply without wetting the foliage [16]. During
the trial, a nutrient solution composed of 6 mM NH4NO3, 1.6 mM K2HPO4, 0.3 mM K2SO4,
4.0 mM CaCl2·2H2O, 1.4 mM MgSO4·7H2O, 2 µM MnSO4·H2O, 1.0 µM ZnSO4·7H2O,
0.25 µM CuSO4·5H2O, 0.3 µM (NH4)6Mo7O24·4H2O, and 0.5 µM H3BO3 was adjusted
to a pH of 6.0 ± 0.1 [17]. One liter of solution was applied per pot every 24 h from
transplanting, 24 DAS, until harvest, 60 DAS.

2.2. Characterization of Iron Oxide Nanoparticles IONPs

For this study, iron oxide nanoparticles (Fe2O3 NPs) were obtained from the Mexican
company Investigación y Desarrollo de Nanomateriales S.A. de C.V., synthesized via a wet
chemical method. According to the technical data sheet, the nanoparticles are composed
of the maghemite phase (γ-Fe2O3), a magnetic and semiconducting polymorph of Fe2O3.
The particles have a reddish fine powder appearance, an average particle size below 50 nm,
and a chemical purity of 99.7%.

Structural and morphological characterization was carried out by X-ray diffraction
(XRD), confirming the crystalline structure of maghemite. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) revealed spherical to quasi-spherical
shapes, with moderate polydispersity and a size consistent with the nominal specification
(Figures 1 and 2). Additionally, energy-dispersive X-ray spectroscopy (EDX) (Figure 3)
analysis confirmed the elemental composition corresponding to iron and oxygen without
traces of other contaminants.

Figure 1. Sample morphology by scanning electron microscopy (SEM).

Figure 2. Sample morphology by transmission electron microscopy (TEM).
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Figure 3. Elemental analysis (chemical composition) by X-ray energy dispersive spectroscopy (EDX).

Although parameters such as specific surface area (BET) and zeta potential were not
determined, the physicochemical properties provided by the manufacturer indicate high-
quality nanomaterials suitable for foliar application, ensuring consistent dispersion and
bioavailability in plant systems.

2.3. Nanoparticles Preparation

A stock solution of IONPs was prepared at a concentration of 100 ppm using triple-
distilled water as the solvent. The mixture was homogenized by mechanical stirring on
a magnetic plate (VWR® International Model 150D) at 700 rpm for 20 min and then soni-
cated in an ultrasonic bath (Vevor Ultrasonic Cleaner, Cleveland, OH, USA) at a frequency
of 40 kHz for 15 min at a controlled temperature of 25–30 ◦C, following the protocol
described by Waqas et al. [18]. The working concentrations (25, 50, and 100 ppm) were
obtained by appropriate dilutions of the stock solution.

2.4. Experimental Design and Treatments

A completely randomized experimental design with a single-factor arrangement was
used, consisting of three iron sources: ferric sulfate Fe2(SO4)3, iron chelate (Fe-EDDHA),
and IONPs, applied at concentrations of 0, 25, 50, and 100 ppm (Table 1). Each treatment had
four replicates, and the experimental unit consisted of a single plant grown in a 5 L plastic
pot. Once transplanted to pots 25 DAS, the treatments were applied foliar to the point
of dripping, with a total of four applications made at weekly intervals under controlled
conditions throughout the crop cycle.

Table 1. Description of treatments (iron source and concentration).

Concentration
(ppm)

Ferric Sulfate
Fe2(SO4)3

Iron Chelate
(Fe-EDDHA)

IONPs
(Fe2O3)

0 Control Control Control
25 FS25 IC25 IONPs25
50 FS50 IC50 IONPs50
100 FS100 IC100 IONPs100

2.5. Plant Sampling

Once the plants reached physiological maturity at 60 DAS, the plant material was
harvested. The collected material was washed with distilled water to remove residues and
finally separated into organs (root and leaves). The samples were divided into fresh and dry
material. The fresh material was used to determine yield, nitrate reductase enzyme activity,
and the concentration of photosynthetic pigments, amino acids, and soluble proteins. The
dry material was used to quantify biomass.
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2.6. Plant Analysis
2.6.1. Biomass and Yield

To quantify total biomass and yield, four plants per treatment were randomly selected
and weighed fresh using a compact balance (A&D Co., Ltd., EK-120, Tokyo, Japan). The
plants were then dissected into leaves and roots, and the fresh weight of each organ was
recorded separately.

Yield was calculated as the average fresh weight of leaves per plant (g plant−1 FW).
The organs were rinsed three times with distilled water and left to dry at room temperature
on absorbent paper for 24 h.

After this period, two plants from each treatment were dried in a laboratory oven with
forced air circulation (Shel-Lab 1380FX, Cornelius, OR, USA) with a volume of 13.9 cubic
feet at 45 ◦C for 72 h [19].

Finally, the samples were weighed on an electronic analytical balance (A&D Co., Ltd.,
HR-120, Tokyo, Japan). Total biomass was expressed as the sum of the dry weight of the
leaves and roots (g plant−1 DW).

2.6.2. Analysis of Photosynthetic Pigments

The method used for pigment extraction and quantification from the leaf was de-
scribed by Wellburn [20]. The total chlorophyll concentration was quantified by extraction
with methanol and absorbance measurements. Leaf disks with a diameter of 7 mm, corre-
sponding to 0.15 g of fresh plant material (leaves), were weighed and placed in test tubes
with 10 mL of pure methanol (CH3OH). The samples were sealed and left to stand in the
dark for 24 h. After this time, the absorbance of the samples was measured at wavelengths
of 470, 653, and 666 nm for carotenoids, chlorophyll b, and chlorophyll a, respectively,
using a UV-visible spectrophotometer (Thermo Fisher Scientific, GENESYS™ 10S, Madison,
WI, USA). Pigment concentrations were expressed in µg cm−2 FW and calculated using the
following formulas:

Chl a* = [15.65 × (A666)] × [7.34 × (A653)]

Chl a = (Chl a* × Vf × W1)/(W2 × π × r2 × n) (1)

Chl b* = [27.05 × (A653)] − [11.21 × (A666)]

Chl b = (Chl b* × Vf × W1)/(W2 × π × r2 × n) (2)

Carotenoids* = [(1000 × (A470)] − (2.86 × Chl a) − (129.2 × Chl b))/221

Carotenoids = (Carotenoids* × Vf × W1)/(W2 × π × r2 × n) (3)

Total chlorophyll = Chl a + Chl b (4)

A: absorbance; Vf: final volume; W1: weight per leaf disk; W2: total weight of leaf disks;
r: radius of leaf disks; and n: number of leaf disks.

2.6.3. Chlorophyll Index

The relative chlorophyll content was determined using the SPAD (Soil–Plant Analysis
Development) index, using a portable SPAD-502 chlorophyll meter (Konica Minolta Sensing,
Inc., Osaka, Japan). This instrument allows non-destructive measurements of leaf greenness,
which is considered an indirect indicator of chlorophyll content [21]. The results were
expressed in SPAD units. The measurement was carried out at 50 DAS.
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2.6.4. Extraction and Assay of NR

Frozen leaf tissue was homogenized by grinding leaves (midrib removed) or leaf disks
(blotted with soft paper tissues) in a precooled mortar in liquid nitrogen. Extraction buffer
(2 mL g−1 fresh w.) was added to the leaf powder and grinding continued until thawed.
The extraction buffer contained 50 mM HEPES-KOH pH 7.6, 1 mM DTT, 10 µM FAD,
and 1 mM EDTA. The homogenate was cleared by centrifugation (16,000× g, 5 min), and
where mentioned, it was desalted by centrifugal filtration on Sephadex G25 spin columns
equilibrated with buffer. The different activation states of NR were determined by assaying
NR for 3 min either with Mg2+ (l0 mM) or with EDTA (15 mM) or after preincubation
(30 min) with EDTA (15 mM) plus AMP (5 mM) plus KH2PO4 (10 mM) and assayed in EDTA
buffer. In all cases, an aliquot (100 µL) of the extract was added to 900 µL of the reaction
medium, which contained 50 mM HEPES-KOH pH 7.6, 1 mM DTT, 10 µM FAD, 5 mM
KNO3, and 10 mM MgCl2 or 15 mM EDTA. Reaction was stopped after 3 min by addition
of zinc acetate solution, as previously described by Kaiser and Brendle-Behnisch [22]. As
leaves or leaf tissues accumulated considerable amounts of nitrite during some treatments,
aliquots of the extracts were routinely assayed for nitrites, which was subtracted from the
nitrite produced during the in vitro NR reaction.

2.6.5. Determination of Soluble Amino Acids

The concentration of soluble amino acids was determined using the Yemm and Cock-
ing method [23] with adaptations. Approximately 0.5 g of fresh material was homogenized
in 5 mL of 50 mM phosphate buffer (pH 7.0). The extract was filtered, centrifuged at
12,360× g for 15 min, and the supernatant was used for analysis. To 100 µL of supernatant,
1.5 mL of ninhydrin reagent was added and incubated in a water bath at 100 ◦C for 20 min.
After cooling on ice, 8 mL of 50% propanol was added and allowed to stand for 30 min
before reading at 570 nm. The concentration was calculated against a standard glycine
curve and expressed in mg g−1 of fresh weight.

2.6.6. Determination of Soluble Proteins

Soluble protein was quantified from the same extract used for amino acids, using the
Bradford method [24]. Twenty microliters of the extract were added to 1 mL of Bradford
reagent, and the absorbance was measured at 595 nm, using a standard curve of bovine
serum albumin (BSA). The results were expressed as mg g−1 of fresh weight.

2.7. Statistical Analysis

Once the data had been obtained, it was subjected to a Shapiro–Wilk test to check
the normality of the distribution. In addition, it was subjected to a Bartlett test to check
the homogeneity of the variances. Once the assumptions had been checked, the data was
subjected to a one-way analysis of variance, followed by a test of separation of means using
Fisher’s LSD test. The statistical package SAS 9.0 was used for statistical analyses [25].

3. Results and Discussion
3.1. Biomass

One of the key parameters for evaluating nutrient efficiency is biomass accumulation,
as it reflects the plant’s ability to convert available nutrients into organic matter [26]. This
indicator is crucial for crops because it integrates the effect of nutrients on plant growth
and total yield [27]. In the present study, the foliar application of iron (Fe) in different forms
and concentrations had different effects on dry biomass (g plant−1) (Figure 4).
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Figure 4. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and
iron oxide nanoparticles (IONPs) on the biomass of Spinacia oleracea L. cv. Viroflay. Different letters
represent significant differences between treatments according to Fisher’s LSD test (p ≤ 0.05).

The control had a value (100%) of approximately 8.81 g plant−1. The highest biomass
was obtained with IONPs100, with an increase of 49.8%, reaching about 13.2 g plant−1.
This was followed by FS50, with an increase of 36.7% and FS25 and IC25, with increases of
26.25% and 22.7%, respectively. In contrast, the IC50 and IC100 treatments reduced biomass
by 56.7% and 54.3%, respectively, while IONPs25, IONPs50, and FS100 showed moderate
improvements of approximately 14% compared to the control.

Interestingly, although Fe-EDDHA (IC) is commonly considered an effective source of
iron due to its high solubility and stability under alkaline conditions [2], our results showed
a decrease in biomass and yield with increasing IC concentrations. The highest dose
(IC100) resulted in the lowest values among all treatments, possibly due to physiological
imbalances caused by excess foliar iron [28]. Notably, the lowest dose of IC (25 ppm)
produced biomass and yield levels comparable to those of IONPs100, suggesting that, at
low concentrations, IC can still be effective. These findings highlight the importance of
optimizing the dosage in foliar iron fertilization strategies.

The increases observed with IONPs can be attributed to their greater bioavailabil-
ity and foliar penetration capacity, which optimizes photosynthetic activity, nitrogen
metabolism, and redox balance, key factors in biomass accumulation [28,29]. Fe nanoparti-
cles have also been shown to improve mineral distribution and antioxidant activity, reduc-
ing oxidative damage [12]. In contrast, treatments with high concentrations of conventional
Fe salts may have caused osmotic stress or ionic toxicity, limiting growth [30]. These results
are consistent with recent studies highlighting the potential of Fe nanoparticles to improve
physiological and photosynthetic parameters in various crops [31].

3.2. Yield

Iron is a micronutrient necessary for various physiological and biochemical processes,
such as photosynthesis, respiration, and nitrogen metabolism. Therefore, its application
represents a key strategy for optimizing crop yield [32]. In the present study, the foliar
application of iron (Fe) in different forms and concentrations significantly impacted the
fresh yield (g plant−1 f.w.) (Figure 5). The control had a yield of approximately 75 g plant−1

(100%). The highest response was observed with IONPs100, with a 40% increase over the
control (around 105 g plant−1). This was followed by IC25 and FS25, which increased the
yield by 28% and 13%, respectively. The treatments with IONPs25 and IONPs50 showed
increases of 10% and 8%. In contrast, IC50 and IC100 reduced the yield by 7% and 34%,
respectively, while FS50 showed a reduction of 11%.
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Figure 5. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and iron
oxide nanoparticles (Fe2O3) on the yield of Spinacia oleracea L. cv. Viroflay plants. Different letters
represent significant differences between treatments according to Fisher’s LSD test (p ≤ 0.05).

These results highlight the potential of Fe nanoparticles to improve crop yields due to
their high bioavailability and efficient translocation to metabolically active tissues, favoring
physiological processes such as photosynthesis and nitrogen assimilation [28]. Accord-
ing to [33], the foliar application of iron oxide (Fe2O3) NPs showed a 47% increase in
chickpea crop yield compared to the control. Similarly, Dola et al. [34] reported that foliar
application of iron oxide (Fe3O4) nanoparticles on soybeans increased the seed yield by
32–40% compared to the control. These results emphasize that the application of NPs not
only increases nutrient availability but also facilitates the activation of physiological pro-
cesses such as chlorophyll synthesis, photosynthetic activity, and factors that are reflected
in higher yields [35]. In addition, the rapid release and availability of Fe in its nanoparticle
form can induce elevated metabolic responses in crops, promoting proper growth, vege-
tative development, and higher productivity [36] compared to the conventional sources
applied in this experiment.

The decreases observed in treatments with high concentrations of conventional Fe may
be associated with osmotic stress or phytotoxicity, phenomena previously reported in other
crops [30]. These observations are consistent with the findings of [31], who demonstrated
that Fe nanoparticles optimize both productivity and photosynthetic rates in plants.

3.3. Photosynthetic Pigments

Iron plays an essential role in the synthesis of photosynthetic pigments, as it is nec-
essary for chlorophyll biosynthesis and the proper functioning of chloroplasts, which
directly impacts the photosynthetic efficiency of plants [37]. In the present study, the
foliar application of iron (Fe) in different forms and concentrations generated significant
variations in chlorophyll and carotenoid content (Table 2). The IC100 treatment showed the
highest values of chlorophyll b (2.9 µg cm−2 FW) and total chlorophyll (9.34 µg cm−2 FW),
exceeding the control by approximately 10% and 9%, respectively. As for chlorophyll a, the
highest content was recorded with IONPs25 (6.51 µg cm−2 FW), with an increase of nearly
9% compared to the control. Carotenoids also reached their highest value with IONPs25
(1.26 µg cm−2 FW, 17% more than the control). In contrast, IONPs100 significantly reduced
all pigments evaluated, especially carotenoids (0.70 µg cm−2 FW, 35% less than the control).

Iron is essential for chlorophyll biosynthesis and the assembly of photosynthetic
complexes, as it participates as a cofactor in the key enzymes of tetrapyrrole metabolism
and in chloroplast function [37]. The improvement observed in the IC100 and IONPs25
treatments can be explained by the greater availability and assimilation of Fe, which favored
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pigment synthesis and stability, optimizing light capture and photosynthetic efficiency [38].
In contrast, high concentrations of IONPs (IONPs100) could have induced toxicity or
redox imbalance, interfering with pigment metabolism, and limiting their accumulation, as
reported in studies on micronutrient excess in photosynthetic tissues [31].

Table 2. Effect of foliar application of different iron sources and concentrations on photosynthetic
pigments (chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids) in plant leaves (µg cm−2 FW).
Values represent mean ± standard error. Different letters indicate statistically significant differences
according to Tukey’s test (p ≤ 0.05).

Treatment Chlorophyll a

µg cm−2 FW
Chlorophyll b

µg cm−2 FW
Total Chlorophyll

µg cm−2 FW
Carotenoids
µg cm−2 FW

Control 5.9938 ± 0.2335 ab 2.5471 ± 0.1209 ab 8.5409 ± 0.3545 ab 1.0770± 0.0601 ab

IC25 5.2984 ± 0.2234 abc 2.1760 ± 0.1242 abc 7.4744 ± 0.3478 abc 1.0249 ± 0.1242 abc

IC50 5.3067 ± 0.2150 abc 2.2238 ± 0.0782 abc 7.5306 ± 0.2932 abc 0.9292 ± 0.0221 abc

IC100 6.4367 ± 1.0687 a 2.9008 ± 0.8081 a 9.3376 ± 1.8768 a 1.0467 ± 0.8099 a

FS25 5.6351 ± 0.5159 abc 2.3539 ± 0.2671 abc 7.9890 ± 0.7830 abc 1.1358 ± 0.1157 abc

FS50 5.3402 ± 1.1897 abc 2.2876 ± 0.4731 abc 7.6278 ± 1.6628 abc 1.0773 ± 0.0001 abc

FS100 5.2843 ± 0.0244 abc 2.2399 ± 0.1747 abc 7.5242 ± 0.1991 abc 0.9184 ± 0.0226 abc

IONPs25 6.5089 ± 0.4016 a 2.8944 ± 0.2528 a 9.4034 ± 0.6545 a 1.2623 ± 0.2170 a

IONPs50 5.1449 ± 0.3743 bc 2.0594 ± 0.2083 bc 7.2044 ± 0.5826 bc 1.0139 ± 0.0052 bc

IONPs100 3.7069 ± 0.0001 c 1.4671 ± 0.1000 c 5.1740 ± 0.0023 c 0.7027 ± 0.0001 c

3.4. SPAD Values

Iron plays an essential role in chlorophyll synthesis, which is reflected in SPAD values
and the photosynthetic capacity of plants, as it is a key component for the functioning of
photosynthetic complexes and nitrogen metabolism [39]. In the present study, the foliar
application of iron (Fe) in different forms and concentrations significantly increased SPAD
values compared to the control (Figure 6). The control had an approximate value of 40 SPAD
units (100%). The greatest increase was observed with IONPs25, which reached a value
close to 54 SPAD units, representing a 36% increase over the control. The IC25, IC50, IC100,
FS25, FS50, FS100, and IONPs100 treatments showed similar increases, ranging from 25%
to 32%. IONPs25 showed an increase of 36%, placing it in the upper range of response.

Figure 6. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and iron
oxide nanoparticles (Fe2O3) on SPAD values of Spinacia oleracea L. cv. Viroflay plants. Different letters
represent significant differences between treatments according to Fisher’s LSD test (p ≤ 0.05).
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From a physiological point of view, these increases in SPAD values reflect a higher
concentration of leaf chlorophyll, which is consistent with the essential role of Fe in chloro-
phyll synthesis and the formation of photosynthetic complexes. Iron acts as a cofactor for
several enzymes involved in chloroplast assembly and electron transport during photo-
synthesis. In addition, an adequate Fe supply has been shown to improve photosynthetic
efficiency and crop yield under stress conditions, such as salinity, by optimizing chlorophyll
levels and leaf fluorescence properties [39]. Treatments with Fe nanoparticles, particularly
IONPs25, may have favored greater Fe availability in leaf tissues, promoting the formation
and stability of photosynthetic pigments [31]. These findings are consistent with studies
on rice and other crops where the foliar application of Fe increased SPAD values and the
photosynthetic rate [40].

3.5. Nitrate Reductase Activity

Iron plays a fundamental role in nitrate reduction, as it is an essential component
of the prosthetic group of the enzyme nitrate reductase, which catalyzes the assimilation
of inorganic nitrogen in plants [41]. This enzyme depends on heme cofactors and iron-
sulfur centers, whose functionality is directly related to the availability of iron in plant
tissue [42]. The activity of putative (real) nitrate reductase (NRact) represents the active
fraction of the enzyme under physiological conditions without the addition of external
cofactors [43]. In the present study, significant differences among treatments were observed.
The ferric sulfate treatment at 100 ppm (FS100) showed the highest activity, followed by
iron nanoparticles at 25 ppm (IONPs25) and the control (Figure 7).

Figure 7. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and iron
oxide nanoparticles (Fe2O3) on activity of putative (real) nitrate reductase (NRact) of Spinacia oleracea
L. cv. Viroflay plants. Different letters represent significant differences between treatments according
to Fisher’s LSD test (p ≤ 0.05).

This indicates that, under these conditions, iron was sufficiently bioavailable to keep
the enzyme active, promoting nitrate assimilation [2]. Conversely, treatments with iron
chelate (Fe-EDDHA) at all concentrations tested (IC25, IC50, and IC100), as well as iron
nanoparticles at 100 ppm (IONPs100) and ferric sulfate at 50 ppm (FS50), exhibited sig-
nificantly lower levels of real activity, which could be associated with toxic effects due to
excess iron. These results suggest that both the chemical form and dosage of iron influence
the functional regulation of NR, and that high concentrations, particularly in nanoparticle
form, may negatively affect the physiological activation of the enzyme [44].

Regarding the maximum nitrate reductase activity (NRmax), it represents the total
amount of functional enzymes present in the tissue; that is, the maximum “potential”
of NR [45]. In the present study notable variations were observed depending on the
iron source and concentration applied (Figure 8). The IONPs50 treatment was the most
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outstanding, with an increase of 246% compared to the control. FS25, FS50, FS100, and
IC25 increased the activity by 110%, 77%, 115%, and 87%, respectively. In contrast, IC100
reduced the activity by 1% and 62%, respectively, compared to the control. IONPs25 and
IONPs100 showed moderate increases of 72% and 70%, respectively. This increase in
NRmax activity under IONPs application may be due to the improved nitrogen metabolism
and increased Fe availability as an essential cofactor of the enzyme, thereby promoting
nitrate assimilation [46]. It has been demonstrated that the application of IONPs enhances
photosynthesis and nitrogen-use efficiency, both of which are directly correlated with
increased NR activity [28]. According to Marschner [2], when plants properly assimilate
nitrogen, this is directly reflected in higher yields. Therefore, the increase in activity
observed in this treatment could be directly contributing to greater physiological efficiency
and, consequently, higher yields. In contrast, the reductions observed with IC100 could be
associated with a phytotoxic effect that inhibits NR activity [30].

Figure 8. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and iron
oxide nanoparticles (Fe2O3) on maximum nitrate reductase activity (NRmax) of Spinacia oleracea L. cv.
Viroflay plants. Different letters represent significant differences between treatments according to
Fisher’s LSD test (p ≤ 0.05).

Regarding the activation state of NR activity, defined as the ratio between putative
(real) NR activity and maximum NR activity, this parameter is used to estimate the pro-
portion of the NR enzyme that is active in the sample compared to its total potential
(NRmax); in other words, it indicates the active fraction of NR [45]. In the present study, the
treatment with iron chelate at 100 ppm (IC100) showed the highest activation state (89%)
(Figure 9), suggesting efficient NR activation possibly associated with good iron availability
and intracellular mobilization. In contrast, treatments with iron nanoparticles at 100 ppm
(IONPs100) and ferric sulfate at 50 ppm (FS50) showed significantly lower values (less
than 20%), indicating a low proportion of active enzymes. This behavior could be due to
cellular stress caused by excess iron or a low effective availability at the enzymatic site.
Both the form and concentration of iron influenced not only the total expression of the
enzyme (maximum activity) but also its functional activation, highlighting the importance
of considering post-translational regulation when evaluating the effectiveness of foliar
micronutrient fertilization treatments [47]. Although the IONPs treatment at 100 ppm
resulted in the greatest increase in total biomass (49.8%) and leaf yield (40%) compared
to the control, a significant decrease in photosynthetic pigment content and nitrate re-
ductase enzyme activity was also observed. The physiological effects observed following
the application of iron oxide nanoparticles (IONPs) suggest a distinct behavior compared
to conventional iron sources. At moderate concentrations (50 ppm), IONPs may act as
a slow-release source of Fe3+, enhancing nitrogen assimilation by maintaining optimal
levels of bioavailable iron without inducing toxicity. Their nanoscale size facilitates foliar
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penetration through cuticular pores or stomata, and subsequent translocation is likely me-
diated by apoplastic movement, as reported in several studies [12,31]. However, at higher
concentrations (100 ppm), the excessive internalization of nanoparticles may disrupt redox
homeostasis or cause oxidative stress, potentially inhibiting enzymatic processes such as
nitrate reduction and degrading photosynthetic pigments. In contrast, Fe-EDDHA and
Fe2(SO4)3, being fully soluble, follow classical ionic absorption routes through the apoplast,
which may explain their distinct physiological responses at similar concentrations [12].
These differences highlight the need for a better understanding of the nanoparticle–plant
interface and the fine balance between beneficial and toxic thresholds in nano-enabled foliar
fertilization. Therefore, future research should aim to precisely define the concentration
threshold at which foliar iron nanoparticles shift from beneficial to detrimental effects.

Figure 9. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe(SO4)3), and iron
oxide nanoparticles (Fe2O3) on the activation state of NR in plants of Spinacia oleracea L. cv. Viroflay.
Different letters represent significant differences between treatments according to Fisher’s LSD test
(p ≤ 0.05).

3.6. Soluble Amino Acids

Iron is involved in various metabolic processes, precursors of soluble amino acid
synthesis, essential for plant growth and development [48]. In the present study, the
concentration of soluble amino acids varied significantly in response to the foliar application
of Fe (Figure 10). The control had a value of approximately 0.76 mg g−1 FW (100%). The
greatest increase was observed with FS50, which reached about 1.3 mg g−1 FW, representing
a 68% increase over the control. IC100 produced a 63% increase, while IC50 and IONPs100
increased by 29% and 26%, respectively. IONPs25 showed a 34% increase, while IC25 and
FS25 showed values similar to the control. In contrast, FS100 and IONPs50 showed no
improvement, remaining at the same level as the control.

The increase in soluble amino acids observed with FS50 and IC100 could be explained
by the role of Fe in the activation of key enzymes in nitrogen metabolism, favoring the
synthesis of nitrogenous compounds such as amino acids [28]. Similarly, Fe application
has been associated with the increased photosynthetic activity and primary metabolism,
which translates into greater amino acid accumulation in young tissues [12]. However, high
concentrations of conventional Fe or the application of certain forms of nanoparticles could
lead to nutritional imbalances or oxidative stress, which would limit the accumulation of
these compounds. These variations may be related to a physiological response to oxidative
stress, as plants can increase the synthesis of specific proteins as an adaptive mechanism,
including antioxidant enzymes and defense proteins that influence the metabolic resilience
of crops [49].
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Figure 10. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and iron
oxide nanoparticles (Fe2O3) on the concentration of soluble amino acids in plants of Spinacia oleracea
L. cv. Viroflay. Different letters represent significant differences between treatments according to
Fisher’s LSD test (p ≤ 0.05).

3.7. Soluble Proteins

Iron is involved in various metabolic processes, including those that regulate home-
ostasis and the synthesis of soluble proteins, which are essential for plant growth and
development, as it acts as a cofactor and regulator at the protein level [50].

In the present study, the concentration of soluble protein showed significant variations
depending on the type and concentration of Fe applied. The control showed a value of
approximately 23.7 mg g−1 FW (100%) (Figure 11). The greatest increase was observed with
FS50, reaching about 37.8 mg g−1 FW, representing a 59% increase over the control. This
was followed by IC100 and FS25, with increases of 53% and 344%, respectively. IC25, IC50,
FS100, IONPs25, and IONPs100 showed moderate increases of 19% to 25%. In contrast,
IONPs50 decreased by 10.1% compared to the control.

Figure 11. Effect of foliar application of iron chelate (Fe-EDDHA), ferric sulfate (Fe2(SO4)3), and iron
oxide nanoparticles (Fe2O3) on the concentration of soluble proteins in plants of Spinacia oleracea L. cv.
Viroflay. Different letters represent significant differences between treatments according to Fisher’s
LSD test (p ≤ 0.05).
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The increase in soluble protein under certain treatments could be explained by the role
of Fe in activating metabolic pathways that stimulate protein synthesis, particularly under
conditions that favor growth and development [42]. The availability of Fe as a cofactor in
key enzymes and its role in nitrogen metabolism contribute to the accumulation of soluble
proteins in tissues [37].

4. Conclusions
The foliar application of iron oxide nanoparticles (IONPs) in Spinacia oleracea L. pro-

moted greater nitrogen assimilation efficiency, evidenced by significant increases in nitrate
reductase activity (NR activity up to 246% with 50 ppm IONPs), biomass accumulation
(up to 50% with 100 ppm IONPs), and soluble protein content, along with improvements
in photosynthetic pigments and SPAD values. Doses of 50–100 ppm of IONPs produced
superior physiological responses compared to conventional iron sources, such as iron
chelate (Fe-EDDHA) and ferric sulfate (Fe2(SO4)3), without causing evident phytotoxic
effects. However, the results also indicate that the effectiveness of each iron source de-
pends not only on its chemical form but also on the applied concentration. High doses
of chelate (IC100) and IONPs (IONPs100) showed physiological limitations, which may
be associated with oxidative stress or iron toxicity. This underscores the importance of
establishing optimal application ranges and considering both the physiological response
and crop type. Altogether, these findings reinforce the potential of IONPs as an innovative
and sustainable alternative to enhance nitrogen nutrition and yield in leafy vegetables.
Nevertheless, further long-term studies under field conditions are required to validate
these effects and develop safe and efficient application protocols for agricultural practice.
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