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Abstract 

Efficient nitrogen assimilation in crops remains a priority for sustainable agriculture. This study 

evaluated the effects of foliar iodine nanoparticles (INPs) on nitrogen metabolism, yield, and 

physiological performance in Lactuca sativa L. cv. Butterhead, in comparison with potassium iodide 

(KI). Plants were treated with INPs and (KI) at concentrations of 40, 80, and 160 µM under a passive 

hydroponic system. Results showed that INPs at 40 µM significantly enhanced total biomass and 

soluble amino acid content compared to the control, without inducing phytotoxic effects on 

photosynthetic pigments. While yield differences were not statistically significant, INPs promoted 

favorable biochemical responses, particularly in nitrogen-related metabolism, suggesting a more 

efficient nutrient utilization. (KI) treatments increased nitrate reductase activity and soluble protein 

levels yet did not outperform INPs in biomass accumulation. These findings indicate that iodine 

delivered in nanoparticulate form may offer a sustained, low-dose alternative for improving 

nitrogen use efficiency, without adverse effects on plant physiology. The study supports the use of 

INPs as a promising strategy for enhancing nitrogen assimilation and biochemical quality in leafy 

vegetables, contributing to the development of precision fertilization technologies within 

sustainable nitrogen management systems. 

Keywords: Lactuca sativa L.; foliar fertilization; iodine nanoparticles; nanofertilizer; nitrate 

reductase; nitrogen assimilation 

 

1. Introduction 

Global demand for plant-based food is steadily increasing due to rapid population growth. 

However, several factors threaten the sustainability of agricultural systems and food security, 

including the indiscriminate use of chemical fertilizers, water scarcity, and the impacts of climate 

change [1]. Besides, it is not only essential to maintain adequate food production to meet global 

nutritional demands, but also to ensure that the food produced is of high nutritional quality, rich in 

essential nutrients and bioactive compounds beneficial for human health [2,3]. Vegetables play an 

essential role in human diets, providing vitamins, minerals, fiber, and phytochemicals [2]. As a result, 

agricultural focus is shifting from merely maximizing yield to improving the nutritional and 

functional quality of crops [3]. Among all essential nutrients, nitrogen (N) stands out as the most 

influential factor that not only drives crop productivity but also greatly affects the nutritional value 

of plant-derived foods [4,5]. 
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Although N is crucial for crop production, the excessive use of N fertilizers leads to low N use 

efficiency, economic losses for farmers, and negative environmental consequences such as nitrate 

leaching, eutrophication, and the contamination of groundwater [5,6]. These effects have also been 

linked to health issues including thyroid dysfunction, cancer, neural tube defects, and diabetes [4,7]. 

N assimilation in plants involves complex biochemical processes regulated by nitrate reductase (NR) 

activity and the availability of nitrate, nitrite, and ammonium. Micronutrients such as molybdenum, 

iron, and iodine act as cofactors in these enzymatic processes, influencing N metabolism and 

utilization efficiency [6,8,9]. 

In recent years, iodine has emerged as a potentially beneficial element for plants, despite not 

being classified as essential [13–15]. Iodine application through biofortification has shown promise 

in improving N assimilation and overall plant physiology [12–14]. Among its chemical forms, iodate 

(IO₃⁻) has been proposed as an alternative cofactor for NR enhancing the conversion of nitrate into 

organic molecules such as amino acids and proteins [12]. Several studies have demonstrated that 

potassium iodate (KIO₃) and potassium iodide (KI) can improve N use efficiency and increase 

chlorophyll content in various crops. For instance, the combination of KIO₃ with urea in maize 

resulted in enhanced chlorophyll b levels and increased root and foliar N accumulation [13]. 

Similarly, in lettuce, both (KI) and KIO₃ improved N use efficiency compared to untreated controls 

[14]. 

Nanotechnology is another important tool to improve plant nutrition as it offers a novel 

approach to increase the delivery and uptake of nutrients through the use of nanoparticles (NPs) [10]. 

Due to their small size (typically <100 nm), NPs can penetrate biological membranes more effectively 

than conventional fertilizers, leading to improved nutrient absorption and physiological responses 

[11]. The use of various types of nanoparticles has shown positive effects on N assimilation, biomass 

accumulation, and crop yield. For example, TiO₂ nanoparticles at low concentrations (2–6 mg·L⁻¹) 

enhanced amino acid and pigment levels in coriander, resulting in improved productivity [16]. 

Similarly, foliar application of ZnO nanoparticles at only 133 mg·L⁻¹ outperformed chelated zinc in 

peanut crops [17]. 

To assess the effectiveness of any treatment aimed at improving plant nutrition, it is essential to 

analyze physiological and biochemical parameters that reflect the success of N assimilation and 

overall plant health. Among these, the concentration of free amino acids and soluble proteins serves 

as a direct indicator of N metabolism, since they are primary products of nitrate reduction and 

ammonium assimilation and are also involved in stress responses and developmental processes 

[18,19]. Additionally, chlorophyll content is a widely used indicator due to its high N content and its 

direct link to the photosynthetic capacity of the plant. As such, it not only reflects N status but also 

provides insights into the plant’s ability to produce biomass and maintain physiological activity 

under different nutritional conditions [20,21]. 

Therefore, the aim of this study was to evaluate the effects of foliar application of iodine 

nanoparticles (INPs) in comparison to potassium iodide (KI) on biomass accumulation, yield, total 

chlorophyll, soluble proteins, free amino acids, and nitrogen assimilation in Lactuca sativa L. cv. 

Butterhead. We hypothesize that iodine nanoparticles, due to their nanoscale properties and 

enhanced delivery potential, will result in greater improvements in N metabolism, biochemical 

quality, and physiological performance than conventional iodine treatments. 

2. Materials and Methods 

2.1. Experimental sites and crop management 

The experiment was conducted at the Food and Development Research Center (CIAD), Delicias 

Unit, Chihuahua, Mexico, during March to May 2024, under controlled conditions in a shade net 

house. Seeds of Lactuca sativa L. cv. Butterhead, purchased from Islas’s Garden Seed Company® 

(Eagle Rd, USA), were used. Germination was carried out in polystyrene trays with vermiculite as 

substrate, applying 250 mL of Hoagland nutrient solution every three days for 30 days. Thirty days 
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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 hydroponic, using sub-irrigation in plastic trays (33 × 55 

× 4 cm), where the pots were placed directly on a constant layer of nutrient solution. This technique 

allows water and nutrients to rise by capillary action from the base of each pot, promoting a uniform 

and efficient supply without wetting the foliage [22]. During the trial, a modified Hoagland nutrient 

solution was supplied according to the physiological requirements of the crop, in accordance with 

Sánchez et al. [23]. One liter of solution was applied per pot every 24 hours, with a pH of 6 ± 0.1, from 

transplanting to physiological maturity (41 DAS), maintaining this frequency until harvest (71 DAS). 

2.2. Characterization of Iodine Nanopartices (INPs) 

The concentrations of iodine nanoparticles (INPs) used in this study were selected based on 

commercial compounds, such as potassium iodate, reported in previous studies by Dávila-Rangel et 

al. (2020) [24], due to the limited literature available on the specific physiological properties of iodine 

nanoparticles in agricultural systems. 

The INPs used in this study were synthesized using the wet chemical method. They appeared 

as a fine dark brown powder with evidence of agglomeration and were characterized structurally 

and morphologically by scanning electron microscopy (SEM) (Figure 1), accompanied by elemental 

microanalysis by energy dispersive spectroscopy (EDS), confirming the presence of iodine (Figure 2). 

The nanoparticles were provided by the company Investigación y Desarrollo de Nanomateriales S.A. 

de C.V., located in San Luis Potosí, Mexico. 

 

Figure 1. Morphology of the sample by scanning electron microscopy (SEM). 

 

Figure 2. Spectrum of INPs obtained by energy dispersive X-ray spectroscopy (EDS). 

2.3. Nanoparticles preparation 

A stock solution of (INPs) was prepared at a concentration of 320 µM, using triple-distilled water 

as the solvent. The mixture was homogenized by mechanical stirring on a magnetic plate (VWR® ) at 

700 rpm for 20 minutes, and then subjected to sonication in an ultrasonic bath (Vevor Ultrasonic 

Cleaner, Cleveland, OH, USA) at a frequency of 40 kHz for 15 minutes, at a controlled temperature 
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of 25–30 °C, following the protocol described by Waqas et al. [25]. From this stock solution, the 

necessary dilutions were made to achieve the concentrations required for the experimental 

treatments. 

2.4. Experimental design and treatments 

A completely randomized design with a single-factor arrangement consisting of six treatments 

was used, resulting from the combination of two sources of iodine (potassium iodide, (KI), and iodine 

nanoparticles INPs) applied in three concentrations: 40, 80, and 160 μM. The treatments established 

were: Control (0 μM), KI 40 μM, KI 80 μM, KI 160 μM, INPs 40 μM, INPs 80 μM, and INPs 160 μM. 

Each treatment had four replicates, and the experimental unit consisted of a single plant grown 

individually in a pot. The applications were made foliar during the vegetative phase of the crop, 

under controlled conditions. 

2.5. Plant sampling 

Once the plants reached physiological maturity at 71 DAS, the plant material was harvested. The 

collected material was washed with distilled water to remove residues and finally separated into 

organs (root, 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. 

2.6. Plant analysis 

2.6.1. Total biomass and yield 

To quantify total biomass and yield, one plant was randomly selected from each pot and 

weighed fresh using a compact balance (A&D Co., Ltd., EK-120, Tokyo, Japan). The plant was then 

dissected into leaves and roots, and each organ was weighed fresh. Yield was expressed as the fresh 

weight of leaves per plant (g plant-1 FW). 

The organs obtained were rinsed three times in distilled water and dried on filter paper at room 

temperature for 24 h. After this period, 50% of the plant material was dried in a 13.9 cubic foot forced-

air laboratory oven (Shel-Lab 1380FX, Cornelius, OR, USA) at 45˚C for 72 h. Once the samples had 

lost moisture, they were weighed using 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 two plant organs (g 

plant-1 DW). 

2.6.2. Extraction and assay of NR (E.C. 1.6.6.1) 

For each sampling, root and leaf portions were ground, with a ratio of 1:5 (w/v), in a mortar at 0 

◦C in 50 mM KH2PO4 buffer pH 7.5, containing 2 mM EDTA, 1.5% (w/v) soluble casein, 2mM DTT 

and 1% (w/v) insoluble PVPP. The homogenate was filtered through two layers of Miracloth 

(Cabiochem) and centrifugated at 3000×g for 5 min, after which the supernatant was centrifuged at 

30 000 × g for 20 min. The resulting supernatant was used to measure enzyme activities and soluble 

protein. The extraction medium was optimized for the enzymatic activities so that these could be 

extracted jointly by the same method [26,27]. The NR assay followed the methodology of [28]. The 

nitrite forwed was colorimetrically determined at A540 after azocoupling with sulphanilamide and 

naphthylenediamine dihydrochloride according to the method of [29]. The NR activity was expressed 

as μmol NO2 – formed mg-1 protein min-1. 

2.6.3. Photosynthetic pigments 

The concentrations of chlorophyll a and b and total were determined using the method described 

by Wellburn [30]. Ten leaf discs with a diameter of 7 mm were weighed and infiltrated in 10 mL of 

methanol (CH3OH). The samples were sealed and left to stand in the dark for 24 h. After this time, 
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the absorbance of the samples was measured at wavelengths of 653 and 666 nm for 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 cm2 FW and 

calculated using the following formulas: 

Chl a* = (15.65 × abs 666) × (7.34 × abs 653) 

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

Chl b* = (27.05 × abs 653) − (11.21 × abs 666) 

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

Total chlorophyll = Chl a + Chl b (3) 

where Vf: final volume; W1: weight per leaf disc; W2: total weight of leaf discs; r: radius of leaf discs; 

n: number of leaf discs. 

2.6.4. Concentrations of soluble amino acids and soluble proteins 

A volume of 0.5 g of leaf blade plant sample was homogenized with 5 mL of 50 mM phosphate 

buffer, pH=7 at 4 °C (solution of 6.8 g of K2HPO4 dissolved in 1 L of distilled water, adjusted to pH=7 

with a solution of 8.81 g KH2PO4 dissolved in 1 L of distilled water). The sample was filtered through 

4 layers of gauze and centrifuged at 10000 rpm for 15 min in a centrifuge cooled to 4 °C (Allegra™, 

64R Centrifuge, Beckman Coulter, Brea, CA, USA). The supernatant was used to determine the 

concentrations of amino acids and soluble proteins using the methods described by Yemm et al. [31] 

and Bradford [32], respectively. 

To quantify soluble amino acids, an aliquot of 100 μL of supernatant was mixed with 1.5 mL of 

ninhydrin reagent (2 g of ninhydrin dissolved in 50 mL of ethylene glycol (CH2OHCH2OH), mixed 

with 80 mg of stannous chloride (SnCl2.2H2O), dissolved in 50 mL of 200 mM citrate buffer at pH=5 

(solution of 59.41 g of tribasic sodium citrate dihydrate (C6H5Na3O72H2O), dissolved in 1 L of distilled 

water, and buffered to pH 5 with a solution of 38.81 g of anhydrous citric acid (C6H8O7)). The sample 

was stirred and placed in a water bath at 100 °C for 20 min. The samples were then placed in a water 

bath at 4 °C for 30 min and reacted with 8 mL of 50% (v/v) 1-propanol (C3H8O). Finally, the samples 

were measured at 570 nm using a UV-visible spectrophotometer (Thermo Fisher Scientific, 

GENESYS™ 10S, Madison, WI, USA) against a glycine standard curve. The results were expressed 

as (mg g-1 FW). 

For the quantification of soluble proteins, a 20 μL aliquot of the centrifuged supernatant was 

taken and mixed with 1 mL of the Bradford Quick Start™ Protein Assay Kit (Bio-rad, Hercules, CA, 

USA) coloring reagent. The samples were shaken and allowed to stand for 15 min. Finally, they were 

measured at an absorbance of 595 nm using a UV-visible spectrophotometer (Thermo Fisher 

Scientific, GENESYS™ 10S, Madison, WI, USA) and compared to a standard curve of bovine serum 

albumin (BSA). 

The curve was prepared by taking 20 μL of each of the standards from the Bradford Quick 

Start™ protein assay kit at concentrations of 0.125, 0.25, 0.5, 0.75, 1, 1.5, and 2 mg mL -1 of BSA and 

distilled water for the blank. The results were expressed as (mg g-1 FW). 

2.6.5. Pearson Correlation Heatmap 

To evaluate the relationships between physiological and biochemical variables, a Pearson 

correlation matrix was developed using the averages per treatment. The results were represented 

graphically using a heatmap generated in Python (v 3.11), where the intensity and direction of the 

correlations were expressed using a color scale. Correlation values close to +1 indicate a strong 

positive association, while values close to -1 reflect a strong negative correlation. Correlations close 

to 0 are interpreted as weak or non-existent, allowing functional or independent relationships 

between the evaluated variables to be identified [33]. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 June 2025 doi:10.20944/preprints202506.2309.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.2309.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 16 

 

2.5. Statistical analysis 

Statistical analysis was based on a linear fixed-effects model corresponding to a completely 

randomized design with a single factor, expressed by equation (4): 

Yij = μ + τi + εij,         (4) 

where Yij was the response variable, under the effect of the ith treatment and the jth repetition; μ was 

the overall mean; τi was the effect of the ith treatment; and εij was the experimental error. 

Prior to analysis of variance (ANOVA), the data were evaluated to verify compliance with the 

assumptions of normality and homogeneity of variances. Normality was tested using the Shapiro-

Wilk test, while homogeneity of variances was evaluated using Bartlett’s test. Once compliance with 

these assumptions was confirmed, a one-way ANOVA was performed. 

When statistically significant differences were detected between treatments (p ≤ 0.05), a mean 

comparison test was applied using Fisher’s Least Significant Difference (LSD) method, with a 

significance level of p ≤ 0.05. The analyses were performed using SAS®  statistical software version 

9.0 (SAS Institute Inc., Cary, NC, USA) [34]. Treatments with different letters indicated statistically 

significant differences according to the LSD test. 

3. Results and Discussion 

3.1. Total biomass 

Biomass accumulation is one of the essential parameters for determining nutrient efficiency in 

crops [35]. In this study, statistically significant differences (p ≤ 0.05) were observed between 

treatments in total dry biomass accumulation (Figure 3). Treatment with iodine nanoparticles (INPs) 

at 40 μM showed the greatest effect, with a 68.75% increase in biomass compared to the control. In 

contrast, treatments with potassium iodide (KI) showed more moderate increases, the highest being 

KI 40 μM, with a 37.5% increase over the control. 

The notable increase in biomass observed with INPs can be attributed to improved efficiency in 

the absorption and utilization of nitrogen, an essential element for the formation of plant structures. 

At the physiological level, nanoparticles, due to their small size and high active surface area, promote 

greater penetration into tissues and sustained release of iodine, improving the availability of the 

element at key sites of metabolism, such as the chloroplast and cytosol [36]. It has also been proposed 

that iodine, especially in the form of iodate, may act as an alternative cofactor for the enzyme nitrate 

reductase (NR), facilitating nitrate reduction and promoting the synthesis of amino acids and 

proteins, which are essential components for plant structural development [37]. 

Similar results were reported by Medrano-Macías et al. (2016) [38], who observed a significant 

increase in the biomass of lettuce biofortified with potassium iodate, particularly when combined 

with nitrogen. Similarly, Sularz et al. (2020) [39] found that foliar applications of iodine in lettuce 

increased both biomass and iodine content in plant tissue, emphasizing its dual role as a biofortifying 

nutrient and regulator of nitrogen metabolism. 
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Figure 3. Effect of foliar application of iodine nanoparticles (INPs) and potassium iodide (KI) on total biomass 

accumulation in Lactuca sativa cv. Butterhead. Different letters represent significant differences between 

treatments according to Fisher’s LSD test (p ≤ 0.05). 

3.2. Yield 

Agricultural yield is a key integrating parameter that reflects the physiological efficiency of 

plants in converting resources into harvestable biomass. Its value lies in the fact that it represents the 

end result of processes such as photosynthesis, assimilate translocation, and reproductive 

development, allowing the overall performance of the crop under different management conditions 

to be evaluated [40]. 

In this study, no statistically significant differences (p > 0.05) were observed between treatments 

in terms of total yield, as indicated by the homogeneous letters in the graph (Figure 4). However, 

positive trends were recorded in all iodine treatments compared to the control. The treatments with 

iodine nanoparticles (INPs), especially at 40 μM, showed a slight increase (16%) compared to the 

control, although this was not statistically significant. 

From a physiological perspective, these results suggest that the application of iodine, both in the 

form of iodide and nanoparticles, does not negatively affect reproductive processes or the filling of 

harvest structures, even at relatively high concentrations. This could be related to iodine’s ability to 

modulate redox balance and preserve tissue functionality during critical phases of reproductive 

development without inducing adverse physiological stress [41]. 

Furthermore, recent studies indicate that the action of iodine may be related to an improvement 

in physiological uniformity among plants, contributing to stabilize production without necessarily 

generating abrupt increases in yield [42]. This is in line with the observed data, where the treatments 

showed similar behaviors without exhibiting a marked differential response. 
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Figure 4. Effect of foliar application of iodine nanoparticles (INPs) and potassium iodide (KI) on the yield of 

Lactuca sativa cv. Butterhead. Different letters represent significant differences between treatments according to 

Fisher’s LSD test (p ≤ 0.05). 

3.3. “In vivo” Nitrate Reductase Enzyme Activity (NR) (E.C. 1.7.11) 

Nitrate reductase (NR) is a key enzyme in nitrogen metabolism, as it catalyzes the reduction of 

nitrate (NO₃⁻) to nitrite (NO₂⁻), an essential step for the subsequent synthesis of amino acids and 

proteins. Its activity is strongly regulated by nitrate availability, hormonal signals, light, and cellular 

redox status, and is considered a functional marker of nitrogen use efficiency in plants [43]. 

In this study, statistically significant differences (p ≤ 0.05) in NR activity were observed between 

treatments (Figure 5). The treatment with 80 μM KI showed the highest value, with an increase of 

more than 307% compared to the control, followed by 160 KI and 40 μM KI, which also showed high 

levels. In contrast, treatments with iodine nanoparticles (INPs) at 160 and 80 μM showed the lowest 

enzyme activities, even below the control level. 

These results suggest that the ionic form of iodine (potassium iodide) may act as a positive signal 

or stabilizing cofactor for NR, promoting its synthesis or preventing its post-translational 

degradation. Some authors have proposed that iodide may influence the expression of genes 

associated with nitrogen metabolism through redox signals or indirect effects on hormonal pathways 

such as salicylic acid and jasmonic acid [44]. 

In contrast, iodine nanoparticles can generate localized oxidative stress or interfere with redox 

balance, which would negatively affect NR stability or activity. This is consistent with studies 

indicating that, at suboptimal concentrations or through sustained release mechanisms, INPs can 

activate defense responses that inhibit redox-sensitive enzymes such as NR [45]. 

In addition, the nanoparticle form could alter the spatial distribution of iodine, limiting its 

availability in the cytosol (where NR is located) and redirecting it to organelles or compartments 

where it does not exert its catalytic effect, thus decreasing its functionality [46]. 
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Figure 5. Effect of foliar application of iodine nanoparticles (INPs) and potassium iodide (KI) on nitrate reductase 

enzyme activity in Lactuca sativa cv. Butterhead. Different letters represent significant differences between 

treatments according to Fisher’s LSD test (p ≤ 0.05). 

3.4. Total chlorophyll 

Total chlorophyll is one of the main functional indicators of the photosynthetic apparatus, 

directly related to the plant’s ability to absorb light and carry out photosynthesis efficiently. Stability 

in its content reflects not only adequate nutritional status but also the absence of severe oxidative 

stress or metabolic disruptions that compromise pigment biosynthesis [47]. 

In the present study, no statistically significant differences (p > 0.05) were observed between 

treatments, as indicated by the homogeneous letters (Figure 6). Despite this, interesting physiological 

trends were recorded: treatments with INPs (especially at 40 and 80 μM) showed a slight decrease 

(5–8%) in chlorophyll content compared to the control, while treatments with potassium iodide (KI) 

maintained similar or even slightly higher levels. 

These results suggest that the ionic form of iodine does not negatively affect the synthesis of 

photosynthetic pigments, while nanoparticles could induce mild stress or a redistribution of essential 

nutrients, such as magnesium or iron, which are directly involved in the structure of chlorophyll. 

Recent research has shown that the use of nanoparticles can modify the transport and accumulation 

of minerals in photosynthetic tissues, without generating evident phytotoxicity, but with possible 

compensatory effects on hormonal regulation or stomatal density [48]. 

On the other hand, it is possible that the moderate reduction in chlorophyll in INPs treatments 

is linked to an increase in the production of phenolic compounds or non-enzymatic antioxidants, as 

part of an adaptive response to the nanoparticulate stimulus, a phenomenon documented in studies 

on plant biostimulation with nanomaterials [49]. 

Overall, the results suggest that iodine biofortification, at the concentrations evaluated, does not 

compromise the photosynthetic functionality of plants. The small variations observed with INPs 

could be attributed to minor physiological adjustments rather than actual damage or deficiency 

processes, confirming the viability of these technologies in sustainable plant improvement strategies. 
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Figure 6. Concentration of total chlorophyll in response to foliar application of iodine nanoparticles (INPs) and 

potassium iodide (KI) in Lactuca sativa cv. Butterhead. Different letters represent significant differences between 

treatments according to Fisher’s LSD test (p ≤ 0.05). 

3.5. Concentration of soluble amino acids 

Soluble amino acids perform essential functions in plants beyond being precursors of proteins, 

they participate in osmotic regulation, stress responses, metabolic signaling, and nitrogen storage. 

Their accumulation is influenced by nutrient availability, enzyme activity (such as glutamine 

synthetase and glutamate dehydrogenase), and environmental conditions that alter the 

anabolic/catabolic balance of nitrogen [50]. 

In this study, statistically significant differences (p ≤ 0.05) were observed between treatments 

(Figure 7). Treatments with iodine nanoparticles (INPs), particularly at 40 μM, recorded the highest 

value, with an increase of approximately 30% compared to the control, followed by INPs 80 and 160 

μM. In contrast, treatments with potassium iodide (KI) showed values similar to the control, with no 

relevant increases. 

These results indicate that the nanoparticulate form of iodine could be positively modulating 

nitrogen metabolism, favoring the synthesis and accumulation of free amino acids. This phenomenon 

can be explained by a combination of factors: greater efficiency in nutrient absorption, activation of 

biosynthetic pathways such as the glutamate pathway, and possible inhibition of amino acid 

degradation pathways under controlled redox conditions [51]. 

On the other hand, the high accumulation of soluble amino acids could reflect a beneficial 

adaptive response that improves osmotic balance and favors the temporary storage of reduced 

nitrogen, especially in treatments with INPs. These molecules also act as carbon and nitrogen donors 

for the synthesis of secondary compounds during development or in the face of moderate 

environmental challenges [52]. 
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Figure 7. Concentration of soluble amino acids in response to foliar application of iodine nanoparticles (NPsI) 

and potassium iodie (KI) in Lactuca sativa cv. Butterhead. Different letters represent significant differences 

between treatments according to Fisher’s LSD test (p ≤ 0.05). 

3.6. Concentration of soluble proteins 

Soluble proteins in plant tissues represent a critical fraction of cell metabolism, including 

enzymes, structural proteins, and molecules involved in stress response. Their accumulation is highly 

sensitive to nutritional status and environmental conditions, serving as a functional biomarker of 

nitrogen metabolism and the plant’s biosynthetic capacity [53]. 

In the present study, statistically significant differences (p ≤ 0.05) were observed between 

treatments (Figure 8).Treatment with 160 μM KI showed the highest value, with an approximate 

increase of 20% compared to the control, followed by 80 and 40 μM KI, with no significant differences 

between them. In contrast, treatments with iodine nanoparticles (INPs) at 40 and 160 μM showed the 

lowest soluble protein values, even below the control. 

From a physiological point of view, these results could be due to the fact that the ionic form of 

iodine (potassium iodide) promotes greater availability of assimilable nitrogen, favoring protein 

synthesis. This effect may be mediated by activation of nitrogen transport to meristematic tissues and 

stimulation of biosynthetic pathways associated with glutamine and aspartic acid, key pathways in 

the formation of soluble proteins in leaves [54]. 

Conversely, iodine nanoparticles could be generating negative redox modulation or metabolic 

competition, leading to a decrease in the expression or translation of functional proteins. It has been 

proposed that INPs, depending on their surface charge and concentration, may interfere with the 

ribosomal machinery or induce protein recycling mechanisms (autophagy), thereby reducing the net 

concentration of soluble proteins [43]. 

In addition, a possible imbalance in the carbon/nitrogen ratio caused by signaling overload or 

sustained release of iodine from nanoparticles could be redirecting metabolism toward secondary 

pathways, such as the synthesis of phenolic compounds, to the detriment of protein production [55]. 

Taken together, these findings suggest that while iodine in ionic form (KI) may favor plant 

protein metabolism, its use in nanoparticle form requires fine adjustments in concentration and 

formulation to avoid adverse effects on the synthesis and accumulation of functional proteins in the 

plant. 
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Figure 8. Concentration of soluble proteins in response to foliar application of iodine nanoparticles (INPs) and 

potassium iodide (KI) in Lactuca sativa cv. Butterhead. Different letters represent significant differences between 

treatments according to Fisher’s LSD test (p ≤ 0.05). 

3.7. Heat map and correlation 

Pearson’s correlation analysis, visualized using a heat map, allowed us to identify linear 

associations between key variables related to nitrogen metabolism, growth, and photosynthetic 

activity in Lactuca sativa. This approach is widely used in plant nutrition studies to understand 

functional interactions under different nutritional management schemes [48]. 

Statistically significant positive correlations were observed between total biomass, yield, and 

soluble amino acid content (r = 0.56* and r = 0.6*, respectively) (Figure 9). These relationships suggest 

that biomass accumulation and plant productivity are closely linked to increased availability of 

soluble nitrogen compounds, reinforcing the hypothesis that iodine nanoparticles (INPs) treatments 

favor a more efficient nitrogen assimilation pathway [48]. This pattern is consistent with the behavior 

observed in the 40 μM INPs treatments, where the highest levels of biomass and amino acids were 

recorded. 

In contrast, no significant correlations were observed between biomass or yield with nitrate 

reductase activity or soluble protein content, indicating that under the experimental conditions these 

variables were not direct determinants of productivity. This finding suggests that, although NR and 

proteins participate in the general nitrogen pathway, their variation does not necessarily translate 

into visible improvements in growth or yield in the short term. 

Negative correlations were also identified between total biomass and total chlorophyll 

concentration (r = –0.4), as well as between soluble amino acids and chlorophyll (r = –0.45). This could 

be interpreted as a relative dilution of pigment content in plants with higher leaf mass, without 

implying a functional deterioration of the photosynthetic apparatus [56]. The stability of 

photosynthesis observed in treatments with INPs, even with high levels of growth, supports this 

interpretation. Taken together, these correlations support the positive effect of iodine nanoparticles 

on nitrogen metabolism, especially in the synthesis of soluble amino acids, and demonstrate a direct 

relationship between these molecules and plant productivity. Furthermore, it is confirmed that these 

treatments do not compromise photosynthetic integrity, reinforcing their potential as sustainable 

tools in efficient nitrogen management. 
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Figure 9. Pearson correlation matrix between physiological and biochemical variables in Lactuca sativa cv. 

Butterhead in response to foliar application of iodine nanoparticles (INPs) and potassium iodide (KI). Asterisks 

(*) indicate statistically significant correlations (p ≤ 0.05). 

4. Conclusions 

Foliar application of iodine nanoparticles (INPs) on Lactuca sativa L. promoted greater nitrogen 

assimilation, evidenced by an increase in total biomass and soluble amino acid accumulation, without 

compromising the photosynthetic stability of the crop. The 40 μM dose of INPs proved to be the most 

effective, showing the best overall physiological response without inducing phytotoxic effects. This 

formulation consistently outperformed potassium iodide (KI), suggesting that the nanostructuring of 

iodine improves its absorption and utilization in plant tissue. Together, these results confirm that 

foliar biofortification with iodine nanoparticles at appropriate doses represents a safe, efficient, and 

promising tool for optimizing nitrogen nutrition and improving the functional quality of 

horticultural crops in sustainable agricultural systems. 
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