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ARTICLE INFO ABSTRACT

In recent years, many research studies have conducted to find ways to
improve agricultural products and eliminate chemical fertilizer
pollutants. To enhance crop yields and minimize the reliance on
Received:2023/12/30 animal feed resources, it is essential to adapt innovative agricultural
practices. Organic-based synthetic fertilizers, such as nano chelated
iron can significantly enhance the nutritional system of plants while
reducing the reliance on chemical fertilizers. Nano fertilizers are
Keywords: easily absorbed by plants and are more effective than traditional
chemical fertilizers. Based on this information, this study was
conducted to investigate the nutritional value of lettuce and its
pomegranate peel, capacity to absorb micronutrient elements. The study was conducted
at Tabriz University during the years 1400-1401, following a
completely randomized design with three repetitions. Three levels of
nano chelated iron (0, 0.5 and 1 g/L) were used to investigate the
Antifungal. effect of nano chelated iron on the absorption of micronutrients by
lettuce plants. Nano chelated iron significantly enhanced the levels of
secondary metabolites, including total phenols and flavonoids, as well
10.22034/FSCT.22.163.1. as the antioxidant capacity of lettuce compared to the control samples.
Additionally, the results indicated that higher concentrations of nano
chelated iron resulted in increased levels of total protein, soluble
m.kolahi@scu.ac.ir sugars, and free amino acids in lettuce plants compared to the control
sample. It has been demonstrated that micronutrients such as Iron,
Calcium, Zinc, Potassium, and Phosphorus accumulate in the roots
and shoots of lettuce plants with the increased application of nano
chelated iron. The increase was more pronounced in plants that
received higher concentrations of nano chelated iron. This study
demonstrated that nano chelated iron enhances plant primary and
secondary metabolites, while also supplying iron and other
micronutrients to the plants.
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1. Introduction
Leafy vegetables are regarded as one of the
most essential components of a healthy diet for
consumers due to their rich content of
carbohydrates, proteins, vitamins, and
minerals. Research studies indicate that the
consumption of healthy and hygienic
vegetables can help prevent heart disease and
certain types of cancer, particularly digestive
cancers. Lettuce (Lactuca sativa Linn.) is an
annual plant belonging to the Asteraceae
family. It is a rich source of vitamins, including
A, B, and K, as well as essential minerals such
as calcium, phosphorus, iron, potassium, and
sodium. Additionally, it contains trace amounts
of magnesium and sulfur [1]. The presence of
secondary metabolites, such as terpenoids and
flavonoids, suggests that lettuce possesses
medicinal properties. According to statistics
from the Food and Agriculture Organization of
the United Nations (FAO), global lettuce
production has increased by 118% over the past
two decades. This significant growth has
established lettuce as the fifth-largest crop
worldwide, following corn, rice, potatoes, and
tomatoes [2].
Today, the application of nanotechnology is
expanding across various fields, including the
food and agricultural industries. It is
progressively transitioning from the laboratory
stage to practical implementation, which will
significantly enhance its presence and impact in
the food industry. This advancement is
expected to drive innovation and efficiency,
marking a transformative shift in how
nanotechnology is utilized in food production
and processing [3]. Iron, as an essential
micronutrient, plays a critical role in numerous
physiological processes in plants. It is involved
in key functions such as photosynthesis,
respiration,  nitrogen  assimilation, the
production and detoxification of reactive
oxygen species (ROS), and osmotic regulation.
Additionally, iron serves as a cofactor in the
structure of various antioxidant enzymes,
further underscoring its importance in
maintaining plant health and stress responses

[4]. The utilization of iron-based nano-
fertilizers to precisely regulate nutrient release
represents a promising advancement toward
achieving sustainable and environmentally
friendly agricultural practices. Nano-chelated
iron-fertilizer possesses a stable and robust base
or complex structure. This nano-complex
contains 9% soluble iron, enabling it to
effectively supply iron to plants in a water-
soluble form across a broad pH range of 3 to 11.
To enhance nutrient utilization efficiency and
address current limitations, nano-iron fertilizers
represent a promising and viable alternative.
The utilization of nano-fertilizers represents an
efficient and cost-effective approach that has
the potential to replace conventional fertilizers.
This innovative method facilitates the gradual
and controlled release of essential nutrients into
the soil, thereby enhancing nutrient availability
and minimizing environmental impact.
Moreover, fertilizers with these specific
dimensions are more readily absorbed by plants
and demonstrate significantly higher efficacy
compared to conventional fertilizers [5].
Chelation of nutrients within a plant's
biological system plays a crucial nutritional
role by forming stable complexes with metal
ions, thereby enhancing nutrient availability
and preventing mineral leaching in the soil.
They also facilitate the transport of nutrients
within the plant by acting as carriers for
essential metals and other bioactive compounds
[6]. In this context, Sharafuddin Shirazi, in a
study [7], examined the impact of nano-
chelated iron on various parameters, including
chlorophyll and carotenoid content, biomass
yield, dry matter yield, and the uptake rates of
essential elements (nitrogen, phosphorus,
potassium, and iron) in the leaves of the
medicinal plant Thymus dena. The analysis of
variance results indicated that the application of
nano-chelated iron fertilizer significantly
enhanced several key traits, including
chlorophyll content, carotenoid levels, biomass
yield, dry matter yield, nitrogen uptake
efficiency, iron content, leaf area index, and
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potassium absorption rate, at the 5%
significance level. In an experiment conducted
by Nasiri et al. [8], the impact of foliar
application of iron and zinc fertilizers on the
nutrient concentration in the aerial parts
of Matricaria chamomilla was 1investigated.
The study results indicated that the foliar
application had a significant effect on the
concentrations of phosphorus, magnesium,
calcium, copper, zinc, and iron. In recent years,
the growing awareness of the high nutritional
value of leafy vegetables has led to an
increasing consumption of these vegetables
among urban communities. Lettuce, among
other leafy vegetables, stands as one of the most
significant and widely consumed broad-leaf
vegetables globally. It is rich in essential
nutrients, including a variety of vitamins,
minerals, protein, dietary fiber, iron, and
calcium, making it a vital component of a
balanced diet. Due to its nutritional value and
versatility, lettuce has the highest consumer
base among leafy greens. As such, it plays an
indispensable role in promoting human health
and well-being, underscoring its importance as
a staple in dietary practices worldwide. On the
other hand, the application of nano-chelated
iron solutions is particularly significant for
revitalization purposes, owing to their high
specific surface area. This characteristic results
in an increased density of adsorption sites and
enhances their capacity to mitigate stress
factors effectively. For this purpose, the present
study was conducted to assess the role of nano-
chelated iron in enhancing the nutritional
system of lettuce, a leafy vegetable cultivated
for its edible vegetative parts. Additionally, the
study aimed to investigate certain biochemical
characteristics of this plant.

2- Material and Methods

2-1- Cultivation and treatment

This study was conducted using a completely
randomized design with three replications in
the cytochemistry laboratory at the University
of Tabriz during the academic years 1400-1401.
Lettuce (Lactuca sativa Linn.) seeds were
prepared at Tabriz University, after which the
seeds were subjected to a sterilization process.

Ten seeds were planted in pots measuring 12
cm in diameter and 15 cm in height, filled with
a sterilized substrate mixture of perlite and
cocopeat at a 2:1 ratio. The pots were
autoclaved prior to cultivation to ensure
sterility. The pots were subsequently placed in
a greenhouse under controlled environmental
conditions, with day and night temperatures
maintained at 25+1°C and 20+1°C, respectively,
and a photoperiod of 16 hours of light followed
by 8 hours of darkness. Following seed
germination, the seedlings were irrigated twice
weekly with a 25% Hoagland solution (pH=6—
8.5). Subsequently, the nutrient concentration
was gradually increased to 50% of the
Hoagland solution, and ultimately, the
seedlings were irrigated with a full-strength
Hoagland solution. Approximately three weeks
after the plants reached the three-leaf stage, the
seedlings were subjected to foliar spray
treatments with nano-chelated iron. The nano-
chelated iron, obtained from Ahrar Sharq
Publishing Knowledge Fund Company
(Khazar), was applied in three concentrations
(0, 0.5, and 1 g/L) with three replicates for each
concentration. The treatments were
administered every three days. Following five
treatment stages and a 28-day cultivation
period, the third leaf of the plants was utilized
for the intended experimental analyses. Fresh
samples were utilized for biochemical analyses,
while root and leaf samples were transferred to
an oven for drying to determine mineral
nutrient concentration.

2-2- Measurement of secondary metabolite
content (phenol, flavonoid) and antioxidant
capacity using the DPPH method

The Folin-Ciocalteu reagent was employed to
quantify the total phenolic content in the
extracts [9]. A 0.1 g sample of leaf tissue was
homogenized in 2 mL of 80% methanol.
Subsequently, 100 pL of the resulting plant
extract was transferred into test tubes for further
analysis. To each tube, 2.8 mL of deionized
water, 2 mL of 2% sodium carbonate solution,
and 100 pL of Folin- Ciocalteu reagent were
sequentially added. The resulting mixture was
vortexed thoroughly and allowed to equilibrate
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at room temperature for 30 minutes. The
absorbance of the solutions was subsequently
measured using a spectrophotometer at a
wavelength of 720 nm, with measurements
being compared to those of the control sample.
The data were ultimately expressed as
milligrams of gallic acid equivalent per gram of
fresh plant weight (mg GAE/g FW).

The total flavonoid content was determined
using the aluminum chloride colorimetric
method, with certain modifications
implemented to enhance the procedure [10]. A
volume of 500 pL of plant extracts was
transferred into test tubes containing 80%
methanol. Subsequently, 1.5 mL of 80%
methanol, 100 pL of 10% aluminum chloride,
100 uL of 1 M potassium acetate, and 2.8 mL
of distilled water were sequentially added to
each test tube. The resulting mixture was
vortexed thoroughly and subsequently allowed
to incubate at room temperature for 40 minutes.
The absorbance of the solutions was measured
using a spectrophotometer at a wavelength of
415 nm. The total flavonoid content of the
extracts was ultimately quantified and
expressed as milligrams of quercetin equivalent
per gram of fresh plant weight (mg QE/g FW).
To  measure = DPPH  (2,2-diphenyl-1-
picrylhydrazyl) activity, 0.1 g of leaf tissue was
homogenized in 5 mL of methanol and
subsequently centrifuged at 10,000 g for 5
minutes. Then, 1000 pL of the supernatant was
diluted to a final volume of 2 mL using
methanol. Subsequently, 2 mL of a 0.004%
(w/v) methanolic solution of DPPH was added
to the mixture. The resulting mixture was
thoroughly vortexed and then allowed to stand
at room temperature in the dark for 30 minutes.
Subsequently, the absorbance of the samples
was measured at a wavelength of 517 nm. The
percentage of free radical inhibition was
calculated using the following formula: [11].
%I = (A control — A sample) / A control x 100
A control: Absorbance of control solution at
517 nm

A Sample: Absorbance of samples at a
wavelength of 517 nm

2-3- Measuring the content of primary
metabolites (soluble sugar, total protein and
free amino acids)

The phenol-sulfuric acid method was employed
to quantify soluble sugars [4]. In this procedure,
0.05 g of dried plant tissue powder was
measured and transferred into a test tube.
Subsequently, 5 mL of 70% ethanol was added
to the tube, which was then stored in a
refrigerator for one week. Then, the samples
were filtered through filter paper to separate the
solution from the sediment. The resulting
filtrate was subsequently utilized for the
quantification of soluble sugarsTo quantify
soluble sugar content, 500 pL of the sample
solution was combined with 2 mL of distilled
water, 5 mL of concentrated sulfuric acid, and
1 mL of 5% phenol. The mixture was allowed
to react for 30 minutes, after which the
absorbance of the samples was measured at a
wavelength of 485 nm using a
spectrophotometer.

To conduct the final enzyme activity
calculations, it is essential to quantify the
protein concentration. For this purpose, the
Bradford assay [12] was employed. A volume
of 100 uL of the extract was pipetted into a
fresh microtube, followed by the addition of
100 uL of distilled water. Next, 1 mL of
Bradford reagent was added to each tube,
followed by thorough vortexing. The tubes
were then incubated at room temperature for 10
to 15 minutes. The absorbance of the samples
was measured at a wavelength of 595 nm.
Protein content was expressed as mg/g FW.
The concentration of free amino acids was
determined using a ninhydrin-based assay [13].
The ninhydrin reagent was prepared by
dissolving 0.55 g of ninhydrin in 100 mL of
ethanol. For the assay, a mixture of the sample
extract and ninhydrin reagent was prepared at a
ratio of 1:5 (v/v) and used as the working
solution for subsequent analysis. The resulting
solution was incubated in a water bath
maintained at a temperature range of 70-80°C
for 4-7 minutes. Following incubation, the test
tubes were allowed to cool to room
temperature, after which the absorbance of the
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solutions was measured at a wavelength of 570
nm. A standard curve was constructed using
glycine solutions with concentrations ranging
from 0 to 1 mM.

2-4- Measuring mineral elements

Nitric acid (10 mL, 65%) was added to the dried
sample powder (0.5 g) for acid digestion, and
the mixture was allowed to stand under a fume
hood for 24 hours. Subsequently, the samples
were heated at 90°C to complete the digestion
process. After cooling, 1 mL of 30% H20: was
added to the digested samples, followed by
heating. Subsequently, the final volume of each
sample was adjusted to 25 mL using distilled
water. The concentrations of mineral elements
in the samples were determined using atomic
absorption spectrometry (Shimadzu AA630
model) and expressed as mg/g DW [14].
Statistical analysis

This study was conducted using a completely
randomized block design with three
replications. All data were subjected to analysis
of variance (ANOVA) and processed using the
SPSS 20.0 software (SPSS Inc., Chicago, IL,
USA). All experimental data are presented as
mean + standard deviation, with a significance
level of p < 0.05 applied to all statistical tests.
Graphical representations were generated using
Microsoft Excel 2013 software.

3-Results and Discussion

3-1- Investigation of the content of secondary
metabolites (phenols, flavonoids) and
antioxidant capacity of lettuce plants under
the influence of nano-chelated iron

The results of the mean comparison revealed a
statistically significant difference in phenol and
flavonoid content across the various treatments
when compared to the control sample. In plants
treated with varying concentrations of nano-
chelated iron, the levels of phenol and
flavonoids exhibited a significant increase
compared to the control group. However, no
statistically significant difference in phenol
content was observed between the control and
the 0.5 g/L nano-chelated iron treatment. The
application of 1 g/L nano-chelated iron resulted
in an increase of 18.91% in phenol content and
41.90% in flavonoid content compared to the

control sample. The highest concentrations of
phenol and flavonoids were recorded in the 1
g/L nano-chelated iron treatment, with values
of 1.729 mg GAE/g FW and 0.552 mg QE/g
FW, respectively. In contrast, the lowest phenol
concentration was observed in the 0.5 g/L
treatment, measuring 1.447 mg GAE/g FW,
while the lowest flavonoid concentration was
detected in the control sample, with a value of
0.389 mg QE/g FW (Figure 1A-B) (p < 0.05).

As illustrated in Figure 2, the antioxidant
capacity of lettuce was significantly influenced
by varying concentrations of nano-chelated
iron. A comparative analysis of the mean
effects of different levels of nano-chelated iron
on lettuce's antioxidant capacity revealed
statistically significant differences among the
treatments. In lettuce plants treated with
varying concentrations of nano-chelated iron, a
significant enhancement in antioxidant capacity
was observed compared to the control group.
The antioxidant capacity in the 1 g/L. nano-
chelated iron treatment was measured at
13.58%, while the 0.5 g/L nano-chelated iron
treatment exhibited an antioxidant capacity of
8.61%, both relative to the control sample. The
highest antioxidant capacity was observed in
the 1 g/l nano-chelated iron treatment,
reaching 65.734%, whereas the lowest value
was recorded in the control sample at 57.872%
(Figure 1C) (p < 0.05). Leafy greens are
recognized as an essential component of
modern nutrition owing to their low caloric
content and well-balanced nutrient profile.
Given that minerals play a critical role in
maintaining human health, any disruption in the
body's mineral balance can pose significant
risks to an individual's well-being. Iron is one
of the essential minerals and electrolytes that
has garnered significant attention due to its
critical physiological and metabolic roles in the
human body. During the growth phase of
plants, iron serves as a cofactor or structural
component for numerous enzymes involved in
cellular metabolism. Increased iron availability
can significantly enhance the activity of the
phenylalanine ammonia-lyase (PAL) enzyme,
thereby promoting the biosynthesis and
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Figure 1- Effects of different concentrations of nano chelated iron on A) Total phenolic content, B) Total flavonoid
content, C) DPPH Radical Scavenging

accumulation of secondary metabolites such as
flavonoids and phenolic compounds [15].
According to various studies, the application of
iron chelate as a foliar spray has been shown to
significantly increase the levels of phenols and
flavonoids in strawberry and orange fruits
compared to control groups [16]. The use of
micronutrients enhances antioxidant potential
through mechanisms such as maintaining the
integrity of cell membranes, increasing the
production of metallothionein proteins, and
protecting structural molecules [17]. Studies by
Scaffier et al. [18] demonstrated that the
application of micronutrients enhances
carbohydrate levels by influencing the activity
of enzymes involved in the carbohydrate
biosynthetic pathway. This, in turn, may
contribute to an increase in the synthesis of
phenolic compounds.

Numerous studies have established a
correlation between the enhanced antioxidant
capacity of strawberry fruit and elevated levels
of vitamin C, flavonoids, and phenolic
compounds [19]. Similarly, research on corn
has demonstrated that iron deficiency leads to a

reduction in antioxidant capacity compared to
control samples, a finding that aligns with the
results of the present study [20]. Studies by
Manquian-Cerda [21] indicate that the
antioxidant capacity of plants varies depending
on the type and concentration of different
treatments. The application of iron nano-
chelate, which protects plants from nutrient
deficiencies induced by stress, can enhance the
plant's defense mechanisms, enabling it to
better cope with stress conditions. The
application of micronutrients, such as iron,
enhances the activity of PAL enzyme, thereby
increasing the synthesis of phenolic compounds
and improving the antioxidant capacity
in Kandelia obovata [22].

3-2- Investigating the content of primary
metabolites (soluble sugar, total protein and
free amino acids) of lettuce plants under the
influence of nano-chelated iron

The results presented in Figure 2 illustrate the
changes in soluble sugar content in lettuce
plants treated with nano-chelated iron. Based
on the mean comparison analysis, the soluble
sugar content exhibited a significant increase
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with higher concentrations of nano-chelated
iron compared to the control group. This
suggests a positive correlation between the
application of nano-chelated iron and the
enhancement of soluble sugar levels in lettuce
plants. A significant difference was observed
among the different treatments. Compared to
the control, the 1 g/L nano-chelated iron
treatment resulted in an increase of
approximately 47.71%, while the 0.5 g/L
treatment showed an increase of about 28.75%.
The highest soluble sugar content was recorded
in the 1 g/L nano-chelated iron treatment, with
a concentration of 2.944 mg/g DW (Figure 2A)
(p <0.05).

According to the results of the analysis of
variance (Table 1), the total protein content of
lettuce exhibited a significant increase with
rising concentrations of nano-chelated iron
compared to the control group. The highest
total protein content in lettuce was observed in
the 1 g/L nano-chelated iron treatment, with a
value of 10.084 mg/g FW. In contrast, the
lowest protein content was recorded in the
control sample, with a value of 131.7 mg/g FW.
Compared to the control, the total protein
content in lettuce increased by 43.79% in the 1
g/L nano-chelated iron treatment and by 0.01%
in the 0.5 g/L nano-chelated iron treatment
(Figure 2B) (p < 0.05). The results of the
analysis of variance presented in Table 1
indicate a statistically significant difference in
free amino acid content among the various
treatments compared to the control group in
lettuce. As the concentration of nano-chelated
iron increased, the free amino acid content
exhibited a significant rise relative to the
control sample. The control sample exhibited
the lowest free amino acid content at 0.105
mg/g FW, whereas the highest content was
recorded in the 1 g/L nano-chelated iron
treatment, reaching 0.135 mg/g FW (Figure 2C)
(p <0.05).

Numerous researchers have highlighted the
critical role of micronutrients, particularly iron,
in regulating food balance, supporting cellular
metabolic functions, and protecting cell
membranes from oxidative damage caused by

oxygen free radicals. Consequently, a
deficiency in iron levels has been associated
with impaired growth, depletion of energy
reserves, and a reduction in sugar content. The
findings from various studies indicate that the
application of nano-iron oxide significantly
enhances the soluble sugar content in Moringa
oleifera compared to control samples [23]. The
utilization of micronutrients, through the
increase in soluble sugar content, improves the
functionality of photosystems, stabilizes the
transport pathways for soluble sugars, reduces
ROS, and safeguards the structural integrity of
macromolecules. Additionally, it maintains
redox homeostasis and enhances the activity of
various defense-related enzymes in plants [24].
Iron is a key structural component of RNA
polymerase, and its availability directly
influences protein synthesis. Consequently, the
presence of micronutrients enhances the protein
content by promoting improved growth
conditions in plants. Micronutrients, including
iron, have the ability to bind to biologically
active molecules. These molecules, in turn, can
directly interact with specific sites within
proteins, nucleic acids, and subcellular
structures, thereby safeguarding them from
adverse environmental conditions [25]. The
application of iron enhances plant growth
conditions by increasing the concentration of
soluble proteins, which are crucial for osmotic
regulation. This process facilitates water
transport across membranes and promotes the
accumulation of osmolytes, ultimately
supporting plant growth and stress tolerance.
Various studies have demonstrated that the
application of nano-iron oxide significantly
enhances the content of soluble proteins and
free amino acids in Moringa oleifera compared
to control samples. This improvement is
attributed to the application of micronutrients
through thiol oxidation, as well as the
interaction of  metalloproteins with
micronutrients, which protects the sulfhydryl
groups of proteins and subsequently increases
protein content [23]. Amino acid homeostasis
in plants is maintained through several
processes, including protein synthesis and
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degradation, the biosynthesis of new amino
acids, and their absorption and transport. An
increase in certain amino acids within plants
can be attributed to the active proteolysis of
glycoproteins present in the plant cell wall.
Numerous studies have demonstrated that
micronutrient deficiencies lead to a reduction in
the levels of various amino acids in plants. This
occurs due to the disruption of enzymatic and

catalytic reactions, as well as alterations in the
concentrations of specific reactants within the
metabolic pathways. The application of
micronutrients enhances crop production and
increases plant dry matter content in rice by
elevating amino acid levels and regulating the
osmolality of ion transport [26].

Table 1- Variance analysis of biochemical traits of lettuce under the influence of nano-chelated iron

Soluble Total
S.0.V df Phenol Flavonoid DPPH sugar protein Free amino acid
o (mg g' FW) (mg g' FW) (%) (mgg! (mg g (mg g' FW)
DW) FW)
Nano-chelated iron 2 0.076™ 0.006%** 47.467" 0.688"" 8.729™ 0.001™
Error 6 0.000054 0.000010 2.469 0.000024 0.000025 0.000001
C.V (%) 0.36 2.45 491 2.17 1.15 0.36 8.54
ns: not significant, *p < 0.05, **p < 0.01
Table 2- Variance analysis of mineral elements in roots and shoots of lettuce under the influence of nano-chelated iron
K shoot K root Ca shoot Ca root Zn shoot Zn root Fe shoot Fe root P root P shoot
S.0.v df (mgg’ (mg g’ (mg g’ (mg g’ (mg g’ (mgg’ (mg g’ (mg g’ (mg g’ (mg g’
DW) DW) DW) DW) DW) DW) DW) DW) DW) DWO
Nano-
chelated 2 0.774™ 0.136™ 0.224™ 0.359™ 0.002™ 0.010" 0.014™ 0.008™ 0.904™ 0.142
iron
Error 6 0.00017 0.00001 0.00029 0.00012 0.000001 0.000008 0.000002 0.000004 0.00019 0.00010
C.V (%) 1 1.89 1.05 1.04 8.06 8.81 4.92 7.02 1.16 1.14

ns: not significant, *p < 0.05, **p < 0.0
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Figure 3- Effects of different concentrations of nano chelated iron on A) soluble sugar content, B) total protein
content, C) free amino acid content

3-3- Investigating the concentration of zinc,
iron, potassium, calcium and phosphorus
elements in lettuce plants under the
influence of nano-chelated iron

The analysis of variance results, as presented in
Table 2, indicate that the application of nano-
chelated iron significantly influenced the
concentration of micronutrients in lettuce. With
increasing concentrations of mnano-chelated
iron, the concentrations of zinc, iron,
potassium, calcium, and phosphorus in both the
roots and shoots of lettuce plants exhibited a
significant rise compared to the control group.
However, the concentration of phosphorus in
the shoots displayed a distinct pattern: it
initially increased with the application of nano-
chelated iron but subsequently decreased at
higher concentrations. The highest
concentrations of iron (0.266 mg/g DW), zinc
(0.278 mg/g DW), calcium (5.088 mg/g DW),
potassium (1.382 mg/g DW), and phosphorus
(5.46 mg/g DW) in the roots of lettuce plants
were observed in the treatment with 1 g/L of

nano-chelated iron. The highest concentration
of elements in the lettuce shoot was observed in
the 1 g/L nano-chelated iron treatment, with the
following values: iron (0.303 mg/g DW), zinc
(0.148 mg/g DW), calcium (6.57 mg/g DW),
potassium (6.026 mg/g DW), and phosphorus
(4.093 mg/g DW) (Figure 3A-J) (p <0.05).

Hamzeh et al. (2022) reported that under iron
complex treatment in plants, several iron
transporters can facilitate the translocation of
zinc from the root to the shoot, either as a
divalent cation or in the form of a complex
bound to siderophores [28]. Consequently, in
the present study, the concentration of zinc in
plants treated with nano-chelated iron was
found to be higher in the shoot compared to the
root [27]. The findings from studies
on Brassica napus revealed that the application
of iron  significantly  enhanced the

concentrations of zinc, phosphorus, calcium,

potassium, sodium, and iron in both the roots
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and shoots compared to the control samples
[29]. Various studies have demonstrated that
increasing the application of iron fertilizer
significantly enhances the concentration of iron
and phosphorus in the roots and shoots of wheat
and lettuce plants compared to control samples.
This is attributed to the critical role of iron
complexes in facilitating electron transfer and
actively promoting the absorption of essential
elements such as phosphorus. Consequently,
iron deficiency directly impairs phosphorus
uptake in plants [30, 31]. Phosphorus is one of
the essential elements absorbed by plants in
significant quantities through the cation-anion
exchange process in root cells with the soil. Iron
deficiency can impair the absorption and
translocation of phosphorus within the plant.
By supplementing iron, the desired phosphorus
concentration for optimal plant growth can be
achieved, as the uptake of anions, such as

phosphorus, plays a critical role in facilitating

10

the absorption of cations by plants [32]. The
application of iron complexes as elicitors
enhances mineral uptake through several
mechanisms, some of which are outlined
below: 1: Iron complexes promote increased
mineral uptake by facilitating deeper root
penetration into the soil, 2: Iron improves soil
properties, such as water retention capacity and
cation exchange capacity, thereby enhancing
the absorption and concentration of minerals, 3:
Iron modifies transport mechanisms, reducing
the rate of cation loss and optimizing mineral
availability. The application of iron to plants,
achieved by modulating the activity of
transporters such as ZIPs (zinc/iron-regulated
and IRTI

transporters) (iron-regulated

transporter 1), enhances the wuptake of

micronutrients  through  divalent cation

transporters. This results in an increased

concentration of cations in both the roots and

shoots of plants, such as rice [33].
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In the current study, the impact of nano-
4-Conclusion chelated iron on the levels of primary and

11
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secondary metabolites, as well as the mineral
concentration of lettuce, was investigated.
Based on the obtained results, the application of
increasing concentrations of nano-chelated iron
significantly enhanced the levels of secondary
metabolites, including phenols and flavonoids,
as well as the antioxidant capacity of lettuce
plants, compared to the control group. The
levels of primary metabolites, including total
protein, soluble sugars, and free amino acids, in
lettuce plants exhibited a significant increase
following the application of nano-chelated iron.
Iron appears to have enhanced the nutritional
value of lettuce plants by modulating the
biosynthesis pathways of phenolic compounds,
sugars, proteins, and amino acids. Furthermore,
the application of nano-chelated iron
significantly enhanced the concentrations of
micronutrients, including zinc, iron, calcium,
potassium, and phosphorus, in both the roots
and shoots of lettuce plants. This treatment
resulted in a statistically significant increase in
micronutrient levels compared to the control
group. The findings of this study demonstrate
that nano-chelated iron is effective in supplying
the iron necessary for lettuce growth under
soilless  cultivation conditions. Beyond
fulfilling the plant's iron requirements, nano-
iron chelate also exhibits the capacity to
other essential

consistently deliver

micronutrients, including calcium, zinc,
potassium, and phosphorus. This highlights its
potential as a comprehensive nutrient source in
soilless agricultural systems. Based on the
findings of the current study, it can be
concluded that nano-chelated iron serves as an
effective and reliable fertilizer for supplying
essential nutrients, including iron, zinc,
potassium, calcium, and phosphorus, in the
soilless cultivation of lettuce. In this context,
other nano-fertilizers or nanoparticles should be
evaluated for their potential to enhance the

nutritional quality of vegetables.
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