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Efficacy of soil drench and foliar
application of iron nanoparticles
on the growth and physiology of
Solanum lycopersicum L. exposed
to cadmium stress
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Cadmium (Cd) can harm the yield and quality of vegetables, threatening food safety. Essential
microelements such as iron are crucial for plant growth and can help alleviate heavy metal stress.
Recently, nanoparticles have been studied as eco-friendly solutions for mitigating heavy metal stress
in plants. In the present study, iron nanoparticles (FeNPs) at 0, 100, and 300 mg/L were applied as soil
drenches and foliar sprays to tomato plants under cadmium stress. A comparison was made between
the application methods of FeNPs by evaluating the growth parameters of tomato plants, including
shoot length (SL), root length (RL), number of branches (NB), number of leaves per plant (NL), and
leaf area (LA), as well as by assessing biochemical and antioxidant enzyme parameters. In the Cd
stress treatment, the protein content decreased by 24.71%, and the phenolic and flavonoid content of
the tomato plants also decreased due to cadmium stress, with levels decreasing from 16.07 to 6.9 pg
and from 0.36 to 0.16 pg, respectively. Compared with the soil drench, 100 mg/L FeNPs significantly
improved the parameters of Cd-stressed plants when used as a foliar spray, leading to increases in
shoot length, root length, fruit weight, number of fruits, number of leaves, and number of branches by
42%, 66%, 24%, 66%, 173%, and 45%, respectively. Tomato plants treated with this spray presented
increased carotenoid and lycopene contents. FeNP foliar spray also reduced Cd accumulation in plant
tissues. This technique shows promise in alleviating Cd stress in vulnerable vegetable plants such as
tomatoes.

Keywords Antioxidant enzymes, Cadmium stress, Iron nanoparticles, Lycopene, Tomato plant (Solanum
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One of today’s major global concerns for agricultural products is the environmental pollution caused by heavy
metals. It threatens food security and can have long-lasting impacts on the environment!. While microelements
such as Co, Cu, Fe, Se, and Zn are essential for plant growth, heavy metals such as Pb and Cd can harm plant
health?. Heavy metals cause two main issues that need to be considered. First, they adversely affect plant growth,
health, and productivity. Second, they accumulate in crops, can enter the food chain, and can negatively affect
human health. Therefore, it is crucial to find ways to reduce the uptake and translocation of heavy metals through
plant organs®. Cadmium (Cd) is a heavy metal that can cause abiotic stress in plants. It is highly mobile and
soluble in water and is usually found in the form of divalent ions or Cd***. It has no significant biological function
and can be quite toxic to both plants and humans®. Cd enters the soil due to various human activities, including
the addition of waste to the soil, i.e., sewage sludge, waste from the mining industry, synthetic fertilizers, and
industrial waste. Rapid urbanization and industrialization in developing countries have led to increasing soil
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contamination with Cd. This Cd is then absorbed by plants and accumulates in plant tissues. This accumulated
Cd is then passed to humans directly or indirectly as food, posing a threat to human health!®.

When plants are exposed to cadmium (Cd) stress, they undergo various molecular, morphological,
biochemical, and physiological changes to combat stress and manage their normal growth’. Heavy metals such
as Cd can increase the generation of reactive oxygen species (ROS) in plants. These ROS lead to oxidative damage
in plants, resulting in disruption of photosynthesis and hindering growth by compromising the defense system
of plants. Numerous strategies have been developed to address heavy metal issues in agriculture. One such
strategy is the use of nanotechnology, which involves the use of extremely fine elements known as nanoparticles
that range in size from 1 to 100 nm in at least two dimensions®®. NPs play a significant role in promoting
plant growth, increasing yield, and improving quality. They possess unique catalytic properties'® and have
demonstrated remarkable progress in recent years. These enhanced and better effects of nanomaterials are due
to their small size, comparatively very high surface area-to-volume ratio, and enhanced reactivity in comparison
to those of their bulk-sized materials!!.

Green synthesized metal and metal oxide nanoparticles have been widely studied because of their potential
as eco-friendly solutions to agricultural issues, and their use as nanofertilizers has been promoted'2. The use
of traditional fertilizers can have negative effects, which can be addressed by the use of metallic nanoparticles
as nanofertilizers. Recent research has demonstrated that nanofertilizers can effectively increase crop growth,
increase productivity and yield, and prevent nutrient loss without causing any harm to the environment or soil'>.

Nanoparticles (NPs) are an essential part of nanotechnology, and their impact on plants varies depending
on their characteristics, including their morphology, dimension, and method of application to crops!*. NPs
can help eliminate reactive oxygen species (ROS) produced under various stress situations in plants, including
both biotic and abiotic stresses!'>. Recently, the use of metal nanoparticles in agriculture has attracted increased
interest. Nanofertilizer (NF) is a new and promising area of research in agriculture. These tiny materials can
help plants obtain the nutrients that they need to grow. NFs are a novel way to optimize nutrient delivery, either
on their own or in combination with other fertilizers. The proper delivery of nanoparticles (NPs) inside plants
is crucial for their effective function. NPs can be applied to plants through different methods, such as seed
coating, soil drenching, and foliar spraying. The transportation system of plants is a possible pathway for the
absorption and transport of NPs within the plant system. To estimate the effectiveness of the delivery method,
the micromorphological and physiological characteristics of plants are also taken into account'®.

NPs interact with plants through three main routes: (i) deposition on the plant surface (leaves, roots, or
stems); (ii) penetration through the cuticle and epidermis; and (iii) transport and transformation inside plant
tissues!”. Once inside a plant, NPs are efficiently transported to other parts of the plant through the vascular
system'®. Foliar applications of various chemicals are common in agriculture e.g., gibberellic acid and benzyl
adenine applied as foliar spray can significantly improve plant growth and flowering!*2°.

Soil-applied fertilizers have low utilization rates because of their lower rates of adsorption and various
interactions with soil complexes, along with losses due to rainfall and irrigation, which results in increased
application of chemical fertilizers, leading to eutrophication?!. Low-solubility fertilizers can cause poor plant
growth because plants cannot obtain enough nutrients and trace elements. Furthermore, the availability
of nutrients to plants is also reduced due to the binding of these nutrients as soil colloids??. Foliar-applied
nanofertilizers offer several advantages over traditional soil-applied fertilizers. They are used in lesser quantities,
are absorbed at plant surfaces at higher rates with the least impact on soil composition, and are proven to be cost-
effective methods?’. Foliar application can also provide plants with vitamins and essential elements that may
be lacking in the soil?%. The slow release of nano fertilizers can also help plants absorb relatively high amounts
of potassium, phosphorus, and nitrogen. Furthermore, the application of NPs through foliar spraying can
help plants respond better to drought stress by increasing water storage and reducing oxidative stress?®. Foliar
nanoparticles (NPs) can enter plants through the leaf epidermis or stomata and then travel via the apoplastic or
symplastic pathways. When absorbed by plants, NPs are transported through the phloem and xylem, whereas
these are stored in vacuoles and cell walls?.

The tomato (Lycopersicon esculentum) is a member of the Solanaceae family. Tomatoes are versatile fruits
that are suitable for consumption in various forms, ranging from natural to processed foods. They are valuable
commercial crops, especially in tropical and subtropical regions, where they are grown extensively, second only
to potatoes?’. Tomatoes have significant agricultural, nutritional, and culinary importance. However, they are
sensitive to environmental changes that can affect their yield?®. Tomatoes are a great source of vitamins and
minerals that can help prevent diseases?®. Overall, tomatoes are commercially important due to their versatility,
nutritional value, and wide range of applications in the food industry.

Iron (Fe) is an essential microelement that is the fourth most abundant element for all organisms. It plays
a crucial role in various metabolic, physiological, and biochemical processes of the plant life cycle®. Iron is
one of many metalloenzymes and acts as a cofactor with various essential enzymes. Iron is also involved in
the processes of chlorophyll synthesis, DNA transcription, enzyme structure, hormone production, nitrate
synthesis, nitrogen fixation, photosynthesis, respiration, and RNA synthesis®’. Iron deficiency is not good for
both plants and animals. If plants or humans are iron deficient, their growth and development are retarded. The
application of biogenic synthesized metallic NPs can increase the solubility and bioavailability of iron in plants,
thereby addressing the deficiency in humans®. Studies have shown that the growth of plants is significantly
influenced by Fe-NPs. The positive effects of iron nanoparticles on plants depend upon various factors, including
the dose and duration of NP application, the time and type of application, and the type of plant under treatment.
Crop plants treated with Fe-NPs presented enhanced physiological and morphological characteristics**. Plants
absorb soil iron via IRT1, which also transports cadmium, thereby entering the food chain. Iron and zinc
effectively increase plant growth under cadmium stress*. Recent studies have shown that cadmium can impact
the expression of genes related to iron-regulated transporter-like protein (ZIP) and heavy metal ATPase (HMA),
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both of which are associated with the plant response to cadmium stress*®. Furthermore, the use of iron has been
shown to alleviate cadmium toxicity in plants by improving their mineral nutrition and activating antioxidant
enzymes>’.

Iron deficiency in soils is transferred to plants, and their growth is negatively affected. This deficiency can
also cause a slow rate of development, growth, and metabolism. Therefore, there is always a need to address
the problem of iron deficiency in plants. The use of iron NPs is a smart tool to increase the bioavailability and
solubility of iron, which can have significant positive effects on plant health. Several studies have shown that Fe-
NPs influence the growth of plants and that their impact depends on the concentration of NPs, exposure time,
form of exposure, and plant species®?. Compared with those of the bulk forms of Fe salts, enhanced physiological
and morphological characteristics have been demonstrated in crop plants treated with Fe-NPs*.

In previous studies, the effects of magnetic Fe,O, NPs on tomato plants were investigated in the context of
cadmium stress. These magnetic NPs caused a decrease in the toxic effects of cadmium. Iron can decrease the
absorption of cadmium by roots and increase the absorption of other essential elements®. Similarly, FeO NPs
mitigate the effects of salinity and cadmium stress in wheat plants. FEFONPs were found to cause a decrease in
Cd absorption and an increase in chlorophyll and carotenoids®. Fe,O, NPs were also found to be effective at
reducing the negative effects of other heavy metals, including lead, chromium, copper and zinc*’. However,
the effects of Fe,O, NPs on A. thaliana are concentration dependent, with both positive and negative impacts
observed?!. Therefore, this study aimed to analyze the effects of iron nanoparticles applied through soil drenching
and foliar spraying on tomato plants grown under cadmium stress. The objective of this study was to improve
tomato yield and alleviate the negative effects of cadmium stress to compare the effectiveness of the mode of
application of FeNPs for this purpose.

Materials and methods

Plant material

The experiment used locally grown tomato seeds (Solanum lycopersicum L.) of variety ANSAL for the present
study in Lahore, Pakistan. For the green synthesis of FeONPs, black cumin seeds (Nigella sativa) were obtained
from the local market.

The green synthesis of iron nanoparticles for the present study was carried out by mixing a microwave-
assisted aqueous extract of Nigella sativa (30 mL) and an aqueous solution of iron chloride (10 mL of 1 mM) via
a magnetic stirrer, and the resulting mixture was subsequently centrifuged. The pellets were separated, washed
three times with ethanol and preserved as FeONPs for further study.

Characterization
The synthesized FeONPs were characterized by visual observation and UV-visible spectrophotometry, scanning
electron microscopy (SEM) analysis, and a particle size analyzer. A BMS UV-2600 spectrophotometer was used
to observe the absorption spectra of the plant extracts and mixtures of plant extracts with salt solutions (probable
nanoparticles). The sample was prepared for SEM analysis of synthesized NPs*2.

The morphology of the synthesized iron nanoparticles was studied by scanning electron microscopy. A zeta-
sizer was used to study the particle size, size distribution, and surface charge of the synthesized NPs. Sonicated
samples of NP aliquots (1 ug/mL) were used for this purpose.

Screening experiment

A screening experiment on tomato seeds was conducted on Petri dishes to assess Cd stress toxicity. The Petri
dishes with filter paper were sterilized at 120 °C for half an hour. Afterward, the seeds were transferred to
the respective plates and properly labeled, and approximately 3 mL of deionized water was added. The CdCl,
concentrations used were 20, 40, 80, 100, and 200 mg/L. Iron chloride FeCl3 (100 mg/L) was also used to
determine its effect without Cd stress. Each treatment had three replicates. Germination was observed daily and
the germination percentage was calculated 8 days of sowing.

Experimental details

First, the seedlings were grown in late winter of 2023, and a mixture of coco-peat, moss—peat, and loamy soil in
equal parts was used as the growing media. When the seedlings reached the 4-5-leaf stage, they were transferred
to clay pots with 15 kg of soil each. A simple randomized block design was used for the experiments. When the
seedlings were established in the pots, Cd was introduced into the pots at a concentration of 200 mg/kg of soil
in form of CdCl,. After stress induction, iron oxide nanoparticles (FeO NPs) were applied as a foliar spray or
soil drench, as detailed in Table 1. After 3 days of exposure to heavy metal stress, nanoparticles were applied to
seedlings at a concentrations of 100 and 300 mg/L, along with their respective salts, via foliar spraying and soil
drenching as per treatment details given in Table 2. Same concentrations and amounts of solution were used for
both methods. The nanoparticles were dissolved in 500 mL of water via a magnetic stirrer. For the foliar spray,
the pots were covered with plastic sheets to prevent the nanospray from contacting the soil. Then, using a hand
sprayer, the nanocolloidal solution (pH of 6.0-7.0) were sprayed onto the plants until it started dripping from
the leaves.

Growth and yield parameters

Various growth and yield parameters were selected for the present study. The growth parameters included root
and shoot lengths, the number of leaves and branches, and the average leaf area/plant. The yield parameters
included the number of days to fruit initiation, the average fruit weight per plant, and the number of fruits per
plant.
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Sr. no. | Activities Dates Details
- Seedlings were produced in 128-cell plastic trays. Trays were filled with the mixture
! Seed germination 14-2-2023 (coco, moss peat, and soil). Seeds were planted (one seed per plug) at 1/4th inch depth
2 Transplantation 26-3-2023 Transplanted the seedlings into clay pots (after 41 days of sowing) each pot had 2
seedlings
3 Cadmium stress to seedlings | 18-4-2023 | 200 mg/kg CdCl, was applied to the soil as a stress
4 1st nanoparticle and salt dose | 21-4-2023 | 100 and 300 mg/L FeNPs and Fe salt (foliar and soil drench 500 mL/plant)
5 2nd nanoparticle and salt dose | 25-5-2023 | 100 and 300 mg/L FeNPs and Fe salt (foliar and soil drench 500 mL/plant)
6 Harvesting 12-6-2023 | End of experiment

Table 1. Treatment activities and details for the entire experiment.

Treatments Dose (mg/L)
WT | Water As required
CT | Cadmium Chloride (200 mg/kg of soil) | Once
DT, 100 mg/L
Cd + Fe-salt Cd + Fe-salt
DT, 300 mg/L
DT, 100 mg/L
= Cd+ Fe-NPs Cd + Fe-NPs
DT, 300 mg/L
FT, 100 mg/L
Cd + Fe-salt Cd + Fe-salt
FT, 300 mg/L
FT, 100 mg/L
~— Cd+Fe-NPs Cd + Fe-NPs
FT, 300 mg/L

Table 2. Treatment details for the comparison of foliar and drench treatments on tomato plants.

Biochemical parameters
In the present study, the chlorophyll, carotenoid, proline, malondialdehyde, antioxidative enzyme, ascorbic acid,
and phenolic contents of tomato plants grown under Cd stress and FeONP treatments were also tested via the
protocols described below.

i. Chlorophyll and carotenoid contents

This study involved an analysis of the photosynthetic pigments in leaves, namely, chlorophyll and carote-
noids. For this purpose, 0.55 grams of plant leaves were crushed via a mortar and pestle and mixed with
5 mL of 80% acetone. Three wavelengths (470 nm, 645 nm, and 663 nm) were used to check absorption. The
total chlorophyll, chlorophyll a and b, and carotenoid contents were calculated®’.

Chlorophyll a =
Chlorophyll b =
Total Chlorophyll =

Carotenoid (ug/mL) =

12.21 (A663) — 2.81 (A645)

20.13 (A645) — 5.03 (A663)

20.4 (A645) + 8.02 (A663)

1000 (A470) — 3.27 (Chl a) — 104 (Chl b)
227

Amount of pigments/g of leaves = P x V/1 x W

In the above equation, P represents the total amount of pigment (mg/L), W represents the weight of the leaves in
grams, and V represents the volume of acetone.

ii. Proline content

Proline is another estimator of stress levels in plant tissue; therefore, it was also measured in the present
study. First, fresh leaves from each treatment were extracted via sulfosalicylic acid (2 mL). This extract was
then mixed with 2 mL of ninhydrin and glacial acetic acid solutions, followed by heating (100 °C) and the
addition of toluene (5 mL). The upper layer was separated, and its absorbance was checked at 528 nm for
the presence of proline**.
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ii.

iv.

Vi.

Vii.

Malondialdehyde (MDA) content

For MDA analysis, cold acetone (10 mL) was used to make a mixture with 2 g of plant sample from each
treatment separately. The mixture was filtered. The filtrate was diluted with distilled water (15 mL). Two
milliliters of this diluted plant extract was then mixed with 1 mL of TBA (0.67%) and 2 mL of TCA (20%).
Here, TCA is trichloroacetic acid, and TBA is thiobarbituric acid. The mixture was then heated for 15 min
at 95 °C. After heating, the mixture was cooled and centrifuged at 1500 rpm for 15 min. The sample was
diluted, and its absorption at 532 and 600 nm was determined. The MDA content was calculated via the
following formula®®.

MDA equivalent (nmol/mL) = [(Ass2 — Agoo) /155000] 10°

Antioxidative enzyme content

The antioxidant enzyme activity of the plants from each treatment was determined to determine stress lev-
els, as the expression of antioxidant enzymes under stress increased in the plants. To separate the enzymes,
fresh leaves (1 g) were placed in 0.1 M phosphate buffer (pH 7) and 1% polyvinylpyrrolidone followed by
centrifugation in a temperature-controlled centrifuge for 10 min (at 15000 rpm and 4 °C). After this, the
supernatant was separated and labeled with antioxidant enzymes, i.e., superoxide dismutase (SOD), perox-
idase (POX), and catalase (CAT). A total of 0.5 mL of the abovementioned antioxidant enzyme extract was
added to reaction mixture A (RMA), where RMA contained 1 mL of 1% hydrogen peroxide, 1 mL of 1%
pyrogallol, and 1 mL of phosphate buffer (pH 6.8). The absorbance was then measured at 420 nm every 20 s
to determine the change in the absorbance capacity of the reaction mixture, and the results are reported
as the activity of the peroxidase enzyme. For the calculation of superoxide dismutase activity, the nitroblue
tetrazolium method was used?’”. To conduct the catalase assay, 0.5 mL of hydrogen peroxide (15 mM) was
mixed with 0.5 mL of enzyme extract in 1.5 mL of phosphate buffer (0.1 M). The absorbance of the reaction
mixture was analyzed at 240 nm.

Ascorbic acid content

The level of ascorbic acid in the fruit extract was also determined. The fruit extract was mixed thoroughly
with oxalic acid (4%) and centrifuged. Titration was carried out by using the supernatant to react with the

2,6-dichlorophenol indophenol dye. The endpoint was noted and used for calculations*.

Phenolic content

A spectrophotometric assay was used to estimate the phenolics present in plant leaves under different treat-
ments. First, 1 mg of aqueous plant extract was mixed well with 1 mL of FC (Folin and Ciocalteu) reagent,
and then, 1 mL of saturated sodium carbonate was added to the mixture after 5 min. The total volume was
adjusted to 10 mL with distilled water. After 90 min in the dark, the absorbance was measured at 725 nm.
To construct a standard curve, gallic acid was used as a standard phenolic49.

Cd and iron content

To assess plant samples for iron and cadmium content, we employed the wet digestion technique, which
entails the use of sulfuric acid digestion as described by Jones and Case (1990). The process commenced
with the addition of 0.5 g of plant tissue (leaf or fruit) into a round-bottom flask, followed by the addition
of 3.5 mL of concentrated sulfuric acid. This mixture was allowed to sit at room temperature for 30 min,
after which 3.5 mL of 30% hydrogen peroxide was incorporated. The sample was then subjected to heating
at 250 °C in a crucible muffle furnace for duration of 30 min. Following the cooling of the sample, 1 mL of
30% hydrogen peroxide was added repeatedly until the digestion became clear. The transparent solution
was subsequently filtered through filter paper and quantitatively transferred into a 25 mL volumetric flask
by adding distilled water. The concentration of iron and cadmium in the final solution was analyzed using
an atomic absorption spectrometer.

Data analysis
Data from three replicates were collected, and the means were compared via one-way ANOVA via SPSS statistical
software. DMRT was used as a post hoc test at the 5% level of significance.

Results and discussion

Characterization of the nanoparticles

A color change from orange salt solution to dark brown was observed after mixing the plant extract and salt
solution. This indicates the formation of nanoparticles (Fig. 1a). Previous studies have shown color change as
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Fig. 1. Characterization of the synthesized nanoparticles via different techniques: (a) visual observation, (b)
determination of the zeta potential of the FeNPs, (c) UV-visible spectrophotometry, and (d) scanning electron
micrograph of the iron nanoparticles.

an indicator. The synthesis of FeO nanoparticles was also indicated by the UV-absorbance spectrum, which
showed an absorbance in the range of 300-400 nm (Fig. 1b) with a peak at 380 nm. These results are in
agreement with prior studies on FeO nanoparticles®. The formation of the peak is a result of surface plasmon
resonance (which occurs when the free electrons in the metal nanoparticles oscillate in response to the incident
electromagnetic radiation) of FeNPs. UV-visible spectrophotometry is a good preliminary technique for
identifying the presence of nanomaterials in a solution??. The iron nanoparticles (FeNPs) synthesized in the
present study had a zeta potential of —11.8 mV, which indicates that the particles had a negative charge on the
surface (Fig. 1c). Previously, various researchers reported negative zeta potentials of — 26.7°!, —82.6%2, — 19, and
—8.7 mV for iron nanoparticles synthesized from Embilica officinalis, Urtica dioica, Tea extract, and Rhamnella
gilgitica, respectively®*, Further study of the morphology of FeO NPs via SEM analysis revealed triangular and
cubical nanoparticles. These particles were also found to form aggregates (Fig. 1d). The aggregate formation or
agglomeration of NPs is usually caused by H-bonding among the secondary plant metabolites that surround
the surface of the green synthesized NPs. These metabolites are also responsible for specific shapes of newly
synthesized NPs®.

Screening experiment

Effect of Cd stress on tomato seed germination parameters

The experimental data indicated that the germination percentage decreased with increasing Cd stress. At a low
concentration of Cd (20 mg/L), the percentage of germinated seedlings decreased by 13.9% compared with that
of the control. As the Cd concentration increased, the percent reductions were 53, 62, 69, and 76% for 20, 40, 80,
and 200 mg/L Cd, respectively, compared with those of the control, as shown in Fig. 2.

Compared with the control (water), the application of FeCl, resulted in a 16% increase in the germination
percentage and a 14% increase in the germination rate. However, there was no significant difference in the
seedling vigor index compared with that of the control. Additionally, shoot length increased (16.94%) in the
presence of FeClz, as shown in Fig. 2d.

Comparison of the growth and yield responses of tomato plants under cadmium-induced stress and treated with
iron nanoparticles (soil drenching and foliar spraying)

For the present study, the growth parameters chosen were shoot length (SL), rootlength (RL), number of branches
(NB), number of leaves per plant (NL), and average leaf area (ALA). The results of the present study revealed
that the use of iron nanoparticles as a soil treatment or foliar spray had a progressive influence on the growth of
tomato plants under cadmium stress. As indicated in Table 3, Cd had significant adverse effects on plant growth.
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Fig. 2. Effects of Cd and FeCl, on seed germination parameters (a); germination percentage (b); germination
rate (c); germination rate index (d); shoot length (e); and root length.

Treatments Root length (cm) | Shoot length | Average Leave area (m?) | Fruit weight/plant (g) | No. of fruits/plant | No. of leaves/plant | No. of branches/plant
Control (Water) | WT | 6.214+1.02 15.6°+2.3 7.7°40.2 8.69°+0.21 0.33£0.02 34244410 19.3°+0.32
Cadmium CT | 5.33/+05 13.6/+0.4 3259406 0.007+0.0 0.00f£0.00 28.0°+3.0 14.2°+0.33
Cd+ Fe Salt DT, | 6.00°+1.0 213410 [ 5259404 41.0°+1.0 6.004+1.0 58.6°+2.1 27.0°+£1.0
Cd+Fe Salt DT, | 6.304+0.5 21.0°£1.0 6.83°+0.5 42.9°40.05 6.304+0.5 68.3°+2.0 14.0°£ 1.0
Cd+FeNPs DT, | 6.67¢+1.1 17.6°+£1.0 26.0°£1.0 62.0°+13 6.679+1.1 3339120 19.3°+0.5
Cd+FeNPs DT, | 5.675+0.5 15.0°+1.1 14.8°+2.0 59.5°+11 5.67°£0.5 36.64+5.0 203°+15
Cd+Fe Salt FT, | 7.16¢+0.7 23.6°+1.0 | 9.17%+07 2234402 7.16°+0.7 67.6°+3.0 22.0°+0.7
Cd+Fe Salt FT, | 9.00°+1.1 21.0°+1.0 4.504+0.5 30.4°+0.6 9.00°+1.1 3834421 14.0°+1.0
Cd+FeNPs FT, |11.00°+1.0 25.0°+1.0 14.1°+0.7 77.7°£9.0 11.00°+ 1.0 91°+7.0 27.6°+1.0
Cd+FeNPs FT, | 8.00°+1.1 18.34+3.0 13.6°+0.5 72.6°+0.3 8.00°+1.1 81.6°+2.0 17.0°¢+1.0

Table 3. Effects of the FeNP treatments, namely, soil drenching (SD) and foliar spraying (FS), on tomato plants
under cadmium stress. *>*4*fColumns not sharing the same letter are significantly different
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This study revealed that under the normal control treatment (WT), the results of the growth parameters did
not significantly differ between the soil drench and foliar spray treatments. However, under cadmium stress, all
the growth parameters significantly decreased. Drench application of 100 mg/L FeNPs increased RL, SL, ALA,
NB, and NL by 25%, 29%, 390%, 100%, and 35.9%, respectively. Foliar sprays of FEFONPs were more effective at
mitigating the effects of Cd stress on the selected growth parameters of tomato plants. Furthermore, the results
of yield studies under iron salt and NP treatments (by drench and foliar spray methods) under cadmium stress
are shown in Table 3. Foliar spray of FeONPs increased the number of fruits/plant and fruit weight/plant by
100%, as did the number of fruits produced in plants under Cd stress and treated with water only.

Previous research revealed that applying iron oxide NPs to the soil and leaves of wheat plants under Cd stress
resulted in a decrease in the Cd content of grains®®. Iron NPs prevent plants from absorbing cadmium. It was
also reported that NPs caused a decrease in the rate of leaf electrolyte leakage and an increase in antioxidant
enzyme activity caused by Cd stress. These factors improved the performance of the plants in terms of dry
weight. According to a previous study, the availability of iron in the soil often becomes limiting due to its reaction
with other minerals, the pH of the soil, etc. Hence, foliar spraying of Fe NPs can be a better option than soil
application. In another study, Fe NPs were applied to rice plants in foliar form, and biochar was applied as a soil
application during the Cd stress study. FeNPs effectively alleviate stress>.

Cadmium stress adversely affects the growth parameters of tomato plants. A decrease in growth is a significant
characteristic of cadmium toxicity in plants, including tomatoes®’, wheat8, and cucumber®. The reduction in
growth under cadmium stress is likely due to the interaction of cadmium with cell wall pectin and the pectin
methylesterase enzyme®.

Iron is a crucial element for plant growth and photosynthesis. However, if iron is deficient, it can reduce
the growth rate of plants. Nano ferric oxide can be used to increase the amount of chlorophyll in plants if the
appropriate amount is applied. Moreover, it is more stable in soil than other alternatives®!. In a recent study,
the growth of tomato plants significantly decreased when they were exposed to cadmium stress®2. The addition
of nano-Fe,0, in the presence of cadmium stress has been found to significantly improve growth parameters
while also reducing the harmful effects of cadmium accumulation. Similarly, it has been reported earlier that the
application of nanoiron oxide in wheat leads to improved growth parameters®. It has also been reported that the
use of nanoiron oxide improves the length and fresh and dry weight of tomato plants®. Previous studies have
shown that foliar applications of Fe,O, and nano fertilizers increase crop yields in plants*>. Nano-Fe,O, can also
act as a nanofertilizer that promotes plant growth and improves photosynthetic efficiency®. Furthermore, iron-
based nanomaterials have shown potential for protecting plants against abiotic stress. Nano-Fe,O, alleviated the
adverse effects of Cd stress on growth and yield parameters®.

The flowering phase is a crucial part of the life cycle of angiospermic plants, and it can be affected by both
internal and external factors®. The present study revealed that heavy metal stress can seriously harm this stage
of plants. The concentration of heavy metals in the soil can delay or even destroy the reproductive stage of
plants®7-68,

Iron is well known to be important for plant metabolism. Iron is a part of cytochrome and other electron
donor and acceptor in the ETCs involved in respiration and photosynthesis. When it is applied as a foliar spray
in nanoiron form, it is directly absorbed by the foliage and used in chloroplasts while maintaining the nutritional
status of treated plants®®, which helps in the growth and flowering stages of plants under stress.

Numerous studies have shown that the photosynthetic activity of leaves is significantly increased by the
application of iron NPs via foliar spray. Researchers have shown that foliar spraying of iron NPs is a smart way
of supplying a good amount of iron to plants without causing nutrient wastage; therefore, it could be a less
expensive alternative to supplying iron. However, inconsistent results have also been reported in response to iron
spray. Therefore, more research is needed. Iron compounds applied to leaves can penetrate through cracks and
imperfections in the cuticle, as well as through leaf hairs, specialized epidermal cells, and stomata. The adaxial
and abaxial surfaces of the leaf play a role in absorbing the applied solutions. The humidity level and water

content of the leaf are also important factors that affect the absorption process.

Estimation of the photosynthetic pigments of tomato plants (Solanum lycopersicum) in the
presence of cadmium and the application of iron nanoparticles (soil drenching and foliar
spraying)

The findings revealed significant variations in the levels of photosynthetic pigments under Cd stress, with and
without Fe nanoparticle treatment. The results revealed that Cd stress had adverse effects on these pigments,
leading to a reduction in these pigments compared with those under normal conditions (WT treatment), as
shown in Fig. 3. In contrast, soil drench treatments with FeNPs helped mitigate cadmium stress in tomato plants
by increasing the total chlorophyll, chl a, and chl b contents by 180, 175, and 178%, respectively, compared with
those in Cd-stressed but nontreated plants (CT). Furthermore, in the present study, the carotenoid content of
leaves and the lycopene content of fruits were also studied (Fig. 3d,e). The maximum carotenoid content was
detected in tomato plants treated with foliar spray of 100 mg/L FeNPs. The maximum lycopene content was
detected in fruits from the foliar spray treatment with 100 mg/L FeNPs (FT,).

Photosynthetic pigments serve as crucial energy sources in plant biological systems, representing a vital
indicator of photosynthesis, with any changes causing parallel effects on metabolism overall’!. Notably, our
study revealed that FeNPs significantly increased the chlorophyll content in the soil drench DT, as shown
in Fig. 3b. Research has suggested that the impact of nanoparticles (NPs) on chlorophyll content depends on
concentration’2. Therefore, various concentrations of NPs play critical roles in influencing various physiological
processes in plants.

As described earlier, the presence of iron causes an increase in the photosynthetic activity of plants, as iron
ions compete with Cd ions. These ions have the same channels in the root cell membrane. When iron is present
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Fig. 3. Effects of iron nanoparticles (FeNPs) and Fe salts on photosynthetic pigments under Cd stress (a):
carotenoid content; (b): total chlorophyll content; (c): chlorophyll a; and (d): chlorophyll b (e): lycopene in
tomato plants (Solanum lycopersicum).

in excess or in an active form such as a nanoform, it defeats Cd ions. As iron in nanoform is more surface
active and acts more smartly, it is considered more effective in treating Cd stress”’. Iron nanoparticles release
iron as micronutrients for plants. Fe participates in various physiological processes, including redox reactions,
respiration, and chlorophyll biosynthesis’*. FeO-NPs improved wheat plant functions, nutrient concentrations,
and biomass yield under Cd and salt stresses®.

Chlorophyll is an essential molecule of plant life and is responsible for the existence of life on Earth. The
presence of Cd and other metals has a deleterious effect on the chlorophyll content of leaves, resulting in
destruction, and leaf yellowing, which is one of the major signs of metal toxicity. It causes a direct reduction in
plant biomass and yield”. Iron NPs can predominantly increase the chlorophyll content and activity in plants
such as wheat and rice in the presence of Cd stress®’®. When plants are exposed to cadmium (Cd), their contents
of photosynthetic and accessory pigments decrease. However, the negative effects of Cd on plant growth can
be counteracted by the addition of iron (Fe), which suggests that the supply of iron to plants can help mitigate
Cd stress in plants. Lycopene is a carotenoid pigment that results in an orange-red color in tomatoes’’. The
biosynthesis of carotenoids is a complex process in which various enzymes and cofactors are involved. Therefore,
nutrients such as iron can directly affect carotenoid content. Under stress conditions, the carotenoid content is
also increased to maintain efficient light absorption during photosynthesis’®. In turn, increased lycopene can
protect plants from lipid peroxidation and DNA damage”.

Estimation of antioxidants in tomato plants (Solanum lycopersicum) under cadmium-induced
stress and the application of iron nanoparticles (soil drenching and foliar spraying)

One of the major antioxidant agents, along with other minerals, is ascorbic acid (vitamin C), which removes
free radicals®’. Plants use enzymatic and nonenzymatic antioxidant mechanisms to detoxify the ROS produced
during stress. This includes the accumulation of ascorbic acid and the activation of antioxidant enzymes®!. In
the course of the study, the plants that were treated with foliar sprays presented more ascorbic acid than those
that were treated with soil drenching. Among the FeNP concentrations used, 300 mg/L Fe NPs resulted in the
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highest ascorbic acid content in fruits, whereas cadmium-induced plants did not yield any fruits during the
experimental period. Similarly, the ascorbic acid content was also significantly greater in the NP-treated plants
that were subjected to cadmium stress, as depicted in Fig. 3a.

Vitamin C is an antioxidant that works as a second-line defense system. It directly interacts with radicals
such as O*", H,0,, and OH. Both vitamin C and a-tocopherol help minimize the consequences of lipid
peroxidation in membranes®?. Decrease in ascorbic acid levels under the effect of cadmium stress in lettuce
(Lactuca sativa L.). Ascorbic acid plays crucial roles in cell division, expansion, and enzyme cofactors, and
participation in the photosynthetic apparatus®. It helps detoxify ROS, which are produced by stress. Moreover,
ascorbic acid can directly provide electrons to tocopherol radicals and reduce lipid peroxidation, safeguarding
cellular membranes®?.

Furthermore, the protein content in tomato leaves also decreased by 24.71% due to cadmium stress in the
CT treatment. However, the plants treated with iron salt presented the highest protein content. Moreover, the
treatment of plants with Fe salt was found to be helpful in maintaining the protein content of the plant tissue by
reducing the stress of cadmium, whereas the results of the FeO NPs were also comparable (Fig. 4b).

In the present study, the levels of phenolic compounds and flavonoids were examined as markers of
nonenzymatic antioxidants (as shown in Fig. 4c,d). The study revealed that exposure to Cd stress led to a
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Fig. 4. Effects of iron nanoparticles (FeNPs) and Fe salts on (a) ascorbic acid (b) protein content, (c) MDA
content, (d) flavonoid content, (e) phenolic content, and (f) proline content in tomato plants (Solanum
lycopersicum) under Cd stress.
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decrease in the phenolic and flavonoid contents of tomato plants, with levels decreasing from 16.07 to 6.9 pg
and from 0.36 to 0.16 pg, respectively. This study revealed that cadmium (Cd) causes oxidative stress in tomato
plants. However, the introduction of iron nanoparticles (300 mg/L) improved the flavonoid content by 150% in
plants under Cd stress. The results revealed no significant difference between the soil drench and foliar spray
treatments, as indicated in Fig. 4d,e.

These results suggest that the use of FeNPs can help tomato plants increase their secondary metabolite content
to combat the reactive oxygen species (ROS) produced by Cd stress. The control treatment WT (water) had a
phenolic content of 16 g, but it decreased to 6.9 ug in the CT (cadmium) treatment. However, the phenolic
content increased to 14.59 and 16.59 ug in the FeNP- and Fe-salt-treated plants, respectively (Fig. 4d). Compared
with the foliar spray treatment, the soil drench treatment resulted in better outcomes.

Hussain et al. reported that applying Fe,O, nanoparticles to the soil and foliage of wheat plants under Cd stress
led to a reduction in the rate of leaf electrolyte leakage. When plants are exposed to heavy metals, nonenzymatic
antioxidants such as phenolic and flavonoid compounds act as metal chelators. They have strong redox potential
and can detoxify the effects of ROS inside plant cells. They can do so by neutralizing free radicals, absorbing
singlet and triplet oxygen, and deteriorating peroxides. These antioxidants act as strong scavengers of ROS and
can stop the activity of enzymes that produce ROS in plant cells under stress. When plants are under natural
stress, they tend to produce more secondary metabolites. NPs help plants produce more phenolic compounds
and flavonoids, thus helping them fight ROS more efficiently, which explains our findings. Nanomaterials can
improve plant metabolism and physiologically, plants respond to stress, but the mechanisms underlying these
effects are still unknown. Flavonoids are secondary metabolites in plants with essential functions such as UV
protection, signaling, and defense®>~%”. These compounds function as antioxidants when the dihydroxy B-ring
is replaced and can be found in the endoplasmic reticulum and the nuclei of mesophilic cells. Flavonoids inhibit
reactive oxygen species by forming complexes with iron and copper ions®.

In the present study, MDA content analysis of tomato plants revealed that Cd stress increased the MDA
content in plants subjected to the CT treatment by 128%, which was greater than the degree of toxicity. The
MDA content of the FeNP-treated and Fe salt-treated plants was significantly lower than that of the CT plants
but comparable to that of the WT plants (Fig. 4e). Proline is another indicator of stress in plants and was also
studied in the present study. In the present study, the proline content also increased by 50% in cadmium-stressed
(CT) plants compared with that in the control (WT) plants. The lowest proline content was detected in the Fe
NP-treated (FT,) plants (Fig. 4f).

MDA serves as a marker for lipid peroxidation within cellular organelles. In our study, the induction of Cd
stress caused an increase in the content of MDA in the leaves of tomato plants. This suggests that the stress
induced by Cd resulted in notable peroxidation of the inner membranes of the plants’ cells, leading to structural
damage to the cellular membrane. However, the MDA content was significantly decreased by the application of
NPs to the treated plants, thereby protecting the integrity of the cellular membranes and positively influencing
growth and yield. The chelating ability of proline enables it to form bonds with metal contaminants and alleviate
metal toxicity in plants®. It has been previously demonstrated that Fe,O, NPs can help reduce the MDA levels in
the shoots and roots of wheat plants under metal stress. The same results were observed for Brassica juncea roots
and leaves under heavy metal stress and treatment with iron NPs**%,

In numerous plant species, the accumulation of free proline is a common response to various biotic and
abiotic stresses. This phenomenon suggests that under stress conditions, there is an increased flow of reducing
equivalents into both the proline synthesis (in the cytosol) and degradation (in the mitochondria) pathways.
This increased flow may allow for precise regulation of the cellular redox potential in the cytosol®2. Our results
also revealed that tomato plants exposed to Cd stress presented relatively high levels of proline, indicating that
Cd toxicity enhances proline synthesis in plants to mitigate osmotic stress. Interestingly, iron has been found to
alleviate salt, metal, and low-temperature stress in plants by regulating the biosynthesis of proline®>. Proline is
also known to act as an osmoprotectant and helps to regulate cellular metabolic activities. It helps to maintain
the stability of cell membranes and to reduce the degradation of proteins and carbohydrates®*. When plants
are exposed to metal toxicity, their ability to absorb and transport water is negatively affected. This leads to an
increase in the biosynthesis of proline, which helps to regulate the cellular osmotic balance®. Studies have shown
that plants exposed to cadmium (Cd) stress tend to accumulate relatively high levels of proline®. Proline also
acts as a molecular chaperone to maintain protein integrity®’.

Estimation of the oxidative stress and antioxidant activities of tomato plants (Solanum
lycopersicum) under cadmium-induced stress and the application of iron nanoparticles (soil
drenching and foliar spraying)

Plants subjected to Cd stress undergo oxidative stress, which is characterized by an accumulation of ROS and
lipid peroxidation. To evaluate the efficacy of FeNPs in reducing oxidative damage in plants during Cd stress,
it is possible to measure the activity of various antioxidant enzymes, including CAT, POX, and SOD. Figure 5
shows the results of the antioxidant enzyme studies of the tomato plants subjected to cadmium stress and FeNP
treatments. The results revealed that catalase activity was greater in CT plants than in WT plants. Compared
with soil drenching, foliar spraying of FeNPs and Fe salts increased catalase activity (Fig. 5a). There were no
significant differences in peroxidase activity between the soil drench and foliar spray treatments (Fig. 5b). The
same a trend was observed for SOD (Fig. 5¢), but catalase activity was significantly greater in foliar spray-treated
plants subjected to FT,.

Catalase is a crucial enzyme in the antioxidant system of plants, and it has a heme group in its structure.
Therefore, if the plant is deficient in iron, the activity of catalase is also affected, and vice versa, when sufficient
amounts of iron are provided to the plants. This means that when plants are deprived of iron and are exposed
to cadmium toxicity, catalase levels decrease significantly. Iron nanoparticles are known to increase the gene

Scientific Reports |

(2024) 14:27920 | https://doi.org/10.1038/s41598-024-79270-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

18
1.6
14
12

1
0.8
0.6
04
0.2

0

Catalase (pumol mg-* min?)

d
WT

c
e
T

40 b

a a
a
35 b b
C
< 30
25 s
b
b b 20 d
1
e
c N ' ! f
c c . f f .
- .- 0 --
v g §

DT1 D2 DI3 D4 FI1 F12 F3 Fi4 DT1 DI2 DI3 DI4 FI1 FI2 A3 Fi4

w

Peroxidase (pmol mg* min?)
15}

v

0.25
C

= 02

£

§0.15 b

= be

E

=g £ c n c c

= c

= C

»”

5 005

g

» 0

WI  CT DIl DI2 DI3 DI4 FI1 FI2 F13  FI4

Treatments(mg/L)

Fig. 5. Effects of iron nanoparticles (FeNPs) and Fe salts on (a) catalase activity, (b) peroxidase activity, and (c)
superoxide dismutase activity in tomato plants (Solanum lycopersicum) under Cd stress.

expression of the CAT enzyme®®. When plants face any stressful conditions, catalase levels decrease. Other
studies also suggest that antioxidant enzymes are important targets for investigation in plants exposed to Fe
deficiency-induced Cd toxicity?!%. In white clover leaves, CAT (catalase) activity increases during the first
14 days of drought conditions'?!. These previous findings suggest that catalase enzymes inhibit ROS species,
and if gene expression of this enzyme is reduced, then ROS scavenging is also reduced!?2. However, our research
revealed that in plants treated with Cd (cadmium), the CAT activity increased with the application of FeNPs
(iron nanoparticles) (Fig. 4a). This finding is consistent with those of other previous studies on the combined
effects of Fe and Cd on mung bean plants'%, sugarcane!%, rice!*, barley, etc.!%.

The activity of ascorbate peroxidase is reduced when there is a lack of iron. When treated with cadmium,
the activity is further reduced. Ascorbate peroxidase activity is reduced in the apoplastic fluid as well as at the
intracellular level'%. The reason for this reduction in activity is that the APX molecule contains an iron atom
that is nonheme, which is in high demand when iron is scarce. However, when iron was present under cadmium
treatment, the APX activity increased (Fig. 5b). This increase in activity may be due to the limited damage caused
by an increased supply of iron””.

SOD is a significant enzyme in the ascorbate—glutathione pathway. When superoxide anions are produced
as ROS, they are converted to H,O, by this enzyme. These findings indicate that SOD activity was reduced
(Fig. 5¢). This may be related to the findings that Fe is integrated into the negative feedback of Cd treatment to
maintain redox status. The presence of iron in the feedback mechanism during cadmium treatment indicates
that iron might assist in regulating the cellular response to cadmium toxicity. Specifically, it could be involved
in a negative feedback loop that controls the expression of genes responsible for oxidative stress responses and
metal homeostasis.

Estimation of the Cadmium and iron content of tomato plants (Solanum lycopersicum) under
cadmiume-induced stress and the application of iron nanoparticles (soil drenching and foliar
spraying)

Results showed that highest iron content was found in the leaves of treatment FT, and FT,. Whereas iron content
of fruits was significantly higher in iron treated plants either by drench or foliar treatment as compared to WT
and CT treatments. It is also evident from the results that Cd content of treatment FT, and FT, was significantly
lower as compared to non-treated plants (CT). Iron is known to compete with cadmium for the same transporters
in the plant roots and sufficient levels of iron in the soil make sure the absorption of iron instead of cadmium!%’.
Iron reduces the absorption of cadmium in plants by changing the composition of root exudates. These exudates
then bind with cadmium, making their absorption impossible by roots!'®. Iron is also reported to upregulate
the genes for iron balance in the cells that also indirectly influence the Cd absorption by plants'%. Whereas, in
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Iron content mg/g Cd content mg/g

Treatments | Leaves Fruits Leaves Fruits

WT 0.13144+0.001 | 0.0035*+0.0005 | 0.001¢+0.000 | 0.000°+0.001
CT 0.091¢+0.004 | 0.0021°+0.0004 | 0.015°+0.001 | 0.007%+0.004
DT, 0.1334+0.003 | 0.0039%°+0.0003 | 0.011°+0.001 | 0.0001°+0.003
DT, 0.135¢+0.001 | 0.0038°+0.0001 | 0.011°+0.002 | 0.0001°+0.001
DT, 0.222°+0.001 | 0.0041°+0.0001 | 0.009°+0.000 | 0.0001°+0.001
DT, 0.245°+0.001 | 0.0041°+0.0001 | 0.010°+0.001 | 0.0001°+0.001
FT, 0.213°+0.002 | 0.0044*+0.0001 | 0.002¢+0.000 | 0.0001°+0.002
FT, 0.220°+0.004 | 0.0040°+0.0001 | 0.0014+0.000 | 0.0001°+0.004
FT, 0.317°+0.005 | 0.0042*+0.0002 | 0.000°+0.000 | 0.0001°+0.005
FT, 0.345%+0.003 | 0.0040*+0.0002 | 0.000¢+0.000 | 0.0001°+0.003

Table 4. Treatment details for the comparison of foliar and drench treatments on tomato plants.
abedefColumns not sharing the same letter are significantly different

recent studies it has been found that iron in form of foliar application is absorbed more actively and particularly
in nanoform, it is highly efficient. It can significantly improve the antioxidant system of the plant, thus adding to
the plant defense system against the negative effects of absorbed cadmium!!°. Iron nanoparticles directly applied
to the surface of plants, on leaves, is absorbed instantly and can decrease th absorption of cadmium. Foliar spray
of iron also enhances the photosynthetic strength of the plants as well'!! and can reduce the translocation of
cadmium.

Table 4 Treatment details for the comparison of foliar and drench treatments on tomato plants for iron and
cadmium content of leaves and fruits

Conclusion

Iron nanoparticles effectively reduce the absorption of cadmium from the roots of tomato plants, thus
mitigating the negative effects of this heavy metal. When the tomato plants were exposed to cadmium stress,
the Fe-NPs improved their growth and yield parameters. The biomolecule markers and stress levels of the plants
also significantly improved under the influence of the Fe-NPs. Furthermore, foliar spray treatment was more
effective at increasing the growth and yield parameters of tomato plants and controlling stress markers than soil
drench treatment at a conc. of 100 mg/L. This study highlights the potential of foliar applications to increase the
resilience of tomato plants to Cd toxicity. Optimizing FeNP application can help improve crop health and yield
in contaminated environments. Foliar spraying of iron nanoparticles should be a key practice for managing Cd
stress in tomato cultivation, offering a valuable approach to sustainable agricultural practices. Future research
should focus on field trials to validate the effectiveness of FeNP application under natural conditions, providing
further insights into its practical applications and long-term benefits in real-world agricultural settings.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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