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Abstract
The application of nanotechnology in agriculture has emerged as a tool of great sustainable use for crop improvement. 
Pregerminative treatments with various chemicals and hormones are routine procedures to break the seeds’ dormancy and 
stimulate crop germination. However, innovative techniques using nanoparticles (NPs) for seed priming are considered a 
potentially effective and efficient strategy to promote seed germination, nutrient delivery, and growth through impregna-
tion. The present work aimed to synthesize iron oxide NPs (FeONPs) by a green method by using vegetal organic waste 
as a source of reducing and stabilizer agents for NPs formation, and then it was used to promote seed germination, growth, 
and biofortification of Solanum lycopersicum. The results indicate the effectiveness of orange peel waste for the one-step 
green synthesis of magnetite Fe3O4 NPs with an apparent spherical form and an average size of 13 nm determined with 
SEM analysis. The application of NPs as a nano priming (0.1–300 ppm) did not show significant changes in the germina-
tion development of tomatoes. However, positive effects on the growth of seedlings were observed with medium doses 
administered (10–50 ppm) because root length, stem length, and biomass were increased. In addition, an increase in the 
Fe and other micronutrients of both grain and seedlings was also observed, suggesting that nano priming with Fe3O4 NPs 
can stimulate the growth and Fe uptake of S. lycopersicum crops.
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Introduction

In recent years, the application of nanotechnology in agri-
culture has emerged as a sustainable tool for crop improve-
ment using nanoparticles (NPs) [1, 2], which show positive 
effects against pest control, fertilizers, agronomic fortifica-
tion, and alleviation of abiotic stress on plants with agro-
nomic interest [3]. These materials correspond to the study 
and production of particles with a size between 1 and 100 
nanometers in at least one dimension, and they are one of the 
frontier technologies in agricultural applications [4]. The use 
of NPs is of great interest to their study due to their size and 
applications and the physical and chemical properties they 
acquire at the nanometric scale compared to micro-sized 
material [5]. Metallic NPs are one of the leading products 
of nanotechnology. They can be considered alternatives in 
modern agriculture by producing nano fertilizers, nano pes-
ticides, nano herbicides, and nanosensors, increasing crop 
yields sustainably and reducing environmental impacts [2, 
3]. The use of NPs for agricultural applications is becoming 
increasingly attractive because it has been shown that this 
type of material can improve the germination performance 
of aged or dormant seeds [6, 7]. In addition, various metal-
lic NPs have been shown to enhance agronomic fortification 
and increase micronutrients (Fe, Ca, Zn, Mg, among others) 
in different plant tissues [8].

Since the applications of NPs in agriculture must be eco-
nomical, ecological, biocompatible, and non-toxic [9], the 
synthesis of NPs obtained through bioengineering for agri-
cultural purposes must be compatible with these require-
ments. In this sense, green synthesis by using plant-derived 
materials appears to be the best candidate to synthesize 
biocompatible NPs due to their biochemical diversity of 
plant extracts, non-toxic, non-pathogenic phytochemical 
components, low cost, and flexibility in reaction parameters 
compared to chemical synthesis methods [10]. The NPs 
synthesis method usually involves chemical reduction, but 
most reducing agents, such as hydrazine hydrate and sodium 
borohydride, are highly toxic chemicals and generate haz-
ardous waste. Thus, plant molecule substitutes can replace 
toxic reductants because of their environmental safety and 
good biocompatibility [11]. In the green synthesis of NPs, 
different parts of the plants (leaves, peels, stems, roots, 
among others) are washed with distilled water and then 
boiled in a conventional solvent (distilled water) to obtain 
extracts that contain phytomolecules [12]. Then, the extracts 
are mixed with the metal salt solutions (whose concentra-
tion depends on the plants and their species) at a specific 
temperature and are converted into zero-valent metallic NPs 
by the reduction action of phytomolecules on metal ions in 
a few hours of reaction [13, 14]. In recent years, the reuse 
of biowaste from agriculture, forestry, fruits, and vegetable 

waste for the synthesis of metallic NPs has gained more 
attention because it involves the valorization and circulation 
of organic waste to generate new advanced materials with 
multiple applications in the environment, medicine, and 
industry [15, 16]. Thus, numerous biowaste by-products, 
such as banana, grapefruit, grape, melon, apple, orange, and 
mandarin waste, were investigated for the eco-friendly and 
sustainable synthesis of NPs [17]. Extracts obtained from 
these kinds of organic waste have been demonstrated to 
contain different organic compounds, such as polyphenols, 
flavonoids, carotenoids, and vitamins, which act as precur-
sor agents because various functional groups present in 
these compounds cause the reduction of metals and follow-
ing NPs formation [18, 19].

For these reasons, in the present study, we propose the 
synthesis of iron NPs (FeNPs) by using peel orange extracts 
as a suitable and green method to obtain NPs with suitable 
nano-scale properties that can potentially improve plant 
growth and fortification.

Seed priming effectively increases seed germination 
and plant growth, eventually increasing productivity under 
different environmental conditions and stresses [20, 21]. 
Among other methods, seed priming with NPs (Nanoprim-
ing) can be considered more effective in promoting seed-
lings’ germination, fortification, and growth because of the 
unique nanoscale, chemical, and physical properties of these 
kinds of NMs [4]. Some commonly used NPs include silver 
(Ag), gold (Au), copper (Cu), iron sulfide (FeS2), and zinc 
oxide (ZnO) NPs. Seed pretreatment with these NPs pro-
motes seed germination and positively affects subsequent 
seedling growth and plant resistance against biotic and abi-
otic stress [22, 23]. Nanopriming can synchronize seed ger-
mination and increase seed viability by activating metabolic 
enzymes such as amylase, protease, and lipase [24]. In addi-
tion, they can induce the production of Reactive Oxygen 
Species (ROS) to promote early growth and development 
of the embryo because they can slowly penetrate the seed to 
modulate metabolic processes [13].

The seeds may absorb the NPs from the suspensions or 
nano formulas used in the nano priming process [25]. Stud-
ies showed that Fe NPs with a size of ~ 80 nm and zeta 
potential of -44 mV can induce various effects on seeds and 
seedlings, as is the case of wheat type WL711 (low iron 
genotype) and IITR26 (high iron genotype) had effects on 
seed vigor which was more significant and in the case of 
seedlings, its product is less, depending on the concentra-
tion to which it was exposed; in the case of morphology in 
plants, there was a notorious effect of inhibition of growth 
in high doses of FeNPs [26].

FeNPs, such as magnetite, hematite, and ferrihydrite, have 
also been shown to improve the germination and growth of 
different plant species [27] and are an essential source of 
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micronutrients for plant development [28]. However, more 
studies have yet to be done about the nano-priming effects 
of FeNPs on plants. Thus, this research aimed to study the 
impact of FeNPs produced through green synthesis on the 
growth process and fortification in S. lycopersicum-medi-
ated nano priming application.

Experimental

Preparation of Orange Peel Extract

Orange peel residues were washed with plenty of water 
and distilled water. Then, the peels were dried in an oven 
at 50 °C for 72 h, and the orange peels were pulverized in 
a porcelain mortar with a pestle. Then, 10 g of dry sample 
was mixed with 200 mL of distilled water, and the solution 
was stirred on a hot plate for 2 h at 70 °C. Finally, the extract 
obtained was filtered with Whatman paper and stored at 
-18 °C for later use.

Green Synthesis of FeNPs

The green synthesis was done by mixing FeSO4, and FeCl3 
salts with a 2:1 ratio at various concentrations (5, 10, and 10 
mM). Then, under constant stirring, the orange peel extract 
was added drop by drop to the Fe salts solution, and the 
pH was adjusted to 10. The solution was kept stirring for 
30 min at 300 rpm. Once this process was finished, the final 
solution was left to decant to eliminate the supernatant later. 
FeNPs obtained were washed with ethanol and dried in an 
oven at 60 °C for 24 h.

UV-vis Analysis

The detection of FeNPs formation was monitored with UV-
vis spectra by using a spectrophotometer (Spectroquant® 
Prove 300, Merck, Germany) operating with a 1 nm interval 
and 1 s of integration time for a total wavelength range from 
200 to 800 nm.

FTIR Spectroscopy

FTIR analyses were conducted using an FT/IR 4X spec-
trometer (Jasco, USA). The samples were measured using 
an ATR accessory and analyzed to check the presence of 
functional groups in the surface chemistry of the reduced 
FeNPs. The FTIR spectrums were collected at a spatial reso-
lution 4 cm − 1 in the transmission mode, between 4000 and 
400 cm − 1, respectively.

X-ray Diffraction (XRD)

The XRD analysis of the samples was carried out in an X-ray 
diffractometer (Bruker, Model D8 Advance, USA) using a 
Vertical Bragg–Brentano goniometer, a solid-state detector 
(Centelleo Model), and with Cu Ka 1 radiation operating at 
40 kV and 30 mA.

AFM Microscopy

Topography of the synthesized FeNPs was carried out using 
AFM equipment (XE7 Park Systems, Korea). For this, the 
FeNPs were resuspended in bidistilled water at a concen-
tration of 0.1 g mL-1, they were sonicated for 30 min, and 
100 µL was taken and mixed with silver epoxy adhesive to 
be positioned on a silica film. Then, it was subjected to a 
temperature of 60 °C in an oven until the water evaporated 
for finally observing under the AFM. Measurements were 
performed with True Non-contact mode™.

Scanning Electron Microscopy (SEM)

For their morphological and size characterization, the 
FeNPs were examined with an SEM instrument (Zeiss Mer-
lin, Oberkochen, Germany). The SEM micrographs were 
processed and interpreted using ImageJ software.

Preparation of the Priming Solution

Fe3O4 NPs prepared with ten mM of Fe salts and 1% v/v 
of orange peel extract were used as an impregnating seed 
agent. Ten different concentrations of iron nanoparticles 
(0.1–300 mg L-1) were prepared in parallel with the respec-
tive controls (Fe-EDTA 10 ppm and H2O) from the stock 
solution. NPs were prepared fresh and dispersed in deion-
ized water using ultrasonic vibration at 50 Hz for 30 min 
[5].

Seed Germination and Seedling Growth

The tomato seeds obtained from a commercial supplier are 
already sterilized with 1% sodium hypochlorite. The seeds 
were germinated on a Petri dish containing the different 
concentrations of NPs (0.1, 0.5, 5, 50,100, 200, and 300 mg 
L-1) and respective controls (Fe-EDTA 10 ppm and H2O). 
Twenty seeds per plate were used, both for the treatments 
and for the controls, and these were carried out in triplicate. 
Petri dishes were kept in the darkness for seven days in a 
germination chamber at a constant temperature of 25 °C and 
60% humidity. After germination, the seedlings were trans-
ferred to an inert white pearls and coconut fiber substrate. 
Each seedling was allowed to grow for 30 days and watered 
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antioxidant action and can replace chemical reagents as 
reducers in synthesizing metallic NPs [31]. In addition, 
under certain conditions, the quality of NPs produced 
through green synthesis with vegetal extracts surpasses 
those synthesized by chemical methods because lipids, car-
bohydrates, and proteins present in the natural extracts can 
act as stabilizer agents, improving and controlling the size 
and stability of particles [32, 33]. Thus, orange peel extracts 
have the appropriate characteristics for preparing nanoscale 
Fe.

UV-vis spectroscopy is frequently used to study the dis-
persion and formation of NPs in aqueous media and allows 
rapid assessment of different laboratory conditions of 
synthesis [34]. Figure 1 shows UV-vis absorption spectra 
of Fe NPs synthesized with varying concentrations of Fe 
salts (5, 10, 30, and 30 mM), orange peel extract at 1% v/v, 
and Fe salts. The orange peel extract showed two typical 
peaks at 290 nm and 325 nm, related to biomolecules such 
as ascorbic acid, naringin, and neo hesperidin [35]. Fe salts 
showed an evident peak absorption near 300 nm related 
to the absorbance of Fe ions from FeSO4 and FeCl3 [36]. 
After 30 min of reaction, a broad absorbance spectrum from 
250 nm to 450 nm was observed, indicating absorption of 
FeNPs. However, the intensity of band absorption of FeNPs 
increases with the concentrations of Fe salts, being higher at 
10 and 30 mM (Fig. 1). Figure 2 (A-D) shows Tauc´s plots 
of FeNPs formed with four concentrations of Fe salts. The 
direct energy band gap was calculated by extrapolating the 
linear region to the horizontal axis. Similarly, the indirect 
band gap was obtained by plotting (αhv)1/2 as a function of 
hv (eV) (Fig. 3). It can be observed that as the salt concen-
tration increases, the values for direct and indirect band gap 
are reduced. This can be related to the size of the NPs, as 
a smaller size gives a higher energy band gap. In our case, 
the NPs fabricated with 5 and 10 mM of FeSO4 and FeCl3 
showed Eg values of 2.68 and 2.69 eV, suggesting NPs with 
smaller sizes with these concentrations. However, using ten 
mM of Fe salts in the synthesis process improved the perfor-
mance and production of the greater quantity of NPs.

The FTIR technique was characterized to obtain informa-
tion about the functional groups and chemical structures on 
the surface of the Fe NPs. Figure 3 shows FTIR spectra of 
FeNPs obtained by green synthesis with orange peel extract. 
In the case of the orange extract samples, the vibration of 
the C = C double bonds corresponding to aromatic rings 
(1600 cm-1) was observed as an indication of the functional 
groups derived from vegetal extract compounds. In addi-
tion, characteristic peaks related to aliphatic bonds, such 
as C-H and CH2 (2900 cm-1) and phenolic groups made 
up of O-H bonds (3800 cm-1) were present in the samples, 
suggesting the presence of polyphenol compounds in the 
orange extract [37].

with distilled water twice daily. Then, each seedling was 
measured, its stem length, root length, and fresh weight.

Fe, Zn, Mg, and Ca Contents

Fe contents were determined in seeds after priming with 0, 
25, 50, and 100 ppm of FeNPs for 24 h, and 1 g of seeds 
were used for each treatment. The amount of Fe, Zn, Mg, 
and Ca in the seeds and seedlings was determined by atomic 
absorption spectroscopy (AAS) analysis. Previous AAS 
analysis seeds and seedlings were washed with deionized 
water for 2 min and kept at -20 °C for 24 h, to be later 
lyophilized (L101 LiOTOP Freeze Dryer). The dry samples 
are ground until a fine powder, which will be digested by a 
mixture of concentrated HNO3 and concentrated H2O2 (9/6, 
v/v) for 24 h, followed by acid reduction for 3 h at 180 °C, 
until transparent coloration of the samples, finished the pre-
vious process, it is carried out to filtration and gauging of 
10 mL. The samples are then read by an AAS Spectrometer 
(PerkinElmer PinAAcle 900 H). Fe, Zn, Mg, and Ca were 
expressed as mg/L of fresh tissue.

Statistical Analysis

Kruskal-Wallis for equal medians and multiple Dunnet Post-
hoc tests were used to compare growth parameters (root 
size, stem size, and fresh weight) after treatments with NPs.

The differences in seed content of Fe were analyzed with 
a Welch ANOVA test. Meanwhile, for micronutrient results 
of seedlings, a generalized linear model (GLM) was used to 
analyze the differences in Fe, Ca, Mg, and Zn contents in 
seedlings. The GLM is analogous to the traditional ANOVA 
but allows non-parametric and heteroscedastic data, as was 
the case on this occasion [29]. Before analysis with GLM, 
data was transformed with Log10.

The results were considered statistically significant 
at P ≤ 0.05. All data were presented as arithmetic aver-
age ± standard error. The PAST software version 4 and R 
program were used for statistical analysis.

Results and Discussion

Green Synthesis and Physical Characterization

FeNPs were prepared using orange peel extracts as a reduc-
ing agent to form Fe nano-scale particles. Similar studies 
indicated the economic and environmentally friendly pro-
duction of FeO NPs with tangerine peel extracts, which 
showed homogenous size distribution, suitable morphol-
ogy, and Cadmium removal properties [30]. It should be 
noted that citrus peels contain polyphenols, which exhibit 
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based on the orange plant extract could be demonstrated by 
comparing the functional group bonds detected in samples.

Figure 4A summarizes the diffractometer data of 
FeONPs. The XRD analysis shows the characteristic bands 

Concerning FeNPs synthesis, it should be noted that a 
prominent peak located around 547 cm-1 was observed in 
the plot, and this peak is related to metal-O bonds, suggest-
ing the presence of the Fe-O bond. Thus, FeO NPs formed 

Fig. 2 Tauc’s plots of Fe3O4NPs 
formed with 5 mM (A), 10 mM 
(B), 20 mM (C), and 30 mM (D) 
of Fe salts, respectively

 

Fig. 1 UV-vis spectra of 
Fe3O4NPs synthesized with dif-
ferent concentrations of Fe salts 
(FeSO4 and FeCl3) and 1% v/v of 
orange peel extract
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(4 0 0), (4 2 2), (4 4 0) and (5 1 1) crystal planes of the cubic 
spinel structure of magnetite Fe3O4. Studies carried out by 
[39] indicate that the characteristic bands corresponding to 
degrees 43, 38°, and 57.34°, with (4 0 0) and (5 1 1) crys-
talline plane, correspond to Fe3O4 NPs with rhombohedral 
structures and dark brown color of Fe3O4 NPs. Figure 4B 
showed characteristic paramagnetic features of magnetite 
NPs synthesized in this study.

The morphology and size of the Fe3O4 NPs were deter-
mined through AFM and SEM microscopy. Figure 5 (A-I) 
shows 2D and 3D images obtained with the AFM, which 
served as a basis for determining the size of the NPs. The 
results indicated from AFM data show that the sizes of NPs 
increased with the concentrations of Fe salts (5, 10, 20, and 
30 mM), reaching values of 8.5 ± 0.3, 9.9 ± 0.1, 12.0 ± 0.8, 
and 12.8 ± 0.6 nm, respectively. This increase in the size pat-
tern was consistent with results established by other authors, 
where the concentration of salts used in the synthesis deter-
mined and controlled the size of NPs [40]. According to the 
topography images of Fe3O4 NPs (Figs. 3D and 5 images), 
the observed particles showed an apparent like-rod shape. 
However, particles fabricated at ten mM and 20 mM salt 
concentrations showed more defined structure and morphol-
ogy (Fig. 5C, D, E, and F). Figure 6 shows images and size 
frequency distribution of Fe3O4 NPs obtained by SEM. Like 
AFM, the particles analyzed showed like-rods shape, and 
histograms indicated sizes ranging from 8 to 13 nm. These 

of magnetite Fe3O4; the values corresponding to the degrees 
given by the bands were 30.18° (2 0 0), 35.56° (3 1 1), 
43.38° (4 0 0), 57.34° (5 1 1) and 62.82° (4 4 0). These 
bands coincide with studies carried out by [38], where they 
mention that the XRD pattern for a nanocomposite sample 
that has Fe3O4 within its structure presents a series of dif-
fraction bands at 2θ = 30.2 °, 35 0.6°, 43.3°, 53.7°, 57.3°, 
and 62.8°, corresponding to the reflections of (2 2 0), (3 1 1), 

Fig. 4 XRD pattern Fe3O4NPs synthesized with 10mM of Fe salts (A). Image showing paramagnetic properties of the FeNPs generated with a 
Neodymium magnet (B)

 

Fig. 3 Detection of functional groups by FTIR for orange peel extract 
and Fe3O4NPs
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Chinese beans decreased by applying maghemite NPs at a 
concentration of 10 mg/L [49]. On the other hand, using 
magnetite NPs treatments at a concentration of 116 mg/L in 
cucumber and lettuce seeds decreased the germination per-
centage [50]. However, recent studies indicate that Fe NPs 
concentrations lower than 40 ppm were optimum for rice 
germination enhancement [51]. Also, 25 ppm of α-Fe2O3 
nano-priming significantly increased rice seed germination 
compared to conventional hydro-priming [52]. Possible 
explanations for different responses to germination effects 
of Fe NPs could be related to the behavior and interaction 
with seed coats but also to the physiological characteristics 
of the plant seeds. In this sense, it should be noted that com-
mercial tomato seed used in this work shows a high viabil-
ity and germination percentage of about 95%, suggesting 
that applying any chemical or substances to stimulate the 
germination of tomatoes can be masked by this biological 
performance.

Figure 8 (A-C) summarizes the results of root length, 
stem length, and fresh weight of seedlings obtained after 
nanopriming treatments with NPs and controls with dis-
tilled water and ten ppm of EDTA-Fe at the end of the 
30-day treatments. Thus, the root length of tomato seedlings 
showed an increase at different concentrations applied of 
NPs (Fig. 8A). However, significant differences were found 
with treatments with 5, 10, and 300 ppm of NPs. Similarly, 
stem length showed significant increases for concentrations 
of 10, 50, 100, and 300 ppm of F3O4 NPs (Fig. 8B). Also, the 
fresh weight of seedlings showed an increased tendency in 
treatments between 0.1 and 10 ppm of Fe3O4 NPs. It should 
be noted that adverse effects under high concentrations of 
NPs were not observed in seedlings for all growth param-
eters. Based on the results, the intermediate concentrations 
of NPs ranging from 5 to 50 ppm were the most effective 
in inducing a positive increase in the growth parameters of 
tomato seedlings, suggesting that nanopriming can be per-
formed under non-toxic and low doses of NPs. Additionally, 
when magnetite NPs and EDTA-Fe ionic (an ionic form 
of Fe) were applied in seed priming solutions at the same 
concentration of 10 ppm, NPs showed the best performance 
in improving the size of stem, root elongation, and fresh 
weights of S. lycopersicum seedlings. In this sense, it has 
been demonstrated that Fe3O4 NPs could positively influ-
ence different plant growth performance indicators, such as 
root and stem elongation [53]. Likewise [54], reported that 
applying 20 ppm of magnetite NPs (9–18 nm) on the seed 
of C. lanatus increased root activity and watermelon bio-
mass. In general, seed priming with FeNPs or Fe3O4 NPs 
has shown improved several phenological parameters of 
rice, millet, and maize, such as dry weight, seedling yield, 
chlorophyll contents, and soluble sugars [52, 55–58]. Like-
wise, stimulation of growth and abiotic mitigation stress of 

values agreed with the obtained with AFM, and an increase 
of the size of particles with the concentration of Fe salts (5, 
10, 20, and 30 mM) was observed, obtaining average values 
of 8.5 ± 0.3, 9.9 ± 0.1, 12.0 ± 0.8, and 12.8 ± 0.6 nm, respec-
tively (Fig. 6B, D, F, H). However, NPs obtained with ten 
mM of salts showed a frequency of NPs more adjusted to a 
standard curve than five mM and, therefore, were used for 
nanopriming experiments with S. lycopersicum.

Nanopriming Effects in S. lycopersicum

The germination process involves water absorption, the 
quiescent of the seed, and, finally, the elongation of the 
embryonic axis until the first seedlings [41]. Convention-
ally, seed priming is a comprehensive agronomic technique 
that mainly uses and applies water (hydropriming) or solu-
tions containing various substances (nutrients, vegetal hor-
mones, and biopolymers) that are adsorbed on the seed and 
can lead to a coating of it, improving germination and pest 
control [42–44]. However, nanopriming corresponds to sus-
pensions or nanoformulations with different nanomaterials, 
particularly metallic-metallic-oxide and polymeric NPs [9, 
45]. Even when the absorption of NPs occurs, the most sig-
nificant fraction is retained on the surface of the seed as a 
coating [46]. This seed coating can be used as a fungicide 
or bactericide to protect seeds from pathogens in the field or 
during storage [47]. Recent studies have shown that FeNPs 
can penetrate the seed coat and enter the interior of the seed, 
allowing the accumulation in the endosperm of rice grains 
and improving germination rate and seedling vigor after 
exposition with 20 and 40 ppm [48]. In the present work, 
the nanopriming method using Fe3O4NPs was assessed on 
tomato seeds, and the seedlings’ effect on germination rate, 
growth, and biofortification was studied. Figure 7 shows the 
accumulative percentage of seed germination by nano prim-
ing with different concentrations of NPs and controls with 
ten ppm of EDTA-Fe and distilled water. As was observed, 
the accumulative curves of germination did not show sig-
nificant effects on the germination rate under different treat-
ments, suggesting that magnetite NPs did not show changes 
in the velocity and percentage of seed germinated in the 
experiments. In addition, the viability of the seeds was not 
affected because the germination percentage showed high 
values above 91% for all cases. Thus, it seems that the appli-
cation of magnetite NPs as a seed priming additive did not 
affect the germination and could not be toxic for the seed 
and emerging seedlings of S. lycopersicum. In the literature, 
different impacts of FeO NPs on the germination percent-
age have been reported, which depend on different factors 
such as the plant species, shape of Fe NPs, diameter, and 
the concentration of the NPs in each application. For exam-
ple, it has been reported that the germination percentage of 
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Fig. 5 AFM images for Fe3O4NPs 
synthesized from orange peel 
extracts under different concen-
trations of Fe salts. The structure 
of NPs in 2D (A, C, E, and G) 
and 3D (B, D, F, and H) shows 
their respective height profiles

 

1 3



Waste and Biomass Valorization

results agreed with the report for wheat plants, where Fe 
uptake increased in seeds after priming within a range of 
5–20 ppm of FeNPs, improving the biofortification of wheat 
and rice seeds with oxide and magnetic Fe NPs [62, 63]. 
Similar studies have demonstrated that nanoscale iron can 
internalize the seed coats of rice and maize seeds and signif-
icantly accelerate the germination (%) and seedling param-
eters mediated by ROS production [52]. Thus, FeNPs and 
Fe ions released from the nanopriming solutions could pen-
etrate the seed coat into the endosperm and embryonic tis-
sues of S. lycopersicum grains and induce positive changes 
in the growth and yield parameters of the plant [60, 64].

The determination of Fe, Zn, Ca, and Mg contents in 
seedlings after seed nano priming was performed to analyze 
the behavior and the interaction of Fe3O4 NPs on tomato 
seedlings. Figure 10 shows micronutrient contents on seed-
lings after treatments with NPs and controls with water and 
EDTA-Fe. In the case of Fe, there is a significantly increased 
tendency of Fe contents in the tomato seedlings (p < 0.001), 
which starts from 50ppm to 300ppm of Fe3O4 NPs (Fig. 10 
Fe). However, Mg contents tended to decrease (p = 0.001) 
with treatments with NPs, especially under high concentra-
tions (100, 200, and 300 ppm) (Fig. 10 Mg). Nevertheless, 
both Ca and Zn did not show significant changes in seed-
lings (p = 0.076, p = 0.054, respectively) with nanopriming, 
suggesting that Fe3O4 NPs did not affect contents of both 
micronutrients (Fig. 10 Ca, Zn).

The use of micronutrient-containing fertilizers is a com-
prehensive practice for the agronomic biofortification of 
crops, which improves the nutrition and yield of plants of 
agronomic interest [65]. However, traditional agronomic 
biofortification presents limitations related to low uptake 
efficiencies, nutrient losses, and environmental pollution 

S. lycopersicum against Cadmium ROS induction has also 
been reported [59, 60]. Thus, the result of a significant effect 
of Fe on most internal parameters should be linked to the 
most relevant role of Fe in plant physiology because Fe is an 
essential element for plants. It is involved in various meta-
bolic and biochemical processes in the growth and develop-
ment of plants [61].

Figure 9 shows the analysis of Fe contents in seeds after 
nanopriming for 24 h with different concentrations of mag-
netite NPs (0-100 ppm). The results indicated increased Fe 
contents in seeds concomitant with increased NPs concen-
tration, showing significant differences between control 
and treatments with 0, 25, 50, and 100 ppm of NPs. These 

Fig. 7 Accumulated germination percentage in tomato seeds subjected 
to nanopriming with various concentrations of Fe3O4NPs and controls 
with distilled water and 10 ppm of EDTA-Fe

 

Fig. 6 SEM images of Fe3O4NPs obtained through green synthesis with its corresponding histogram
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[66]. Therefore, developing and using new approaches are 
necessary to improve the efficiency of micronutrient deliv-
ery crops and reduce the contamination of agroecosystems.

Iron is an essential element and cofactor of several 
enzymes and proteins that function in different physiologi-
cal processes, including photosynthesis, protein synthesis, 
nitrogen metabolism, and respiration. Therefore, the deficit 
of Fe for plants can reduce the production and quality of 
crops [67].

Various studies indicate that adequate doses of Fe3O4NPs 
have been found to increase the number of chlorophylls sig-
nificantly and stimulate the growth of crops [56, 59, 68]. In 
addition, applying Fe3O4 NPs by seed priming has shown 
the internalization and translocation of FeNPs in seed and 
seedlings of S. lycopersicum after treatments [64]. This 
study agreed with the results obtained in the present study 
and corroborated the biofortification effects of FeNPs as a 
source of iron for S. lycopersicum seeds and seedlings. It 
should be mentioned that nanopriming with FeNPs did not 
significantly impact the contents of Mg, Ca, and Zn in seed-
lings under intermediate doses of NPs (0.1–50 ppm), and 

Fig. 9 Tomato seed contents of Fe after 24 h of nanopriming with 
Fe3O4NPs. Bar error indicates a standard error, and lowercase letters 
indicate statistical differences between treatments

 

Fig. 8 Growth parameters in tomato seedlings after nanopriming with FeNPs. Root growth (A), stem (B), and fresh weight (C) of seedlings, 
respectively. Bar error indicates a standard error, and lowercase letters indicate statistical differences between treatments
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germination performance of tomato seeds, positive effects 
were observed in some phenological parameters, Fe seed 
uptake, and higher contents of Fe and Mg of resulting seed-
lings from germination, suggesting that appropriate concen-
trations of nanopriming with Fe3O4 NPs could be used as an 
agronomic additive to stimulate the growth and iron biofor-
tification of S. lycopersicum crops.
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were increased with FeNPs.

Conclusions
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ing with magnetite NPs did not induce changes in the 
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formed with log10 for GLM statistical analysis
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