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Abstract
Purpose  Iron deficiency in soils worldwide affects the growth and development of edible crops, exacerbated in agricultural 
lands with little or no sustainable management. In the last decade, interest has been shown in using nanoparticles (NPs) as 
nanofertilizers or biostimulants to promote morphological and biochemical parameters in Fabaceae-family crops and vari-
ous edible crops.
Methods  The effect of Fe NPs (Fe2O3 and Fe3O4) as soil-applied biostimulants was investigated on growth parameters and 
mineral uptake in roots, stems, and leaves of escumite bean (Phaseolus acutifolious A. Gray). The concentrations used were 
100, 200, 300, and 400 mg Fe NPs kg−1 dry soil and a control treatment (no Fe NPs).
Results  The results showed that low concentrations of Fe NPs (100, 200, and 300 mg kg−1) as biostimulants improved plant 
growth, and fresh and dry biomass of stems and leaves. In contrast, high concentrations (400 mg kg−1) of Fe NPs decreased 
most of the parameters evaluated. Moreover, Fe NPs promoted the uptake of P, Ca, Mg, Fe, Mn, and Zn in roots.
Conclusions  The application to the soil at low concentrations of Fe NPs (100, 200, and 300 mg kg−1) are effective in stimu-
lating plant growth of beans and can be used to promote nutrient uptake from the soil to the roots and leaves. Although it 
is the first work that is tested in escumite bean plants, it is necessary to continue with the research work, specifically in the 
field, to evaluate physicochemical parameters, yield, and quality of the grain.

Keywords  Agronanotechnology · Holistic approach · Iron deficiency · Nanosized fertilizer · Nutrients uptake

1  Introduction

Nanoscience and nanotechnology are technologies that 
comprise the control and understanding of matter at the 
nanoscale. Nanomaterials and nanometric-sized nanoparti-
cles are defined as substances with at least one dimension 

in the range of 1 and 100 nm (An et al. 2022). Specifically, 
iron NPs (Fe NPs) applied to the environment have been used 
for soil or water remediation (Jabbar et al. 2022; Roberto 
et al. 2020). However, it has also shown interest in the agri-
cultural area since benefits were reported on morphological 
and biochemical parameters in various edible crops (Juárez-
Maldonado et al. 2019; Landa 2021).

Iron microelement is essential for plants, participate in 
seed germination, growth, development, and nutrient sup-
ply, improve plant stress tolerance, acts as a cofactor of 
enzymes, and is involved in the process of photosynthesis 
(Liu et al. 2016; Schmidt et al. 2020; Zia-ur-Rehman et al. 
2018). Nevertheless, despite the high total concentrations of 
iron in soils, it is an element that undergoes oxidation and 
precipitates into compounds of low solubility (ferrous and 
ferric states), limiting its availability for plants. Therefore, 
to meet the need for iron, the farmers use conventional fer-
tilizers, which have caused losses due to runoff and leach-
ing. Under this context, in the last 10 years, Fe NPs have 
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been considered potential agents for agriculture as fertilizers 
or biostimulants, through efficient and controlled delivery 
(Kopittke et al. 2019). Authors suggest that its effective-
ness results from its characteristics such as size, shape, high 
surface/volume ratio, and catalytic and magnetic properties 
(Huang et al. 2020; Juárez-Maldonado et al. 2019).

Biostimulation is described as a biological phenom-
enon in organisms in which their cells interact with exter-
nal impulses or stimuli. Therefore, biostimulants based 
on metallic and non-metallic NPs have been proposed for 
agricultural production and improving abiotic stress toler-
ance (Juárez-Maldonado et al. 2019; Mannan et al. 2023). 
To a large extent, metallic NPs have been used to modify 
the nutraceutical composition and quality of plants and con-
sequently promote the development of edible plants, yield, 
and fruit quality. In addition, these nanometric particles also 
favor the absorption of nutrients. However, biostimulation 
will be beneficial if the NMs are in an adequate range or at 
low concentrations (Juárez-Maldonado et al. 2019).

The stimulating effects of Fe NPs in various leguminous 
plants have been documented at low concentrations (1 to 300 
mg kg−1 of dry soil; Palmqvist et al. 2017; Raju et al. 2016). 
For instance, in soybean cultivation (Glycine max L.) Fe NPs 
at a concentration of 30 mg L−1 improved growth, shoot and 
nodule biomass, and biochemical parameters compared to 
conventional fertilizers (Cao et al. 2022). Also, peanut plants 
(Arachis hypogaea L.) improved morphological, physiologi-
cal, and biochemical traits and yield at 1000 mg kg−1 of Fe2O3 
NPs (Rui et al. 2016). In contrast, some reports have demon-
strated that at high concentrations of nanometric Fe (500, 700, 
1000 mg kg−1 or higher), the effects are inhibitory (Pérez-
Hernández et al. 2020), mainly on germination parameters 
and growth in several crops such as maize (Zea mays L.) or 
bean (Phaseolus vulgaris L.) (Wang et al. 2021; Sun et al. 
2019). In bean crops under the natural soil, authors found 
that Fe NPs increased plant height, root size, and dry and 
fresh biomass compared to the control (El-Sayed et al. 2023). 
Another study under hydroponic conditions revealed that Fe 
NPs promoted stem and root elongation (Sun et al. 2019). 
However, researchers have discussed the forms of application 
and means of evaluation since the absorption of NPs, either 
by the leaves or roots, influences the effectiveness in plants. 
The plant species, varieties, evaluation time, culture media, 
and properties of the NPs are factors that determine the action 
potential of the NPs on edible plants (Juárez-Maldonado et al. 
2019; Pérez-Hernández et al. 2020).

In other contexts, few works have evaluated the effect 
of Fe NPs on the absorption and accumulation of nutrients 
in roots, stems, and leaves. Feng et al. (2022) reported that 
wheat plants that grew in soil at concentrations of 200 and 
500 mg L−1 of Fe3O4 NPs improved growth and the con-
tent of leaves P, K, and Fe. Therefore, the authors conclude 
that supply of nanometric Fe is a viable option to improve 

the photosynthetic process of plants and increase nutrient 
content. In this line, authors have suggested that Fe NPs 
in edible plants increase the growth and nutrition of crops. 
Even so, there are few studies evaluated in tropical condi-
tions and with local plants using Fe NPs.

Beans (Phaseolus sp.) are one of Mexico’s most impor-
tant foods, economic, social, and cultural crops. Neverthe-
less, there is the species P. acutifolious, commonly known 
as escumite bean, a species with low economic demand for 
central and northern Mexico (Mwale et al. 2020). For the 
tropical zones of Chiapas and Oaxaca, it has economic and 
nutritional acceptance, being one of the most consumed vari-
eties at the beginning of each year. Drought and low soil 
fertility have been identified as mean problems regarding 
the production of this bean, the latest a result of intensive 
agricultural activities. For this, we hypothesize that, com-
pared to the control, concentrations between 100 and 400 mg 
of Fe NPs kg−1 of dry soil positively affect morphological 
characteristics and cause changes in the concentration of 
other nutrients in stems, leaves, and roots in plants. There-
fore, this research, for the first time in the Soconusco region, 
Chiapas, Mexico, is considering the application of Fe NP 
as a biostimulant for the growth of bean plants under field 
conditions. Under the previous context, the present research 
aimed to evaluate and understand how Fe NPs affect plant 
growth and content nutrients 35 days after the emergence 
of bean plants.

2 � Materials and methods

2.1 � Study site

The experiment was carried out for 35 days in the experi-
mental field of the Autonomous University of Chiapas 
(UNACH), Faculty of Agricultural Sciences, Huehuetán, 
Chiapas, México. The photoperiod was 12 h from April to 
May 2022, with an average temperature of 35 ± 2.5 °C, 
maximum and minimum temperature of 33.06 ± 0.29 °C, 
24.67 ± 0.09 °C in April, and 30.11 ± 0.30 °C, 24.61 ± 0.11 
°C by May. The total precipitation was 101 mm and 116 mm 
in April and May, respectively. The geographical location of 
the study site is 15°00′30.05″ N, 92°23′55.07″ W), located 
35 m above mean sea level.

2.2 � Biologic material and nanoparticles

Seeds of P. acutifolius were provided by the UNACH. The 
soil was collected from the experimental zone of the Faculty 
of Agricultural Sciences of UNACH. It was dried at room 
temperature and sieved (2 mm) before being placed in black-
nursery bags. The texture is a slit loamy (82.7%, silt; 11%, 
clay; 6.24%, sandy). The pH was 5.5, electrical conductivity 
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(EC) was 0.05 dS m−1, and organic matter (OM) was 2.85%. 
In addition, were determine the content of N (0.13%), P 
(20.6 mg kg−1), K (0.26 meq 100 g−1), Ca (26 meq 100 
g−1), Mg (1.86 meq 100 g−1), Fe (45 mg kg1), and Zn (3.45 
mg kg−1). The analyses were performed as proposed by the 
Official Mexican Standard methods.

Fe NPs were acquired from the industry ID-Nano, Mex-
ico. The size and shape NPs were determined by FE-SEM. 
The size of iron NPs ranged between 65.6 ± 18.5 nm with a 
semi-spherical form (Fig. 1). Previously, the same nanoma-
terial was characterized in other studies (Pérez-Hernández 
et al. 2021).

2.3 � Experimental design

Treatments consisted of Fe concentrations at 0 (no biostimu-
lation), 100, 200, 300, and 400 mg kg−1 of dry soil (n = 5). 
The tested concentrations of Fe NPs were determined after 
searching for different effects on bean plants, which revealed 
that NPs caused positive effects at concentrations of 10 to 
200 mg kg−1 dry soil. However, the literature found that 

concentrations of 400 and 800 mg kg−1 did not cause effects 
and, in other cases, adverse effects were found (Yang et al. 
2020). The studies consulted were carried out in different 
substrate conditions (laboratory, greenhouse, and field) with 
natural and artificial soil. Therefore, for this work, we used 
concentrations ranging between 100 and 400 mg kg−1 of dry 
soil under natural and tropical conditions.

The Fe NPs were added to the soil through a suspension 
with deionized water. For each replicate per treatment, NPs 
were placed in 10 mL capped glass tubes with deionized 
water and sonicated for 15 min. Next, the NPs were placed 
in a volumetric flask, deionized water was added to adjust 
the 1000 mL, and finally, it was added to each experimental 
unit (Pérez-Hernández et al. 2021).

2.4 � Plant and soil sample collection

The experiment was carried out in the open field using 
plastic bags using the complete randomized design and 
five repetitions for each treatment. Each black plastic bag 
(30 cm height × 25 cm diameter) was filled with 2.0 kg 

Fig. 1   Characterization of Fe NPs by field emission scanning electron microscopy (FE-SEM). (A) Corresponding elemental mapping images to 
×2000, 10 μm and (B) 50 kx, 50 nm, (C) average size, (D) elemental composition with EDX, and XRD spectrum



2908	 Journal of Soils and Sediments (2024) 24:2905–2917

1 3

of dry soil for plant growth. Three seeds were deposited 
per bag. When the plant emerged 100% uniform (day 5), 
one seedling was left per bag (replication). Subsequently, 
the evaluations were carried out on 7, 14, 21, 28, and 35 
days after application (DAA) of NPs.

For each sampling, the plant height was measured with 
a ruler from the base of the stem on the soil surface to 
the tip of the last leaf. In field, Fresh weight was obtained 
after separating the stems and leaves from the roots. Later, 
the roots were washed and dried at room temperature (1 
h). Root size was measured from the point of growth to 
the end point of the root (cm). Leaf area was measured 
with a leaf area integrator (Li-Cor 3000®), for this, four 
leaves were taken from three plants per treatment. Finally, 
all the samples (stems, leaves, and root) were dried in 
an oven at 80 °C for 72 h, when constant weight was 
obtained. The fresh and dry biomass of stems, leaves, 
and roots were measured with an analytical balance (g).

2.4.1 � Chemical analysis

The acid digestion method was used to determine P, 
K, Ca, Mg, Fe, Mg, and Zn in plants (root, stems, and 
leaves). After drying the plant tissue, it was ground to 
obtain a fine powder. For digestion, 0.20 g of stems and 
leaves and 0.10 g of roots were used. A mixture of nitric 
acid (HNO3), hydrogen peroxide (H2O2), and hydrofluoric 
acid (HF) was used (Pequerul et al. 1993). Fe concentra-
tions and the elements (P, K, Ca, Mg, Mn, and Zn) were 
analyzed by inductively coupled plasma (ICP, using a 
Perkin Elmer Mod. Optima 8300 equipment).

2.5 � Statistical analysis

An analysis of variance (ANOVA) was performed under a 
completely randomized design following the general lin-
ear model (GLM) procedure to evaluate the effect of the 
treatments on morphological characteristics and elements 
in plants. When significant differences were observed, 
a comparison of means was applied (Tukey’s test; p ≤ 
0.05). For statistical analysis and principal component 
analysis (PCA), the Minitab Version 20.0 program was 
used, while the correlation analysis was performed with 
Past (4.09) software.

3 � Results

3.1 � Fe NPs in plant growth and biomass

For plant height, at 7 days of evaluation, there was no signifi-
cant difference between treatments (Fc7DAA = 2.71, p = 0.063; 
Fig. 2). At 14 days, no statistical differences were observed 
between the control treatments, 100 and 200 mg kg−1. How-
ever, the concentration of 300 and 400 mg kg−1 caused a 
higher plant height (Fc14DAA = 10.58, p = 0.000; Fig. 2). In 
contrast, at 21, 28, and 35 days of evaluation, plant height at 
concentrations of 100, 200, 300, and 400 mg kg−1 of dry NP 
Fe soil was higher compared to the control (Fc21DAA = 11.8, 
p = 0.000; Fc28DAA = 2.58, p = 0.05; Fc35DAA = 3.99, p = 
0.018; Fig. 2). In general, at least for the plant height variable, 
between 14 and 35 days of evaluation, bean plants responded 
positively to concentrations of 300 and 400 mg kg−1 of dry 
soil of Fe NPs.

Fig. 2   Effect of iron NPs on 
plant height of P. acutifolious. 
Different letters on the bars 
indicate significant differences 
among treatments (p ≤ 0.05; n 
= 5). Data are mean values ± 
standard error. Numbers 7, 14, 
21, 28, and 38 correspond to 
days after NPs application
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Regarding the number of leaves, after 7 days of evalua-
tion, no significant difference was observed between treat-
ments (Fc7DAA = 1.24, p = 0.33; Fig. 3). The significant 
differences between treatments were evident at 14, 21, 28, 
and 35, with the concentrations of 100, 200, and 300 mg 
kg−1 of Fe NPs being the ones that promoted the greatest 
number of leaves (Fc14DAA = 6.34, p = 0.003; Fc21DAA = 
6.42, p = 0.002; Fc28DAA =6.45, p = 0.002; Fc35DAA = 
3.49, p = 0.03; Fig. 3). Interestingly, there was no statisti-
cal difference in control and at the highest concentration 
(400 mg kg−1 of Fe NPs), i.e., both treatments caused a 
lower number of leaves per plant. In general, for this vari-
able, the concentration of 100 mg kg−1 was the one that 
promoted a higher number of leaves as the days progressed 
(Fig. 3). In fact, in the image, it is observed that the con-
centration of 300 and 400 mg kg−1, the Fe NPs promoted 
an increase in the width and length of leaves.

At the time of harvest, after 35 days of evaluation 
for root size, no significant differences were observed 

between treatments (Fc = 0.63, p = 0.648). The values 
are not shown in the graphs.

At 35 days of evaluation, the analysis of variance for 
the rest of the physicochemical parameters indicated a sig-
nificant difference between treatments (Table 1). However, 
compared with the control treatment and 400 mg kg−1, the 
concentration of 300 mg kg−1 increased the fresh weight 
(Fc = 3.98, p = 0.016) and dry weight (Fc = 2.86, p = 
0.04) of stems and leaves. Fe NPs at 100, 200, and 300 mg 
kg−1 significantly increased root fresh weight compared to 
the control and slightly compared to 400 mg kg−1 (Fc = 
4.31, p = 0.012). On the contrary, the concentration of 300 
mg kg−1 increased the dry weight of roots compared to the 
control treatment, 100 and 400 mg kg−1 of Fe NPs (Fc = 
6.16, p = 0.002). Interestingly, the leaf area was higher at 
the concentration of 100 mg kg−1 compared to the rest of the 
treatments, including the control (Fc = 15.53, p = 0.000).

With PCA, we evaluate the variability of the data to 
confirm and further reveal the interactions between the 

Fig. 3   Effect of iron NPs on 
number of leaves of P. acutifoli-
ous. Different letters on the bars 
indicate significant differences 
among treatments (p ≤ 0.05; n 
= 5). Data are mean values ± 
standard error. Numbers 7, 14, 
21, 28, and 38 correspond to 
days after NPs application
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Table 1   Effect of iron NPs at 35 days on fresh weight and dry stems, leaves, roots, and leaf area of P. acutifolious 

a mg Fe NPs kg−1 dry soil
b Data are mean values (n = 5) ± standard error. The different letters along with the values show significant differences (p ≤ 0.05)

Treatmentsa Fresh weight of stems 
and leaves (g)

Dry weight of stems 
and leaves (g)

Fresh weight of roots (g) Dry weight of roots (g) Leaf area (cm2)

Control (0) 5.65 ± 0.40bb 1.09 ± 0.09b 0.57 ± 0.02b 0.21 ± 0.04b 6.26 ± 0.49c
100 9.34 ± 2.03ab 1.47 ± 0.38ab 4.48 ± 1.27a 0.45 ± 0.10b 11.24 ± 0.71a
200 8.26 ± 1.16ab 1.61 ± 0.25ab 4.56 ± 0.57a 0.85 ± 0.42ab 8.85 ± 0.39b
300 11.96 ± 1.07a 2.23 ± 0.20a 4.74 ± 0.68a 1.48 ± 0.40a 8.67 ± 0.34b
400 6.16 ± 0.78b 1.29 ± 0.19ab 3.08 ± 0.77ab 0.36 ± 0.03b 7.54 ± 0.17bc
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morphological variables and the concentrations of Fe NPs. 
The PC1 (40.66%) and PC2 (35.80%) explained 76.46% of 
the general variability of the data (Fig. 4). For morphologi-
cal variables, PCA 1 represented the variables fresh and dry 
weight of stems, leaves, and roots; number of leaves; and leaf 
area. The PCA 2 represented the variables plant height, fresh 
and dry weight of roots.

The effect of Fe NPs is appreciated by the location of 
the red letters in the biplot in relation to the green arrows 
and the distance between the two points that approximates 
their similarity. Briefly, the analysis showed that the 
100, 200, and 300 mg kg−1 Fe NPs treatments positively 
affected most variables. In contrast, the control treatment 
and 400 mg kg−1 confirm that they negatively affected 
most variables.

3.2 � Fe NPs in nutrient accumulation

Compared to the control, all concentrations (100, 200, 300, 
and 400 mg kg−1) showed a statistical difference in the accu-
mulation of P, Ca, and Mg in the root system (FcP = 8.89, 
p = 0.001; FcCa =4.93, p= 0.009; FcMg = 5.51, p = 0.006; 
Table 2). However, compared to the control, the treatments 
with Fe NPs showed no significant effects on the accumula-
tion of K (Fc = 0.66, p = 0.627). A statistical difference was 
observed between treatments, including the control, regarding 

micronutrients. Only the concentrations of 200 and 300 mg 
kg−1 of Fe NPs promoted a higher accumulation of Fe and 
Mn compared to the 100, 400 mg kg−1, and control (FcFe = 
29.34, p = 0.000; FcMn = 23.7, p = 0.000). The 200 mg kg−1 
treatment and slightly the control treatment promoted a higher 
accumulation of Zn in roots than the 100, 300, and 400 mg 
kg−1 (Fc = 5.87, p = 0.004).

The treatments with Fe NPs have no significant impact on 
P, K, and Mg content in either leaf (FcP = 4.0, p = 0.020; FcK 
= 1.39, p = 0.282; FcMg = 2.57, p = 0.078; Table 2). A statisti-
cal difference was noticeable between treatments for calcium 
content, which was higher in control compared to the rest of 
the treatments (FcCa = 4.13, p = 0.017). Regarding the micro-
nutrients in the leaves, in the accumulation of Mn and Zn, no 
significant differences were found between treatments, including 
the control (FcMn = 2.93, p = 0.054; FcZn = 2.18, p = 0.118). A 
statistical difference was found in the accumulation of Fe (FcFe 
= 4.76, p = 0.010).

Finally, with the analysis of principal components (Fig. 4), 
it was shown that for the nutrient content in roots, PCA 1 repre-
sented the P, Ca, Mg, Mn, Fe, and Zn, while PCA 2 represented 
P, K, Ca, Mg, Mn, Fe, and Zn in stems and leaves. The K was 
represented in PCA 2 (stems, leaves, and roots). The Fe values 
were higher in 300 and 400 mg kg−1 of Fe NPs and lower in 100 
and 200 mg kg−1 of Fe NPs. Interestingly, the control treatment 
was statistically similar to the concentration of 300 mg kg−1.

Fig. 4   Principal component 
analysis (PCA) for the morpho-
logical variables and content 
nutrients based on the concen-
tration of Fe NPs at 35 days of 
evaluation of P. acutifolious. 
PH, plant height; FWSL, fresh 
weight of stems and leaves; 
DWSL, dry weight of stems 
and leaves; FWR, fresh weight 
of roots; DWR, dry weight of 
roots; L, leaves; LA, leaf area. 
The initial of the minerals fol-
lowed by the letters “-sl” means 
stems-leaves, while those fol-
lowed by “-r” mean roots
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4 � Discussion

4.1 � Effect of iron NPs on morphological 
characteristics

The interactions of metal and metal oxides NPs with soil 
have been discussed. When NPs interact with the soil, the 
NPs can transform, such as homoaggregation, heteroag-
gregation, oxidation, dissolution, and precipitation. Con-
sequently, they can cause biological (soil biota), physical 
(porosity, texture, apparent density), and chemical changes 
in the soil (pH, redox potential, electrical conductivity, and 
organic matter, among others). Furthermore, NPs also inter-
act with soil minerals, which can affect availability in the 
soil solution. Due to the possible transformations or changes 
that NPs can cause, they influence their mobility and uptake 
by plants (Pérez-Hernández et al. 2020).

In the present experiment, because of the application of 
nano-bioestumulants to soil, the height of escumite bean 
plants was observed to alleviate considerably compared to 
the plants in untreated soil conditions. Previous studies have 
reported that between 10 and 300 mg kg−1 of dry soil of Fe 
NP increased the height of bean plants (Raju et al. 2016) 
and in other crops such as Arachis hypogaea L., Zea Mays 
L. Capsicum annuum L. (Rui et al. 2016; Wang et al. 2021). 
However, despite the positive results with 300 and 400 mg 
kg−1 of Fe NP, these findings must be judged with caution 
since other investigations have shown that concentrations 
at 400 and 500 mg kg−1 produce damage effects (Wang 
et al. 2021). For example, Fe NPs at 600 mg kg−1 produced 
phytotoxicity in mung bean plants (Sun et al. 2019). In the 
study of Wang et al. (2021) they showed that at 500 mg 
kg−1 in maize plants, Fe NPs affected antioxidants. Even 

glutamic acid was reduced by 99%, highlighting that this 
amino acid is responsible for the synthesis of several amino 
acids in plants. Therefore, it is suggested that the effect of 
NPs at concentrations of 400 mg kg−1 positively affects plant 
height. However, it cannot be concluded that the higher the 
concentration evaluated improves the rest of the parameters 
studied. Some research has found controversial effects. 
Studies affirm that while high concentrations of NPs favor 
parameters such as plant height and root size, parameters 
such as total biomass, fruit quality, and other biochemical 
parameters in plants are unfavorable (Yuan et al. 2018). 
Regarding the number of leaves in control and the highest 
concentration (400 mg kg−1 of Fe NPs), no statistical differ-
ence was observed. Both treatments caused a lower number 
of leaves per plant. In general, for this variable, the concen-
tration of 100 mg kg−1 was the one that promoted a high 
number of leaves as the days passed. The results confirm the 
hypothesis that at least one of the concentrations positively 
affects the morphological characteristics of the plants. In the 
literature, it has been documented that high concentrations 
and the size of NPs allow them to accumulate in plants, alter 
the size of the leaves and affect their photosynthetic reac-
tions by altering the composition of proteins, in the transport 
chain of electrons, the biosynthesis of chlorophyll, and the 
synthesis of carbohydrates (Jankovskis et al. 2022). There-
fore, based on the results, it is suggested that the higher con-
centration of Fe NPs negatively affects the number of leaves; 
this may occur due to the harmful effects that NPs cause 
at the cellular level. The studies carried out by Afzal et al. 
(2022) demonstrated that applications of 500 mg kg−1 of Fe 
NP applied to rice plants (O. sativa L.) caused a decrease in 
protein and total chlorophyll content compared to concen-
trations of 10 mg kg−1 of soil. However, other experiments 

Table 2   Effect of iron NPs at 35 days on content nutrients in roots or in stems and leaves of P. acutifolius 

a Data are mean values (n = 5) ± standard error. The different letters along with the values show significant differences between kinds of tissue 
(p ≤ 0.05)

Treatments (mg of Fe 
NPs kg−1 of dry soil)

P K Ca Mg Fe Mn Zn
mg kg−1 dry weight

Roots
  Control 1067 ± 302ba 20443 ± 2862a 1410 ± 1210b 1920 ± 767b 3740 ± 171b 86.7 ± 12b 176.7 ± 31.2ab
    100 2120 ± 149a 23090 ± 2509a 8210 ± 1825a 3065 ± 281a 5570 ± 980b 145 ± 19.4b 122.5 ± 7.5b
    200 1688 ± 69.8a 18968 ± 2597a 7056 ± 651a 2910 ± 118a 12656 ± 883a 226 ± 7.48a 418 ± 112a
    300 1760 ± 61.7a 19344 ± 2499a 5602 ± 726ab 3016 ± 154a 12256 ± 725a 236 ±10.3a 58 ± 3.74b
    400 2135 ± 114a 22805 ± 739a 7520 ± 973a 3065 ± 168a 5083 ± 569b 142.5 ±13.8b 77.5 ± 21b
Stems and leave
  Control 1037 ± 246aa 20173 ± 2862a 30820 ± 583a 4897 ± 414a 1127 ±139ab 87 ± 7.0a 28 ± 5.8a
    100 1264 ± 135a 17750 ± 2422a 22128 ± 2216ab 3582 ± 334a 754 ± 96.6b 68 ± 4.9a 18 ± 2.0a
    200 1030 ± 303a 17728 ± 1804a 19165 ± 2431b 3405 ± 475a 805 ± 72.6b 65 ± 15a 17.5 ± 4.7a
    300 1826 ± 199a 22498 ± 852a 24744 ± 1231ab 4362 ± 236a 1130 ± 103ab 94 ± 10.3a 22 ± 2.0a
    400 2025 ± 258a 20763 ± 1298a 23463 ± 1892ab 4085 ± 329a 1890 ± 439a 102.5 ± 7.5a 27.5 ± 2.5a
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showed that 500 mg L−1 of iron oxide NP did not exert any 
toxic effect on pumpkins (Cucurbita maxima L.) that grew in 
a hydroponic medium (Zhu et al. 2008). We suggest that, for 
the present experiment, the concentration of 100 and 200 mg 
kg−1 positively and constantly affected the number of leaves 
from 14 to 35 days of evaluation.

The latest research suggests that Fe NPs at low concen-
trations act as stimulators under different types of stress, 
such as salinity, drought, and humidity (Dola et al. 2022; 
Juárez-Maldonado et al. 2019). Reports have shown that 
even under stress conditions, plant responses substantially 
improve total fresh and dry weight (Dola et al. 2022). For the 
present experiment, the escumite bean was cultivated in the 
dry season since to its physiology, it requires little humid-
ity. However, low soil fertility affects biomass production. 
Indeed, we observed that for control treatment, the fresh 
and dry biomass of stems, leaves, and roots was lower com-
pared to plants that grew conditioned with Fe NPs between 
100 and 300 mg kg−1. Therefore, the stimulatory effect of 
Fe NPs is substantially effective in counteracting soil fertil-
ity problems (Zhao et al. 2020). Authors suggest that the 
stimulatory effect of NPs on plants is due to the surface 
charges of nanomaterials, which increase the internaliza-
tion of NPs in cells, triggering changes in plant metabolism 
(Juárez-Maldonado et al. 2019). In this case, the beneficial 
effect was observed on biomass and parameters such as the 
height of the plant, the number of leaves, and the leaf area. 
In contrast, high concentrations of NPs cause cell damage, 
coming from the accumulation of NPs in the vacuoles and 
mitochondria (Ma et al. 2015), an effect that, for the present 
experiment, was observed at the concentration of 400 mg 
kg−1 of dry soil, causing a marked decrease in leaf area. 
Authors revealed that high concentrations of Fe NPs cause 
damage in the formation of chloroplasts. In this line, the 
researchers suggest that low concentrations positively modi-
fied cell walls, resulting in higher elongation in C. annuum 
plants (Yuan et al. 2018). Indeed, it is important to comment 
that the positive effect of low concentrations (50–150 mg 
kg−1) of Fe NPs on fresh, dry biomass and leaf area was 
documented for edible crops (Elizabath et al. 2017; Iannone 
et al. 2021). For example, a study in carrots (Daucus carota 
L.) showed that, compared to the control, the application of 
100 and 150 mg L−1 of Fe NPs caused a beneficial effect on 
the leaf area (Elizabath et al. 2017). In soybean (Glycine max 
L.) and alfalfa (Medicago sativa L.), the concentrations of 
50 and 100 mg L−1 of Fe NPs improve the length and weight 
of the root and shoot (Iannone et al. 2021). Also, in soybean 
(Glycine max L.), compared to the control, 30, and 60 mg/
pot (pot of 2-kg dry soil), at 15 mg/pot there was greater, 
dry weight of root and shoots (Yang et al. 2020). Therefore, 
based on the results, we suggest that doses between 100 and 
300 mg kg−1 of Fe NPs may be a viable option to improve 
the quality of the morphological characteristics of beans 

during the growth stage. The PCA (Fig. 4) confirmed that 
the concentrations of 100, 200, and 300 mg kg−1 promoted 
high values on most of the morphological characteristics of 
the plants. In contrast, the control treatment and 400 mg kg−1 
caused low values for most of the variables. As mentioned 
above, NPs will only have a positive effect if they are in an 
optimal range for plants or at a low concentration since, in 
high concentrations, these cause damage. Therefore, it was 
evident that plants without the supply of NPs did not favor 
the improvement in all agronomic variables, thus suggesting 
that NPs have a stimulatory effect compared to the control 
(Juárez-Maldonado et al. 2019).

It is prudent to argue that NPs can improve the mor-
phological characteristics. However, although we did not 
evaluate this last parameter, the literature shows evidence 
that agronomic management of the crop, based on organic 
agriculture and the application of NPs at low concentrations, 
can achieve quality products.

4.2 � Effect of iron NPs on nutrient concentration

The effect of different concentrations of nanomaterials has 
been evaluated in many edible crops but not in escumite 
beans, specifically, Fe NPs on the accumulation of nutrients 
in plant tissue (roots, stems, and leaves). Although there are 
few reports, researchers show evidence that supplementing 
Fe NPs to the soil promotes the absorption of other essen-
tial elements in plants. Therefore, iron supplementation in 
nanometric form is a viable option to mitigate Fe deficiency 
in soil and plants (Rizwan et al. 2019).

As mentioned in the literature, even though most soils 
are rich in Fe, up to 35% of Fe is plant limited. There-
fore, the presenting high surface charge by Fe NPs allows 
physicochemical and electrical changes in the surrounding 
environment. These properties of Fe NPs act as nanomet-
ric fertilizer additives, thus allowing greater availability to 
plants compared to conventional fertilizers, consequently 
being lost by leaching, fixation, or volatilization (Le Wee 
et al. 2022). So, for our results suggest that for the escu-
mite bean crop, the nano iron at concentrations of 100 and 
300 mg kg−1 promotes the absorption and accumulation of 
macronutrients in the root system, at least for Ca, P, and 
Mg. Nevertheless, in the treatments with NPs, there was a 
higher accumulation of P and K in the root than in stems 
and leaves, but not with Ca, which was 3 to 4 times higher 
in stems and leaves than in roots.

The differences in the accumulation of nutrients in the 
aerial part and the roots of the plants due to the effect of the 
Fe NPs is still a questionable issue since, regardless of the 
unique properties of the NPs, soil factors play a role impor-
tant in the process of absorption of the nutrients. Ahmed 
et al. (2021) reported in an experiment with rice plants (O. 
sativa) that 100 mg kg−1 of Fe NPs stimulated the uptake 
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of N, P, K, Ca, and Mg, even when the plants grew under 
Cd stress. Similarly, Banerjee and Roychoudhury (2021) 
reported that the γ Fe2O3 NPs in rice plants accelerated the 
uptake of K, Zn, Cu, and Mn.

A study that evaluated the effect of Fe NPs in bean crops 
revealed that, compared to the control, concentrations of 
1000 and 2000 mg kg−1 caused a greater uptake of total P in 
plants (De Souza et al. 2019). To the best of our knowledge, 
most of the phosphorus in the soil is immobile and insoluble 
(Abd-Alla 1994). Coinciding with De Souza et al. (2019), 
this suggests that, for the present experiment, the treatments 
with Fe NPs facilitated the conversion of insoluble phospho-
rus to soluble phosphorus, which enabled the accumulation 
of this nutrient in roots, stems, and leaves, which in turn pro-
moted an effect on plant growth and movement of nutrients 
in plants. The reasons for the availability of phosphorus and 
its accumulation in plants by the action of Fe NPs continue 
in debate. Some authors suggest that Fe3O4 NPs increased 
phosphorus uptake in calcareous soil (Moharami and Jalali 
2015), while others indicate that phosphorus absorption 
decreases with increasing Fe NPs (Koopmans et al. 2020).

In the experiment, possibly the Fe NPs joined the phos-
phorus ions, forming Fe-phosphate (Feng et  al. 2022), 
which could have had a beneficial effect on the plant since 
a height plant difference was observed between the treat-
ments with NPs and the control. The correlation analysis of 
the nutrients in the leaf can confirm this hypothesis, since 
the value of Pearson’s r is moderate in the Fe-P relationship 
(r = 0.43, p = 0.05; Fig. 5). However, although no signifi-
cant relationship was observed between Fe and K, Ca and 
Mg (r = 0.34, p = 0.137; r = 0.30, p = 0.18; r = 0.36, p = 

0.111, respectively; Fig. 5), the amount of macronutrients 
in stems and leaves was sufficient for the plant. In addition, 
since the Mg content was higher in all treatments with NPs, 
this allowed a higher fresh and dry weight of stems, leaves, 
and the number of leaves. Indeed, in the literature, it is 
reported that Mg plays an essential role in photosynthesis 
(Wolf et al. 2019).

Little has been reported in the literature on the effect 
of Fe NPs on calcium availability and accumulation in 
the roots, stems, and leaves of bean plants. In the present 
experiment, Ca content was higher in stems and leaves and 
lower in roots, but, compared to the control, Fe NPs treat-
ments caused higher Ca accumulation independent of tissue 
(Tables 1 and 2). White (2003) suggest that when the Ca 
abundant is present in the xylem sap, there is a close rela-
tionship between the distribution of Ca to the shoot and tran-
spiration, in which Ca will be lodged either in the mesophyll, 
epidermal cells or trichomes, depending on the plant species. 
On the other hand, interactions between Ca and other nutri-
ents have been reported. In this case, in the leaves, the rela-
tionship between Ca and Mg, Mn and Zn were positive but 
negative in the root system. In fact, the relationship between 
Ca and Fe for both the root and stems and leaves were low 
to null (Fig. 5). Although the Fe NPs caused a difference in 
Ca accumulation, possibly other factors may respond to the 
differences in Ca concentration in escumite beans.

In the case of micronutrients, the concentration of Fe, 
Mn, and Zn was higher in the roots than in the aerial part. 
Authors have reported that the efficiency in the absorp-
tion of Fe and other nutrients by the roots is mediated by 
the regulation of iron transporter genes in plants with iron 

Fig. 5   Effect of iron NPs at 35 
days on correlation nutrients in 
roots and leaves of P. acutifo-
lius. The initial of the minerals 
followed by the letters “-sl” 
means stems-leaves, while those 
followed by “-r” mean roots. 
The color of the ellipses denotes 
high correlation (deep red), 
low correlation (light green), 
and negative correlation (blue 
intense). Furthermore, the flat-
tened ellipses indicate values 
close to 1
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deficiency, verified in crops such as Oryza sativa L. (Li et al. 
2016), Citrus maxima L. (Hu et al. 2017). The absorption 
and accumulation of macronutrients and Fe occur through 
the apoplastic pathway in the root (Rai et al. 2022; Rui et al. 
2016). However, the absorption depends on the concentra-
tion supplied, the size, the shape of the NP, and the plant 
phenotype (Dimkpa 2018). For the present experiment, the 
minimum size of the Fe NPs ranged between 11.5 and 15.7 
nm, which allowed them to easily penetrate the cell wall, 
which in plants ranges in size from 1 to 100 μm (Rai et al. 
2022). Therefore, nano-biostimulants, through their phys-
icochemical properties, guarantee high reactivity within the 
cells, resulting in greater availability and efficiency of plant 
nutrients (Khan et al. 2019). In fact, in leaves, 80% of the 
Fe is found in the chloroplast. So that a drop in the content 
reduces the photosynthetic activity and, consequently, plant 
growth (Kim et al. 2014).

According to the correlation analysis in roots, no signifi-
cant differences were observed between Fe versus Zn (r = 
0.36, p = 0.106; Fig. 5), but not in the relationship between 
Fe and Mn, which was significant (r = 0.96, p = 0.000; 
Fig. 5). Although the accumulation of micronutrients for Mn 
and Zn in roots was dose-dependent (Table 2), doubts remain 
as no correlation effects were observed between Fe and Zn. 
As other authors have indicated, the supplementation of NPs 
to the soil and the effect that nanomaterials as fertilizers have 
not been fully investigated (Martínez-Fernández et al. 2015). 
The reports by Yoon et al. (2019) suggest that an increasing 
concentration of nZVI NPs can suppress the uptake of Mn 
and Zn in the leaves, as occurred in the present for the treat-
ments with NPs. Also, the authors discussed the antagonistic 
effect between soil nutrients and the low Zn absorption by 
plants. The high content of P and Ca in the soil decreases the 
absorption capacity of Zn in different crops, such as corn, 
beans, peanuts, and potatoes, among others (Prasad et al. 
2016), a situation that could have occurred in our experi-
ment. According to Figure 5, a negative or null correlation 
of Zn versus P and Ca is observed (r = −0.24, p = 0.305; 
r = 0.06, p = 0.792), as well as with other nutrients. How-
ever, we suggest that Fe NPs influenced on Zn accumulation 
in roots. Despite our interesting findings, many questions 
remain to be resolved. Although we found higher values of 
accumulation of macro- and micronutrients in the roots than 
in the leaves, when performing the correlation analysis of 
Fe NPs and micronutrients in the leaves, Pearson’s r values 
were moderate to high for the Zn and Mn (r = 0.55, p = 
0.00; r = 0.70, p = 0.18, respectively; Fig. 5). The reason 
for the relationship is that the Mn and Zn interact due to the 
chemical similarity between their divalent cations and the 
lack of specificity of Fe transporters in certain plant spe-
cies (Sinclair and Krämer 2012; Yoon et al. 2019). On the 
other hand, studies have shown that the ability of the plant to 
accumulate nutrients in the root depends on the species and 

soil factors (Rastogi et al. 2017). The research by González-
Moscoso et al. (2021) demonstrated that 250 and 1000 mg 
L−1 NPs of SiO2 in tomato plants under greenhouse condi-
tions caused a greater absorption of Cu and Zn in the roots 
but not in the leaves. These results agree with our findings 
since bean plants concentrate higher macronutrient (P, Ca, 
Mg) and micronutrient (Fe, Mn, and Zn) content in roots 
than in stems and leaves. These differences in accumulation 
could have occurred due to an accumulation of Fe NPs in the 
epithelial cells of the root surface (Martínez-Fernández et al. 
2016). On the other hand, the high specific surface area and 
the reactivity of the Fe NPs could block pores and therefore 
decrease the absorption of water and nutrients from the root 
to the xylem (Martínez-Fernández et al. 2016). In addition, 
other studies suggest that during the uptake of Fe NPs in 
the root, mediated by transporter genes; they can interact 
with proteins and, at the same time, cause a blockage with 
the uptake channels, which prevents the accumulation of Fe 
in stems and leaves (Dietz and Herth 2011). Finally, in the 
experiment, both Mg and Zn correlated with the rest of the 
nutrients in the leaves (Fig. 5).

On the other hand, interesting results were found in the 
relationship between nutrients in stems and leaves vs roots. 
For example, Fe in the root presented a negative correlation 
with most nutrients in stems and leaves. However, the effect 
was not significant (p ≤ 0.05). Regarding Zn in the root, it 
was negatively correlated with the rest of the nutrients in 
the leaves (P, K, Ca, Mg, Mn, and Zn; p ≤ 0.05, Figs. 4 and 
5). In the case of Ca in stems and leaves, it was negatively 
related to most nutrients in the roots but was only significant 
with Fe, Mn, and Zn (p ≤ 0.05; Figs. 4 and 5). Other but 
non-significant relationships are shown in Figure 5.

As reported in the literature, the soil matrix is complex 
due to the physicochemical and biological factors of the soil. 
Soil texture, pH, electrical conductivity, organic matter, and 
enzyme secretion in the rhizosphere appear to be factors in 
the availability and mobility of nutrients to the plant (Suazo-
Hernández et al. 2023).

5 � Conclusions

This study investigates the biostimulation effect of Fe NPs 
on morphological parameters during the growth stage of P. 
acutifolious beans. Additionally, the absorption of macro-
nutrients and micronutrients in stems-leaves and roots was 
studied. We found that the concentrations of 100, 200, and 
300 mg Fe NPs kg of dry soil positively affect the fresh and 
dry biomass of stems-leaves and roots. At the same time, 
they promote a higher accumulation of P, Ca, Mg, Fe, Mn, 
and Zn in roots and less in stems and leaves. We suggested 
that the Fe NPs at low concentrations may increase the mor-
phological characteristics of Fe-deficient bean plants under 
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the soil. For future research, it is opportune to evaluate the 
effect of NPs on production parameters and grain quality. 
Also, it is important to study with a holistic approach in 
which evaluations of the soil biota are included to avoid 
damage to the environment.

Acknowledgements  Mexican authors thanks to CONAHCYT.

Funding  This research was funded by Cinvestav Saltillo, and Postdoc-
toral fellowship in favor of H P-H (2022-2024).

Declarations 

Conflict of interest  The authors declare no competing interests.

 References

Abd-Alla MH (1994) Phosphatases and the utilization of organic phos-
phorus by Rhizobium leguminosarum biovar viceae. Lett Appl 
Microbiol 18(5):294–296. https://​doi.​org/​10.​1111/j.​1472-​765X.​
1994.​tb008​73.x

Afzal S, Aftab T, Singh NK (2022) Impact of zinc oxide and iron oxide 
nanoparticles on uptake, translocation, and physiological effects 
in Oryza sativa L. J Plant Growth Regul 41(4):1445–1461. https://​
doi.​org/​10.​1007/​s00344-​021-​10388-1

Ahmed T, Noman M, Manzoor N, Shahid M, Abdullah M, Ali L, 
Wang G, Hashem A, Al-Arjani ABF, Alqarawi AA, Abd-Allah 
EF, Li B (2021) Nanoparticle-based amelioration of drought stress 
and cadmium toxicity in rice via triggering the stress responsive 
genetic mechanisms and nutrient acquisition. Ecotoxicol Environ 
Saf 209:111829. https://​doi.​org/​10.​1016/j.​ecoenv.​2020.​111829

An C, Sun C, Li N, Huang B, Jiang J, Shen Y, Wang C, Zhao X, Cui 
B, Wang C, Li X, Zhan S, Gao F, Zeng Z, Cui H, Wang Y (2022) 
Nanomaterials and nanotechnology for the delivery of agrochemi-
cals: strategies towards sustainable agriculture. J Nanobiotechnol 
20(1):11. https://​doi.​org/​10.​1186/​s12951-​021-​01214-7

Banerjee A, Roychoudhury A (2021) Maghemite nano-fertilization 
promotes fluoride tolerance in rice by restoring grain yield and 
modulating the ionome and physiome. Ecotoxicol Environ Saf 
215:112055. https://​doi.​org/​10.​1016/j.​ecoenv.​2021.​112055

Cao X, Yue L, Wang C, Luo X, Zhang C, Zhao X, Wu F, White JC, 
Wang Z, Xing B (2022) Foliar application with iron oxide nano-
materials stimulate nitrogen fixation, yield, and nutritional quality 
of soybean. ACS Nano 16(1):1170–1181. https://​doi.​org/​10.​1021/​
acsna​no.​1c089​77

De Souza A, Govea-Alcaide E, Masunaga SH, Fajardo-Rosabal L, 
Effenberger F, Rossi LM, Jardim RF (2019) Impact of Fe3O4 
nanoparticle on nutrient accumulation in common bean plants 
grown in soil. SN Appl Sci 1(4):308. https://​doi.​org/​10.​1007/​
s42452-​019-​0321-y

Dietz K-J, Herth S (2011) Plant nanotoxicology. Trends Plant Sci 
16(11):582–589. https://​doi.​org/​10.​1016/j.​tplan​ts.​2011.​08.​003

Dimkpa CO (2018) Soil properties influence the response of terrestrial 
plants to metallic nanoparticles exposure. Curr Opin Environ Sci 
Health 6:1–8. https://​doi.​org/​10.​1016/j.​coesh.​2018.​06.​007

Dola DB, Mannan MA, Sarker U, Mamun MAA, Islam T, Ercisli S, 
Saleem MH, Ali B, Pop OL, Marc RA (2022) Nano-iron oxide 
accelerates growth, yield, and quality of Glycine max seed in 
water deficits. Front Plant Sci 13:992535. https://​doi.​org/​10.​3389/​
fpls.​2022.​992535

Elizabath A, Bahadur V, Misra P, Prasad VM, Thomas T (2017) 
Effect of different concentrations of iron oxide and zinc oxide 

nanoparticles on growth and yield of carrot (Daucus carota L.). J 
Pharmacogn Phytochem 6(4):1266–1269

El-Sayed E-SR, Mohamed SS, Mousa SA, Abo El-Seoud MA, Elme-
hlawy AA, Abdou DAM (2023) Bifunctional role of some bio-
genic nanoparticles in controlling wilt disease and promoting 
growth of common bean. AMB Express 13(1):41. https://​doi.​org/​
10.​1186/​s13568-​023-​01546-7

Feng Y, Kreslavski VD, Shmarev AN, Ivanov AA, Zharmukhamedov 
SK, Kosobryukhov A, Yu M, Allakhverdiev SI, Shabala S (2022) 
Effects of iron oxide nanoparticles (Fe3O4) on growth, photosyn-
thesis, antioxidant activity and distribution of mineral elements 
in wheat (Triticum aestivum) Plants. Plants 11(14):1894. https://​
doi.​org/​10.​3390/​plant​s1114​1894

González-Moscoso M, Martínez-Villegas NV, Meza-Figueroa D, 
Rivera-Cruz MC, Cadenas-Pliego G, Juárez-Maldonado A (2021) 
Las Nanopartículas de SiO2 mejoran la absorción de nutrientes en 
plantas de tomate desarrolladas en presencia de arsénico. Revista 
Bio. Ciencias 8. https://​doi.​org/​10.​15741/​revbio.​08.​e1084

Hu J, Guo H, Li J, Gan Q, Wang Y, Xing B (2017) Comparative 
impacts of iron oxide nanoparticles and ferric ions on the growth 
of Citrus maxima. Environ Pollut 221:199–208. https://​doi.​org/​
10.​1016/j.​envpol.​2016.​11.​064

Huang C, Chen X, Xue Z, Wang T (2020) Effect of structure: a new 
insight into nanoparticle assemblies from inanimate to animate. 
Sci Adv 6(20):eaba1321. https://​doi.​org/​10.​1126/​sciadv.​aba13​21

Iannone MF, Groppa MD, Zawoznik MS, Coral DF, Fernández van 
Raap MB, Benavides MP (2021) Magnetite nanoparticles coated 
with citric acid are not phytotoxic and stimulate soybean and 
alfalfa growth. Ecotoxicol Environ Saf 211:111942. https://​doi.​
org/​10.​1016/j.​ecoenv.​2021.​111942

Jabbar KQ, Barzinjy AA, Hamad SM (2022) Iron oxide nanoparti-
cles: preparation methods, functions, adsorption and coagula-
tion/flocculation in wastewater treatment. Environ Nanotechnol 
Monitoring Manag 17:100661. https://​doi.​org/​10.​1016/j.​enmm.​
2022.​100661

Jankovskis L, Kokina I, Plaksenkova I, Jermaļonoka M (2022) Impact 
of different nanoparticles on common wheat (Triticum aestivum 
L.) plants, course, and intensity of photosynthesis. Sci World J 
2022:1–8. https://​doi.​org/​10.​1155/​2022/​36938​69

Juárez-Maldonado A, Ortega-Ortíz H, Morales-Díaz AB, González-
Morales S, Morelos-Moreno Á, Cabrera-De la Fuente M, Sand-
oval-Rangel A, Cadenas-Pliego G, Benavides-Mendoza A (2019) 
Nanoparticles and nanomaterials as plant biostimulants. Int J Mol 
Sci 20(1):162. https://​doi.​org/​10.​3390/​ijms2​00101​62

Khan I, Saeed K, Khan I (2019) Nanoparticles: properties, applications 
and toxicities. Arab J Chem 12(7):908–931. https://​doi.​org/​10.​
1016/j.​arabjc.​2017.​05.​011

Kim J-H, Lee Y, Kim E-J, Gu S, Sohn EJ, Seo YS, An HJ, Chang Y-S 
(2014) Exposure of iron nanoparticles to Arabidopsis thaliana 
enhances root elongation by triggering cell wall loosening. ES&T 
48(6):3477–3485. https://​doi.​org/​10.​1021/​es404​3462

Koopmans GF, Hiemstra T, Vaseur C, Chardon WJ, Voegelin A, 
Groenenberg JE (2020) Use of iron oxide nanoparticles for immo-
bilizing phosphorus in-situ: increase in soil reactive surface area 
and effect on soluble phosphorus. Sci Total Environ 711:135220. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​135220

Kopittke PM, Lombi E, Wang P, Schjoerring JK, Husted S (2019) 
Nanomaterials as fertilizers for improving plant mineral nutrition 
and environmental outcomes. Environ Sci Nano 6(12):3513–3524. 
https://​doi.​org/​10.​1039/​C9EN0​0971J

Landa P (2021) Positive effects of metallic nanoparticles on plants: 
overview of involved mechanisms. Plant Physiol Biochem 
161:12–24. https://​doi.​org/​10.​1016/j.​plaphy.​2021.​01.​039

Le Wee J, Law MC, Chan YS, Choy SY, Tiong ANT (2022) The poten-
tial of Fe-based magnetic nanomaterials for the agriculture sector. 
ChemistrySelect 7(17). https://​doi.​org/​10.​1002/​slct.​20210​4603

https://doi.org/10.1111/j.1472-765X.1994.tb00873.x
https://doi.org/10.1111/j.1472-765X.1994.tb00873.x
https://doi.org/10.1007/s00344-021-10388-1
https://doi.org/10.1007/s00344-021-10388-1
https://doi.org/10.1016/j.ecoenv.2020.111829
https://doi.org/10.1186/s12951-021-01214-7
https://doi.org/10.1016/j.ecoenv.2021.112055
https://doi.org/10.1021/acsnano.1c08977
https://doi.org/10.1021/acsnano.1c08977
https://doi.org/10.1007/s42452-019-0321-y
https://doi.org/10.1007/s42452-019-0321-y
https://doi.org/10.1016/j.tplants.2011.08.003
https://doi.org/10.1016/j.coesh.2018.06.007
https://doi.org/10.3389/fpls.2022.992535
https://doi.org/10.3389/fpls.2022.992535
https://doi.org/10.1186/s13568-023-01546-7
https://doi.org/10.1186/s13568-023-01546-7
https://doi.org/10.3390/plants11141894
https://doi.org/10.3390/plants11141894
https://doi.org/10.15741/revbio.08.e1084
https://doi.org/10.1016/j.envpol.2016.11.064
https://doi.org/10.1016/j.envpol.2016.11.064
https://doi.org/10.1126/sciadv.aba1321
https://doi.org/10.1016/j.ecoenv.2021.111942
https://doi.org/10.1016/j.ecoenv.2021.111942
https://doi.org/10.1016/j.enmm.2022.100661
https://doi.org/10.1016/j.enmm.2022.100661
https://doi.org/10.1155/2022/3693869
https://doi.org/10.3390/ijms20010162
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1021/es4043462
https://doi.org/10.1016/j.scitotenv.2019.135220
https://doi.org/10.1039/C9EN00971J
https://doi.org/10.1016/j.plaphy.2021.01.039
https://doi.org/10.1002/slct.202104603


2916	 Journal of Soils and Sediments (2024) 24:2905–2917

1 3

Li J, Hu J, Ma C, Wang Y, Wu C, Huang J, Xing B (2016) Uptake, 
translocation and physiological effects of magnetic iron oxide 
(γ-Fe2O3) nanoparticles in corn (Zea mays L.). Chemosphere 
159:326–334. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2016.​05.​083

Liu R, Zhang H, Lal R (2016) Effects of stabilized nanoparticles of 
copper, zinc, manganese, and iron oxides in low concentrations 
on lettuce (Lactuca sativa) seed germination: Nanotoxicants or 
nanonutrients? Water Air Soil Pollut 227(1):42. https://​doi.​org/​
10.​1007/​s11270-​015-​2738-2

Ma C, White JC, Dhankher OP, Xing B (2015) Metal-based nano-
toxicity and detoxification pathways in higher plants. ES&T 
49(12):7109–7122. https://​doi.​org/​10.​1021/​acs.​est.​5b006​85

Mannan MA, Yasmin A, Sarker U, Bari N, Dola DB, Higuchi H, Ali D, 
Alarifi S (2023) Biostimulant red seaweed (Gracilaria tenuistipi-
tata var. liui) extracts spray improves yield and drought tolerance 
in soybean. PeerJ 11:e15588. https://​doi.​org/​10.​7717/​peerj.​15588

Martínez-Fernández D, Barroso D, Komárek M (2016) Root water 
transport of Helianthus annuus L. under iron oxide nanoparticle 
exposure. Environ Sci Pollut Res 23(2):1732–1741. https://​doi.​
org/​10.​1007/​s11356-​015-​5423-5

Martínez-Fernández D, Vítková M, Bernal MP, Komárek M (2015) 
Effects of nano-maghemite on trace element accumulation and 
drought response of Helianthus annuus L. in a contaminated mine 
soil. Water Air Soil Pollut 226(4):101. https://​doi.​org/​10.​1007/​
s11270-​015-​2365-y

Moharami S, Jalali M (2015) Effect of time on the sorption and distri-
bution of phosphorus in treated soil with minerals and nanopar-
ticles. Environ Earth Sci 73(12):8599–8608. https://​doi.​org/​10.​
1007/​s12665-​015-​4024-4

Mwale SE, Shimelis H, Mafongoya P, Mashilo J (2020) Breeding 
tepary bean (Phaseolus acutifolius) for drought adaptation: a 
review. Plant Breed 139(5):821–833. https://​doi.​org/​10.​1111/​
pbr.​12806

Palmqvist NGM, Seisenbaeva GA, Svedlindh P, Kessler VG (2017) 
Maghemite nanoparticles acts as nanozymes, improving growth 
and abiotic stress tolerance in Brassica napus. Nanoscale Res Lett 
12(1):631. https://​doi.​org/​10.​1186/​s11671-​017-​2404-2

Pequerul A, Pérez C, Madero P, Val J, Monge E (1993) A rapid wet 
digestion method for plant analysis. In: Fragoso MAC, Van 
Beusichem ML, Houwers A (eds) Optimization of Plant Nutri-
tion. Springer, Netherlands, pp 3–6. https://​doi.​org/​10.​1007/​
978-​94-​017-​2496-8_1

Pérez-Hernández H, Fernández-Luqueño F, Huerta-Lwanga E,  
Mendoza-Vega J, Álvarez-Solís José D (2020) Effect of engi-
neered nanoparticles on soil biota: do they improve the soil qual-
ity and crop production or jeopardize them? Land Degrad Dev 
31(16):2213–2230. https://​doi.​org/​10.​1002/​ldr.​3595

Pérez-Hernández H, Huerta-Lwanga E, Mendoza-Vega J, Álvarez-
Solís JD, Pampillón-González L, Fernández-Luqueño F (2021) 
Assessment of TiO2 nanoparticles on maize seedlings and terres-
trial isopods under greenhouse conditions. J Soil Sci Plant Nutr 
21(3):2214–2228. https://​doi.​org/​10.​1007/​s42729-​021-​00515-y

Prasad R, Shivay YS, Kumar D (2016) Interactions of zinc with 
other nutrients in soils and plants—a review. Indian J Fertilisers 
12(5):16–26

Rai P, Sharma S, Tripathi S, Prakash V, Tiwari K, Suri S, Sharma S 
(2022) Nanoiron: uptake, translocation and accumulation in plant 
systems. Plant Nano Biology 2:100017. https://​doi.​org/​10.​1016/j.​
plana.​2022.​100017

Raju D, Mehta UJ, Beedu SR (2016) Biogenic green synthesis of mono-
dispersed gum kondagogu (Cochlospermum gossypium) iron nano-
composite material and its application in germination and growth 
of mung bean (Vigna radiata) as a plant model. IET Nanobio-
technol 10(3):141–146. https://​doi.​org/​10.​1049/​iet-​nbt.​2015.​0112

Rastogi A, Zivcak M, Sytar O, Kalaji HM, He X, Mbarki S, Brestic M 
(2017) Impact of metal and metal oxide nanoparticles on plant: a 
critical review. Front Chem 5:78. https://​doi.​org/​10.​3389/​fchem.​
2017.​00078

Rizwan M, Ali S, Ali B, Adrees M, Arshad M, Hussain A, Zia ur 
Rehman M, Waris AA (2019) Zinc and iron oxide nanoparticles 
improved the plant growth and reduced the oxidative stress and 
cadmium concentration in wheat. Chemosphere 214:269–277. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2018.​09.​120

Roberto S-CC, Andrea P-M, Andrés G-O, Norma F-P, Hermes P-H, 
Gabriela M-P, Fabián F-L (2020) Phytonanotechnology and envi-
ronmental remediation. In: Phytonanotechnology. Elsevier, pp 
159–185. https://​doi.​org/​10.​1016/​B978-0-​12-​822348-​2.​00009-7

Rui M, Ma C, Hao Y, Guo J, Rui Y, Tang X, Zhao Q, Fan X, Zhang Z, 
Hou T, Zhu S (2016) Iron oxide nanoparticles as a potential iron 
fertilizer for peanut (Arachis hypogaea). Front Plant Sci 7. https://​
doi.​org/​10.​3389/​fpls.​2016.​00815

Schmidt W, Thomine S, Buckhout TJ (2020) Editorial: iron nutrition 
and interactions in plants. Front Plant Sci 10:1670. https://​doi.​org/​
10.​3389/​fpls.​2019.​01670

Sinclair SA, Krämer U (2012) The zinc homeostasis network of land 
plants. Biochimica et Biophysica Acta (BBA) - Molecular. Cell 
Res 1823(9):1553–1567. https://​doi.​org/​10.​1016/j.​bbamcr.​2012.​
05.​016

Suazo-Hernández J, Arancibia-Miranda N, Mlih R, Cáceres-Jensen L, 
Bolan N, de la Luz Mora M (2023) Impact on some soil physical 
and chemical properties caused by metal and metallic oxide engi-
neered nanoparticles: a review. Nanomaterials 13(3):572. https://​
doi.​org/​10.​3390/​nano1​30305​72

Sun Y, Jing R, Zheng F, Zhang S, Jiao W, Wang F (2019) Evaluating 
phytotoxicity of bare and starch-stabilized zero-valent iron nano-
particles in mung bean. Chemosphere 236:124336. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2019.​07.​067

Wang Y, Chen S, Deng C, Shi X, Cota-Ruiz K, White JC, Zhao L, 
Gardea-Torresdey JL (2021) Metabolomic analysis reveals dose-
dependent alteration of maize (Zea mays L.) metabolites and min-
eral nutrient profiles upon exposure to zerovalent iron nanopar-
ticles. NanoImpact 23:100336. https://​doi.​org/​10.​1016/j.​impact.​
2021.​100336

White PJ (2003) Calcium in plants. Ann Bot 92(4):487–511. https://​
doi.​org/​10.​1093/​aob/​mcg164

Wolf J, Straten ST, Pitann B, Mühling KH (2019) Foliar magnesium 
supply increases the abundance of RuBisCO of Mg-deficient 
maize plants. J Appl Bot Food Qual:274–280. https://​doi.​org/​10.​
5073/​JABFQ.​2019.​092.​038

Yang X, Alidoust D, Wang C (2020) Effects of iron oxide nanoparticles 
on the mineral composition and growth of soybean (Glycine max 
L.) plants. Acta Physiol Plant 42(8):128. https://​doi.​org/​10.​1007/​
s11738-​020-​03104-1

Yoon H, Kang Y-G, Chang Y-S, Kim J-H (2019) Effects of zerovalent 
iron nanoparticles on photosynthesis and biochemical adaptation 
of soil-grown Arabidopsis thaliana. Nanomaterials 9(11):1543. 
https://​doi.​org/​10.​3390/​nano9​111543

Yuan J, Chen Y, Li H, Lu J, Zhao H, Liu M, Nechitaylo GS, Glushchenko 
NN (2018) New insights into the cellular responses to iron nano-
particles in Capsicum annuum. Sci Rep 8(1):3228. https://​doi.​org/​
10.​1038/​s41598-​017-​18055-w

Zhao L, Lu L, Wang A, Zhang H, Huang M, Wu H, Xing B, Wang Z, Ji 
R (2020) Nano-biotechnology in agriculture: use of nanomaterials 
to promote plant growth and stress tolerance. J Agric Food Chem 
68(7):1935–1947. https://​doi.​org/​10.​1021/​acs.​jafc.​9b066​15

Zhu H, Han J, Xiao JQ, Jin Y (2008) Uptake, translocation, and accumu-
lation of manufactured iron oxide nanoparticles by pumpkin plants. 
J Environ Monit 10(6):713. https://​doi.​org/​10.​1039/​b8059​98e

https://doi.org/10.1016/j.chemosphere.2016.05.083
https://doi.org/10.1007/s11270-015-2738-2
https://doi.org/10.1007/s11270-015-2738-2
https://doi.org/10.1021/acs.est.5b00685
https://doi.org/10.7717/peerj.15588
https://doi.org/10.1007/s11356-015-5423-5
https://doi.org/10.1007/s11356-015-5423-5
https://doi.org/10.1007/s11270-015-2365-y
https://doi.org/10.1007/s11270-015-2365-y
https://doi.org/10.1007/s12665-015-4024-4
https://doi.org/10.1007/s12665-015-4024-4
https://doi.org/10.1111/pbr.12806
https://doi.org/10.1111/pbr.12806
https://doi.org/10.1186/s11671-017-2404-2
https://doi.org/10.1007/978-94-017-2496-8_1
https://doi.org/10.1007/978-94-017-2496-8_1
https://doi.org/10.1002/ldr.3595
https://doi.org/10.1007/s42729-021-00515-y
https://doi.org/10.1016/j.plana.2022.100017
https://doi.org/10.1016/j.plana.2022.100017
https://doi.org/10.1049/iet-nbt.2015.0112
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.1016/j.chemosphere.2018.09.120
https://doi.org/10.1016/B978-0-12-822348-2.00009-7
https://doi.org/10.3389/fpls.2016.00815
https://doi.org/10.3389/fpls.2016.00815
https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.1016/j.bbamcr.2012.05.016
https://doi.org/10.1016/j.bbamcr.2012.05.016
https://doi.org/10.3390/nano13030572
https://doi.org/10.3390/nano13030572
https://doi.org/10.1016/j.chemosphere.2019.07.067
https://doi.org/10.1016/j.chemosphere.2019.07.067
https://doi.org/10.1016/j.impact.2021.100336
https://doi.org/10.1016/j.impact.2021.100336
https://doi.org/10.1093/aob/mcg164
https://doi.org/10.1093/aob/mcg164
https://doi.org/10.5073/JABFQ.2019.092.038
https://doi.org/10.5073/JABFQ.2019.092.038
https://doi.org/10.1007/s11738-020-03104-1
https://doi.org/10.1007/s11738-020-03104-1
https://doi.org/10.3390/nano9111543
https://doi.org/10.1038/s41598-017-18055-w
https://doi.org/10.1038/s41598-017-18055-w
https://doi.org/10.1021/acs.jafc.9b06615
https://doi.org/10.1039/b805998e


2917Journal of Soils and Sediments (2024) 24:2905–2917	

1 3

Zia-ur-Rehman M, Naeem A, Khalid H, Rizwan M, Ali S, Azhar M 
(2018) Responses of plants to iron oxide nanoparticles. In: Nano-
materials in Plants, Algae, and Microorganisms. Elsevier, pp 
221–238. https://​doi.​org/​10.​1016/​B978-0-​12-​811487-​2.​00010-4

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/B978-0-12-811487-2.00010-4

	Nano-iron induces growth and nutrient accumulation on bean plants (Phaseolus acutifolius A. Gray) under tropical conditions
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Biologic material and nanoparticles
	2.3 Experimental design
	2.4 Plant and soil sample collection
	2.4.1 Chemical analysis

	2.5 Statistical analysis

	3 Results
	3.1 Fe NPs in plant growth and biomass
	3.2 Fe NPs in nutrient accumulation

	4 Discussion
	4.1 Effect of iron NPs on morphological characteristics
	4.2 Effect of iron NPs on nutrient concentration

	5 Conclusions
	Acknowledgements 
	References


