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Impact of Fe;0, nanoparticle on nutrient accumulation in common
bean plants grown in soil
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Abstract

The effect of Fe;0, nanoparticles (NPs) on chemical properties of the soil rhizosphere and on the accumulation of nutri-
ents in common bean plants was studied for two different concentrations of Fe;0, NPs. The root-to-leaves translocation
index for micro- and macronutrients was calculated. The results showed that Fe;O, NP treatments had a significant effect
(P < 0.05) on the chemical properties of soil rhizosphere in terms of an increase in the contents of total P, extractable P,
total K, extractable K, Ca, total Mn, total Fe and cation exchange capacity and of a decrease in Cl content in soil. The treat-
ments led to a marked increase in the accumulation of nutrients in plants by revealing a higher content of total P, K, Ca,
Mn and Fe in roots, stems and leaves. In addition, the plants treated with Fe;O, NPs showed lower translocation of total
Mn and Fe to stems and leaves compared with the control plants. The results indicate that Fe;0, NPs may contribute to
the conversion of the insoluble forms of total P, extractable P, total K, extractable K, Ca, total Mn and total Fe in soil into
soluble forms that can dissolve in the soil solution and be taken up by plants. A greater capability in the roots, stems
and leaves of Fe;0,-NP-treated plants to take up the nutrients suggests a beneficial effect for plant development and
health. Likewise, the roots of plants treated with Fe;O0, NPs absorbed and accumulated the greatest quantities of Mn
and Fe compared with the control plants.

Keywords Common bean plants - Concentration of micro- and macronutrients in plant organs - Fe;0, nanoparticles -
Effect of Fe;0, nanoparticles in plant - Translocation index - Uptake, translocation and accumulation

1 Introduction plants are of considerable concern because of their crucial
interface with the environment.

Nanomaterials are defined as a set of substances where In an extensive review article on uptake and transloca-

at least one dimension is less than approximately 100 nm.
They are of interest because at this scale unique optical,
magnetic, electrical properties are detected. These proper-
ties have great impact potential in electronics, medicine,
agriculture, construction, industry and other fields. In par-
ticular, the effects of engineering nanoparticles (ENPs) on

tion in plants [1, 2], it is advocated that future research on
plants and ENPs requires studies under natural conditions,
i.e., plant-soil interaction. This study not only yields infor-
mation on the effects of ENPs, when ions are released into
the environment, but also quantifies the uptake and trans-
location of nutrients. However, few experiments on plant
growth in soil have been performed hitherto [3-6]. Thus,
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a systematic study on uptake and accumulation of nano-
particles (NPs) in plant roots grown in soil, and under the
influence of the macro- and microelement accumulation
in soil, roots, stems and leaves, is still a matter of interest.

Ideal amounts of nutrients are essential for plant growth
and development; however, several factors contribute to
the reduction in nutrients availability. In order to increase
crop yields, it is necessary to reduce nutrient losses—this
can be achieved by using ENPs. A beneficial effect of NPs
on plants growth and development can be found in [7].
Another study accomplished on Lactuca sativa exposed
to nano-Fe/Fe;0, and nano-Cu/CuO treatments showed
changes in the uptake of different nutrients. A decrease
in Mg, P and Ca was detected in leaves of plants exposed
to Cu treatments, while an increase in S and Ca was found
in the roots [8]. Moreover, different effects are found on
the increase/decrease in a particular nutrient in plants,
depending on the type of NPs [9-12], indicating that fur-
ther studies are required.

The most important grain legume for direct human
consumption in the world is the common bean (Phaseo-
lusspp. L.) [13]; therefore, it was chosen as a model to study
accumulation and translocation of nutrients in plantsin a
soil containing magnetite NPs. Thus, the aim of this work
is to evaluate the influence of magnetite NPs on some
soil’s chemical properties and macro- and microelement
accumulation in the soil rhizosphere, roots, stems and
leaves and on morphological parameters of bean plants.
This study also presents a complementary analysis of the
previous work reported in [14].

2 Materials and methods

Certified bean seeds (Phaseolus vulgaris L. cv. Red Guama)
were genetically uniform (stated on the package by the
supplier) and were provided by the Seed Laboratory of the
Ministry of Agriculture in Granma Province, Cuba. Seeds
without visible defects, insect damage or malformation
were selected and stored in desiccators over 70% (v/v)
glycerin. Seed moisture content was 10-12% on a fresh
weight basis before the treatments, and final germination
percentage was 90%.

The seeds were labeled and sown in a soil media
placed in different polyethylene bags, with two replica-
tions each, identified as NO, NO and N2. The soil in bags
was a brown carbonate [15], which has a loamy texture
and a pH value of 7.3 for the rhizosphere soil. It has an
organic matter content of 3.4%, assimilable phosphorus
0.102 g Kg~" and potassium 0.815 g Kg~'. Additionally,
cation exchange capacity (CEC) was 42.2 meq/100g; base
exchange capacity 31.8 meq/100g; total N 0.025 g Kg~"; Ca
1.71gKg ;K 1.75 gKg™'; and Mg 0.530 g Kg~". According
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to the soil analysis, plant nutrient levels were adequate for
the growth of common bean plants. Plants remained in a
glasshouse environment under controlled conditions of
temperature (~ 27 °C), relative humidity of 70% and pho-
toperiod of 12 h.

The Fe;0, NP treatments were applied through daily
irrigation during the morning. The bags N1 and N2 were
irrigated with 20 mL of water and 20 mL of suspended
Fe;O, NPs with concentrations of 1000 mg/L (T1) and
2000 mg/L (T2), respectively. The seeds in the bag NO
were grown in a soil free of Fe;0, NPs (control) and irri-
gated every day with 40 mL of water. The Fe;O, NPs, with
a log-normal distribution of median diameter of 10 nm
and distribution width of 0.36, were prepared by the co-
precipitation method described elsewhere [16].

At 30 days after sowing, the soil rhizosphere in each
treatment was sampled, dried, sieved (< 2 mm) and then
homogenized in the laboratory. The pH was determined
potentially in a ratio of soil to distilled water (1:2.5 w/v)
suspension with a glass electrode. The soil rhizosphere
cation exchangeable capacity (CEC) was determined by
the ammonium acetate method [in BaCl, 0.1 M followed
by a re-exchange with aqueous MgSQO, solution (0.1 M)].

Plants were allowed to grow until the vegetative stage
V4 (~ 30 days after sowing). Then, plants were removed
from their polyethylene bags and rinsed well with deion-
ized water. Finally, root length (from the root neck to
the tip), plant height, root and shoot plant dry weight
(after drying in a ventilated oven at 80 °C for 72 h) were
determined.

At this time, each polyethylene bag was sampled into
four parts: soil rhizosphere, root, stem and leaves. First, a
multi-elemental analysis for 13 elements (B, Co, Mn, Mo,
Ni, Zn, Ca, Fe, K, Mg, Na, Cl and P) of each soil and dried
sample was performed in an inductively coupled plasma
optical emission spectrometer (ICP-OES) Spectro Arcos
(Spectro). Reference solutions with a high degree of ana-
lytical purity were used to obtain the calibration curves.
Deionized water (Milli-Q) was used to prepare all solu-
tions. All samples were subjected to microwave-assisted
digestion in a microwave oven (Speed Wave Four, Berghof
Analytik) in a mixture of HNO; (2 mL), HF (2 mL) and H,0,
(1 mL). The samples were digested at 200 °C for 15 min,
170 °Cfor 10 min and then 160 °C for 5 min. The volume of
the samples was then adjusted to 25 mL using deionized
water before analysis.

The magnetization measurements as a function of tem-
perature and applied magnetic field M(T, H) were taken
in a commercial Quantum Design SQUID magnetometer
in the roots, stems and leaves. M(T) data were obtained
for both zero-field-cooled (ZFC) and field-cooled (FC)
conditions, under an applied magnetic field of 500 Oe, in
the temperature range 10-300 K. M(H) data were taken
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at 10 and 300 K, under an applied magnetic field range
—70 < H <70kOe.

3 Results and discussion
3.1 Soil

Most of the chemical interactions of both macro- and
micronutrients with the soil are related to values of
pH. In our study, the soil pH started weakly alkaline for
Fe;0,-NP-treated soils and untreated soil, e.g., 7.2 and
7.3, respectively. These values remained stable during the
experimental period of 30 days. Table 1 indicates that Na,
Zn, Cu and Mo contents in soil rhizosphere were not sig-
nificantly influenced by Fe;O, NP treatments compared
with the control (P < 0.05). The elements Cu, Ni, Band Mo
are not shown because their values are negligible. In con-
trast, the total P, extractable P, total K, extractable K, Ca,
total Mn, total Fe and Cl contents in soil rhizosphere were
significantly influenced in different ways by the Fe;0, NP
treatments compared with the control (P < 0.05), as dis-
cussed below.

Soil total P content was markedly altered by Fe;O, NP
treatments in comparison with the control, where these
changes were similar in both treatments. The concentra-
tion of this element was increased by 20% in T1 and by
11%in T2 (Table 1). Likewise, higher extractable P content
in soil was significantly found in Fe;0,-NP-treated soils,
which had an increase of 22% in T1 and of 18% in T2 with

Table 1 Effect of Fe;0, NP treatments on nutrients measured in soil
rhizosphere

Soil ASE CV (%)
SO S1 S2
Macronutrient concentrations (g Kg™)
Total P 0.234° 0.281° 0.260°  0.002 4.31
Pextractable 0.0102° 0.0123* 0.012° 0.0004 2.1
Total K 1.75° 2.25° 2.19° 0.09 8.4
Kextractable 0.0350°  0.0450*° 0.05° 0002 8.
Ca 1.71° 2312 244 014 6.29
Mg 0.530° 0.533? 0.535%  0.004 3.9
Na 0.41° 0.41° 0.412 0.08 43
Micronutrient concentrations (mg Kg=
Zn 11.40° 11.452 11.552 0.83 24
Total Mn 48.40° 7365° 103.95° 10.19 13.15
TotalFe 1077  331.05° 638.85% 174 26.4
cl 36.10° 21.15°¢ 25.20° 2.8 25.17

In rows, means followed by the same letter do not show significant
differences (P < 0.05) according to the Newman-Keuls test

ASE average standard error of mean, CV coefficient of variation

respect to the untreated soil, without significant differ-
ences between Fe;O, NP treatments (Table 1).

Although the soils treated with T1 (1000 mgL~'Fe;0,
NPs) and T2 (2000 mgL™" Fe;0, NPs) exhibited higher
amount of total P compared with the control soil, the
findings do not imply a higher availability of P in the soil.
The soil total P test does not measure the phosphorus
in the soil solution, but rather the capacity of the soil to
supply phosphorus to the soil solution [17, 18]. However,
extractable P content is the concentration of soluble
P in the soil solution that represents appropriately the
amount of phosphorus that plants can potentially absorb
during the growing season. Our results revealed that the
Fe;0,-NP-treated soils contained greater extractable P
amount with respect to the control soil. This is an impor-
tant result, since the concentration of soluble P in the soil
solution is usually very low; phosphorus is relatively immo-
bile in the soil; and crops take up phosphorus only from
the soil solution [17, 19]. It seems that Fe;0, NPs contrib-
uted to the conversion of the insoluble forms of various P
compounds into soluble forms that can dissolve in the soil
solution and be taken up by plants. P is vital for bean plant
growth due to the fact that it is a constituent element of
bean plant tissues—P is found in every living plant cell
and it is essential for biological activity. P is also involved
in several key plant functions, including energy transfer,
photosynthesis, transformation of sugars and starches and
nutrient movement within the plant [20].

Total K and extractable K concentrations in the soil were
notably enlarged by Fe;O, NP treatments, with increases
of 29 and 25% in T1 and T2 for total K and of 29 and 43%
in T1 and T2 for extractable K, respectively, compared
with the control (Table 1). Therefore, similar results were
observed for both treatments. Regardless of the considera-
ble increase in the K content, it is of little value in determin-
ing how well a given soil can supply potassium to growing
plants. It is interesting to note that Fe;O, NP treatments
increased the extractable K concentration compared with
the control, since only one to two percent of the total soil K
is in an exchangeable (available) form and it is of immedi-
ate concern for plant use [21]. A higher availability of soil
Kis favorable for plants, considering many regulatory roles
played in plant development [20]. K balances the charges
of anions, increases root growth, strengthens the resist-
ance to disease and drought and may activate enzymes. K
also affects cell extension, growth through the regulation
of turgor and leaf gas exchange through the control of
stomatal opening and closing [20, 22]. Therefore, thereis a
great demand of Kin bean plants growth and metabolism.

With regard to the Ca content, the Fe;0,-NP-exposed
soils exhibited appreciably greater Ca concentration than
the control soil (35 and 43% higher, respectively) (Table 1).
This indicates a positive effect since it is the nutrient form
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available for plant growth; furthermore, it may improve
absorption of other nutrients by plants. It suggests that
Fe;0, NPs may contribute to the solubilization of insoluble
compounds of Ca with other elements in the soil, such as
phosphorous, to help in stabilizing the soil structure, to
replace the adsorbed sodium and to prevent damages to
soil structure. Ca is vital in the growth and development of
plants, and it plays an important role in various processes,
such as formation of cell wall [23] and plasma membrane
[24], cell growth and secretion [20].

As for the Cl content in soil, it was substantially reduced
by the Fe;0, NP treatments, with decreases of 41.4 and
30% in T1 and T2, respectively, compared with the con-
trol, and these decreases were distinctly noted in both
treatments. T1 showed the lowest Cl concentration
(Table 1). On the contrary, a lower soil Cl content found
in the Fe;0,-NP-treated soils and the lowest Cl amount
measured in T1 indicate a favorable effect for plant growth
because the lower the Cl amount in the soil, the lower the
likelihood of compounds with salts being formed; conse-
quently, it counters to the increase in salinity, even though
the levels of Cl content in the soil are within the sufficient
limit values (10-20 ppm) for both treatments and the
control.

With the Fe;O, NP treatments, the treated soils showed
a noticeable increase in the concentrations of soil total Mn
compared with the control. T2 revealed the highest total
Mn concentration raise in soil; the observed increase was
53% in T1 and of 115% in T2, respectively. Higher soil total
Mn content found in Fe;0,-NP-exposed plants and the
highest Mn concentration in the soil registered by T2 mean
that the Fe;0, NP treatments may contribute to the solubi-
lization of a higher amount of Mn in soil solution. The total
Mn levels in the soil are within the sufficient limit values
(10-50 mg Kg™") for both treatments and the control.

The responses of the total Fe concentration in the soil
resembled those of total Mn, with the highest total Fe con-
centration in the soil for T2. The concentration increased
by 207% in T1 and by 493% in T2 with respect to the con-
trol (Table 1). Although the difficulty in correlating the soil
solution concentration of iron with the soil total iron meas-
urement, the increased soil Fe concentration and the high-
est concentration of this microelement in T2 may indicate
that Fe;0, NPs contribute to the solubilization of a higher
amount of Fe in soil regardless of the pH level of 7.3. Nor-
mally, the availability of iron compounds in the soil may be
limited in the soils with high pH, especially in calcareous
soils [25, 26]. Also, Fe;0, NPs may supply more Fe in soil
through the release of free ions from such NPs. The levels
of Fe in the soil for both treatments exceed the sufficiency
of levels (20-100 mg Kg™). It is also necessary to highlight
that a higher bioavailability of iron in the soil may favor the
soil microorganisms’ growth. Molecular evidence suggests
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that iron oxide magnetic NPs may facilitate Cand N cycling
in the soil by influencing the soil bacterial community [27].

The Fe;0, NP treatment of soils further presented a
favorable result for the cation exchange capacity (CEC).
The performance was higher for T2 (49.2 meq/Kg™") with
an increase of 17% when compared with the control soil
(42.2 meqg/100 g) versus 9% in T1 (46.2 meq/100 g). CEC
characterizes the number of negatively charged sites in
the soil that are able to adsorb exchangeable cations. This
is an important parameter because it provides a good
indication of the ability of the soil to adsorb nutrients and
therefore an indication of the quality and productivity of
the soil.

3.2 Plant organs: root, stem and leaves

The nutrients accumulation levels in bean plant organs
(roots, stems and leaves) growing naturally at the sam-
pling site are presented in Table 2. These results showed
that Fe;0, NP treatments modulated the nutrient uptake
in the bean plant tissues of exposed plants, indicating
their different capacities for nutrients uptake. Among
the analyzed elements, a significant difference for total
P, total K, Ca, total Mn, and total Fe contents was found
in plant organs exposed to Fe;0, NPs compared with the
control plants, as described below for each plant organ
separately. On the contrary, Mg, Na, Zn and Cl contents
in plant tissues were not significantly different between
Fe;0,-NP-exposed plants and the control plants. Due to
their negligible values, Cu, Ni and Mo contents are not pro-
vided. Furthermore, no toxicity on plants growth has been
detected visually as well as no evidences of stubby roots
and Fe deficiency in the leaves.

As can be seen from the data in Table 2, improved con-
centration of several elements was found in the roots due
to Fe;0, NP treatments, with an increase in total P by 14%
and 11% (no differential effects), in total K by 32% and
21%, in Ca by 22% and 17% and in Mn by 10% and 17% (no
differential effects), for T1 and T2, respectively. Also, the
roots registered a considerable increase of 192%in T1 and
277% in T2 in the concentrations of total Fe content with
respect to the control plants. The highest concentration of
total Fe was found in T2 (462.0 + 0.1 mg Kg~"), which differs
significantly from T1 (356.9 + 0.1 mg Kg™"). Our results are
in conformity with those reported by Antisari et al. [28]
who observed an increased concentration of Ca in roots
of tomato plants treated with 20 pg mL~" of Fe;O, NPs.
lannone et al. [29] reported that the Fe;0, NPs had the
ability to increase the Fe content in roots of wheat plants
treated with 20 mg L~ of Fe;0, nanoparticles compared
with the control plants.

Following the same trend, the data in Table 2 suggest
that the content of several elements, such as total P and
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Table 2 Effect of NP treatments on nutrients measured in different parts of the plants

Roots ASE CV (%)
RO R1 R2
Macronutrient concentrations (g Kg™)
Total P 0.288° 0.3297 0.321° 0.013 4.31
Total K 1.80° 2372 217 0.1 26
Ca 2.11P 2,572 2.46° 0.09 6.5
Mg 0.656% 0.685% 0.676° 0.007 25
Na 0.212% 0.210% 0.207° 0.002 343
Micronutrient concentrations (mg Kg~
Zn 19.35° 20.95% 20.0° 0.4 5.1
Total Mn 57.60P 65.35° 67.50° 1.95 43
Total Fe 122.4¢ 356.9° 462.0° 15.48 29.5
a 81.52 80.9% 82.2% 0.3 1.16
Stems ASE CV (%)
T0 T T2
Macronutrient concentrations (g Kg™)
Total P 0.223° 0.273% 0.268° 0.01 5
Total K 4.26° 5.28° 5.17° 0.21 6.8
Ca 1.154° 1.1897 1.179% 0.01 2.19
Mg 0.259% 0.2712 0.269° 0.008 7.7
Na 0.0151% 0.0142° 0.0148° 0.0005 8.9
Micronutrient concentrations (mg Kg™
Zn 13.15° 13.20° 12.90° 0.46 8.6
Total Mn 33.90° 47.70° 56.90° 4.08 5.4
Total Fe 88.35° 283.9° 384.7° 45 534
a 83.05° 82.40° 82.15° 0.7 24
Leaves ASE CV (%)
LO L1 L2
Macronutrient concentrations (g Kg™)
Total P 0.232¢ 0.402? 0.376° 0.013 4.6
Total K 2.91¢ 3.83° 3.41b 0.16 2.2
Ca 2.34° 2.94° 2.92° 0.14 42
Mg 0.803? 0.817° 0.814% 0.0025 0.89
Na 0.01072 0.0105% 0.0110% 0.00016 3.74
Micronutrient concentrations (mg Kg™
Zn 15.80° 15.85% 15.90° 0.47 7.3
Total Mn 24.75°¢ 37.9° 44,0 373 8.2
Total Fe 44.8°¢ 192.1° 245.5° 17.97 27.15
a 86.1° 85.1% 84.2° 1.26 3.6

In rows, means followed by the same letter do not show significant differences (P < 0.05) according to the Newman-Keuls test

ASE average standard error of mean, CV coefficient of variation

total K, increased appreciably in the stems of plants in T1
and T2 with respect to the control plants, although these
increases were not significantly different in both treat-
ments. An increase of 22% in T1 and 20% in T2 was found
for total P contents and of 24% in T1 and 21% in T2 for
the total K concentration in the stems. A differential effect

between the two Fe;0, NP treatments was found in the
total Mn concentration in the stems: It was improved by
41% and 68% in T1 and T2 with respect to the untreated
plants, respectively. In the same way, the stems registered
a considerable increase of 221% in T1 and 335% in T2 in
the concentrations of total Fe content with respect to the
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control plants. The highest concentration of total Fe was
found in T2 (384.7 = 1.4 mg Kg™"), which differs signifi-
cantly from 71 (283.9 + 1.9 mg Kg™).

Significant results were also found for the leaves in
the bean plants treated with Fe;O, NPs, as indicated in
Table 2; however, the effect of Fe;0, NP suspension con-
centration on the analyzed elements was different. Total K
concentrations in leaves were notably enlarged by Fe;0,
NP treatments, which increased by 32% and 17%in T1 and
T2 compared with the control, respectively.

We have found that the increase in the total P and Ca
contents was different from treatments 71 and T2. For
example, the leaf total P content was markedly altered
by Fe;O, NP treatments in comparison with the control,
increasing by 73% in T1 and 62% in T2; the increase in Ca
was 26% and 25% for T1 and T2, respectively. The results
of P are consistent with those reported by Zahra et al. [30]
who found higher P content in shoots than that in roots
in lettuce plants treated with Fe;O, NPs. Jalali et al. [31]
revealed a significant increase in shoot Ca content in maize
plants treated with Fe;0, NPs compared with the control
plants.

It was also found that plants treated with Fe;O, NPs
showed a noticeable increase in the concentrations of leaf
total Mn. T2 revealed the highest total Mn concentration
(increased by 78%) and T1 the lowest (53%). It suggests
that Fe;0, NPs induced greater capability for roots, stem
and leaves to take up Mn in treated plants for bean plant
growth. Manganese may also serve as a cofactor, activat-
ing numerous enzymes involved in the catalysis of oxida-
tion reduction, decarboxylation and hydrolytic reactions
in plant growth processes. It is also involved in metabolic
processes such as respiration, photosynthesis, synthesis of
amino acids and hormone activation [20, 32, 33].

The responses of the total Fe concentration in leaves
resembled those of Mn, increasing in leaves by 329% in
T1 and by 448% in T2 when compared with the control.
This fact indicates that magnetite NPs induced greater
ability for plant roots, stems and leaves to extract total Fe
from soils, which may lead to an enhancement of both iron
mobilization in the rhizosphere and the uptake rate of iron.
There is evidence that iron may serve as an activator for
biochemical processes such as respiration, photosynthe-
sis and symbiotic nitrogen fixation and protein metabo-
lism involved in the plant growth [20]. These results are
in agreement with the findings of EI-Nasr et al. [34] who
found an increase in iron leaf content of pear saplings
plants due to foliar spray with magnetite nanoparticles
compared with control plants.

On the other hand, more total Fe was taken up into
roots than into shoots (1.25 times higher than stems
and 1.85 times higher than leaves in T1 while 1.20 times
higher than stems and 1.88 times higher than leaves in
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T2), probably because Fe is absorbed into plants via the
roots. Despite some reports showing no difference in the
concentration of Fe after treatment with iron nanoparticles
[35, 36], in this study it is evident that utilizing magnet-
ite NPs has dramatically increased Fe content of the root,
stem and leaf. Trujillo-Reyes et al. reported that applying
Fe/Fe;0, nanoparticles to lettuce results in retaining Fe in
the roots as insoluble compounds [8]. Jalali et al. revealed
that the Fe;O, NPs promoted increased shoot total iron
content in maize plants treated with Fe;O, NPs [31]. Yuan
et al. [37] found an increase in total iron content in the
roots and stems of Capsicum annuum plants exposed to
0.05 mM/L of Fe NPs. Likewise, in many other investiga-
tions application of nano-iron oxides has been identified
as an outstanding contributing element for enhancing Fe
content in plants [38, 39]. Unfortunately, there is a lack of
understanding in the current literature on how nanopar-
ticles modify nutrient uptake in plants.

In addition to the above elemental analysis for each
plant organ, it was also investigated the translocation
index. The root-to-stem translocation index can be esti-
mated by the expression [40]:

LCN

T = (—
%) RCN+SCN+LCN

) x 100%, 1)
where RCN, SCN and LCN are the root, stem and leaves
concentration of nutrients (micro and macro), respectively.
The results reported in Table 3 showed that Tl was unaf-
fected by Fe;0, NPs, in Ca, Mg, Na, Zn and Cl (Table 3).
It was found that Tl for total P, total Mn and total Fe was
significantly higher in plants treated with Fe;0, NPs (28 in
T1 and 25% in T2 for total P, 18% in T1 and 31% in T2 for
total Mn and of 20% in T1 and 28% in T2 for total Fe) when
compared with the control plants, implying that signifi-
cant amounts of phosphorus, manganese and iron could

Table 3 Effect of NP treatments on root-to-leaves translocation
index, Tl

Nutrients (%)  TIO(%)  TI1 (%) TI2(%)  ASE CV (%)
Total P 31.22° 4003 3896  0.004 8.2
K 3244* 3336 31722 20 9.2
Ca 4175  43.88°  4451° 003 11.2
Mg 4674  46.08°  4627° 90 5.6
Na 449° 4.47° 472° 005 16.2
Zn 3271 31.70° 3258  0.002 45
a 34350  3425% 33877 13 258
Total Mn 2129°  2510*°  27.09° 0.8 54
Total Fe 1755  23.06° 2247° 0.3 124

In rows, means followed by the same letter do not show significant
differences (P < 0.05) according to the Newman-Keuls test

ASE average standard error of mean, CV coefficient of variation



SN Applied Sciences (2019) 1:308 | https://doi.org/10.1007/542452-019-0321-y

Research Article

500 — y T y T

g 8 (a)
an 400 | -
g o “
g 300 | ° -
g A
]
= 200 b , 1 , =
- 100 FA T T T T3
%D o) (b)
g [ ]
(0]
(? 10 E _.
S f o 1000mgL & §
< [ A 2000mgL 5
1 1 n 1 n 1
Roots Stems Leaves

Plant organs

Fig. 1 a Values of the total Fe concentration and b the saturation
magnetization (in semi-log scale) in different parts of the studied
beans plants. Line between points is a guide for eyes

translocate to the shoot parts. These results are consistent
with those of Antisari et al. [28], who reported a decrease
in translocation of Fe to leaves in tomato plants treated
with Fe;O, NPs.

Finally, Fig. 1 shows values of the total Fe concentra-
tion (Fig. 1a) and the saturation magnetization (Fig. 1b)
in bean plant organs irrigated with different concentra-
tions of Fe;0, NPs. Values of saturation magnetization, M.,
were extracted from Table 1 of Ref. [14]. Notice that both
parameters yield direct and undirect quantitative infor-
mation, respectively, on the amount of iron accumulated
in different parts of the plants, respectively. The obtained
results indicate that the Fe concentration decreases from
root to leaves and the qualitative behavior for both treat-
ments is quite similar. Such a result has its counterpart in
the behavior of the saturation magnetization (see Fig. 1b).
This finding confirms that this experimental technique can
be used to study the uptake, translocation and accumula-
tion of magnetic nanoparticles in plants as also reported
recently [41].

4 Conclusions

In summary, the Fe;0, NP (1000 mg/L and 2000 mg/L)
treatments had a positive effect on the chemical proper-
ties of soil rhizosphere and on nutrient uptake by bean
plants grown in soil. A remarkable increase was found in
the contents of total P, extractable P, total K, extractable
K, Ca, total Mn, total Fe and cation exchange capacity in
soils irrigated with Fe;O, nanoparticles, while a marked
decrease was found in Cl content in soils. Likewise, the

Fe;0,-NP-treated plants revealed higher contents of Ca,
total K, total P, total Fe and total Mn in the root, stem and
leaf tissues. A greater capability in the roots, stems and
leaves of Fe;0,-NP-treated plants to take up these nutri-
ents suggest a beneficial effect for plant development
and health. Furthermore, the lower values of the root-to-
leaves translocation of total Mn and total Fe indicate that
the roots of plants exposed to Fe;O, NPs uptake, translo-
cate and accumulate the greatest quantities of Mn and Fe
compared with the control plants.
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