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ARTICLE INFO ABSTRACT

Editor by Dr. Muhammad Zia-ur-Rehman In this work, the internalization and distribution of citric acid-coated magnetite nanoparticles (here, Fe304-NPs)

in soybean and alfalfa tissues and their effects on plant growth were studied. Both legumes were germinated in

Keywords: pots containing an inert growing matrix (vermiculite) to which Hoagland solution without (control, C), with
glfalfah Fe304-NPs (50 and 100 mg iron L™}, NP50 and NP100), or with the same amount of soluble iron supplied as Fe-
Towt]

EDTA (Fe50, Fel00) was added once before sowing. Then, plants were watered with the standard nutrient so-
lution. The observation of superparamagnetic signals in root tissues at harvest (26 days after emergence) indi-
cated FegO4-NPs uptake by both legumes. A weak superparamagnetic signal was also present in the stems and
leaves of alfalfa plants. These findings suggest that Fe304-NPs are readily absorbed but not translocated (soy-
bean) or scarcely translocated (alfalfa) from the roots to the shoots. The addition of both iron sources resulted in
increased root weight; however, only the addition of Fe304-NPs resulted in significantly higher root surface;
shoot weight also increased significantly. As a general trend, chlorophyll content enhanced in plants grown in
vermiculite supplemented with extra iron at pre-sowing; the greatest increase was observed with NP50. The only
antioxidant enzyme significantly affected by our treatments was catalase, whose activity increased in the roots
and shoots of both species exposed to Fe3O4-NPs. However, no symptoms of oxidative stress, such as increased
lipid peroxidation or reactive oxygen species accumulation, were evidenced in any of these legumes. Besides, no
evidence of cell membrane damage or cell death was found. Our results suggest that citric acid-coated Fe304-NPs
are not toxic to soybean and alfalfa; instead, they behave as plant growth stimulators.

Iron nanoparticles
Oxidative stress
Soybean
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1. Introduction

Nanotechnology has become a hotspot in research and development,
and iron oxide nanoparticles (IO-NPs) have attracted particular atten-
tion because of their unique properties, which make them suitable for a
wide range of applications in different fields such as biomedicine,
pharmaceutical industry, environmental remediation, construction,
electronics, and textile and automotive industry (Ali et al., 2016 and
references therein). However, iron oxides with bare surfaces tend to
agglomerate due to strong magnetic attraction among particles, high

energy surface, and van der Waals forces (Xia et al., 2012). To avoid
agglomeration, magnetic nanoparticles can be coated with organic or
inorganic molecules, making them hydrophilic, biocompatible (Wu
et al., 2008), and functionalized (Sheng-Nan et al., 2014).

De Sousa et al. (2013) reported that magnetite nanoparticles coated
with citric acid improved nanoparticle suspension stability with little
effect on the hydrodynamic radii; these nanoparticles have the advan-
tage of combining electrostatic and steric stabilization and being
biocompatible.

As most nanoparticles (NPs), I0-NPs may reach the soil as a result of

Abbreviations: DW, dry weight; FW, fresh weight; I0-NPs, iron oxide nanoparticles; ROS, reactive oxygen species; VSM, vibrating sample magnetometry.
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anthropogenic activity (Gladkova and Terekhova, 2013), and new
nanoremediation approaches including those associated with waste-
water treatments may be responsible for the release of significant
amounts of IO-NPs in the environment (Attia and Elsheery, 2020; Sun,
2019). Once released into the agro-environment, several trans-
formations facilitate their accumulation into the soil (Rajput et al.,
2020). Subsequently, they can enter the plants by the roots; uptake
depends on NPs properties, plant species, and environmental conditions
(Chen, 2018). NPs may diffuse from the soil to the roots by several
processes such as osmotic pressure and capillary action forces
(Govea-Alcaide et al., 2016 and references therein). Furthermore, it was
reported that NPs can enter into roots through the apoplastic or sym-
plastic route (Rico et al., 2011; Tombuloglu et al., 2019a; Zhai et al.,
2014).

Despite the presence in root tissue of biological barriers that may
difficult NPs movement (cell wall, Casparian strip), some NPs were
found to be translocated to the aerial parts and accumulate in cellular or
subcellular compartments (Al-Amri et al., 2020 and references therein).
It was reported that plants and NPs features play crucial roles in NPs
translocation. For instance, Zhu et al. (2012) reported that Au-NPs could
be stored in Oryza sativa shoots, but these NPs did not accumulate in the
shoots of Raphanus sativus and Cucurbita mixta. Further investigation of
NPs uptake and translocation by plants should be done, as there are still
no conclusive results (Servin et al., 2015). It should be noted that once
NPs reach the aerial parts, the risk of entering into the food chain in-
creases (Dash and Kundu, 2020). Therefore, nanomaterials with agri-
cultural purposes deserve particular attention (Khot et al., 2012), and a
thorough knowledge of their mobility profiles is needed.

The behavior of NPs once inside plant tissues is poorly understood,
and both positive and negative effects on plant growth have been
documented (Rao and Shekhawat, 2016). There are reports on NPs
phytotoxicity (Mazaheri-Tirani and Dayani, 2020) that describe oxida-
tive stress in plants exposed to NPs (Marslin et al., 2017; Yanik and
Vardar, 2018; Zhao et al., 2012), causing lipid peroxidation, as well as
protein and DNA damage (reviewed by Arruda et al., 2015; Tripathi
et al., 2017). However, several publications communicated some bene-
ficial effects of NPs on crops (Aslani et al., 2014; Raliya and Tarafdar,
2013). For instance, peanut, rice, and perennial ryegrass biomass
increased with low concentrations (< 500 mg L) of zerovalent iron
NPs (Li et al., 2015; Guha et al., 2018; Huang et al., 2018). On the other
hand, high concentrations (> 1000 mg L) of zerovalent iron NPs
inhibited the growth of cattail, hybrid poplars, and rice (Ma et al., 2013;
Wang et al., 2016).

This work aimed to determine if two important legume crops in
Argentina, soybean and alfalfa, absorb and translocate citric acid-coated
Fe304-NPs (from now on designated as Fe304-NPs) and if these nano-
particles display toxic effects on these species. Soybean is cultivated as a
grain crop and represents the largest planted area for a legume in
Argentina (Mur et al., 2018). Alfalfa is a central component of pastures
dedicated to meat and dairy cattle in many regions.

2. Materials and methods
2.1. Nanoparticles synthesis

Fe304-NPs, 14 nm in size and hydrodynamic sizes in the range ~18
nm, were synthesized by coprecipitation, as described in De Sousa et al.
(2013). Briefly, FeCl3-6H0 (10.2 mmol of Fe®") and FeCl,-4H50 (5.1
mmol of Fe?") were dissolved in 50 mL bi-distilled water, mixed, and
heated to 60 °C. Then, 3 mL of NH4OH solution (25% wt/vol) was
added drop by drop and left to react for 30 min; at this point, the for-
mation of Feg04 NPs was observed as a black precipitate. The mixture
was left to grow while 75 mL of ammonia solution was added. Then, an
aqueous solution of citric acid (0.02 g mL_l) was added and left to react
at 60 °C for 90 min. Finally, the citric acid-coated I0-NPs obtained were
separated from the dispersion medium, washed several times, and
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resuspended in water at pH 7 to a final iron concentration of 18.1 mg
mL L. The physical characterization, fully described in De Sousa et al.
(2013), proved the formation of Fe304-NPs electrostatically stabilized
by citric acid; citric acid molecules bind to the nanoparticle surfaces by
one carboxylate group, leaving two others free and NPs negatively
charged (Z-potential = — 36 mV). The morphology of these NPs under
transmission electron microscopy (TEM) was already described, and the
stability in water and Hoagland solution was previously corroborated
(lannone et al., 2016). Iron concentration in the colloidal sample was
measured by titration.

2.2. Pre-sowing treatments and plant growth conditions

Soybean (Glycine max L.) seeds were provided by Nidera, Argentina,
and alfalfa (Medicago sativa L.) seeds (Pampa Flor variety) were obtained
from Guasch. Before sowing, the inert substrate selected (nutrient-free
vermiculite) was irrigated with half-strength Hoagland (Hoagland and
Arnon, 1950) solution (control, C) or half-strength Hoagland solution
containing 50 or 100 mg L™! of iron as Fe304-NPs (NP50 and NP100).
These Fe304-NPs doses were selected considering data retrieved from
previous reports (Rizwan et al., 2019; Tombuloglu et al., 2019a, 2019b).
Two additional treatments in which soluble iron (as Fe-EDTA, also dis-
solved in half-strength Hoagland solution) was added to the inert sub-
strate at final concentrations equal to those provided by Fe304-NPs were
included (Fe50 and Fel00). Therefore, identical iron amounts under
different chemical forms were applied only once at pre-sowing, making
up four treatments: NP50, NP100, Fe50, Fel00. Six soybean and twenty
alfalfa seeds were sown in each pot (1-L or 0.5-L capacity, respectively).
The plant population obtained was uniform in all treatments. All the
pots were distributed following a completely randomized design in a
growth chamber (16/8 h photoperiod; 26,/20 °C; fluorescent white light,
photon flux density: 175 ymol m? s ™) and watered every two days with
half-strength standard Hoagland solution. Plants were harvested on day
26 after emergence. Roots, stems, and leaves were separately used for
further analysis. Before magnetization measurements and biomass dry-
ing, roots were immersed in deionized water, sonicated for 5 s (Heat
Systems, model W-375), and exhaustively washed with deionized water
three times to remove the surface-adsorbed NPs, as described by Al-Amri
et al. (2020).

2.3. Magnetization measurements

Dried plant tissues from control and treated plants were analyzed to
determine specific magnetization (M) as a function of the applied
magnetic field (H) at room temperature using a vibrating sample
magnetometer (VSM, LakeShore 7404, maximum field of 18.000 Oe), as
described by Wang et al. (2011). Magnetization measurements were
performed in duplicate. For IO-NPs characterization, 40 uL of the
colloidal suspension were sealed in a shrinkable sachet and measured at
room temperature. The mean magnetic moment and saturation
magnetization of the synthesized nanoparticles were obtained by fitting
VSM data with a Langevin equation. The mean particle size was esti-
mated from the mean magnetic moment, as described in De Sousa et al.
(2013).

2.4. Iron determination

After drying at 80 °C up to constant weight, plant tissues were
ground. The fine powder thus obtained was digested with a mixture of
HNO3:HClO4 (3:1 vol/vol) at 170 °C, and Fe concentration in leaves and
roots was determined by flame atomic absorbance spectrometry (Perkin
Elmer AAnalyst 300, wavelength used: 248.3 nm, standard: AccuS-
taridard 1000 ppmy, linearity range: 6 mg L™}, detection limit: 0.11 mg
L.
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2.5. Seed germination and plant growth

The germination index of soybean and alfalfa seeds was recorded at
72 h by checking the coleoptiles emergence. On day 26 post-emergence,
plant growth and several biochemical parameters, including oxidative
stress biomarkers, were determined on fresh samples obtained from a
pool of 25-30 plants per treatment.

Growth was evaluated by measuring shoots and roots length and
fresh weight. The total root surface was estimated as previously
described (Ansari et al., 1995). Briefly, roots were immersed in 0.05 M
NaNO, for 10 s and then transferred to a beaker with a known amount of
distilled water. An aliquot of this solution was subsequently collected to
determine nitrite content by spectrophotometry at 540 nm after reaction
with 1% of sulfanilamide in HCI and 0.02% of alpha-naphthyl ethylene
diamine.

2.6. Chlorophyll content

Soybean and alfalfa leaf samples (100 mg FW) were incubated in 5
mL of 96% ethanol at 50-60 °C until complete discoloration. The
absorbance at 654 nm in the ethanolic extracts was measured spectro-
photometrically in a Hitachi U-2000 spectrophotometer, according to
Wintermans and de Mots (1965). Chlorophyll (Chl) content was calcu-
lated using the following formula: Chl a+b (ug mL™!) = Ags4/39.8.

2.7. Oxidative stress assessment

2.7.1. In situ determination of reactive oxygen species: Oz and H202
localization

Accumulation of superoxide anion (O3 ) was estimated using a
0.05% (wt/vol) solution of nitroblue tetrazolium (NBT), which reacts
with Oz and produces a blue precipitate of formazan. Diphenylene
iodonium (DPI, an NADPH oxidase inhibitor that prevents Oz produc-
tion) was used as a negative control (Bolwell et al., 1998; Frahry and
Schopfer, 1998). Hy02 accumulation was also determined in situ by a
histochemical method using 3,3’ diaminobenzidine (DAB) as the
revealing agent. The presence of brown spots was indicative of HyO2
accumulation (Thordal-Christensen et al., 1997). Ascorbic acid (a
well-known antioxidant) was used as a negative control.

2.7.2. Thiobarbituric acid reactive substances (TBARS) determination
Lipid peroxidation was determined by estimating thiobarbituric acid
reactive substances (TBARS), as described by Heath and Packer (1968).
Fresh leaves or roots (0.3 g) were homogenized in 3 mL of 20% (wt/vol)
trichloroacetic acid (TCA). The homogenate was centrifuged at 15,000
rpm for 20 min, and 1 mL-supernatant aliquots were mixed with 1 mL of
20% (wt/vol) TCA containing 0.5% (wt/vol) of thiobarbituric acid and
100 uL of 4% (wt/vol) butyl hydroxytoluene in ethanol. The mixture was
heated at 95 °C for 25 min and cooled on ice. After centrifuging at 4,000
rpm for 3 min, TBARS were measured spectrophotometrically at 532 nm
by subtracting the turbidity at 600 nm. TBARS content was calculated
using the extinction coefficient of malondialdehyde (155 mM~! cm_l).

2.7.3. Enzyme assays

Plant homogenates were prepared in 50 mM phosphate buffer pH 7.8
containing 0.5 mM EDTA, 1 g PVP, and 0.5% (vol/vol) Triton X-100.
Catalase (CAT, EC 1.11.1.6) activity was determined as described by
Chance et al. (1979), and guaiacol peroxidase (GPOX, EC 1.11.1.7) ac-
tivity was determined according to Maehly and Chance (1954). Ascor-
bate peroxidase (APOX, EC 1.11.1.11) activity was determined
immediately after extraction, according to Nakano and Asada (1981).

2.8. Cell viability and membrane damage assessments

2.8.1. Evans blue staining
The proportion of cells undergoing cell death process was estimated
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through this staining, as previously described (Baker and Mock, 1994).
Briefly, roots and leaves were incubated with 0.25% (wt/vol) of an
aqueous solution of Evans Blue for 15 min at room temperature, then
washed twice with distilled water and left in distilled water overnight.
The following day, the samples were incubated for 1 h at 50 °C with a
methanol-SDS solution, and the absorbance at 595 nm was measured.

2.8.2. Electrolyte leakage

Oxidative damage to membranes can result in increased electrolyte
leakage. Root and shoot samples were kept in vials with deionized water
for 1 h, and the electrical conductivity (EC) (T1) was measured. Sub-
sequently, the material was heated at 100 °C for 1 h, and the EC was
determined again (T2). The relative electrical conductivity was calcu-
lated as (T1/T2) x 100, as described by Shou et al. (2004).

2.9. Statistics

All data presented are mean values of three independent sets of ex-
periments; standard errors (SE) are included. Statistical analysis was
carried out by one-way ANOVA followed by Tukey’s multiple range test.
Asterisks indicate significant differences (* p < 0.05, two asterisks ** p
< 0.01, and three asterisks *** p < 0.001).

3. Results
3.1. Fe304-NPs distribution in plant tissues

To evaluate the uptake and translocation of Fe304-NPs, the magne-
tization vs. the applied magnetic field (M-H) was measured using a
vibrating sample magnetometer. The M-H measurements were divided
by the mass of the sample; therefore, the magnetic signal would couple
to the content of I0-NPs. Ferromagnetic nanomaterials with a size minor
to 10-20 nm are superparamagnetic; this phenomenon usually occurs
only in NPs systems (Huber, 2005).

First, the superparamagnetic behavior of our citric acid-coated
Fe304-NPs was corroborated through VSM measurements. The VSM
data shows a sigmoid-shaped curve fitting with a Langevin function,
indicating the superparamagnetic behavior (Fig. 1A). From the fit, a
saturation magnetization (Ms) of 16.8 + 0.3 emu gl?el and a particle
mean magnetic moment ({#)) of 26,350 up were inferred. Using the

formula V = %’ where V = % is the nanoparticle volume and d is its
diameter, a mean size of 14 + 4 nm was obtained.

Fig. 1B shows VSM measurements in soybean roots. It may be noticed
that C, Fe50, and Fel00 samples presented a diamagnetic behavior
(straight line), characteristic of organic materials, while NP50 and
NP100 samples exhibited a superparamagnetic behavior (sigmoidal
curve) overlapping the diamagnetic one. Fig. 1C and D show the VSM
measurements performed in stem and leaf samples of soybean plants,
respectively. A diamagnetic signal was mainly observed in these sam-
ples, irrespective of the pre-sowing treatment, revealing negligible
translocation of Fe304-NPs to the aerial parts. A more intense super-
paramagnetic signal was detected in alfalfa roots exposed to Fe304-NPs
(Fig. 1E). These results indicated that Fe304-NPs were uptaken by both
legumes. Diamagnetic signals were found under the other pre-sowing
treatments. In alfalfa stems and leaves, a weak superparamagnetic
signal was found (Fig. 1 F,G).

3.2. Total iron content

Total Fe content in the leaves of soybean increased significantly only
when soluble iron was added at pre-sowing (about a 2-3-fold increase),
whereas in the leaves of alfalfa, total iron content increased upon the
addition of both iron-containing compounds, being the increase more
pronounced with the soluble form (Table 1). Total iron concentration in
the roots increased significantly under all treatments in both legumes
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Fig. 1. Selected magnetization results of vibrating sample magnetometry (VSM) analyses. Magnetization loops are shown as specific magnetization M vs. applied
field H. Fe304-NPs suspension (A); root samples of soybean (B) and alfalfa (E); stem samples of soybean (C) and alfalfa (F); leaf samples of soybean (D) and alfalfa (G).
M (emu g ! DW) and H (Oe) represent the magnetization and the applied magnetic field, respectively. C: control plants; NP50, NP100, Fe50, and Fe100: plants
grown on an inert substrate that received once, at pre-sowing, 50 or 100 mg Fe L~! supplied as Fe304-NPs or Fe-EDTA, dissolved in half-strength Hoagland solution.
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Table 1
Total iron content.
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Iron content (mg g~! DW)

Plant tissue C Fe50 Fel00 NP50 NP100
Soybean Root 0.35 £ 0.02 1.61 + 0.03*** 1.75 £ 0.03*** 1.35 + 0.04*** 1.65 £ 0.02***

Leaf 0.06 + 0.02 0.11 £+ 0.02 0.16 £ 0.03** 0.05 £ 0.02 0.07 £ 0.02
Alfalfa Root 0.43 £0.03 1.22 £ 0.02%* 1.41 £ 0.03** 0.94 £ 0.03** 1.32 £ 0.04%**

Leaf 0.13 £ 0.02 0.28 £ 0.05** 0.35 £+ 0.03** 0.20 £ 0.04* 0.22 + 0.06 *

C: control plants; NP50, NP100, Fe50, and Fe100: plants grown on an inert substrate which received once, at pre-sowing, 50 or 100 mg Fe Lt supplied as Fe304-NPs

or Fe-EDTA, dissolved in half-strength Hoagland solution.

Data are the mean + SE of three independent experiments, with five replicates per treatment. Asterisks within rows indicate significant differences (*p < 0.05;

**p < 0.01; ***p < 0.001), according to Tukey’s multiple-range test.
examined (about a 2-5-fold increase compared to control plants).

3.3. Germination, plant growth, and chlorophyll content

The germination index of soybean and alfalfa was not significantly
affected by any pre-sowing treatment tested (Fig. 2). Iron addition in
both chemical forms (as Fe3O4-NPs or Fe-EDTA) increased the shoot
biomass accumulation in these legumes by about 40% (p < 0.01) and
20% (p < 0.05), respectively, with no differences between doses
(Table 2). Root fresh weight also increased due to the application of
these Fe-containing compounds at pre-sowing, being the increase rate
more pronounced for Fe304-NPs than Fe-EDTA, but not affected by the
dose. Alfalfa root length also increased around 50% in plants exposed to
these Fe-containing compounds, irrespective of the chemical form and
dose (p < 0.01); however, soybean root length increased when Fe304-
NPs were applied only. Root surface increased very significantly both in
soybean (~50% at both NPs doses, p < 0.001) and alfalfa (63% and 97%
at NP50 and NP100, respectively, p < 0.001) (Table 2). Also, Fe appli-
cation as Fe304-NPs or Fe-EDTA at pre-sowing increased chlorophyll
content in both legume species. The maximum increase over the control
was observed under NP50 for alfalfa (26%) and under NP50 or NP100
for soybean (both 40%), p < 0.001 (Fig. 3).

3.4. Oxidative stress and antioxidant parameters

Neither Fe304-NPs nor Fe-EDTA addition produced significant
changes in superoxide anion (O3 ) and hydrogen peroxide accumulation
in roots or leaves (data not shown). Accordingly, no increases in TBARS
levels (indicative of lipid peroxidation) were observed in the roots or

[] Soybean [] Alfalfa
S
= 100 - —
o o
£ 80 -
E 70
& 60 -
S 50 |
:-f» 40
£ 30 -
8 20 -
& 10
0
o} Fe50 Fe100 NP50  NP100

Fig. 2. Germination index of soybean and alfalfa. C: control plants; NP50,
NP100, Fe50, and Fel00: plants grown on an inert substrate that received once,
at pre-sowing, 50 or 100 mg Fe Lt supplied as Fe304-NPs or Fe-EDTA, dis-
solved in half-strength Hoagland solution. Mean values and standard errors of
three independent experiments (n = 10) are shown. Asterisks indicate signifi-
cant differences (¥, p < 0.05; **, p <0.01; ***, p <0.001), according to
Tukey’s multiple range test.

shoots of Fe304-NPs-exposed soybean plants (Fig. 4A). Moreover, Fe
addition in both forms tended to reduce TBARS levels in alfalfa plants,
mainly in the aerial part (Fig. 4D). Cell viability and permeability did not
change due to the pre-sowing treatments in the plant species evaluated
(Fig. 4B, C, E, F).

The only change in the enzymatic antioxidant machinery was found
for CAT, whose activity increased consistently under Fe304-NPs treat-
ments in roots (~30-50%, p < 0.05/0.01) and shoots (~30%, p < 0.05)
of both plant species. APOX and GPOX activities showed no significant
changes (Table 3).

4. Discussion

The increasing use of nanoparticles demands better comprehension
of the physicochemical and biological phenomena regulating their dy-
namics in the environment and inside plant tissues. In this work, the
effect of adding magnetite nanoparticles coated with citric acid in the
inert substrate where soybean and alfalfa were subsequently grown was
evaluated at 26 days after emergence.

Since I0-NPs have magnetic properties, their presence in different
plant tissues was analyzed by VSM analysis (Fig. 1). Our magnetization
studies, along with the iron content analysis, suggest that Fe304-NPs
were absorbed by the roots of the species examined, but they were not
translocated (soybean) or only translocated in minimal amounts (alfalfa)
from roots to shoots.

This result has an important practical consequence: at the dose
applied, which may represent a mild accumulation condition, these
nanoparticles are not expected to enter into the chain food, as they do
not migrate significantly to the shoots. In this way, the risk of toxicity to
humans or animals becomes negligible. The uptake of I0-NPs with no
translocation to the leaves has been shown before in other plant species
such as ryegrass, pumpkin (Wang et al., 2011), cucumber (Konate et al.,
2018), Citrus maxima (Li et al., 2018), and summer squash (Tombuloglu
et al., 2019b). In our previous work, these same nanoparticles did not
translocate to the aerial part in wheat plants (lannone et al., 2016).

Though our citric acid-coated IO-NPs were stable as a colloidal so-
lution at pH 7, at a lower pH such as that of the root apoplast and in the
presence of many other solutes, aggregation phenomena may exist and
limit NPs passage through plasmodesmata as well as NPs translocation
through the vascular system (lannone et al., 2016). In this sense, it is
interesting to note that Sun et al. (2019) reported the formation of ag-
gregates mainly composed of iron deposited in the adjacent regions of
cell walls and cell membranes of mung bean roots exposed to high
concentrations of bare and starch-stabilized zerovalent iron nano-
particles, and suggested that both aggregation and internalization of
nanoparticles in root cells may occur, resulting in relatively less trans-
location and phytotoxicity. Nanoparticles translocation inside plants is
expected to depend on their concentration, size, and type, and particu-
larly, on their net electrical charge. However, the plant species is
probably an important issue, which was not addressed in depth. Quan-
titative and qualitative differences among plant species in plant root
exudates and sap composition might be relevant in terms of Fe304-NPs



M.F. Iannone et al.

Ecotoxicology and Environmental Safety 211 (2021) 111942

Table 2
Growth parameters.
Plant specie Treatment Root surface (nmol nitrite plant™1) Root length (cm) Shoot length (cm) Root weight (g) Shoot weight (g)
Soybean C 43,093.18 + 3104.39 18.50 £ 0.91 22.08 +£0.51 0.94 £0.16 2.39+£0.43
Fe50 49,096.28 + 4267.03 21.12 + 0.82 22.50 + 0.68 1.35+ 0,1 3.30 + 0.37**
Fel00 50,114.25 + 3432.18 21.71 +£1.03 22.60 &+ 0.64 1.40 + 0.15* 3.27 £0.30**
NP50 64,923.55 + 4813.42%** 23.14 + 1.00* 23.25 + 0.55 1.64 + 0.16%** 3.36 + 0.29%*
NP100 65,577.65 + 3232.23*** 23.52 + 0.82* 23.41 + 0.58 1.72 4+ 0.17%** 3.41 + 0.37**
Alfalfa C 348.06 + 49.22 5.05 + 0.66 10.44 £+ 0.51 0.013 £ 0.002 0.114 + 0.006
Fe50 269.08 + 36.14 7.11 £ 0.67** 11.26 £+ 0.66 0.019 + 0.004* 0.130 + 0.011*
Fel00 377.51 £+ 34.70 7.47 £ 0.77** 11.52 4+ 0.33 0.018 + 0.004* 0.142 + 0.013*
NP50 567.60 + 33.17*** 7.72 £+ 0.80** 11.37 £ 0.36 0.028 + 0.005** 0.131 £ 0.008*
NP100 686.75 + 48.59*** 8.05 + 0.58** 11.63 + 0.41 0.026 + 0.002** 0.137 + 0.010*

C: control plants, NP50, NP100, Fe50, Fe100: plants grown on an inert substrate which received once, at pre-sowing, 50 or 100 mg Fe L' supplied as Fe;0,4-NPs or Fe-

EDTA, dissolved in half-strength Hoagland solution.

Values are the mean + SE of three independent experiments, with ten replicates per treatment. Asterisks within rows indicate significant differences (*p < 0.05,

**p < 0.01, ***p < 0.001), according to Tukey’s multiple-range test.
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Fig. 3. Chlorophyll content in soybean and alfalfa leaves. C: control plants;
NP50, NP100, Fe50, and Fel0O: plants grown on an inert substrate that
received once, at pre-sowing, 50 or 100 mg Fe L~ supplied a Fe304-NPs or Fe-
EDTA, dissolved in half-strength Hoagland solution. Mean values and standard
errors of three independent experiments (n = 10) are shown. Asterisks indicate
significant differences (* p < 0.05; ** p < 0.01; p < 0.001), according to
Tukey’s multiple range test.

plant entry and translocation. Further studies to shed light on the actual
occurrence of Fe304-NPs aggregation/precipitation phenomena in the
legumes evaluated are necessary.

In contrast to our findings, Ghafariyan et al. (2013) found super-
paramagnetic signals in stems and leaves of soybean plants exposed to
higher concentrations of iron oxide NPs, with various surface charges.
Zhu et al. (2012) observed that Au NPs could accumulate in Oryza sativa
shoots, unlike Raphanus raphanistrum and Cucurbita pepo shoots. These
authors also reported that the positively charged Au NPs were more
easily uptaken by plant roots than the negatively charged ones. On the
other hand, it is supposed that ion transporters in the cell membrane can
partially be involved in the uptake of metallic-based NPs (Rico et al.,
2011). However, there is still no conclusive research about NPs uptake
by plants and transport inside plant tissues (Servin et al., 2015). Ac-
cording to a recent report, plant species, NPs characteristics (shape, size,
charge), and the growth media influence the capability of IO-NPs to be
translocated into plant organs (Al-Amri et al., 2020).

An interesting finding is that in both legumes tested, root surface
increased very significantly when plants developed in vermiculite
amended with Fe304-NPs, but not with Fe-EDTA. This suggests an effect
of the nanostructure itself on root hair formation. Root hairs are key
determinants of the effective absorption area for terrestrial plants. Dif-
ferentiation of root epidermal cells into root hairs is a complex process in
which plant hormone balance plays a crucial role. In recent years, the

effects of these new materials on plant hormone levels have started
being investigated. Le Van et al. (2015) observed that CeO NPs had no
significant effect on indole-3-acetic acid (IAA) and other hormones in
cotton leaves, whereas Gui et al. (2015) reported increased IAA levels in
rice roots in response to maghemite (yFeyOs) application. Rui et al.
(2016) also informed increments in several phytohormones such as
gibberellins (including GA7 and GA3) and trans-zeatin riboside upon
FeoO3 NPs addition in peanut plants, while Hao et al. (2016) commu-
nicated decreases in phytohormone contents in rice seedlings related to
the application of carbon nanotubes. ZnO nanoparticles were also re-
ported to decrease cytokinins and auxins in Arabidopsis thaliana apices,
leading to strong growth inhibition (Vankova et al., 2017). To our
knowledge, this is the first report showing a positive effect of citric
acid-coated IO-NPs on total root surface area.

Considering that both iron-containing compounds led to increased
plant biomass, iron seems to be a key factor in the growth-stimulating
effect observed. In this sense, several iron-dependent steps in chloro-
phyll biosynthesis have been reported (Miller et al., 1995). Yuan et al.
(2018) found that low doses of Fe NPs promoted Capsicum annuum
growth by modifying leaf organization and increasing the chloroplast
number and grana stacking, apart from regulating vascular bundles
development. On the other hand, NPs are known to augment the water
uptake capacity by altering the membrane pores or ion channels (Zhu
et al., 2008), a phenomenon that would explain the higher fresh weight
observed in soybean and alfalfa roots exposed to Fe3O4-NPs, in coinci-
dence with those previously reported (Zhu et al., 2008; Al-Amri et al.,
2020). Root biomass and water content also increased in radish exposed
to citric acid-coated CeO5 NPs (Trujillo-Reyes et al., 2013).

In previous works (Kim et al., 2014, 2015), zerovalent iron NPs
induced cell-wall loosening in Arabidopsis roots and leaves, leading to
increased shoot and root elongation. According to those authors, iron
NPs triggered high plasma membrane H™-ATPase (PM H'-ATPase) ac-
tivity, which resulted in increased leaf area and enhanced stomatal
opening, which facilitates CO, uptake and favors photosynthesis. It was
proposed that the iron NPs-induced activation of PM H'-ATPase in roots
promotes auxin transport, and this may result in PM H'-ATPase acti-
vation in shoots (Kim et al., 2015).

In the present work, Fe304-NPs increased CAT activity in the roots
and shoots of both legumes analyzed. In Gossypium hirsutum, ZnO NPs
treatments increased SOD and POX activities, with a subsequent
decrease in lipid peroxidation (Venkatachalam et al., 2017). We previ-
ously found that the activity of several antioxidant enzymes (CAT,
GPOX, APOX, and SOD) was increased in the roots and shoots of wheat
plants exposed to the same nanoparticles, even when these nano-
particles were not translocated to the aerial part (lannone et al., 2016).
Similarly, SOD and CAT activity increased in the roots and shoots of
ryegrass and pumpkin plants exposed to magnetite NPs, despite the lack
of nanoparticles translocation to leaves (Wang et al., 2011).
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Fig. 4. TBARS content (A, D), electrolyte leakage (B, E), and cell viability percentage (C, F) in shoots (white) and roots (gray) of soybean and alfalfa seedlings. C:
control plants; NP50, NP100, Fe50, and Fe100: plants grown on an inert substrate that received once, at pre-sowing, 50 or 100 mg Fe L' supplied as Fe304-NPs or
Fe-EDTA, dissolved in half-strength Hoagland solution. Mean values and standard errors of three independent experiments (n = 6) are shown. Asterisks indicate
significant differences (* p < 0.05; ** p < 0.01), according to Tukey’s multiple range test.

Table 3
Antioxidant enzymes activities in plant tissues.
Soybean Alfalfa
Aerial part Root Aerial part Root
CAT (pmol g! FW s71) C 0.51 =+ 0.02 0.33 + 0.05 0.70 + 0.03 0.58 =+ 0.06
Fe50 0.45 £ 0.09 0.40 £+ 0.07* 0.77 £ 0.06 0.60 £ 0.10
Fel00 0.54 + 0.03 0.38 £ 0.08 0.65 £ 0.05 0.50 £ 0.09
NP50 0.67 £+ 0.06* 0.45 £ 0.04* 0.87 £+ 0.02* 0.73 £+ 0.04*
NP100 0.70 £ 0.04* 0.50 £ 0.05** 0.96 + 0.09* 0.76 £+ 0.07*
APOX (nmol g~! FW s71) C 1.75 +£0.22 6.51 £ 0.28 3.31 £0.40 8.31 £0.36
Fe50 1.81 £0.33 6.44 £+ 0.30 3.25 £ 0.26 8.40 £ 0.40
Fel00 1.95 +0.15 6.68 + 0.24 3.39 £0.35 8.49 + 0.30
NP50 1.83 £0.12 6.82 £0.12 3.41 £0.34 8.70 £0.19
NP100 1.97 £ 0.25 6.98 + 0.20 3.50 £ 0.31 8.83 £0.39
GPOX (nmol g’1 FwW) C 20.81 £ 0.11 6.27 £+ 0.03 24.42 +0.11 4.81 £0.29
Fe50 20.85 + 0.09 6.40 £ 0.16 25.01 +£0.33 4.90 £0.12
Fel00 20.89 + 0.08 6.18 £+ 0.09 24.60 + 0.30 4.95 £ 0.15
NP50 20.73 £ 0.15 6.12 + 0.23 24.35 + 0.22 4.70 £ 0.20
NP100 20.67 + 0.20 6.17 £ 0.14 24.29 +0.21 4.58 +£0.31

C: control plants; NP50, NP100, Fe50, and Fe100: plants grown on an inert substrate which received once, at pre-sowing, 50 or 100 mg Fe L~! supplied as Fe50,4-NPs
or Fe-EDTA, dissolved in half-strength Hoagland solution.

Data are the mean =+ S.E. of two independent experiments, with five replicates per treatment. Asterisks indicate significant differences (* p < 0.05; ** p < 0.01) ac-
cording to Tukey’s multiple range test. Enzymatic activities were assayed as described in Materials and Methods. One unit of CAT is the amount of the enzyme that
oxidizes 1 pmol of Hy0, min~! under the assay conditions. One unit of APOX forms 1 nmol of oxidizes ascorbate min~! under the assay conditions. One unit of GPOX is
the amount of the enzyme that reduces 1 nmol of H,0, min~" under the assay conditions.
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Ngan et al. (2020) reported that the increased root elongation and
better absorption efficiency in carnation plants exposed to iron NPs
could be attributed to cell-wall loosening induced by OH - radicals.
These authors also described that iron NPs increased SOD, CAT, and APX
activities and enhanced carnation plants’ growth. Additionally, Fe,O3
NPs promoted peanut growth by regulating phytohormone contents and
antioxidant enzyme activities, resulting in adequate ROS amounts
capable of acting as signaling molecules for root elongation and plant
development (Rui et al., 2016).

We highlight that neither oxidative damage nor cell death symptoms
were observed in soybean or alfalfa plants treated with these citric acid-
coated Fe304-NPs at final Fe concentrations of 50 and 100 mg L.
These results are in accordance with those reported by Ghafariyan et al.
(2013), who tested IO-NPs at higher concentrations. Moreover, under
our experimental system, instead of being toxic, Fe304-NPs improved
plant growth and increased chlorophyll contents. Similar positive effects
were also found in maize plants exposed to hematite and ferrihydrite
(Pariona et al., 2017) and in wheat plants exposed to IO-NPs (Yasmeen
et al., 2015).

In the same way, Yan et al. (2020) found that Fe304 NPs increased
root length and reduced TBARS levels in maize plants. Besides, it was
observed that Fe;O3 NPs considerably boosted the growth in tomato
(Shankramma et al., 2016), watermelon (Li et al., 2013), corn (Li et al.,
2016), sorghum (Maswada et al., 2018), and rapeseed (Palmqvist et al.,
2017). In line with these findings, wheat seeds primed with ZnO NPs or
IO-NPs at similar concentrations to those used in this work showed a
positive effect on several photosynthesis parameters (chlorophyll a and
b contents, stomatal conductance, photosynthetic rate) and mitigated
the adverse effect of Cd stress (Rizwan et al., 2019). Also, Golshahi et al.
(2018) observed that polymeric monodisperse IO-NPs led to chlorophyll
increments, with improvements in the plasmatic membrane stability
index of root and shoot cells, along with increased levels of micro-
nutrients (Fe, Zn, and Cu). Fe;O3 NPs also improved peppermint per-
formance under saline stress (Askary et al., 2017). Li et al. (2013)
reported that IO-NPs improved the physiological function and resistance
to environmental stresses in watermelon, whereas H,O5 content and
lipid peroxidation were reduced in Brassica napus plants subjected to
y-FeoO3 nanoparticles and exposed to drought (Palmqvist et al., 2017).
However, other NPs such as ZnO and CuO used at higher concentrations
(500 mg L™Y) had adverse effects on soybean development (Lopez--
Moreno et al., 2010; Nair and Chung, 2014). Specifically, CuO NPs led to
an increased ROS production, which activated the soybean antioxidant
system (Nair and Chung, 2014). These results corroborate the impor-
tance of the doses applied when assessing plants’ responses to these new
materials.

5. Conclusion

In the present work, we demonstrated that soybean and alfalfa plants
absorbed citric acid-coated magnetite nanoparticles and accumulated
them in their roots, with little or no translocation to the aerial parts. This
low mobility inside plants becomes a positive trait, considering that
aerial organs (leaves and grains) are commonly consumed as food by
humans and animals. On the other hand, we showed that when applied
at iron concentrations up to 100 mg L7}, citric acid-coated magnetite
nanoparticles showed positive effects on plant growth, particularly on
root hair formation and chlorophyll concentration, two key plant fea-
tures with a direct impact on net plant productivity.
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