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Abstract

We have applied aqueous suspensions of magnetite-maghemite nanoparticles functional-
ized with quaternized chitosan and phosphate groups on yellow maize (Zea Mays) and
chili pepper (Capsicum annuum) plants, at greenhouse conditions, to evaluate if any ben-
eficial or adverse effects are produced by these nanocomposites in the development of
these kind of plants at morphological and physiological level. Phytotoxicity assays with
yellow maize seeds showed excellent germination percentages in all treatments evaluated,
as well as increasing indicators of biomass and root length of germinated seeds for sus-
pensions of nanoparticles with iron contents up to 50 ppm. Suspensions of nanoparticles
with iron contents higher than 50 ppm led to decreasing indicators of biomass and root
length of germinated seeds compared to lower iron contents. Iron contents of 100 ppm
showed indicators lower than those of the control, suggesting phytotoxic effect of these
nanocomposites for iron contents above 100 ppm. Measurements of morphological and
physiological parameters of plants of both crops in greenhouse conditions, treated with
suspensions of nanoparticles with iron-phosphorus contents of 25-3, 35—4 and 45-5
ppm, commercial fertilizer as positive control and tap water as a negative control did
not evidence any phytotoxic or beneficial effect. The results suggest that, although these
nanocomposites did not have a noticeable effect as vehicles of micro and macro nutrients
as iron and phosphorus in the evaluated plants, they did not produce phytotoxic effects on
them at the morphological and physiological level for iron contents less than 50 ppm, as
they showed adequate growth and development.
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1 Introduction

The growing demand for food worldwide, due to the continuous increase in population, has
caused an excessive use of agrochemicals and inadequate agricultural practices, resulting in
low crop yields, negative health effects and negative environmental impacts. To counteract
these negative consequences, innovative alternatives are being developed to build a sustain-
able agricultural model [1], among which are nanofertilizers, whose main objective is to
provide micro and macronutrients to crops in an efficient and environmentally friendly way.
However, the effect of these nanomaterials on plant growth and development is still unclear
[2]. Several kinds of metal oxide nanoparticles (NPs), such as iron oxide NPs, have been
applied in agriculture, specifically in plant protection and fertilization experiments [3—6].
Some of these studies have reported that iron oxide NPs can increase seed germination index
[3, 7], seedling vigor, plant biomass, and yield and enhance physiological function [3, §]. To
achieve biocompatibility, biodegradation, and stability of the NPs, as well as to modulate
any toxic or agglomerative effect in physiological environments, their surface can be coated
with polymeric materials for obtaining core-shell type structures (nanocomposites) whose
chemical structure can be modified to improve their solubility at physiological pHs [9, 10].
Chitosan, an amino polysaccharide, is obtained from the deacetylation of chitin, a polysac-
charide present mainly in the exoskeletons of crustaceans. Chitosan has desirable properties
in biotechnological applications since it is biocompatible, biodegradable, and has antifungal
and antimicrobial activity, however, due to its low solubility at physiological pHs, its use
in biological systems is limited. This drawback can be overcome by chemically modifying
the chitosan structure, such as binding for quaternary ammonium groups [11]. On the other
hand, to our knowledge, there are not enough studies that examine the impact of iron oxide
nanoparticles coated with chitosan on maize plants (Zea mays), a crop of great importance
for the food security of humankind, the majority of the published nanotoxicology articles
have focused on mammalian cytotoxicity or impacts in animals and bacteria. Only a few
studies have considered the toxicity of NPs in plant systems [12]. To contribute to elucidat-
ing the effect of iron oxide nanocomposites on cereal crops, we evaluated the effect of the
application of suspensions of magnetite-maghemite NPs, functionalized with quaternized
chitosan and phosphates, as phosphorus source, on the morphological parameters of yel-
low maize plants (variety FNC31AC). Details of the experiments and results obtained are
presented in the following sections of this paper.

2 Materials and methods
2.1 Materials

For the synthesis of the nanocomposites, the following reagents were used: Chitosan (degree
of deacetylation>75%), Glycidyl trimethylammonium chloride (GTMAC), Perchloric acid
HCIO, (70-72%), FeCl;.6H,0, Fe(NH,),(SO,),.6H,0, Sodium hydroxide NaOH and
oxalic acid C,H,0,. All reagents, with the exception of phosphate precursor, were of ana-
lytical grade, and they were used as received. Phosphate rock was obtained in a Colombian
mine, this is due to this research intends to obtain the macronutrient for the plants from an
abundant resource of this product in Colombia, in this case, a mine, seeking to contribute to
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development of sustainable agriculture, however, we would expect that an analytical grade
phosphate precursor could be used in this experiment without significant variation in results.

2.2 Preparation of N-2-hydroxy-propyl-3-trimethyl ammonium chitosan chloride
(HTCC)

Quaternization of chitosan is a process necessary to increase the solubility of this polymer in
the alkaline conditions required to obtain magnetite-maghemite for co-precipitation. HTCC
was synthesized by a reaction with GTMAC at 80 °C employing the method of Ruihua et
al. [11] with some modifications. For this purpose, 1 g of chitosan was suspended in 150.0
mL of deionized water at 60 °C and dissolved by the addition of 1.0 mL of HCIO, under
stirring. Afterward 8.0 mL of GTMAC was added in two portions at intervals of 0.5 h. Sub-
sequently, the reaction continued at 80 °C for 8 h. The HTCC obtained was precipitated of
the reaction solution with acetone and it was dried and resuspended in deionized water for
their posterior use.

2.3 Preparation of aqueous suspensions of magnetic nanocomposites coated with
quaternized chitosan

Magnetite-maghemite nanoparticles functionalized with quaternized chitosan (Fe;0,-QC)
were prepared by chemical coprecipitation of Fe’* and Fe** species in presence of a qua-
ternized chitosan solution. As a first step, 0.500 g of quaternized chitosan were dissolved
in 100.0 mL of deionized water, and the solution was bubbled with N, ,) for 30 min. After-
wards the pH of the solution was increased to 10 with the controlled addition of a solu-
tion 1 M NaOH. Subsequently, a solution containing 0.500 g of Fe(NH,),(SO,),.6H,0 and
0.700 g of FeCl;.6H,0 was added, and a black suspension was obtained. The suspension
obtained was left under stirring for one hour and subsequently washed by dialysis.

2.4 Binding of PO,3" ions to the surface of Fe;0,-QC

For obtaining the PO,’~ ions to be bonded to the Fe;0,-QC surface, 2 g of phosphoric
rock were dissolved in 100 mL of a 2% solution in oxalic acid. The mixture was heated for
4 h at 80 °C, then allowed to stand for 24 h and filtered. Afterward, 50 mL of this solution
were mixed with 100 mL of the Fe;0,-QC suspension and stirred for 1 h. The suspension
obtained was washed by dialysis, and the concentrations of phosphates and iron in the solu-
tion were determined by spectrophotometric measurements.

2.5 Characterization of magnetic nanocomposites

The synthesized nanocomposites were characterized by structural, chemical and magnetic
techniques. X-ray measurements were taken with a PANalytical X Pert PRO diffractometer,
with Cu-K,, radiation (4=1.540598 A), angular range 20: 15°-80°, step of 0.05° and count-
ing time of 1 s per step. Fourier transform infrared spectroscopy (FTIR) measurements
were obtained with a Perkin Elmer infrared spectrometer, model Spectrum Two. Room tem-
perature transmission Mossbauer measurements were taken with a Mossbauer spectrometer
developed at the Laboratory of Instrumentation and Spectroscopy of the University EAFIT
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[13], which operates in the constant acceleration mode, with a radioactive source of >’Co/Rh
with initial activity of 25 mCi and speeds between — 12 and 12 mm s~!. Méssbauer absorb-
ers were prepared by diluting the sample in sugar until an effective thickness of 6 mg-Fe
cm™~2 was obtained. Magnetization curves were taken with a vibrating sample magnetometer
developed at the Instrumentation and Spectroscopy Laboratory of the EAFIT University,
with a resolution of 3x10™7 A m? in magnetic moment and a range of 438 kA m~! in the
magnetic field. The iron and phosphorus contents in the aqueous suspensions of MNPs were
quantified by UV-Vis spectroscopy, with a spectrophotometer Thermo Scientific GENESYS
150 UV-Vis.

2.6 Seeds preparation

Seeds of yellow hybrid maize, reference FNC31AC, were supplied by “Federacion Nacio-
nal de Cultivadores de Cereales, Leguminosas y Soya (FENALCE)” from Colombia. It is a
quality protein maize (QPM), which means that these seeds can synthesize a high quantity
of the essential amino acids of lysine and tryptophan, thanks to the fact that they contain
the opaco-2 gene. Its adaptation is optimal in the Colombian coffee zone, with altitudes
between 1200 and 1800 m.a.s.1 [14]. Chili pepper seeds were obtained from an agricultural
supermarket (“Tierragro”) located in Medellin, Colombia, these belong to a species called
Capsicum annuum L. which grows in tropical climates and has a potential as an antioxidant
and anti-obesity agent, bioactive compounds important to reduce the risk of some non-com-
municable diseases, which gives this crop an important position in the world economy [15].
Maize seeds were subjected to a disinfection process before being used in the phytotoxicity
assay. This disinfection process was previously standardized at the Plant Biotechnology
laboratory at the EAFIT University, and it is included as supplementary material. Initially,
seeds were rinsed with a solution of isodine, soap and water. Afterwards, the seeds were
immersed in 15% sodium hypochlorite for 3 min and then rinsed three times with sterile
deionized water. Finally, the seeds were left to dry in a laminar flow chamber for approxi-
mately 10 min. Maize and chili pepper seeds were not disinfected for greenhouse assay.

2.7 Phytotoxicity assay

Maize seeds were chosen as a study model for this assay, because we had already worked
with it in previous projects, which allows us to have a better knowledge of this seed and
thus to identify more easily the morpho-anatomical changes that occurred during this test,
which evaluated the phytotoxicity effect of a broad spectrum of nanoparticle suspensions
in order to define the most suitable concentrations for the greenhouse test described below.
It consisted of placing 10 maize seeds per Petri dish (100 mm x 15 mm) with a cellulose
filter paper at the bottom impregnated with 3 mL of deionized water (control) or with sus-
pensions of nanoparticles with different iron contents (12.5, 25, 50, 75 and 100 ppm). Petri
dishes were stored in a dark place at 23 °C for 28 days. After this time, the seed germination
percentage and root length of germinated seeds were recorded. Each treatment was carried
out in triplicate.
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Table 1 Labels of the suspen- Suspension label Iron content (ppm)  Phosphorus content (ppm)
sions of nanoparticles used in 253 25 286
the treatments according to their ’
contents of iron and phosphorus 35-4 35 4
45-5 45 5.15

2.8 Preparation of the aqueous suspensions of magnetic nanoparticles

To adjust the content of iron and phosphorus supplied by the suspension of nanoparticles
used in greenhouse assay, the initial suspension of nanoparticles was diluted in tap water.
Table 1 presents the labels used to distinguish the suspensions according to their iron and
phosphorus contents. The maximum content of phosphorus bound to the surface of nanopar-
ticles with the highest iron content (45 ppm) was 5.15 ppm.

2.9 Greenhouse assay

Based on the results of the phytotoxicity test, three suspensions of nanoparticles with iron
contents below 50 ppm were selected to evaluate morphoanatomical and physiological
parameters in maize and chili plants under greenhouse conditions. For this purpose, five
maize seeds and three chili pepper seedlings were sown in two-layer bags with 10 kg of
substrate, previously treated with lime, at an average temperature and humidity of 29 °C and
60%, respectively. Fifteen days after sowing, only one seedling was left in each of the bags,
the one that had adapted best to the conditions of the trial. Thus, with only one plant per bag,
there were a total of 65 seedlings for each of the crops, 13 replicates per treatment (25—-3
ppm, 35—4 ppm and 45—5 ppm of the suspension of nanoparticles, a commercial fertilizer
as a positive control and tap water as a negative control). The application of the treatments,
in edaphic form, was initiated 15 days after sowing and it was repeated at four different
times defined in each of the crop cycles. After four months, the plants were harvested and
sent to EAFIT University to measure the following morpho-anatomical and physiological
variables: plant height, fruit weight, stem thickness and dry biomass.

2.10 Statistical analysis

In the phytotoxicity assay, three replicates with 10 individuals per treatment of maize seeds
were considered. The data were evaluated by regression analysis, in which the parameter
values were considered to determine the relationship between the dependent variables (bio-
mass, root length) with respect to the independent variable (iron contents). For the green-
house assay, we evaluated 25—-3, 35—4 and 45—-5 ppm of iron and phosphorus content
(n=13 per treatment, per crop), data were analyzed using one-way analysis of variance
ANOVA [16] to determine significant differences between treatments, followed by a Dun-
net’s tests for multiple comparisons at a 95% confidence level. Statistical analysis was per-
formed with the Statgraphics software, version 19 and RStudio software version 4.2.2.
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Fig. 1 Diffractogram of the nanocomposite sample of magnetite-maghemite functionalized with chitosan
and phosphate groups. Letter M stands for magnetite and maghemite

Table 2 Structural parameters Phase a(A) D (nm)

Of. the nanoparticles obtained by Magnetite-Maghemite 8.377+0.004 18+2
Rietveld refinement
a: lattice parameter D: mean crystallite diameter

3 Results and discussion
3.1 Characterization of the nanoparticles
3.1.1 X-ray measurements

Figure 1 shows the X-ray diffractogram of the synthesized nanocomposite. The diffracto-
gram was processed with the software Powder X [17] to remove the continuous background
signal of the tube. We applied Rietveld refinement with the software MAUD (Material Anal-
ysis Using Diffraction) [18] to obtain lattice parameter (a) and mean crystallite diameter of
the sample (D), which are presented in Table 2. Only peaks of magnetite and maghemite,
labeled M, were identified in the diffractogram, which can be corroborated by the sequence
of peaks indexed. Both phases were indistinguishable in the diffractogram because of their
very similar structural parameters.

3.1.2 FTIR measurements

Figure 2 presents the infrared spectrum of the nanocomposites; this spectrum shows several
bands characteristic of Fe-O bonds, as well as polysaccharide chains of chitosan, among
them Ether (C-O-C), Amide (-NH-CO) and C-H. This spectrum also shows a band placed
around 1478 cm™", characteristic of methyl group (-CH;). The presence of methyl group evi-
dences the quaternization of the chitosan bonded to the surface of the spinel nanoparticles.
3.1.3 TEM measurements

Figure 3a,b show the TEM micrograph of the nanoparticles obtained and their particle size

distribution, respectively. As can be seen from the micrograph, the particles exhibited a
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Fig.3 a TEM micrograph of the nanocomposite synthesized, b Particle size distribution histogram

quasi-spherical morphology, with a mean particle size around 11 nm, estimated by the log-
normal fitting of the particle size distribution.

3.1.4 Mossbauer measurements

The room temperature Mossbauer spectrum of the nanoparticles is presented in Fig. 4,
while Table 3 presents the hyperfine parameters derived from the fitting of the spectrum
with Lorentzian profile lines, by using the least square software MOSF [19]. Data with the
original spectrum, the fitted spectrum and the hyperfine parameters obtained by fitting are
included in the section of supplementary material. The spectrum was well fitted with two
sextets and one doublet. The sextet with hyperfine magnetic field of 44.1 T is attributed
to an average contribution of ions Fe’ of magnetic ordered magnetite and maghemite,
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Table 3 Hyperfine and spectral Subspectrum By (T) & (mm 2¢, AE W(@mm A
parameters of the iron phases s (mm 591) ) (%)
identified in the nanoparticles Magnetite-  44.14£0.2 0.32+0.02 0.0240.02 0.60£0.02 28+2

) maghemite
B,,shyperfine magnetic field, 6 Fe3*+

isomer shift relative to a-Fe, 2e oo 407402 0624002 0.024£0.02 0.77£0.02 2242

and AE, quadrupole splitting Fe2 5+
for sextets and doublets,
respectively, I line width of SP-Ma- - 0.35+0.02 0.75£0.02 0.63+0.02 50+2
the innermost lines of each %hflmte
o3

spectrum, 4 spectral area

this sextet may also have the contribution of core nanostructures of magnetite covered by
a shell of maghemite. The sextet with hyperfine magnetic field of 40.7 T is attributed to
ions Fe*>* at octahedral sites of magnetite, where electronic hopping between Fe?* and
Fe** cations occupying neighboring octahedra takes place, being the intermediate valence
2.5+confirmed by the isomer shift around 0.6 mm/s exhibited by the second sextet.

Although hyperfine magnetic fields around 49.0 and 46.0 T would be expected for ions
Fe** and Fe*** of magnetite at room temperature [20], these values can diminish due to
surface anisotropy in particles at nanoscale, where the magnetic moments of ions Fe** and
Fe* located on the surface are canted with respect to the mean magnetization inside the
particles, reducing significantly the magnetic interactions on surface. The doublet with spec-
tral area of 50% is attributed to ions Fe** of superparamagnetic maghemite (SP-Maghemite),
which is the main phase expected in the nanocomposite due to the easy oxidation of Fe?* to
Fe* during the synthesis process.

3.1.5 Magnetization measurements

The room temperature magnetization curve of the nanoparticles synthesized is presented in
Fig. 5. The sample saturated at a magnetic field of 200 kAm™~! approximately.

The hysteresis parameters, presented in Table 4, show a low saturation magnetization of
8.48 kAm™!, this value being at least 11 times smaller than that of a crystalline and stoichio-
metric magnetite (92 A m? kg™ '), which can be attributed to the presence of the diamagnetic
component of chitosan, which, according to thermogravimetric measurements represents
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Fig. 5 Magnetization curve of the nanocomposite synthesized

Table 4 Hysteresis parameters of  \f (Am2kg™h) M, (Am? kg™ ") H, (kAm™")
the nanocomposites synthesized 8.4518 1001 1.;()10.01 8.03 02

M, saturation magnetization, M, remanent magnetization, H, coercive
magnetic field

70% of the mass of the sample, as well as possible surface anisotropy effects related to the
low dimensions of the nanoparticles.

3.2 Application of the aqueous suspensions of nanoparticles in maize seeds
3.2.1 Phytotoxicity assay on maize seeds

Phytotoxicity is the ability of some compounds to cause morpho-anatomical, physiological,
biochemical and/or genetic damage in plants [21]. The toxicity caused by nanoparticles
depends on their concentrations, type, size, chemical structure, reactivity and treated plant
species [22], and it is frequently evaluated with the germination rate, biomass accumula-
tion and root length of the germinated seeds, as main measurement parameters [21]. In this
study, we evaluated suspensions of nanoparticles with iron contents of 12.5, 25, 50, 75 and
100 ppm (see Fig. 6). After applying these suspensions, the germination percentage of the
seeds presented a value greater than 93%, indicating good viability and vigor of the seeds
in all treatments [23].

Regarding the behavior of biomass and root length of germinated maize seeds, presented
in Fig. 7, the best and simpler model of fit of biomass and root length as a function of the
iron content supplied by nanoparticles was quadratic, being the value of the coefficient of
determination in both fittings above 88%. A regression analysis of both variables showed
that biomass and root length have a statistically significant relationship with the iron content
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Fig. 6 Phytotoxicity assay of aqueous suspensions of iron oxide nanoparticles on maize seeds. From left
to right, dilution of the suspension of nanoparticles in deionized water, maize seeds in a Petri dish with
filter paper moistened with nanoparticles suspension and maize seeds germinated

a . ° B =-0.1241I1C? + 0.84651I1Cx + 5.243
R?=0.8945

)
)

Biomass, B (g)
o
N

154
o

7
o

-
fe)

T T T T T T

0 15 30 45 60 75 90 105
Iron content, IC (ppm)

b 12.5
12
11.5
11
10.5
10 °
9.5

RL = -0.001IC2 + 0.0861IC + 9.8296
& . R?=0.8851

Root length, RL (cm)

8.5

0 15 30 45 60 75 90 105
Iron content, IC (ppm)
Fig. 7 Regression analysis of biomass and root length of germinated maize seeds for different iron con-
tents supplied by the suspensions of nanoparticles. (a) Evaluation of variable biomass (p-value: 0.0098),

(b) Evaluation of variable root length (p-value: 0.0424). Black dots represent experimental data and black
lines represent the fit model
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(c) (d)

Fig. 8 Maize and chili pepper plants under greenhouse conditions and their fruits. (a) Maize plants in the
greenhouse, (b) Fruits of maize plants representative of each treatment, (¢) Chili pepper plants in green-
house (d) Fruits of chili pepper plants representative of each treatment

in the suspensions, with a p-value less than 0.05 in both cases [24, 25]. According to these
results it is possible to conclude that iron contents less than 50 ppm showed a direct rela-
tionship with the dependent variables, while suspensions with iron contents higher than 50
ppm showed an inverse relationship. At 100 ppm of iron content, biomass and root length
showed lower values than the control, suggesting that suspensions with iron contents of
100 ppm have a phytotoxic effect on maize seeds. In a similar study, Li et al. [26] reported
that the application of suspensions of 20 ppm of maghemite nanoparticles on maize seeds,
increases the root length, vigor index and germination percentage, nevertheless at iron con-
tents of 50 and 100 ppm root length decreased significantly. In another work [27], it was
observed that aqueous suspensions of magnetite nanoparticles covered by citric acid, with
contents of nanoparticles of 5, 10, 15 and 20 ppm did not affect the germination rate, the
chlorophyll content, and the plant growth of wheat (7riticum aestivum L.) under in vitro and
hydroponic conditions.

3.2.2 Greenhouse assay

Based on results of phytotoxicity, three aqueous suspensions of nanoparticles with iron-
phosphorus contents of 25-3, 35—4, 45—5 ppm and tap water as control were chosen
to perform greenhouse assays on maize and chili pepper plants, in order to evaluate the
effect of these suspensions in the morpho-anatomical and physiological parameters of these
plants. On the one hand, the maize plants evaluated grew satisfactorily, with an average
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number of 10 dark green leaves per plant, with primary and secondary root formation, and
male (panicle) and female (cob) flower development (Fig. 8a). The fruits of all the plants
treated with the different treatments were cylindrical in shape, with yellow grains of hard
morphology, but none of them had a complete filling of grains (Fig. 8b). On average, in all
treatments, the number of rows per cob was 12 and the number of grains was 27, charac-
teristic values of this maize variety according to the technical data sheet developed by the
International Center for Tropical Agriculture, CIAT [28]. On the other hand, a total of 65
plants were harvested and evaluated for the cultivation of chili pepper, which had a good
rooting process, bifurcation of branches, flowering and fruit development during their phe-
nological cycle (Fig. 8c). In addition, these plants presented oval leaves and dark green
color, with fruits of elongated morphology with different ripening stages represented in a
certain color, green (unripe fruit), yellow (medium ripe fruit) and red (ripe fruit). According
to Fig. 8d, the plants that achieved the highest number of ripe fruits under the test condi-
tions were those treated with suspensions of nanoparticles 45—5 ppm, suggesting that this
concentration could be influencing the ripening process of chili pepper fruits.

For quantitative analysis, we measured the following morphological parameters in
all harvested plants of both crops: height, stem thickness, dry biomass and fruit weight.
According to these results, shown in Fig. 9, none of the morphological and physiological
measurements performed on the plants showed a statistically significant difference between
the evaluated treatments compared to the control, except for dry biomass in chili pepper,
which showed a statistically significant difference between the treatment 35—4 ppm and the
control. These results suggest that the suspensions of nanoparticles used in these assays does
not harm the growth and development of the plants, under the iron contents and experimen-
tal conditions of this evaluation, except for the 35—4 ppm concentration which suggests a
negative effect on the dry biomass as it has a lower value than the control.

4 Conclusions

We have evaluated the effect of applying aqueous suspensions of magnetite-maghemite
nanoparticles functionalized with chitosan and phosphates on yellow maize and chili pep-
per plants. According to a phytotoxicity test, the germination percentage of maize seeds
was optimal for all treatments with suspensions with iron contents ranging from 12.5 to
100 ppm. Nevertheless, germinated maize seeds treated with suspensions with iron contents
higher than 50 ppm showed a decreasing trend of biomass and root length compared to
those of seeds treated with suspensions with lower iron contents and water. The applica-
tion of suspensions with iron contents of 100 ppm led to morphological and physiological
parameters lower than those obtained with the control, suggesting phytotoxic effects of
suspensions with iron contents higher than this one. On the other hand, maize and chili
pepper plants treated under greenhouse conditions with suspensions of nanoparticles with
iron-phosphorus contents of 25—3, 35—4 and 45—5 ppm did not show adverse effects on
germination, plant height, stem thickness, dry biomass and fruit weight. Only the treatment
of chili pepper with a suspension 35—4 ppm led to a dry biomass lower than that of the con-
trol, suggesting that these iron-phosphorus contents could have a negative effect on the dry
weight parameter of this crop. Nevertheless, additional experiments are required to confirm
this adverse effect on chili pepper. In general, no significant differences in morphological
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Fig. 9 Graphs of morpho-anatomical and physiological measurements made on plants grown and devel-
oped under greenhouse conditions. (a) Plant height of maize (p-value: 0.741), (b) Plant height of chili
pepper (p-value: 0,234), (¢) Maize stem thickness (p-value: 0.562), (d) Chili pepper stem thickness (p-
value: 0,787), (e) Dry biomass of maize (p-value: 0,072), (f) Dry biomass of chili pepper (p-value: 0,011;
Dunnet test: 0,018 between control and 35 —4 ppm treatments), (g) Fruit weight of maize (p-value: 0,232),
(h) Fruit weight of chili pepper (p-value: 0,242)
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and physiological development parameters of seeds and seedlings were observed among all
treatments of maize and chili pepper crops. This research provides additional evidence to
those reported in the state of the art on the effect of the use of spinel iron oxide nanoparticles
stabilized with biocompatible polymers on plants, which may be relevant for research proj-
ects aimed at evaluating the impact of nanomaterials in the agricultural sector.

Supplementary Information The online version contains supplementary material available at https:/doi.
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