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Abstract

The impact of nanoparticles (NPs) on the morphological characteristics, functional groups, and
chemical and microstructural features of plant tissues were evaluated using common bean (Phaseolus
vulgaris L.) plants. Beans plants were grown for 90 days in an agricultural soil amended with TiO,, ZnO,
and Fe,0, NPs at 150 or 300 mg kg™'. Controls consisted of soil without NPs amendments. After 60 days
of sowing (DAS), TiO, NPs significantly reduced stem and root length compared to control treatments.
Additionally, changes were observed in the FTIR- ATR spectra signals, mainly in the root spectra at
30 and 90 DAS. Significant differences were observed in the different plant structures regarding Ti,
Zn, and Fe absorption and accumulation. A higher accumulation of Ti was observed in the roots at
90 DAS. Moreover, plants had a higher accumulation of Zn and Fe in leaves, stems, and roots when
grown in soil amended with ZnO or Fe,0, NPs, respectively, at 30 and 90 DAS. In the microstructural
analysis of tissue showed no evidence of absorption or translocation of NPs. Therefore, the accumulation
of ionic forms of Ti, Zn, and Fe in the plant can be explained by the dissociation and dissolution
of the NPs in the rhizosphere, facilitating their adsorption.

Keywords: biomass production, crop production, FESEM-EDS, FTIR-ATR, plant tissue, soil pollution,
XRD

Introduction

Nanotechnology has emerged as one of the most
innovative technologies of this century, which is
responsible for developing, manipulating, or controlling

*e-mail: fabian.fernandez@cinvestav.edu.mx

matter at the nanometric scale through the precise
manipulation of atoms and molecules to design and
control nanodevices [1]. The nanotechnology delivers
new tools with capabilities that bulk materials do not
possess. Furthermore, it allows for less expensive and
more profitable development of products for everyday
use, including personal care, medical, energy and
agricultural products.
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A nanomaterial (NM) is any material with at
least one of its dimensions on the nanometric scale,
i.e., 1 to 100 nm [2]. They can be naturally occurring
or they engineered. The latter can include atomic
aggregates, nanofibers, nanotubes, fullerenes, thin
films, nanocapsules, nanoporous materials, nanowires,
dendrimers, quantum dots, nanopowders, and
nanoparticles (NPs). The latter are considered zero-
dimensional (0-D) materials, i.e., they are composed of
three dimensional nanometric particles [3]. Examples
of NPs include those of TiO,, Fe,O,, and ZnO, among
others. Rapidly increasing availability of products made
or containing NPs and their subsequent releases into the
environment have heightened concerns about impacts
of these particles in receiving ecosystems. NPs can
be released into the environment through intentional
as well unintentional processes, including combustion,
soil erosion, NPs synthesis wastes. Because of their
nanometric dimensions they are being able to travel long
distances and be deposited in the soil or bodies of water
and where they can interact or undergo transformations
by organisms present in these ecosystems [4-6].

Inadequate understanding about the possible
environmental impacts (positive or negative) of NMs
necessitates studies of their behaviors in different
ecosystem compartments [7]. For plants, effects of
NMs depend on species and size, as well as type,
chemical composition, and stability of the NMs. NPs
may influence growth, physiology, biochemical traits
in plants (for example, the production and quality of
edible plants). Furthermore, they can serve as sources
of contaminants that enter food chains of living systems
[8-10].

Thus, studies have revealed that the possible effects
of NMs on the development and growth of various plant
species. Several studies reveal that exposure of plants
to TiO, NPs significantly affects seed germination rate,
biomass production, and particularly root development
in tobacco (Nicotiana tabacum L.), basil (Ocimum
basilicum L.), and switchgrass (Panicum virgatum L.)
plants [11-12].

In addition, the exposure to TiO, NPs, can cause
genetic alterations in plants by decreasing the expression
of micro-RNAs responsible for gene regulation in terms
of tolerance to abiotic stresses. Furthermore, this type
of NPs can decrease the concentration of carbohydrates
and chlorophyll in basil plants [12-13].

Similar results were reported by Garcia-Gomez et al.
(2018) [14] by exposing plants of maize (Zea mays L.),
radish (Raphanus sativus L.), wheat (Triticum aestivum
L)), bean (Phaseolus vulgaris L.), tomato (Solanum
lycopersicum L.), lettuce (Lactuca sativa L.), pea
(Pisum sativum L.), cuacumber (Cucumis sativus L.) and
beetroot (Beta vulgaris L.) to ZnO NPs. The authors
reported that the presence of ZnO NPs altered several
parameters related to oxidative stress (chloroplast
function and protein content), suggesting a modification
in the antioxidant enzyme activity of the plants in
response to Zn stress. These results are in agreement

with a previous investigation where bean (Phaseolus
vulgaris var. contender) and cherry tomato (Solanum
lycopersicon L. var. Cerasiforme) plants were exposed
to different Zn sources [15].

In this research, the possible effects of TiO,, ZnO,
and Fe O, nanoparticles on the growth and development
of Phaseolus vulgaris L. grown in greenhouses were
characterized by studying the morphological, chemical,
and microstructural alterations in the plant.

Material and Methods

The present study was carried out in the greenhouse
of the Center for Research and Advanced Studies of
the National Polytechnic Institute Saltillo unit. Seeds
of pinto Satillo bean variety (Phaseolus vulgaris L.)
were obtained from the Saltillo Experimental Field of
the Instituto Nacional de Investigaciones Forestales,
Agricolas y Pecuarias (INIFAP).

Nanoparticles, namely, TiO,, ZnO, and FeO,
were obtained from ‘Investigacion y Desarrollo
de Nanomateriales S.A. de CV.” The morphology
and chemical composition of the three NPs were
characterized by field emission scanning electron and
energy dispersive X-ray spectrometry (FESEM-EDS)
and X-ray diffraction (XRD) (Fig. 1).

Soil Characterization

The soil used in this project was collected from
the ‘Universidad Auténoma Agraria Antonio Narro’
experimental plot. pH, electrical conductivity, bulk
density, percentage of organic matter, and texture
were determined according to Estefan et al., (2014)
[16] The following elements were analyzed: Total P,
K, Mn, Mg, Zn, Ca, Fe and Ti by inductively coupled
plasma emission spectrometry (ICP-OES, Perkin Elmer;
Optima 8300). Additionally, total N was analysed
an organic elemental analyzer of dynamic “flash”
combustion.

Experimental Setup

Grow bags (3024 cm) with soil were saturated
with tap water and left to drain for three days. After
this time, suspensions (in 10 mL of distilled water) of
TiO,, ZnO, or Fe,O, NPs at concentrations of 0, 150, or
300 mg kg' of dry soil were prepared and added to the
soil individually, according to the treatments. There
were seven treatments with nine replicates each, which
were distributed in a completely randomized design.
The replicates without NPs were set as controls.

The seeds were superficially disinfected for sowing
in a 70% v/v ethanol solution for 1 minute. They were
rinsed twice with sterilized distilled water, followed by
a second washing by immersion with 1% v/v sodium
hypochlorite for 10 minutes. Finally, they were rinsed
twice with sterilized distilled water. Three seeds were
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Fig. 1. Characterisation of NPs by XRD and FESEM. XRD patterns and FESEM micrographs of TiO, (a and d), ZnO (b and ¢) and Fe,O,

(c and f).

sown in each replicate, and 15 days after sowing (DAS),
a thinning was done to maintain only one seedling
with uniform size per replicate. The experiment was
maintained for 90 days under greenhouse conditions.
During this period, three destructive and random
samplings were carried out at 30, 60, and 90 DAS.

Sampling and Plant Tissue Analysis
Sampling

At each sampling period, nine plants were chosen
at random from each treatment. Three complete plants
were used to determine the biomass of the plant. Of the
remaining six plants, sample portions of about 5 mm
were used for scanning electron microscopy (SEM), and
another portion was used for Fourier transform infrared
spectroscopy (FTIR) analysis.

Determination of Plant Biomass

Plant biomass was determined by separating the
root from the aerial part (stem and leaves). Each section
was carefully washed with tap water and then washed
with distilled water, and the excess water was allowed
to drain off, and the length of the stem and root were
measured. Subsequently, the samples were placed
separately (root, stem, and leaves) in paper bags and
dried in a Thermo Scientific forced air oven at 72°C
for 72 h or until constant weight to determine the dry
biomass weight.

Scanning Electron Microscopy

The samples for SEM were immersed separately
in a fixative solution (Trump’s solution) for 24 h.
This solution consisted of 4 mL of 25% purified
glutaraldehyde grade I for electron microscopy (Sigma-
Aldrich), 10 mL of 37% formaldehyde (Sigma-Aldrich),
1 g of anhydrous monobasic sodium phosphate
monobasic (Sigma-Aldrich), 0. 27 g sodium hydroxide
(Sigma-Aldrich) and made up to 100 mL with distilled
water. For mounting the sample on the stub, the samples
were dehydrated at room temperature using a graded
ethanol series of 40%, 50%, 60%, 70%, 80%, 90%, and
twice at 100% v/v for 30 min at each concentration.
After the samples were dehydrated, they were glued to
the steel stub with carbon tape and coated with a thin
layer of Au/Pd.

Fourier Transform Infrared Spectroscopy

The FTIR samples consisted of root, stem, and
leaf segments, which were used without any previous
preparation and analyzed in a Perkin Elmer Frontier
FTIR spectrometer in a measurement range of
400-4000 cm™, with a diamond ATR accessory.

Determination of Elemental Concentration
To determine the elemental concentration, the

dry tissues obtained from the biomass analysis were
used, these tissues were ground until obtaining a fine



1346

Sarabia-Castillo C.R., et al.

powder, separated by treatment and by type of tissue.
The obtained powders (root, stem, and leaf powder)
underwent a wet acid digestion process as reported by
[17], and the elemental concentration (Ti, Zn, and Fe)
was measured by inductively coupled plasma emission
spectrometry (ICP-OES, Perkin Elmer; Optima 8300).

Statistical Analysis

The data obtained were subjected to analysis of
variance (ANOVA) using Minitab 18 software. Tukey’s
test determined the difference in means at the p = 0.05
probability level.

Results and Discussion
Soil Characterization

Table 1 shows characteristics of the soil used in
the experiment. Textural analysis shown that the soil
is loamy sand, which can provide good aeration for
plant growth. It has a high OM content (6.22 %) and
a relatively high pH (8.45).

Characteristics of P. vulgaris L. Grown
in NPs-amended Soil

With only a few exceptions, there were no significant
differences in biomass measures due to soil amendment
with Ti, Zn, or Fe NPs.

Table 1. Physicochemical characterization of the soil used in this
investigation.

Parameter Result
pH 8.45
Electrical conductivity 531.8 uS cm|!
Bulk density 0.918 g cm?
Organic matter content 6.22%
Texture Loamy sand (72.35% sand,

9.84% clay, and 17.81% silt)

Elemental composition

P 1.07 g kg
K 1.64 g kg
Mn 0.099 g kg!
Mg 2.31 gkg!
Zn 0.065 g kg!
Ca 191.2 gkg'!
Fe 6.06 g kg!
Ti 0.05 gkg!
N 2.6 gkg!

Significant differences in root length and steam
height were observed for Ti, but this occurred only at
60 DAS. Despite these differences, corresponding dry
weights were not different during any sampling period
(Table 2). Kibbey and Strevett (2019) [18], reported
that the application of TiO, NPs at a concentration of
100 mg L' reduces the length of roots in Lactuca sativa
L. seedlings. Missaoui et al. (2017) [19], showed that
there were no significant effects on the dry stem weights
of Trigonella foenum-graecum L. plants, as occurred in
this investigation.

For Zn and Fe, no significant differences were
observed with respect to the control treatment.
Nevertheless, studies have revealed that ZnO NPs
can cause a decrease in the length of stems and roots
of Medicago sativa L. [20], in the same way Li et al,,
(2016) [21] reported the NPs of Fe,O, notably reduce
root length in Zea mays L.

Scanning Electron Microscopy

In Fig. 2 (a-g), longitudinal sections of stems
from the different treatments are shown, in which no
structural damage can be seen nor any structure that
could be identified as a nanoparticle. However, some
semi-spherical structures can be seen, which could be
attributed to the presence of starch granules in what
could be parenchymal cells because these cells can
synthesize and store substances such as sugars, proteins,
pigments, etc. The most frequently stored substance
in this cell type is carbohydrates in starch [17], which
can be observed mainly in the Z300, F150, and F300
treatments (Fig. 2e, 2f, and 2g respectively).

Similarly, the images corresponding to the root
sections in Fig. 2 (h-n) do not show damages to
microstructure, nor do they show structures that could
be related to the presence of NPs inside them. However,
as in the stem micrographs, starch granules can also be
observed, with a greater quantity seen in the control,
T150, T300, Z150, and F300 treatments (Fig. 2h, 2i,
2j, 2k, and 2n, respectively). This is attributed to the
fact that some regions of the root cortex where starch
granules are more abundant are being observed [22].

Fourier Transform Infrared Spectroscopy

All FTIR-ATR spectra were recorded in the
range 500-4000 cm. The spectra of fresh leaves of
P. vulgaris L. from all treatments at 30, 60 and 90 DAS
are shown in Fig. 3 (a, d, and g, respectively). These
spectra show the presence of functional groups mainly
associated with the composition of the leaf cuticle (waxy
layer) in the ranges 2852-2914 ¢cm, 1739-1728 c¢cm™, and
1431-1420 cm™ representing the symmetric stretching
of the alkyl group (CH,), carbonyl tension (C=0), and
methyl symmetric bending (CH,) respectively. In the
latter, it can be seen that at 30 DAS, the intensity of
the band is lower in the control treatment compared
to the other treatments, while at 60 DAS this signal
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Table 2. Characteristics of bean (P. vulgaris L.) plants grown under greenhouse conditions in soil conditioned with TiO,, ZnO and Fe,O,

nanoparticles at concentrations of 150 and 300 mg kg

Treatment*
Characteristic’QQ | DAS?
T150 T300 7300 F150 F300 Control
30 | 31745215 | 29.944.25% | 21.748.79% | 23.548.01® | 20.147.58" | 23.4+6.43® | 22.6+8.44%
Root length (cm) | 60 | 39.6+3.15% | 33.348.34> | 30.746.41% | 40.5+4.04° | 43247.12° | 46.6+8.17° | 46.3+3.4°
90 | 37.54827* | 32.249.51° | 34.8+11.14* | 32.049.52 | 39.4+7.19* | 38.5+7.93* | 37.1+8.06°
30 82+1.13% | 95+183 | 9.0x1.81% | 7.7£1.02% | 69+1.32° | 8.8+2.12% | 8.5+2.34®
Stem height (cm) | 60 | 13.742.84* | 10.8+2.44" | 11.7+1.82% | 12.3+1.97% | 13.141.85 | 13.7+1.81* | 14.1+1.56°
90 | 20.0+4.00° | 143£2.56° | 18.142.92% | 16.7+3.54° | 16.5+2.04® | 19.4+4.01* | 15.5+2.89%
30 | 028+0.06° | 0.17+0.06° | 0.12£0.02° | 0.09£0.01° | 0.06=0.04" | 0.13£0.01° | 0.12+0.04>
Root dg)we‘ght 60 | 0.64+0.07° | 0.55+0.09° | 0.44+0.11* | 0.51£0.09° | 0.56£0.17* | 0.52+0.13* | 0.50+0.18
90 | 1.2240.50° | 0.63£0.13* | 0.83£0.33* | 0.42+0.06* | 0.96+0.32* | 1.01+£0.56* | 0.79+0.59°
30 | 0.38+0.10° | 0.31£0.03* | 0.29+0.14* | 0.22+0.01* | 0.16+0.10° | 0.31+0.09° | 0.29+0.06°
Aecrial part dry 60 1.924037° | 1.30£0.53* | 1.33+0.58 | 1.57+0.84* | 1.6240.65° | 1.1120.17° | 1.41+0.21°
weight (g)
90 | 2.3240.84* | 120£0.58" | 1.50£0.43* | 1.03£0.11° | 1.44+0.60° | 1.91+1.45 | 1.130.52°

©Root length, and stem height, n = 9; root dry weight and aerial part dry weight n= 3.

®Days after sowing.

*T150 = TiO,-NP-150, T300 = TiO,-NP-300, Z150 = ZnO-NP-150, Z300 = ZnO-NP-300, F150 = Fe,O,-NP-150,

F300 = Fe,0,-NP-300.

T Average values with different capital letters in each row indicate a statistical difference between treatments. (Tukey a = 0.05). Each

mean value is accompanied by + standard deviation.

(1431-1450 cm™), no longer it is possible to appreciate
in the control treatments, Z300, and F300, as well as
in the control treatments, Z300 and F300 at 90 DAS.
Similarly, in ranges 1540-1533 cm’, the presence of a
signal corresponding to the symmetric bending N-H
associated with proteins is observed. This signal can
only be seen in the control treatments, T300, Z150, and
7300 at 30 DAS, while at 60 and 90 DAS this signal
is no longer observed in any treatments. In addition,
the signal corresponding to the bond bending C-O
associated with carbohydrate production is observed in
the range 1149-1160 cm™ [23-25].

In the spectra of the stems at 30, 60, and, 90
DAS (Fig. 3b, 3e, and 3h), bands attributed to the
functional groups of the proteins can be seen, the band
corresponding to the tension of the bond C=0 in the
range of 1634-1610 cm™ [23, 26], which is observed
in all treatments at all sampling times, and the band
in the range of 1540-4533 c¢cm™ corresponding to the
symmetric bending of the bond N-H [26], this signal
can only be seen in the F300 treatment at 30 DAS.
However, at 60 days this signal can be seen in almost all
treatments except for the T150 treatment, but at 90 days
this signal is inhibited in the control treatments, T150
and F300. In the 1269-1249 c¢cm™ range, a small signal
associated with the phosphate group (P=0) is observed
[26], which is slightly appreciated in treatments T300,
7150, F150, and F300 at 30DAS. AT 60 DAS the band
is more appreciated in the control treatment, T150,

T300, and Z150, and in the treatments T300, Z150, and
7300 at 90 DAS. In addition, in the 1153-1145 cm™ and
1024-1007 cm™ ranges, a signal corresponding to the
bending of the C-O bond is shown [23], and an intense
signal related to the tension and bending of the bond
C-0O is shown. These signals can be appreciated in all
treatments are all sampling times and are attributed to
the carbohydrate composition and is consistent with the
micrographs of the stem sections (Fig. 2), where the
presence of starch granules can be seen [26].

In the root spectra at 30, 60, and 90 DDS Fig. 3 (c, f,
and 1, respectively), the positions of some peaks showed
some changes compared to the control treatment.
For example, the signal at 1417 cm is attributed to
the symmetric bending of the CH, group [23], which
is only seen in treatments T150, T300, and Z300 at
30 and in treatments Z300, F150, and F300 at 90 DAS.
It could be due to the variation of the chemical
conditions of this functional group in the different
sampling times.

On the other hand, the signal at 1634 cm™ assigned
to the C=0 bond stress of primary amides is present in
all treatments at each sampling time. At 1030-1020 cm™,
an intense signal corresponding to C-O bond tension
and bending can be seen in all treatments. It is attributed
to carbohydrate production [26], which, as in the stems,
coincides with that observed in the micrographs of the
root sections (Fig. 2).
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Fig. 2. Micrographs of the internal structure of stems (a-g) and roots (h-n) of P. vulgaris L, under different NPs treatments, a) and h)
control; b) and 1) T150; ¢) and j) T300; d) and k) Z150; e) and 1) Z300; f) and m) F150 and g) and n) F300.

Uptake and Accumulation of NPs in P, vulgaris L.
Plants

Results of titanium uptake revealed that significantly
higher Ti accumulated in roots of P. vulgaris L. at 90
DAS compared to control as well as T300 treatments
(Table 3). Our observation with Ti accumulation in
roots of P. vulgaris L. was sil;milar to that reported
by Kelemen et al. (1993) [27], who found similar Ti
accumulation in roots of  Triticum aestivum L. with
only little uptakes in leaves. Similarly, Deng et al. (2017)
[28], report that Ti accumulation in Oryza sativa L.
plants occurred to a greater extent in roots, with
differences of up to two orders of magnitude compared
to Ti accumulation in leaves and stems.

Regarding Zn accumulation in the different tissues
of the plant, Table 3 shows that in the case of the leaves
at 30 and 90 DAS, the Z150 treatment presented a
greater accumulation of zinc than the control. On the
other hand, the most significant accumulation of Zn in
the stem was found in the Z300 treatment at 30 and 90

DAS, being significantly higher than that of the control
treatment. In the case of the roots, it can be observed
that at 30 DAS, the accumulation of Zn in the Z300
treatment was significantly higher than that of the
control treatment; likewise, at 90 DDS the concentration
of Zn in the roots was significantly higher in the Z150
and Z300 treatments compared to the control treatment.
From the above and in general, it can be said that the
highest accumulation was observed in the root of the
plant compared to the concentration of Zn in leaves and
stems. This result is consistent with that reported by
Zhang et al. (2015) [29], who observed that Zn levels
were lower in leaves and stems than in roots in plants
of Schoenoplectus tabernaemontani (C. C. Gmel.) Palla,
exposed to ZnO NPs. According to Lin and Xing (2008)
[30], the increase in Zn concentration in roots may be
due to the direct interaction of ZnO NPs with roots
increasing the adsorption capacity of NPs, preventing
them from moving to stems and leaves.

Similarly, in Table 3, it can be observed that the iron
accumulation in the leaves was significantly greater in
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Fig. 3. Infrared spectra of fresh leaves (a, d and g), stems (b, e and h) and roots (¢, fand i) of common bean. a)-c) 30 DAS, d)-f) 60 DAS
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the F300 treatment compared to the control treatment at
30 DAS. Likewise, at 90 DAS it could be observed that
Fe accumulation was significantly higher in F150 and
F300 treatments compared to control treatment.

The accumulation of Fe in the stems at 30 DAS was
significantly lower in the treatments F300 and F150
compared to the control treatment. On the other hand,
the content of Fe in the roots at 30 DAS was significantly
lower in the treatments F300 and F150 compared to the
control treatment, being the treatment F150 the one
that accumulated less Fe in the roots. However, at 90
DAS, it was observed that Fe content was significantly
higher in F150 and F300 treatments compared to
control treatment, with F300 being the treatment with
the highest Fe content in the roots at this sampling time.

It is in concordance with Al-Amri et al. (2020)
[31], who found that the greatest accumulation of
Fe in plants of 7. aestivum L. exposed to Fe,O, NPs,

occurs in the roots obtaining less accumulation in the
leaves. However, in a previous study conducted by
Pariona et al. (2017) [32], they found that the greatest
accumulation of Fe in plants of Quercus macdougallii
Martinez, exposed to Fe,O, NPs occurs in the leaves of
this plant so that the NPs accumulation may depend on
the ability to uptake and transport metals from the roots
to the aerial parts such as stems and leaves of each
specific plant.

Conclusions

The application of TiO, NPs significantly modified
the growth of P vulgaris L. plants by reducing the
length of the root and stem of the plants. Changes in
the functional groups of P. vulgaris L. plants were
detected. These changes were mostly observed in the
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root sections because roots have greater interaction with
the NPs when soil is directly amended with NPs.

Use of FTIR-ATR analysis can provide knowledge
about changes in physiological and biochemical
interactions between NPs and plants. In turn, this can
lead to a better understanding of plant responses to
exposures to anthropogenically-mediated abiotic agents
in ecosystem compartments.

Metal accumulation in the plant biomass increased
because of transformation or dissolution of the metallic
NPs during the exposure period. As evidenced by
ICP-OES, the presence of metals in plant tissues was
consistent with rhizosphere-facilitated dissolution,
absorption and translocation of Ti, Zn, and Fe in their
ionic form by the plants.
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