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ABSTRACT: Clay-based nanocomposites (nanoclays) are interesting systems to hold a wide type of active substances with a
wide field of industrial applications. Bentonite—ehitosan nanoclay was obtained via cationic exchange of natural bentonite (Bent)
with an aqueous solution of chitosan (CS). Their physicochemical and morphological properties were discussed under the light
of Fourier transform infrared spectroscopy, X-ray di[fraction, thermogravimetric analysis, and scanning electron microscopy.
Bent—CS characterization indicated that CS was intercalated in 10% (w/w). This polycationic polymer was oriented mostly in a
monolayer arrangement, interacting by electrostatic forces between Bent sheets. The antimicrobial action of Bent—CS nanoclay
was assayed onto phytopathogens, the bacterium model Pseudomonas syringe pv. tomato DC3000 (Psy) and the necrotrophic
fungus Fusarium solani f. sp. eumartii (F. eumartii). In addition to demonstrating cell death on both microorganisms, Bent—CS
exerted elicitor property on tomato plantlets. The biological actions of this natural nanomaterial might make it proper to be used

in crops.
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1. INTRODUCTION

Currently, agriculture is going through a period of significant
challenges marked by climate change, urbanization, and
environmental issues, such as the accumulation of pesticides
and fertilizers. In parallel, the great growth of the world
population that is expected to exceed 9 billion by 20501 makes
the need to carry out new innovative developments committed to
the care of the environment and sustainable solutions evident.2
Nanoclays are clay minerals that have at least one of their
dimensions in the nanometer range. They are included within a
wide variety of clay minerals and refer mainly to the
phyllosilicates. Phyllosilicates are stratified aluminosilicates.
They consist of layers of aluminum and silicon oxides stacked
on top of each other.34 Among them, montmorillonite (MMT),
whose structure is introduced in Scheme 1, is notable for its wide
abundance and large aspect ratio: it has an interlamellar spacing
of approximately 1 nm, and its sheets a length between 200 and
600 Nnm.3
Bentonite (Bent) is a type of clay composed mainly of MMT.
It stands out for its high cation-exchange capacity (CEC), large
surface area, porosity, and small particle size.4 A not widespread
application of Bent is its use as an amendment in sandy soils. This
type of soil has a low clay content and, therefore, a low CEC.5
Soils with these characteristics do not have the capacity to retain
and supply the necessary nutrients for the plants, which
consequently produces low yields. Current agricultural practices
contemplate for these cases the addition of large quantities of
fertilizers, but given that the soil has low CEC, these are quickly
lost by leaching, leaving in evidence the poor economic and
environmental sustainability of the current agricultural system.6
ACS Publications

© 2018 American Chemical Society

3101

Scheme 1. Chemical Structure of MMT
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In this context, countries, such as China,7 Thailand,8 Australia,6
Poland,5and Uganda,9have considered adding Bent to their light
textured sandy soils to increase their CEC. Published papers
report significant increments in crop yields over consecutive
years, increments in water retention,78 improved nutrient
retention and availability, and greater fertilizer use efficiency.69
Additionally, the Food and Agriculture Organization of the
United Nations (FAO) recognizes Bent as a permitted substance
for the production of organic foods in the categories “substances
for use in soil fertilizing and conditioning”, “substances for plant
pest and disease control”, and “processing aids which may be
used for the preparation of products of agricultural origin”.10
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As mentioned above, Bent has among other benefits, a large
CEC and, consequently, the possibility oflodging organic cations
between its sheets.11 Chitosan (CS) is a linear chain cationic
polymer derived from chitin, the second most abundant polymer
in nature.1213 It has been shown that CS causes cell death in a
large variety of pathogenic fungi and inhibits the growth of
pathogenic bacteria. It is even capable of inactivating the
replication of viruses and viroids.14 It has been well-
demonstrated that CS induces numerous biological responses
in plants and improves defense responses to biotic and abiotic
stresses.1546When a plant is infected by a pathogen, it responds
by means of the induction of an innate defense mechanism. The
molecules that possess the ability to activate these defense
mechanisms of plants are called “elicitors”.14 The knowledge
about the biochemical and molecular mechanisms of plant
defense responses has allowed artificially inducing defense
responses using a chemical inductor or natural elicitors.17 In
this sense, the use of CS is becoming very important because it is
an environmentally friendly polymer for protecting crops.15 CS
represents an alternative to the use of toxic pesticides for the
treatment of several phytopathogens, including bacteria, fungi,
virus, and nematodes.1418 20 Thus, CS can be a promising
candidate to safely control plant diseases. However, it is
important to mention that direct utilization of CS in crop
protection has several disadvantages, such as its solubility in mild
acid media, its volatilization, leaching, and the need of being
applied repetitively in time to avoid using high doses.

In this work, tomato (Solanum lycopersicum), which is a
cultivated horticultural plant species worldwide,21 was used as a
study model. Pseudomonas syringae pv. tomato (Psy) is a Gram-
negative bacterium and the causal agent of the bacterial spot in
tomato, which is a disease for which effective controls are still
needed. The incidence of this disease causes severe loss ofyield
and fruit quality.22 Additionally, the wilt caused by the
pathogenic fungus Fusarium solani f. sp. eumartii (F. eumartii)
is a negative cause in tomato production and yield.23

The aim of this work was to obtain and characterize a CS-
functionalized nanoclay with combined actions as an antimicro-
bial and plant elicitor compound. For that, Bent and Bent-CS
were analyzed by Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and thermogravimetric
analysis (TGA). In addition, the functions of Bent-CS as an
antimicrobial agent against Psy and F. eumartii and plant elicitor
are discussed.

MATERIALS AND METHODS

Materials. Bent used was obtained from Minarmco S.A (Neuquen,
Argentina) and was used as received. Its CEC was 105 mequiv/100 g of
clay, determined by the methylene blue method. It was mainly
composed of MMT with quartz and feldspar as principal impurities
and presented traces of gypsum and sepiolite.24 CS used for the
preparation of the nanoclay was obtained from Drogueria Sapporiti
(Buenos Aires, Argentina). Its degree of deacetylation was greater than
90%, and its molar mass was 531 kDa. The acetic acid (HAc) used in the
preparation of its solutions was obtained from Biopack (Buenos Aires,
Argentina).

Biological Material and Growth. The experiments with plants
were performed using tomato seeds (S. lycopersicum) of cv. Platense.
Seedlings were grown on Murashige and Skoog (MS) medium25
containing 0.8% (w/v) agar. After that, tomato plants were grown at 25
°C, with the light intensity of 120 “mol of photons m-2 s-1 and 16/8 h
photoperiod. Pys was maintained on King’'s B (KB) agar medium2
containing suitable antibiotics, 50 *g mL-1 rifampicin and 50 *g mL-1
kanamycin, according to Mansilla et al.22 Single colonies grown at 30 °C
for 48 h were isolated from agar plates, transferred to KB broth, and
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grown overnight at 30 °C with shaking. F. eumartii was obtained from
Estacién Experimental Agropecuaria (EEA), Instituto Nacional de
Tecnologia Agropecuaria (INTA), Balcarce, Argentina. Spores were
harvested from 8-day-old cultures grown on solid potato dextrose agar
(PDA) medium at 25 °C by adding 1 mL of sterile water to the plates
and scraping the surface, Conidia were counted using a hemocytometer,
diluted to the appropriate concentration and used for the assay.

Nanoclay Preparation. To obtain Bent-CS nanoclays, 1% (w/v)
CS solution was prepared in 1% (v/v) HAc solution. After 1h of stirring
at room temperature, the CS solution (pH 3.6) was brought to pH 5.0
with 1 M NaOH and then poured onto a 1% (w/v) Bent dispersion in
distilled water. Then, the mixture was stirred at 400 rpm and 60 °C. The
nanoclays obtained were centrifuged, washed 3 times with distilled
water, and lyophilized. To perform an optimization of the synthesis
method, the initial CS/Bent ratio and the reaction time were studied.
For the study of the CS/Bent ratio, the following concentrations were
used: 0.025, 0.25, 0.50, and 0.75 g of CS/g of Bent and stirring was
maintained for 2 h. To study the effect of the reaction time, different
syntheses were carried out at a fixed CS/Bent ratio (0.25 g of CS/g of
Bent) and by keeping stirring for 30, 60, and 120 min. Results showed
that the maximum CS amount incorporated by Bent was about 10% (w/
w); therefore, the 0.10 g of CS/g of Bent ratio and 30 min of reaction
time were chosen as the optimal conditions to obtain Bent-CS
nanoclay. This nanoclaywill be referred to hereinafter as Bent-CS. The
curves of the CS content retained by Bent as a function of the initial CS/
Bent ratio and the reaction time are included in the Supporting
Information.

NanoclayCharacterization Techniques. FTIRspectra, measured
by attenuated total reflectance (ATR), were acquired with a Nicolet
6700 Thermo Scientific instrument, over the range of 400-4000 cm-1
from 32 co-added scans at 4 cm-1 resolution. Powder samples of Bent
and Bent-CS were analyzed by XRD using an X'Pert Pro diffractometer,
operating at 40 kV and 40 mA, with Cu Ka radiation (2 = 1.54 A), ata
scanning speed of 1°/min and step size of 0.02°. The basal reflections
(doo1 values) were calculated from the 2# values using Bragg'’s equation
(eq 1).

nX = 2d sin0 (1)

The shape, size, and arrangement of Bent and Bent-CS sheets were
investigated by transmission electron microscopy (TEM). For that, a
Jeol JEM 2100 transmission electron microscope was used at an
operating voltage of 200 kV. The sample was well-dispersed in butanol.
Then, a drop of it was placed on a holey carbon copper grid for TEM
image obtention. Micrographs were obtained at 150000X magnification,
and the “Image Pro Plus” software was used to perform the
measurements.

TGA was performed with a TG HI-Res thermal analyzer (TA
Instruments) at a heating rate of 10 °C/min from room temperature to
900 °C in air flow. The mass of all specimens was in the range 0f20-30
mg. Organic mass contents were determined using egs 2 and 3

M r,Bent-CS = X BenM r,Bent + X CSM r,CS

@
©)

where Mrsent-cs is the residual mass of Bent-CS at 895 °C, Xgent is the
weight fraction of Bent in the nanoclay, Mreent is the residual mass of
Bent at 895 °C, Xcs is the weight fraction of CS in the nanoclay, and
Mrcs is the residual mass of pure CS at 895 °C. Bentand Bent-CS were
also analyzed by scanning electron microscopy (SEM) to study their
morphology. The microscope used was a FESEM Supra55, Zeiss
(Germany), with an acceleration voltage of 3 kV. To ensure electrical
conduction, samples were previously coated with gold by sputter with a
3 kV Ar: ion beam for 35 s.

Antimicrobial Assay. Cell viability was determined by propidium
iodide (PI) exclusion.27 Pl is a fluorescent dye that cannot cross the
membrane of live cells, making it useful to differentiate between living
and dead cells. Briefly, the membrane of living cells forms a selectively
permeable barrier between the content of the intracellular and
extracellular media. Dead cells lose this property and, therefore,
incorporate dye, which intercalates between the bases of DNA and

XBent + xcs = 1
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RNA.28 For Psy cell death analysis, aliquots of overnight starter cultures
of Psy were used to inoculate fresh KB liquid medium incubated with 10
mg/mL ofBent, 10mg/mL ofBent-CS, and 1mg/mL of CS or water at
30 °C overnight. For F. eumartii, spore suspension (1 X 107 spores
mL-1) was incubated with 10 mg/mL of Bent, 10 mg/mL ofBent-CS,
and 1mg/mL of CS (positive control) or water (negative control) for 4
h and 100% relative humidity at 25 °C in the dark. Then, Pl was added in
each well to a final concentration of 120 and then kept at room
temperature for approximately 20 min in the dark. A total of 5L of the
stained cell suspensions were deposited onto glass slides and covered
with coverslips. Cells were photographed under a Nikon Eclipse E200
microscope equipped with an epifluorescence unit and a G-2E/C filter
set containing an excitation filter at 540/25 nm, a suppressor filter at
630/60 nm, and a dichroic mirror at 565 nm. All treatments were
performed in duplicate with an independent biological sample.

In Planta Assay. The elicitor capacity of the nanoclays Bent and
Bent-CS was determined through in planta bioassays. Sterile tomato
seeds were placed in Petri dishes with MS agar under laminar flow. They
were germinated at 25 °C with a photoperiod of 16 h of light (120 “mol
of photons m-2 s-1) and 8 h of darkness and controlled humidity.
Tomato seedlings (10-day-old) were placed on MS agar plates, treated
for 24 h with different concentrations of Bent or Bent-CS, and
supplemented at the same concentration with a hand-held spray. The
biological samples from each treatment were analyzed in three
independent western blot assays.

Protein Extraction and Western Blot. Total soluble proteins were
extracted with 1.5 volumes of protein extraction buffer (Agrisera, AS08
300). Denaturing electrophoresis in 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
according to Laemmli29 using the Mini-PROTEAN Il vertical gel
system (BioRad, Hercules, CA, U.S.A)). The proteins previously
separated by SDS-PAGE were transferred to nitrocellulose membranes
(BioRad, Hercules, CA, U.S.A.). Immunodetection was performed using
the polyclonal anti-glucanase antibody (Agrisera). The membranes were
incubated with the secondary antibody conjugated to the enzyme
alkaline phosphatase (Sigma-Aldrich, St. Louis, MO, U.SA.). Reactions
were developed with tetrazolium blue/5-bromo-4-Chloro-3-indolyl
phosphate as substrates according to the instructions of the supplier
(Sigma-Aldrich, St. Louis, MO, U.S.A)).

m  RESULTS AND DISCUSSION

Evidence about the formation of Bent-CS nanoclay was
observed by FTIR, XRD, and TGA. These characterization
techniques provide valuable information about CS and Bent
chemical interactions, the molecular chain orientation ofCS with
respect to Bent sheets, and the amount of CS present in the final
nanocomposite.

The presence of CS in the clay was confirmed by FTIR. Figure
1 shows the infrared absorption spectra of Bent and Bent-CS
nanoclays.

The main absorption bands of Bent have appeared at 986
cm-1, which corresponds with the stretching vibration frequency
of Si-O, 1635 cm-1, which is associated with the bending
frequency of water molecules absorbed on the clay surface, 3400
cm-1, corresponding to the stretching vibration frequency of O -
H water molecules adsorbed on Bent, and a band centered at
3621 cm-1, related to the stretching vibrations of structural O -H
groups.J"Lgb'31

When the Bent and Bent-CS infrared spectra were compared,
some changes in specific band absorption intensities were
observed. The broad band at 3500-3200 cm-1 related to the
hydroxyl stretching bands has increased in the nanoclay,
suggesting an increment in hydrogen bonding as a result of
new interactions between the lattice hydroxyls of Bent and
organic groups of CS. In addition, a reduction in Si-O band
intensity is attributed to the weakening of Si-O bonds as a result
of the formation of hydrogen bonds with CS.32 Moreover, new
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Figure 1. FTIR spectra of Bent and Bent-CS nanoclays. Changes in
absorption band intensities and positions suggested a strong interaction
between CS and Bent.

bands related to the absorption of CS molecules appeared in the
spectra of Bent-CS. Bands centered at 2885 and 2946 cm-1
correspond to symmetric and antisymmetric stretching vibration
frequencies of C-H at CH3 groups present in the N-acetyl
groups.11,33 Pure CS spectra present bands centered at 1589 and
1645 cm-1. The first band is due to the bending vibration of
- NH23334 The position of that band is usually between 1595
and 1550 cm-1. The shift of the peak to a higher frequency is
related to an increase in the N-acetylation extent and also the
presence of hydrogen bonding.33 In comparison to Bent-CS
nanoclay, ashift to alower frequency in the position band of the
protonated amino group was observed. The peak appears at 1535
cm-1, suggesting a strong electrostatic interaction with Bent as
previously reported by other authors.1*35 The band that appears
at 1645 cm-1 in pure CS is related with the amide | band, and in
Bent-CS nanoclay, the band that appears at 1633 cm-1
overlapped with the bending vibration band of water molecules
adsorbed on Bent.30

The XRD assay was performed to find out if CS molecules
were intercalated between Bent sheets as expected when a
cationic exchange reaction takes place.34 The parameter to
monitor is the peak position, which shifts to lower angles as the
interlamellar distance, d00L, increases.3"36 Figure 2 shows the
XRD patterns of Bent and Bent-CS powder registered at a low
diffraction angle (2-10°).

The XRD pattern of Bent showed a reflection peak at 20 ~
7.7°, which corresponds to an interlamellar spacing of 11.5 A
(obtained using eq 1). After the incorporation of CS, the
diffraction peak widens and shifts to approximately 5.6°, giving
an interlamellar spacing of 15.6 A. Thus, an increment of
approximately 4 A in Bent interlamellar distances was achieved.
Similar results were obtained by several authors.11,3537 In
agreement with these previous reports, CS molecules could be
oriented in a monolayer arrangement between clay sheets, as
depicted in Scheme 2.

TEM micrographs were taken to determine the shape, size,
and interlamellar spacing of Bent and Bent-CS nanoclays. The
micrographs, showed in Figure 3, confirmed that the silicate
sheets of both nanoclays were arranged in tactoids, which consist

DOI: 10.1021/acs.jafc.8b00049
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Figure 2. XRD patterns of Bent and Bent-CS nanoclay. CS intercalates
between Bent sheets.

Scheme 2. Schematic Representation of CS Oriented in a
Monolayer between Bent Sheets

of the stacking of more than 10 sheets of about 1 nm thickness.
Furthermore, the intercalation of the CS polymer between clay
sheets was evident from the TEM micrograph analysis. The
interlamellar spacing ofBent-CS nanoclay (16.04 A) was found
to be larger than that of Bent (11.32 A), in which values are very
close with those obtained by XRD.

The amount of CS supported in Bent-CS nanoclay was
evaluated by TGA, and the curves are shown in Figure 4.

From the differential thermogravimetric analysis (DTGA)
curves (Figure 4b), it can be seen that Bent degradation occurs
mainly in two steps. The first step, between room temperature
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and 150 °C, is associated with desorption of water molecules
(10.5%, w/w), and the other step, between 400 and 900 °C, is
associated with the loss of a structural hydroxyl group (4.6%, w/
w).38 DTGA curves of CS show thermal degradation in three
steps: room temperature—100, 200-350, and 350-572 °C, with
mass losses 0f5.9,48, and 44%, respectively. Similar observations
were reported by Liu et al.39 The first mass loss is associated with
water desorption; the second mass loss is associated with CS
degradation and deacetylation; and the last mass loss is
associated with the oxidative degradation of the carbonaceous
residue produced in the previous step.34Bent-CS nanoclay also
showed three degradation events. The first event, between room
temperature and 156 °C, corresponds to the elimination of
adsorbed water molecules, similar to that of Bent but with a
comparatively inferior mass loss of 7.6% (w/w). The other two
events appeared overlapped between 156 and 900 °C (13.6%, w/
w), associated with CS degradation and Bent dehydroxylation.39
The lower water loss in the first stage of Bent-CS TGA
compared to that of Bent can be attributed to the formation of
new interactions between Bent and CS, which produces a slight
reduction of clay hydrophilicity.24

In addition, CS intercalated into Bent was determined using
egs 2 and 3. This way, it was found that Bent can host
approximately 10% (w/w) of CS, and as observed by FTIR and
XRD, its molecules would be oriented in a monolayer

Figure 3. TEM images of (a) Bent and (b) Bent-CS nanoclays at 150000X magnification. Bar = 20 nm.
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Figure 5. Bent-CS affects Psy cell viability. Psy cell suspensions were incubated with (a and b) 10 mg mL-1 Bent, (c and d) water, (e and f) 1mg mL-1
CS (positive control), and (gandh) 10mgmL-1Bent-CS. Then, Psy cellswere stained with Pl dye and analyzed by (left panels) bright field microscope
and (right panels) fluorescence microscope. Staining of Psy cells with PI resulted in an association of the dye with DNA, which still remains stable after
lysis of the plasma membrane. Images are representative of three independent experiments. Bar = 100 ~m.

arrangement between Bent sheets, interacting through electro-
static forces.

The antimicrobial activity of the Bent-CS nanoclays was
investigated on the phytopathogens Psy and F. eumartii using Pl
to differentiate between living and dead cells. Clearly, Bent-CS
exerted cell permeabilization in these two microorganisms, as

revealed by the presence of Pl-mediated fluorescence in non-
viable cells (Figures 5 and 6). In comparison to controls (a, b, ¢,
and d), a high level of fluorescence intensity was observed in Psy
cells treated with Bent-CS (g and h) (Figure 5). As expected, CS
used as a positive control had negative effects on bacteria cells (e
and f). The antimicrobial activity of CS has been previously

DOI: 10.1021/acs.jafc.8b00049
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Figure 6. Bent-CS induces cell death in F. eumartii spores. Fungal spores were incubated with (a and b) water, (c and d) 10 mg mL-1Bent, (e and f) 1
mg mL-1 CS (positive control), and (g and h) 10 mg mL-1 Bent-CS for 4 h. F. eumartii cells were stained with Pl dye and analyzed by (left panels)
bright field microscope and (right panels) fluorescence microscope. Images are representative of three independent experiments. Bar = 100 ~m.

demonstrated in pathogenic bacteria, including Xanthomo-
nas.

Similar results were detected on the germination of F. eumartii
spores (Figure 6). The antifungal properties have been also
observed at different development stages, such as mycelial
growth, sporulation, spore viability, and germination, and also on

the production of fungal virulence factors.41 Although fungi and
bacteria can be inhibited, differential sensitivity to CS could be
explained as a result of their different structures of cell walls.42
Although different mechanisms have been proposed to explain
the antimicrobial action of CS, none of them is mutually
exclusive.14

DOI: 10.1021/acs.jafc.8b00049
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Microorganisms are major crop pathogens. To protect
themselves from biotic damage, plants have developed a wide
variety of constitutive and inducible defenses, including patho-
genesis-related proteins, such as chitinases and glucanases,
proteinase inhibitors, reactive oxygen species (ROS), and
expression of defense genes, among others.44,45 The term elicitor
is currently used for compounds stimulating any type of plant
defense responses. Elicitors can be sprayed on crop plants to
build up the natural defense system against microbial damage,
such as could be the case of Bent-CS. CS could elicit plant
defense response via electrostatic interactions with negatively
charged phospholipids in the plant cell membranes.46. To
evaluate the nanoclay Bent-CS elicitor properties, the levels of
the glucanase protein PR2 accumulated in Bent and Bent-CS
treated were analyzed by western blot (Figure 7). ~-1,3-

Figure 7. Western blot assay. Total protein extracts were obtained from
10-day-old tomato seedlings were sprayed with different concentrations
of Bent or Bent-CS as shown. CS (0.1 mg/mL) was used as a positive
control. After 24 h, total soluble proteins were extracted and analyzed by
SDS-PAGE and transferred to a nitrocellulose membrane for
immnodetection with the anti-PR2 glucanase antibody. Ponceau stain
of the nitrocellulose membrane was used as the loading control.

Glucanase is one of the PR proteins (PR2). Previous reports
revealed that CS was able to induce resistance by increasing fi-
1,3-glucanase activities in cucumbers, pears, and peaches.43- 45

Clearly, the PR2 protein level was weakly detected in Bent but
increased in a dose-dependent manner in Bent-CS-treated
tomato plantlets. Again, as expected, CS as a control induced the
PR2 level in tomato plantlets. Thus, our results revealed that, in
addition to exerting antimicrobial effects, Bent-CS has
associated elicitor activity, showing the preservation of CS
activities. Previous studies showed that CS is not only an
antimicrobial agent but also an effective elicitor of plant systemic
acquired resistance to pathogens.46 Because PR2 hydrolyzes
glycans in the cell wall of many fungal and bacterial species, its
role in plant defense responses has been previously specu-
lated.47,43

CS antimicrobial and eliciting properties for pest control in
plants have been very extensively studied.46 Different cited

Figure 8. SEM micrographs of (a) Bent and (b) Bent-CS.

3107

Article

reports demonstrate that CS exhibits inhibitory efficiency against
bacteria, fungi, and viruses. These biological actions of CS have
been explained by different mechanisms, including electrostatic
interactions in the plasma membrane, CS-DNA/RNA inter-
actions, among others.49 In turn, CS has multiple applications
associated with plant diseases by combining different properties
and mechanisms.50

SEM micrographs of Bent and Bent-CS are presented in
Figure 8. The visual analysis of Figure 8a allows for Bent an
elucidation of a uniform and homogeneous appearance, with few
irregularities. On the other hand, Figure 8b shows that Bent-CS
has a more open or spongy structure with protuberances and
irregularities. These visual results can be correlated with the
increase in interlamellar spacing and the presence of parts of the
CS chains outwardly or on the edges of the nanoclay, because a
change in the Bent surface is clearly observed after its
modification with CS. Similar results were reported by Ba et
al.,51 Ding et al.,.52 and Liu et al.39 This observation together with
the evidence found by FTIR and XRD could justify the
antimicrobial action ofBent-CS observed on Psy and F. eumartii
by offering this system direct contact between CS and these
pathogens.

This way, novel sustainable nanoclay for agricultural
application has been obtained by combining Bent-hosting
capacity with the cationic polysaccharide, CS. Results from
FTIR, TGA, and XRD indicated that CS interacts with Bent
through strong electrostatic interactions and intercalates Bent
sheets mostly in a monolayer arrangement. The amount of CS
stored in Bent-CS was 10% (w/w). The assayed antimicrobial
activity against bacterial and fungal phytopathogens showed that
the effectiveness of CS was preserved in Bent-CS nanoclays.
Then, facing current agriculture, the application of Bent-CS by
foliar spray could be an ecofriendly and non-hazardous tool to
control phytopathogens in tomato crops.
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