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Nanomaterials can modulate plant physiology and plant-microbe interactions, offering sustainable alternatives
for disease control. This study describes the synthesis and characterization of silver nanoparticles (from Pha-
nerochaete chrysosporium), chitosan nanoparticles, and chitosan-silver nanohybrids, and evaluates their effects on
the Botrytis squamosa-Allium cepa pathosystem. Silver nanoparticles were synthesized by fungal-mediated bio-
reduction, chitosan nanoparticles by ionic gelation, and nanohybrids by combining chitosan and silver nano-
particles. Nanomaterials were characterized by UV-visible spectroscopy, dynamic light scattering, {-potential, X-
ray diffraction, ATR-FTIR spectroscopy, and TEM. In vitro antifungal assays, determining the effective nano-
material concentration for 50 % inhibition of mycelial growth, demonstrated strong inhibition of B. squamosa,
with chitosan-silver nanohybrids showing the highest activity. Controlled environment trials using Allium cepa
(onion) whole pot plants demonstrated that chitosan nanoparticles and chitosan-silver nanohybrids reduced
disease severity and induced the activity of enzymes involved in resistance mechanisms. Notably, this is the first
report on the use of both chitosan-based nanomaterials in the B. squamosa-A. cepa pathosystem, revealing their
potential to both suppress the pathogen and stimulate plant immunity. Treated plants showed increased activity
of defense-related enzymes, suggesting nanoparticle-mediated priming of defense responses. These findings
suggest a dual mechanism of action: direct antifungal effects and activation of plant defense responses. This work
advances our understanding of nanoparticle-plant-pathogen interactions and underscores the value of biogenic
nanomaterials as environmentally friendly tools for crop protection. By elucidating the biochemical responses
elicited by nanomaterials, the study contributes novel insights into the molecular basis of enhanced plant
resilience.

1. Introduction

The synthesis of nanoparticles can be carried out through physical
and chemical methods. However, the biological or green fabrication of
nanoparticles has become increasingly accepted due to its advantages
such as environmental safety, cost-effectiveness, and scalability. Tradi-
tional methods involve high energy use, elevated temperatures, and
potentially hazardous chemicals, while green fabrication eliminates
such risks. Biogenic nanoparticles, such as those made from fungi, have

shown promising results in agricultural and biomedical applications,
including pest control and disease prevention (Khatoon et al., 2024).
The effectiveness of biogenic silver nanoparticles was demonstrated in
controlling early blight disease in tomatoes caused by Alternaria solani
(Khatoon et al., 2024).

Green synthesis methods of nanoparticles using microorganisms or
plant biomolecules offer an eco-friendly alternative to traditional
chemical and physical nanoparticle production. The biological synthesis
of nanomaterials not only reduces the use of toxic chemicals but also

Abbreviations: CHIT, chitinase activity; CS, chitosan; CSNPs, chitosan nanoparticles; CS-PchNHs, nanohybrids; Dai, days after inoculation; Dbi, days before
inoculation; GLU, Glucanase activity; NPs, nanoparticles; PchNPs, biogenic silver nanoparticles; POX, Peroxidase activity.
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improves the nanoparticle stability. Biogenic nanomaterials have shown
superior efficacy in controlling plant diseases and promoting sustainable
agriculture. For example, silver and magnesium oxide nanoparticles
synthesized through biological methods have demonstrated strong
antifungal activity, outperforming traditional chemical fungicides
(Rashid et al., 2025). Moreover, biogenic selenium nanoparticles pro-
duced using fungi like Trichoderma harzianum have been shown to
enhance the biocontrol activity against fungal pathogens, such as Scle-
rotinia  sclerotiorum.  Selenium  nanoparticles, along  with
chitosan-selenium nanocomposites, have also been effective as biocon-
trol agents against pests like Spodoptera littoralis, the cotton leafworm
(Ibrahiem et al., 2025). In this context, the use of fungi for the biological
synthesis of silver nanoparticles represents a novel and underexplored
approach. This fungal-mediated method not only harnesses the enzy-
matic and reducing capabilities of fungi but also aligns with the prin-
ciples of sustainable agriculture by minimizing environmental impact
(Sanguinedo et al., 2023). The resulting nanoparticles exhibit enhanced
antifungal activity, offering a promising alternative to conventional
agrochemicals and expanding the toolkit of biologically derived nano-
materials for crop protection.

Similarly, nanochitosan, derived from chitosan (CS), has emerged as
an effective antimicrobial agent, showing significant antibacterial ac-
tivity against bacterial rice diseases like leaf blight and leaf spot (Wang
et al., 2024). The mechanism behind nanochitosan action includes direct
antibacterial effects, and the induction of resistance in plants by
enhancing the activity of enzymes involved in plant defense (Wang
et al., 2024). CS itself, a biopolymer with antimicrobial properties, has
demonstrated activity against a broad range of pathogens, including
fungi, bacteria, and viruses. Furthermore, CS has been shown to enhance
plant resistance by stimulating the activity of pathogenesis-related en-
zymes such as peroxidases, chitinases, and glucanases, among other
mechanisms (De Vega et al., 2021; Riseh et al., 2022).

Chitosan nanoparticles (CSNPs) have been utilized in various sectors
such as biomedicine, food preservation, and agriculture, due to their
biodegradable, low-cost, and environmentally friendly nature. CSNPs
exhibit antibacterial activity by interacting with microbial cell walls,
and they can also enhance plant defense mechanisms by inducing the
production of pathogenesis-related enzymes (Wang et al., 2024; Akdasci
et al., 2025).

The broad-spectrum activity of chitosan and its nanoparticles has led
to their application in plant disease control, including their antifungal
activity against Alternaria and Rhizoctonia species (Mohamed and
Madian, 2020). Combining chitosan with other nanoparticles, such as
silver, has proven to enhance their antifungal effects and offers a
promising approach to integrated pest and disease management in
agriculture (Vasquez et al., 2024). Recently, the potential control of
Fusarium and Verticillium wilt of Brassica napus by a chitosan-silver
nanocomposite was reported (Nawab et al., 2025).

The onion (Allium cepa L.) ranks as the fourth most important
vegetable crop globally in terms of volume and cultivated area. It is
grown on every continent. In 2023, global production reached 111
million tons of dry bulbs, cultivated on almost 6 million hectares
(FAOSTAT, 2025). The crop shows two main phenological phases during
the season: an initial leaf development stage characterized by an expo-
nential growth of the plant, followed by the bulbing phase, during which
the bulb forms at the base of the leaves (Brewster, 2008).

Leaf blight, caused by Botrytis squamosa, is a foliar disease that poses
a significant challenge to onion cultivation. This disease is characterized
by whitish necrotic spots on leaves and is present in onion-producing
regions worldwide. Infection by B. squamosa is a major threat to onion
yield and quality, often leading to substantial economic losses (Tanovic
etal., 2019; Steentjes et al., 2021). In Uruguay, leaf blight can cause the
total loss of seedlings in the southern region early in the season, and
affect the crop throughout its cycle in the northern region (Galvan et al.,
2004).

The control of fungal diseases in horticultural crops remains a
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significant challenge, particularly in the pursuit of economically viable
production and the provision of healthy, high-quality food with minimal
pesticide residues. Although chemical fungicides have been a valuable
tool in disease management, their widespread use raises concerns
regarding environmental impact and the health risks posed to workers
and consumers. After several decades, and despite the introduction of
new active ingredients, the development of resistance by pathogens has
led to a decline in the effectiveness of chemical fungicides currently used
in several crops; such is the case of onion (Leroux, 2007; Aratjo et al.,
2018). Regarding B. squamosa, some strains have become insensitive to
some active ingredients of dicarboximide fungicides used for leaf blight
control (Steentjes et al., 2021). There is increasing interest and public
pressure to find alternatives to the use of pesticides. An example of this is
the position taken by the European Parliament identifying Resistance
Induction as a strategy to be developed for crop protection, which has
renewed interest in the development of resistance inducers (Reinders
et al., 2021).

In this context, the evaluation of chitosan-based nanomaterials
emerges as a promising alternative for controlling onion leaf blight
caused by B. squamosa. This study aimed to develop and assess sus-
tainable nanomaterials—biogenic silver nanoparticles, chitosan nano-
particles, and chitosan-silver nanohybrids—for controlling Botrytis
squamosa in onion crops. It integrated the synthesis and characterization
of these nanomaterials with in vitro and greenhouse assays to evaluate
their antifungal properties and their ability to activate plant defense
mechanisms. For the first time, the synthesis, characterization, and
antifungal activity of chitosan-based nanoparticles were explored in the
B. squamosa-Allium cepa pathosystem. In addition to determining their
antimicrobial effects, the study examined how these nanoparticles in-
fluence the host-pathogen interaction by monitoring symptom pro-
gression and defense-related enzymatic responses.

2. Materials and methods
2.1. Synthesis of nanomaterials

Biogenic silver nanoparticle synthesis (PchNPs) was carried out as
described by Sanguinedo et al. (2018). Two 90 mm diameter discs from
the fungal mycelia of Phanerochaete chrysosporium (Pch) grown on Po-
tato Dextrose Agar (PDA, OXOID) were taken and inoculated into
100 mL of liquid Potato Dextrose Broth (PDB, OXOID). Cultures were
incubated at 28 °C with constant shaking at 150 rpm for 72 h. After
incubation, fungal mycelium was obtained from the liquid culture,
filtered, and washed with sterile distilled water. The wet fungal mycelia
were then suspended in sterile distilled water (0.1 g/mL) and incubated
under agitation at 150 rpm in an orbital shaker for 24 h. The resulting
cell-free filtrate was obtained by filtering the suspension through a
0.45 um pore-size membrane filter. The cell-free filtrate was mixed with
5 mM AgNOs (Sigma-Aldrich) and incubated in the dark, the synthesis
process was monitored by measuring absorption spectra, between 250
and 800 nm, to track nanoparticle formation. Once the absorption peak
stabilized, the nanoparticles were purified by centrifugation at
10.000 rpm for 10 min, washed, and stored (no more than 5 months) at 4
°C, until use (Sanguinedo et al., 2018).

Chitosan-silver nanohybrids (CS-PchNHs) were synthesized as re-
ported by Vasquez et al. (2024), using a CS (Sigma-Aldrich) solution
(1.2 mg/mlL) in 1 % acetic acid. CS solutions was prepared and kept
under continuous stirring for 24 h. After this period, the biogenic
PchNPs were added dropwise to the chitosan solutions (in a 1:1 vol
ratio) and stirred for an additional 5 h. After synthesis, the resulting
nanohybrids (CS-PchNHs) were centrifuged at 10.000 rpm for 20 min,
washed three times with deionized water, and resuspended.

For the synthesis of chitosan nanoparticles (CSNPs), the optimized
ionic gelation method was used, which involved preparing chitosan (CS)
solutions in acetic acid and Sodium tripolyphosphate penta-basic (TPP,
Sigma-Aldrich) solutions (1.6 mg/mL), as reported by Zimet et al.
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(2018). The TPP solution was added drop by drop to the chitosan so-
lution under stirring, and the pH was adjusted with NaOH, maintaining
constant agitation at room temperature. After nanoparticle formation,
they were separated by centrifugation (12,000 rpm for 10 min), washed
twice, and resuspended in deionized water.

2.2. Characterization of nanomaterials

The formation and characterization of the synthesized nanomaterials
were assessed using complementary techniques.

UV-visible spectroscopy was employed to monitor nanoparticle
synthesis and stability, detecting the characteristic surface plasmon
resonance (SPR) band of silver nanoparticles in the 400-450 nm range
(Sanguinedo et al., 2018). A Jenway 6715 UV/Visible spectrophotom-
eter was employed, operating in the range of 250-800 nm.

Dynamic light scattering (DLS) and {-potential measurements were
carried out to determine the hydrodynamic size distribution and surface
charge of the nanoparticles and nanohybrids, providing information on
their colloidal stability and dispersion behavior. PchNPs, CSNPs and CS-
PchNHs were analyzed using dynamic light scattering (DLS) and elec-
trophoretic light scattering (ELS), respectively, with a particle size/zeta
potential analyzer. The Nano-Zetasizer from Malvern Instruments Ltd.,
Worcestershire, UK, was used, with samples prepared at pH 6 in
deionized water and analyzed at 25°C, viscosity of 0.8872 cP, refractive
index (RI) of 1.33, and a backscatter angle of 173°. Triplicate analyses
were performed, and the particle size and zeta potential results were
expressed as the mean + standard deviation (SD), with data processed
using Malvern Zetasizer software.

X-ray powder diffraction (XRD) analysis was performed to identify
the crystalline phases present and to evaluate the structural interactions
between silver nanoparticles and chitosan in the hybrid systems. Powder
XRD patterns were obtained using a Rigaku Miniflex 600-C diffrac-
tometer operating in 6-20 Bragg-Brentano geometry. The instrument
was equipped with a Cu Ka radiation source (A = 1.5419 A), operating at
40 kV and 15 mA, and a D/teX Ultra2 1D detector. Measurements were
performed in scan mode over a 20 range of 3° to 70°, with a step size of
0.02° and a scanning speed of 20°/min. Both nanoparticles and nano-
hybrids were analyzed in their dry powder form.

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectroscopy was used to identify functional groups present in the
nanomaterials and to detect interactions between the components,
confirming the presence of capping agents and the formation of nano-
hybrids through chemical bonding. Analyses were performed using an
ATR-FTIR spectrophotometer (SHIMADZU IRSpirit) equipped with a
Pike Diamond/KRS-5 HS crystal plate.

For the HR-TEM analysis, the samples in ethanol 95 were completely
dried and then observed with a JEOL JEM 2100 electron microscope of
200 kV acceleration voltage, using a copper grid. In addition, the
elemental chemical composition was studied with an X-ray EDS probe
on the surface of the NPs. Then, the sizes of the NPs were determined by
image analysis using ImageJ Software.

2.3. Efficiency of treatments against B. squamosa

2.3.1. Antifungal activity in vitro

The effects of nanomaterials (PchNPs, CSNPs y CS-PchNHs) on the
mycelium growth of the phytopathogen B. squamosa strain UR0O5 from
the collection of Centro Regional Sur (CRS, Faculty of Agronomy, Uni-
versidad de la Reptblica) were evaluated, as previously reported
(Sanguinedo et al., 2023). Agar blocks (plugs) of fresh mycelium were
punched out from the edge of the fungal colony using a sterile punch
5 mm in diameter. The plates containing Potato Dextrose Agar (PDA, BD
Difco) supplemented with 1 mL of four different concentrations
(two-fold dilutions) of nanomaterials, were inoculated in the center with
one plug per plate. These plates were incubated for 5 days at 28 °C.
Control cultures of fungal strains grown in PDA with null nanomaterials
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were also included. After that period, the diameter of the mycelium was
measured and compared with the control. The diameter of the mycelia
growth in PDA medium (without nanomaterials) served as the control,
representing the 100 % growth (0 % inhibition). The inhibition caused
by each nanomaterial concentration was expressed as a percentage,
comparing the fungal growth with the control. Additionally, for com-
parison purposes, AgNO3 and CS solutions were included in the anti-
fungal assay. The results were expressed as EC50 (the concentration that
inhibits 50 % of mycelial growth) obtained by linear regression (corre-
lation coefficient > 0.95) of the probit-transformed relative inhibition
value and the log10 of the antifungal concentration (Tian et al., 2019).

2.3.2. Whole plant experiments

To produce the pathogen inoculum, mycelium of B. squamosa UR05
was plated on Petri dishes containing PDA (Potato-dextrose agar), and
grown for 15 days at 20 °C until sclerotia formation (Galvan et al., 2003).
These sclerotia were transferred to plates with moist sterile sand and
incubated at 4 °C for 7 weeks until they germinated, producing myce-
lium and conidia. Germinated sclerotia were picked up and immersed in
sterile distilled water with 0.1 % Tween 20 and shaken to release the
conidial spores. The suspension was filtered with sterile gauze and a
spore count was performed in a Neubauer chamber to adjust the con-
centration to 1 x 10* spores mL~L.

Onion adult plants (A. cepa) variety Regia were used. In the trial of
August 2023 (Trial 1), plants of 160 days from sowing were used,
whereas 205 days-old plants were used in September 2023 (Trial 2). The
plants were produced in seedbeds and transplanted to individual pots in
a greenhouse until use.

Three days before being inoculated with the pathogen (3 dbi), the
onion plants were pre-treated with one of the following three chitosan-
based compounds: CS (2.4 mg/mL), CSNPs (2.4 mg/mL), CS-PchNHs
(0.2 ug/mL). The control group of plants was sprayed with sterile
water. In all cases, 0.1 % Tween 20 was used as an adhesive. At the time
of inoculation with the pathogen, for each pretreatment, half of the
plants were sprayed with a spore solution with a concentration of 1-10*
spores/mL and the other half with sterile water. Thus, eight groups of
plants with different treatments were obtained.

Inoculation was carried out by spraying each plant with approxi-
mately 6 mL of B. squamosa spore suspension covering the entire foliage.
Each plant was then covered with a polypropylene bag and kept under
controlled conditions in a growth chamber (17 °C, 100 % relative hu-
midity, 10 h of light per day) until symptom evaluation and sampling. In
Trial 1, sampling was carried out 8 days after inoculation (dai). For Trial
2, samples were also taken at the time of inoculation (day 0), and 8 dai.
For enzymatic analysis, samples were based on the third youngest leaf
(leaf 3) of each plant. The samples were freeze-dried and stored at —20
°C until processed for enzymatic analysis.

In Trial 1, 46 plants were used, which meant five to six replicates per
treatment. In Trial 2, 68 plants were used; 20 of these were used to
evaluate the effect of pre-treatments at the time of inoculation (five
replicates for each pre-treatment at day 0); and 48 plants corresponded
to six replicates per treatment (8 dai).

Symptom assessment was conducted 8 dai with B. squamosa, by
estimating the percentage of necrotic tissue on the third and fourth
youngest fully expanded leaves (leaves 3 and 4) of each plant (Currah
and Maude, 1984). These leaves were on average 30-40 days old and
showed no signs of senescence at the time of inoculation. Images of each
leaf were taken and processed with the Quant v. 1.0.2 program to esti-
mate necrotic area percentages. To establish statistically significant
differences between data groups, ANOVA tests and multiple t-tests by
the Holm-Sidak method were performed for a = 0.05. The normal dis-
tribution and homoscedasticity of measured variables was checked by
the Shapiro-Wilk test, and the Brown-Forsythe test, respectively. All
tests were carried out using GraphPad Prism 8.0.2 software.
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2.3.3. Defense-related enzymes

All enzymatic activities were determined for each plant from
aqueous extracts of soluble proteins obtained from freeze-dried tissue of
the third leaf. The aqueous extracts were obtained by abrasion macer-
ation of the freeze-dried tissue in 50 mM acetate buffer pH 5.6. The clear
supernatants of these extracts were gel filtered on PD-10 columns
(Sephadex G25) and stored at —20°C until analysis. In all cases, the
enzymatic activities were determined according to the method reported
by Galeano et al. (2014), and expressed in enzyme units (EU) per gram of
freeze-dried tissue. Changes in enzyme activity due to different treat-
ments were expressed as the ratio of enzyme activity in the treated
samples to that in the corresponding controls. Peroxidase activity (POX)
was determined using o-dianisidine as a substrate, performing the assays
at room temperature and pH 4.8. The POX EU is defined as the amount of
enzyme that oxidizes 1 pmol of substrate per min. under the reaction
conditions. Glucanase activity (GLU) was determined using laminarin as
substrate, by glucose release at 37°C, using a calibration curve with
glucose. The GLU EU is defined as the amount of enzyme that releases
1 mg of reducing sugars in the form of glucose under the reaction con-
ditions. Chitinase activity (CHIT) was measured using azure chitin as the
substrate, with one CHIT EU defined as the amount of enzyme required
to increase the absorbance at 560 nm by 0.01 under the specified re-
action conditions (3 h, 40 °C, pH 5.6).

All the activity assays were performed in triplicate. To establish
statistically significant differences between data groups, ANOVA tests
and multiple t-tests by the Holm-Sidak method were performed for o
= 0.05 except where indicated. The normal distribution and homosce-
dasticity of measured variables was checked by the Shapiro-Wilk test,
and the Brown-Forsythe test, respectively. All tests were carried out
using GraphPad Prism 8.0.2 software.

3. Results and discussion
3.1. Synthesis and characterization of nanomaterials

3.1.1. UV-Vis spectroscopy

The synthesis of biogenic PchNPs was performed following previous
protocols from our research group, yielding reproducible results. The
brown-yellowish coloration of the products suggests the formation of
AgNPs, which was corroborated by UV-Vis absorption spectra, where a
characteristic surface plasmon resonance (SPR) band was observed be-
tween 400 and 450 nm (Sanguinedo et al., 2018, 2019, 2023). After the
synthesis reaction begins, a band is observed at 420 nm, which corre-
sponds to the SPR band of the PchNPs (Fig. 1A), at an estimated con-
centration of 0.2 pg/mL.

To combine the advantages of biogenic silver nanoparticles and CS,
the synthesis of CS-PchNHs was carried out. These materials can inte-
grate the antimicrobial properties of AgNPs with the bioactive charac-
teristics of CS, making them attractive for sustainable agricultural
applications (Chandran et al., 2024). For the case of the CS-PchNHs, the
band at 416 nm was also shown in UV-vis spectrum (Fig. 1B). These
results indicate the stability of both PchNPs and CSPchNHs. The ob-
tained UV-Vis spectroscopy results were consistent with previous re-
ports (Shahid-ul-Islam et al., 2019). Senthilkumar et al. (2019) reported
the UV-Vis absorbance peak of green synthesized CS-Ag at 419 nm.

3.1.2. ¢-potential and particle size

Apart from the synthesis of PchNPs and CS-PchNHs described above,
chitosan nanoparticles (CSNPs) were also synthesized in this study. The
results indicated that CSNPs had a zeta potential of + 28.9 4+ 4.8 mV,
indicating a positive surface charge. Besides that, the zeta potential
value of the PchNPs, and CS-PchNHs was —21.1 +£ 9.1 and + 24.4
+ 5.2 mV, respectively, suggesting colloidal stability for all the syn-
thesized nanomaterials (Vasquez et al., 2024).

DLS measurements were performed to determine the hydrodynamic
size of the nanomaterials (Fig. 2). CSNPs showed an average size of

Plant Nano Biology 14 (2025) 100215

0.8 After centrifugation

t=0h
t=24h
0.6 t=48h

0.4

Absorbance

0.2

0.0

300 400 500 600 700 800

‘Wavelength (nm)

0.6

" -\/\

0.0 1

Absorbance

T T T T
300 400 500 600 700 800

Wavelength (nm)

Fig. 1. UV-vis absorption spectra. A. Synthesis (0-48 h) and purified PchNPs.
B. CS-PchNHs.

96.6 nm and a narrow size distribution, with a PDI of 0.1, suggesting
high homogeneity in the final sample. These findings align with those
reported by Winayu et al. (2019), who demonstrated that a lower acetic
acid concentration influences the size of CSNPs. In this context, acetic
acid is used to protonate the amino groups of CS, facilitating interaction
with the negative charges of TPP and promoting the formation of smaller
nanoparticles. However, high concentrations may induce agglomera-
tion, making it crucial to optimize the synthesis reaction of CSNPs
(Winayu et al., 2019).

The average hydrodynamic diameters of PchNPs was 22 nm, with a
0.2 polydispersity index (PDI) value. For the nanohybrid system CS-
PchNHs, the particle diameters were 143.6 nm and PDI 0.4. In nano-
particle synthesis, PDI values below 0.3 are generally preferred, higher
PDI values suggest a broader size distribution, often associated with
aggregation (Jampafuang et al., 2019).

Compared to previous studies, the characteristics of the biogenic
PchNPs and CS-PchNHs are consistent with other fungal-based silver
nanoparticles, which typically present SPR peaks around 420 nm and
similar zeta potential values. However, the CS-PchNHs developed here
exhibited a more controlled particle size and better colloidal stability
than some previously reported CS-Ag systems, such as those from Ster-
eum hirsutum and Aspergillus fumigatus, where larger sizes and higher
PDI values were observed (Raza et al., 2021; Hermosilla et al., 2023).
These results highlight the relevance of optimizing synthesis conditions
to obtain stable nanomaterials with potential applications in agriculture,
where both antimicrobial activity and biocompatibility are essential.
The combination of chitosan and biogenic silver nanoparticles results in
a promising nanohybrid material with improved colloidal behavior
compared to uncoated AgNPs, supporting its application as an
eco-friendly alternative in plant disease management.

3.1.3. Transmission electron microscopy

TEM images (Fig. 3) reveal the presence of spherical nanoparticles.
The average size of the CS-PchNHs was 65 + 35 nm, smaller than those
reported by DLS, which is expected since the DLS measures the hydro-
dynamic diameter of the particles. Energy Dispersive Spectroscopy
analysis confirmed the presence of silver nanoparticles and chitosan in
the CS-PchNHs, as indicated by the silver and nitrogen peaks, supporting
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Fig. 3. TEM image and EDS spectral analysis of CS-PchNHs.

previous reports of similar nanohybrid compositions (Tharani et al.,
2020). The detection of other peaks could be attributed to the organic
phase of the CS and the biogenic NPs (Bharathi et al., 2018, Sanguinedo
et al., 2023). The percentages of the principal elements present in the
NHPch were also included in Fig. 3.

3.1.4. X-ray powder diffraction

As described by Vasquez et al. (2024), the X-ray powder diffraction
-XRD- analysis of the chitosan—silver nanohybrids (CS-PchNHs) showed
an increase in the amorphous background and a reduction in chitosan
crystallinity, suggesting that the incorporation of negatively charged
biogenic silver nanoparticles (PchNPs) introduces structural disorder,
indicative of ionic cross-linking interactions between chitosan and the
silver nanoparticles. Additionally, as can be observed in Fig. 4, the
comparison between the diffraction patterns of PchNPs and CS-PchNHs
revealed the presence of characteristic silver peaks—particularly those
around 20 = 32°, 38°, and 46° (Senthilkumar et al., 2019), associated
with metallic silver (Ag®)—confirming the successful incorporation of
the nanoparticles into the hybrid structure. Other reflections observed in
the PchNPs pattern likely originate from crystalline components of the
organic capping agents, and are also retained in the CS-PchNHs
diffractogram.

3.1.5. Attenuated total reflectance—fourier transform infrared (ATR-FTIR)
spectroscopy
The ATR-FTIR spectrum of PchNPs revealed distinct vibrational

Intensity (A.U.)

Fig. 4. XRD patterns of biogenic silver nanoparticles (PchNPs), chitosan-Ag
nanohybrids (CS-PchNHs), and chitosan, shown from bottom to top,
respectively.

features indicative of their chemical composition and surface function-
alization (Fig. 5). Protein-related functional groups were confirmed by
peaks at 564.48 cm™ (amide IT deformation) and 1539.76 cm™' (amide I
stretching), associated with C-N-H and C=O bonds (Ballottin et al.,
2016; Parmar et al., 2019). Additional protein signals include bands at
623.37 cm™ and 1317.13 cm™ , attributed to primary amine bending
and asymmetric stretching, respectively (Guilger-Casagrande et al.,
2021; Jyoti et al., 2016; Parmar et al., 2019). Polysaccharide presence
was evidenced by a strong band at 1026.99 cm™ , corresponding to
symmetric C-O-C glycosidic bond stretching in the pyranose ring
(Ahluwalia et al., 2014; Priya et al., 2020). Aliphatic CH= and CHs groups
were identified at 2878.44, 2915.79, and
1376.02 cm™! (Guilger-Casagrande et al., 2021; Li et al., 2018), while
N-H (3294.98 cm™) and O-H (3410.65 cm™) stretching vibrations
indicated the presence of amide and hydroxyl groups (Ahluwalia et al.,
2014; Jyoti et al., 2016).

The ATR-FTIR spectrum of CS-PchNHs confirmed the successful
formation of the hybrid material through the coexistence of character-
istic signals from both chitosan and silver nanoparticles (Fig. 5). The
presence of Ag—O vibrations at 511.34 and 639.17 cm™ confirmed the
incorporation of biogenic silver nanoparticles into the hybrid matrix
(Alamri et al., 2018; Guilger-Casagrande et al., 2021). Key structural
features of chitosan were retained, as indicated by the presence of
C-O-C glycosidic stretching bands at 1018.37, 1025.55, and
1026.99 cm™ , and aromatic C-H bending at 801.48 cm™ (Sullivan
et al., 2018). Evidence of interaction between CS and PchNPs was
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Fig. 5. ATR-FTIR spectra of chitosan, biogenic silver nanoparticles (PchNPs)
and chitosan-Ag nanohybrids (CS-PchNHs), shown from bottom to top,
respectively.

supported by shifts in several characteristic bands. The aromatic C-O-C
band of PchNPs shifted from 1411.93 cm™ to 1406.18 cm™ in the
CS-PchNHs. N-H stretching bands from CS (1572.80 cm™) and PchNPs
(1539.76 cm™) emerged into a single peak at 1544.07 cm™ in
CS-PchNHs. Similarly, the amide C—=O band of CS shifted from
1648.93 cm™ to 1637.44 cm™ , while the corresponding PchNPs band
at 1634.56 cm™ was also affected. Finally, O-H stretching bands from
CS (3287.80 cm™) and PchNPs (3294.98 and 3410.65 cm™!) shifted to
3168.58 and 3280.62 cm™, respectively, in the spectrum of the
CS-PchNHs.

Altogether, the FTIR analysis provides strong evidence for the suc-
cessful formation of CS-PchNHs and suggests that the interaction be-
tween chitosan and biogenic silver nanoparticles involves multiple
functional groups, including Ag-O, N-H, amide, and hydroxyl groups.

3.2. Efficiency of treatments against B. squamosa

3.2.1. Antifungal activity in vitro

In vitro antifungal activity of synthesized nanomaterials against
B. squamosa was evaluated (Table 1). PchNPs and CS-PchNHs, showed in
vitro inhibition on fungal growth, but not CSNPs (Supplementary Ma-
terial-Fig.SM1). Although AgNOs; and CS solutions also inhibited
mycelia growth, these two treatments showed very higher EC50 values,
suggesting low antifungal activity. The EC50 values of the nano-
materials that inhibited fungal growth were very low, demonstrating
their potential application for the direct control of B. squamosa in plants.
Furthermore, CS-PchNHs showed the highest antifungal activity among
the evaluated materials (EC50 0.21 ug/mL) suggesting a possible

Table 1
Inhibitory effect of nanomaterials on the growth of B. squamosa mycelium.
Treatments  Toxicity regression ECso(ng/ Correlation
equation mL) coefficient
CS y = 0,9567x + 4,5405 3020 0,9938
AgNO3 y = 0,6445x + 3,3885 317 0,9827
PchNPs y = 1,8885x + 5395 0,47 0,9997
CS-PchNHs  y = 1,7606x + 6,2 0,21 0,9666
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synergy between their components.

The high performance of PchNPs and nanohybrids could be related
to various physicochemical properties of the materials. Characteristics
such as surface charge and particle size influence their interaction with
fungal cells. It has been proposed that the higher positive charge of
nanohybrids facilitates their interaction with the negative charge of
fungal cell membranes, causing structural alterations (Barabadi et al.,
2020; Kulikouskaya et al., 2022; Mondéjar-Lopez et al., 2023; Vasquez
et al., 2024). Kulikouskaya et al. (2022) suggested that the electrostatic
attraction between positively charged nanomaterials and negatively
charged microbial cells is a key factor in their antimicrobial activity.
Additionally, the binding of CS to the microbial cell wall may alter its
structure and enhance the antimicrobial efficacy of nanocomposites.

Indeed, another possible mechanism of action of PchNPs involves
their interaction with the cell membrane, altering its permeability,
integrity, and respiratory functions. The alteration of membrane
permeability under the action of CS-silver nanoparticles could facilitate
their penetration into the microbial cell, resulting in an enhanced anti-
microbial effect (Kulikouskaya et al., 2022). However, not all evaluated
materials exhibited the same behavior. In the case of the CSNPs syn-
thesized in this study, no inhibition of phytopathogen growth was
observed under the evaluated conditions.

This lack of in vitro antifungal activity of CSNPs could be due to
multiple factors, including the intrinsic characteristics of CS (e.g., its
molecular weight) or the specific properties of the synthesized CSNPs (e.
g., their surface charge). In particular, the measured Z potential values
for CSNPs were approximately + 20 mV, lower than those reported in
the literature, which could indicate a weaker interaction with fungal
cells (Kheiri et al., 2016). These results highlight the importance of
optimizing the physicochemical properties of nanomaterials to maxi-
mize their antifungal effectiveness.

3.2.2. Evaluation of symptoms in onion plants caused by B.squamosa

Symptom evaluation was performed by estimating the percentage of
necrotic tissue in leaves 3 and 4 of each plant, 8 dai with B. squamosa, as
described in Methods. In both trials, the plants treated (3 dbi) with the
different compounds (CS, CSNPs, CS-PchNHs), but not inoculated with
the pathogen, did not develop necrotic spots (Supplementary Material-
Fig.SM2). Table 2 presents the percentage of affected leaf area in leaves
3 and 4 across both trials for treatments in which plants were inoculated
with the pathogen. As an illustration, Fig. 6 shows representative
symptoms on the 3rd leaf of plants from Trial 2.

For both trials, the chitosan-based nanomaterials reduced the
symptoms caused by the pathogen 8 dai when treating the plants 3 dbi.
The differences were statistically significant when comparing the groups
of plants pretreated with those inoculated without pretreatment
(+B. s5q.). Similar results were obtained in the CS pretreatments, with the
exception of the evaluation of leaf 4 in trial 1, in which case the
reduction was not statistically significant. Although the CS-PchNHs
treatment was applied at a much lower concentration than CS and
CSNPs, its inclusion was based on the known high efficacy of silver
nanoparticles at low doses and the anticipated synergistic effect between
chitosan and PchNPs, which allows for effective protection with reduced
material input.

Furthermore, a statistical comparison of both trials (two way
ANOVA, Holm-Sidak multiple comparisons test, Supplementary Mate-
rial-Fig.SM3) reveals that reduction of symptoms was significantly
greater in Trial 2 than in Trial 1, regardless of the leaf evaluated. In Trial
1, the average symptom reduction explained by the chitosan-based
compounds was 53 % and 54 % for leaf 3 and leaf 4, respectively,
whereas in Trial 2, these values increased to 76 % and 75 %. The dif-
ference between the trials may be related to the distinct phenological
stage of the plants, as plants had begun to bulb in Trial 2 at the time of
inoculation. Onion bulbing phase is triggered by long days, dealing to
changes in gene expression and hormonal ratios (Lee et al., 2013). These
findings suggest that the effectiveness of these compounds in enhancing
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Table 2
Percentage of onion leaf area affected by B. squamosa (B.sq) on leaves of Allium cepa var. ‘Regia’.
Treatment Trial 1 Trial 2
Leaf 3 Leaf 4 Leaf 3 Leaf 4
% SD % SD % SD % SD
+B.sq 2.6* 4.8% 2.1* 3.4% 3.0
0.6 1.7 1.0
CS +B.sq 1.2° 3.0 0.6" 0.8" 0.4
0.7 1.7 0.4
CSNPs +B.sq 1.4° 1.6° 0.4° 1.0° 0.3
0.8 1.5 0.2
CS-PchNHs +B.sq 1.0° 1.9° 0.6° 1.0° 1.0
0.6 0.9 0.3

SD: standard deviation

Within each column, different letters after the mean values indicate significant differences between treatments (p < 0.05).

CS +B. sq.

CSNPs +B. sq. | CS-PchNHs + B. sq.

Fig. 6. Symptoms in the 3rd leaf of onion plants (var. Regia) 8 days after
inoculation with B. squamosa. The chitosan-based compounds with which the
plants were treated 3 days before inoculation are indicated. The images shown
correspond to Trial 2.

onion defense against B. squamosa might be influenced by the plant’s
phenological stage.

For several plant-pathogen interactions, it is known that plant
resistance changes according to its stage of development. This phe-
nomenon is called age-associated resistance and manifests itself at
different times depending on the pathosystem under study (Panter and
Jones, 2002; Develey-Riviere and Galiana, 2007). In our study, onion
resistance to B. squamosa was not influenced by plant age; however,
changes in the impact of chitosan-based compounds on the plant’s de-
fense response were observed.

3.2.3. Defense-related enzymes

Chitosan is known to confer a dual benefit by exhibiting antimicro-
bial activity and inducing plant resistance. The induced resistance state
is characterized by the activation of latent defense mechanisms that are
induced early after induction, and with greater intensity in the event of a
subsequent attack by a pathogen in a phenomenon called ‘pri-
ming’(Pieterse et al., 2014; Martinez-Medina et al., 2016). Priming can
be induced by various factors, such as treatment with chitosan-based
compounds evaluated in this study.

Then, to assess whether the tested chitosan-based nanomaterials
elicit resistance in the selected pathosystem, we analyzed the activities
of pathogenesis-related enzymes (PRs) in response to different treat-
ments. Several chitinases, glucanases and peroxidases have been clas-
sified as PRs since they are induced in the early stages of plant-pathogen
interaction (Dos Santos and Franco., 2023; Han and Schneiter, 2024).
Furthermore, several studies have reported that chitosan-induced
resistance is associated with increased activity of those enzymes
(Roman-Doval et al., 2023).

In Trial 2, prior to inoculation with B. squamosa, samples were taken

from the third leaf of pretreated plants with the different chitosan-based
compounds. Sampling was done before inoculation with the pathogen,
three days after treating the plants with these compounds in order to
determine whether enzymatic activities were altered and can be linked
to differences in the subsequent development of disease symptoms once
the plants are inoculated with the pathogen.

The results showed significant changes in some enzymatic activities
due to the treatments (Table 3, Supplementary Material-Fig.SM4). As
expected, CHIT activity increased in response to all chitosan treatments,
although this increase was statistically significant only in plants treated
with CS-PchNHs (p < 0.1). On the other hand, POX activity decreased.
Although it was an unexpected result, there are reports that different
factors such as a high CS concentration, can inhibit POX activity (Shams
Peykani and Farzami Sepehr, 2018). No significant variations were
observed in GLU activity with the treatments.

Furthermore, the enzymatic activities eight dai with B. squamosa
were evaluated from the third leaf of the treated plants. In both trials
carried out, it was studied whether changes in the activity of the eval-
uated enzymes occur in plants inoculated with the pathogen and
whether these changes are linked to pretreatment with the different
chitosan-based compounds. Results comparing symptoms and enzy-
matic activity ratio (EU/g plants inoculated: EU/g plants not inoculated)
are shown in Fig. 7.

For non-inoculated plants, no differences were detected in these
activities between plants pretreated with the chitosan-based compounds
and those pretreated with water (controls). This means that the changes
in CHIT and POX activities observed three days after treating the plants
with the chitosan-based compounds were transient, since they were not
observed eight days later.

Inoculation with the pathogen produced a significant increase in
POX activity in plants that were not pretreated with chitosan-based
compounds. These plants showed the highest levels of symptoms and
POX activity increased 2.2 and 2.4 times in Trial 1 and 2 respectively. In
plants pretreated with CSNPs and CS-PchNHs, pathogen inoculation
produced a significant raise in POX activity in both trials, increasing 2.4
and 1.4 times for CSNPs, and 2.2 and 1.6 times for CS-PchNHs. It is

Table 3
Enzymatic activities three days after treatment of onion plants with chitosan-
based compounds, for peroxidases (POX) and chitinases (CHIT).

POX CHIT
Treatment UE/g SD UE/gr SD
Control 23° 2.6 1587 31
cs 16° 3.4 2047+ 61
CSNPs 18° 3.8 19820+ 53
CS-PchNHs 14° 3.4 251P* 90

SD: standard deviation

Within each column, different letters after mean values indicate significant
differences between treatments (p < 0.05, *p < 0.1).

Figure legends
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Fig. 7. Symptoms and enzymatic activity ratio (3rd leaf, 8 dai). A: Trial 1; B: Trial 2. Treatments: Control, uninoculated; +B.sq., inoculated; CS, CSNPs and CS-
PchNHs indicate the pre-treatment. Different letters indicate significant differences between treatments (p < 0.05).

noteworthy that, for Trial 1, while these compounds reduce symptoms
by about half, POX activity increases in the same proportion as in non-
pretreated plants. In Trial 2, these plants showed a more drastic
reduction of symptoms (around 75 %) and presented a smaller increase
in POX activity than the plants inoculated without pretreatment. How-
ever, these increases were still significant in relation to the no inoculated
plants. In plants pretreated with Chitosan, POX activity did not increase
significantly in the inoculated plants in Trial 1 but this activity nearly
doubled in Trial 2. These results show that POX activity increases with
increasing damage caused by the pathogen, but it plays a role in its
containment in plants pretreated with CSNPs and CS-PchNHs. In the
case of chitosan, the results are ambiguous, but it should be noted that
the phenological state of the plants was different in each trial, so they
could respond differently to treatment with this compound.

Regarding CHIT activity, inoculation with the pathogen produced a
significant increase in this activity in plants that were not pretreated
with chitosan-based compounds, in both trials (2.0 and 2.2 times in Trial
1 and 2 respectively). In Trial 1 the increases in CHIT activity in inoc-
ulated pretreated plants were not statistically significant related to the
control. However, these increases were similar to those of plants inoc-
ulated without pretreatment, although somewhat lower (1.7, 1.6 and 1.7
times for inoculated plants pretreated with, CS, CSNPs and CS-PchNHs
respectively). In Trial 2, despite having developed fewer symptoms,
plants pretreated with nanomaterials showed statistically significant
increases over the control, increasing 1.8 for CSNPs and 1.5 for CS-
PchNHs. These results show that CHIT activity increases in response to
damage caused by the pathogen, but plays a role in its containment in
plants pretreated with CSNPs and CS-PchNHs.

Regarding GLU activity, in Trial 1, inoculation with the pathogen did
not produce significant increases in this activity in the plants for any

treatment. On the other hand, in Trial 2, inoculation produced an in-
crease in this activity for all treatments. The most notable difference
between the two trials is the reduced basal GLU activity in the non-
inoculated treatments of Trial 2 (6.4 UE/g) compared to Trial 1 (39
UE/g), likely due to differences in the plants’ phenological stages, as
previously mentioned. For Trial 2, the greatest increase was observed in
plants without prior treatment, with GLU activity increased 5.5 times.
Among the plants pretreated with chitosan-based compounds, the
greatest increase was observed in those treated with CS-PchNHs (4.4
times), followed by CSNPs (3.2 times), and CS (2.7 times). These results
show that GLU activity increases in response to damage caused by the
pathogen, but it plays a role in its containment in plants pretreated with
the compounds tested, particularly the CS-PchNHs. Apparently, the role
of this enzyme in the response to the pathogen and in the induced
resistance is dependent on the phenological state of the plant.

Taken together, these results indicate that disease development leads
to the highest increases in the evaluated enzyme activities, reflecting a
defense response that is ultimately insufficient to halt pathogen pro-
gression. In contrast, pretreatment with chitosan-based compounds re-
duces symptom development, suggesting that these compounds act
either directly through antimicrobial activity or indirectly by inducing
plant defense mechanisms. Notably, although CSNPs did not exhibit
direct antifungal activity against B. squamosa, they were equally effec-
tive in reducing symptoms as the other compounds. This supports the
hypothesis that resistance induction plays a key role in the protective
effect of the tested compounds.

The increase in enzyme activities in response to the pathogen in
pretreated plants, despite reduced symptom development, suggests that
these enzymes are involved in the defense mechanisms induced by the
chitosan-based compounds. The differing effects of pretreatments
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observed between the two trials underscore the influence of the plant’s
phenological stage on the response. In Trial 1, when plants had not yet
initiated bulbing, the pretreatments primarily led to increased POX ac-
tivity, with this effect being more pronounced for the nanocomposites.
In Trial 2, as plants began to bulb, the responses were more robust and
involved all three enzymes, with nanohybrids notably enhancing GLU
activity. Although symptom reduction was comparable between chito-
san and nanoparticle treatments, the overall increase in enzyme activity
was generally lower in plants treated with chitosan alone compared to
those treated with nanocomposite formulations.

4. Conclusions

This study successfully synthesized and characterized biogenic silver
nanoparticles, chitosan nanoparticles, and chitosan-silver nanohybrids.
In vitro assays showed that PchNPs and CS-PchNHs had strong anti-
fungal activity against Botrytis squamosa, with CS-PchNHs displaying
synergistic effects. Growth chamber trials demonstrated that chitosan-
based treatments reduced disease symptoms in onion plants, especially
during bulb formation. Enhanced enzymatic responses, particularly
peroxidase activity, in treated plants suggest these materials prime plant
defenses, mitigating disease severity. Overall, CS-PchNHs emerge as a
promising, sustainable strategy for managing B. squamosa, combining
antifungal action and plant defense stimulation. Future work should
focus on field-scale validation and integration into crop protection
practices.
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