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ARTICLE INFO ABSTRACT
Keywords: Aspergillus flavus is a severe danger to worldwide maize (Zea mays) cultivation, due to its extreme
Aspergillus flavus toxicity of aflatoxins produced by the fungi, and its ability to cause economic losses while also
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Maize kernels

posing a health concern to humans and animals. Among the measures that may be considered for
A. flavus control, applying coatings based on natural ingredients appears to be the most prom-
ising. The current work examines the antagonistic ability of Lactobacillus rhamnosus bioactive
metabolites added to chitosan nanoparticles against A. flavus on maize kernels. The chitosan
nanoparticles loaded with L. rhamnosus bioactive metabolites were characterized using the
transmission electron microscope (TEM), zeta potential, size distribution, polydiversity index
(PDI), pH, encapsulation efficiency and Fourier transform infrared spectroscopy (FTIR). The TEM
revealed that the chitosan nanoparticles loaded with bioactive metabolites were spherical and
smooth on the surface, and by increasing the concentration of bioactive metabolites added to the
chitosan nanoparticles, the diameter of the chitosan nanoparticle grew. The zeta potential and
size distribution values increased as the quantity of L. rhamnosus bioactive metabolites increased
in the chitosan nanoparticles. The FTIR analysis indicated the presence of several functional
groups, including alkynes, alkene, aliphatic primary amines, and other functional groups. The
chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 7 mg/
mL showed significant antifungal activity against A. flavus, reducing their growth in maize kernels
by 89.42 % after 10 days of storage. They also reduced the percentage of germination inhibition
rate and viability percentage. It could be concluded that adding L. rhamnosus bioactive metab-
olites to chitosan nanoparticles might have significant implications for food safety by using it in
the industry to reduce the fungal contamination of grains.

1. Introduction

Corn, sometimes referred to as maize (Zea mays L.), is a widely accepted staple in both human and animal diets [1]. It is the cereal
plant with the most significant global output and ranks third among staple foods, behind wheat and rice [2]. Previous research showed
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that mycotoxins might easily contaminate maize during all phases of the process, from the field to the table, including the preharvest,
harvesting, drying, and postharvest phases, thus posing a major risk to human health and resulting in substantial economic losses [3,4].
Maize is one of the most vulnerable crops to Aspergillus flavus infection, which may lead to aflatoxin contamination and threaten the
safety of the harvested crops, making it a substantial source of human exposure to mycotoxin [5]. Aspergillus flavus is known to modify
the biochemical components and mycotoxin contamination in maize kernels during processing and storage, decreasing the likelihood
that maize will be used in food products and jeopardizing food safety [1]. Overall, maize contamination by A. flavus can occur both
before and during harvest [6], whereas certain Aspergillus species, known as "storage fungi," are extremely active during storage due to
harsh conditions (temperature and water activity),

Aflatoxins (AFs) produced by Aspergillus flavus and Aspergillus parasiticus, are known to be mutagenic, carcinogenic, and teratogenic
[7]1. Among the AFs, aflatoxin B; (AFB;), was classified as a Group I human carcinogen by the International Agency for Research on
Cancer, and thus has received global attention [8]. Aflatoxins can have serious toxicological consequences on humans and animals and
generate significant economic losses for farmers [9]. Treatment of A. flavus contamination can significantly decrease or even eliminate
significant toxicological implications to both humans and animals, as well as economic losses [10], thus novel eco-friendly and sus-
tainable ways are needed to manage and prevent fungal growth and mycotoxin production.

Nanotechnology is used for the management of nanoparticles for numerous purposes, which serve a critical role in the food and
agricultural sectors, boost food quality and safety, and enhance human health through creative and inventive techniques [11].
Biopolymer nanoparticles are widely regarded for their biodegradability, biocompatibility, and non-toxicity [12]. Chitosan
((1 - 4)-2-amino-2-deoxy-p-d-glucose)) is an abundant marine-based biopolymer, and its nanoparticles have been shown to have wide
antimicrobial activities against phytopathogenic fungi [13] and stimulate defense in crops [14]. Chitosan nanoparticles are often
generated via ionotropic gelation with sodium tripolyphosphate, which is regarded as safe, resulting in nanoparticles with varying
sizes, stability, and biological properties, which affect its extensive applicability in agriculture [15]. Chitosan is generally regarded as a
low-toxicity material, though its toxicity may vary depending on its physicochemical properties and the experimental model used [16].
It is a biodegradable, and biocompatible polysaccharide that can create films that bind various substances [17]. In recent years, edible
coatings involving natural and active chemicals to food surfaces in the form of thin films, have potentially increased the shelf life and
improved the quality of food products with long shelf lives that meet consumer expectations [18]. One of the primary benefits of these
chitosan films is that they allow for the delayed and regulated migration of bioactive compounds from the chitosan coating into the
products [19]. Only a few research have examined the influence of chitosan on fungal growth and mycotoxin production in various
fungus species [20,21].

Microbial bioactive metabolites (antibiotics, siderophores, immune-suppressants, enzymes, vitamins and alkaloids) are the natu-
rally active components produced by many bacteria, whereas these bioactive metabolites are produced in trace amounts by microbiota
but have high-grade applications such as antibacterial, antitumor, antifungal, and so on [22]; thus, these bioactive compounds are well
known to be useful in disciplines such as medicine science, biochemistry, and the food and agriculture industries [23]. Research has
been done using biocontrol agents to prevent the development of fungal spoilage and their mycotoxins in food. This procedure, known
as "bio-preservation," primarily entails using microorganisms or their metabolites (such as lactic acid and bacteriocin) to extend the
shelf life and increase the safety of food products [24].

In our recent study, we extracted and identified bioactive metabolites from Lactobacillus rhamnosus, and found that these bioactive
metabolites produced various organic acids, volatile organic compounds, and polyphenols and displayed antifungal activity against
A. flavus and reduced AFB; production by 99.98 % [25]. Therefore, this study aimed to evaluate the possibility of controlling A. flavus
growth in maize kernels by chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites.

2. Materials and methods
2.1. Chemicals

Chitosan powder and ethyl acetate HPLC grade were obtained from Merck KGaA (Darmstadt, Germany), whereas lactic acid was
obtained from SDFCL Sd Fine Chem Limited (Mumbai, 400 013, India). Sodium sulfate anhydrous, sucrose, and yeast extract were
purchased from Loba Chemie (Mumbai 400 005, India). Potato Dextrose agar (PDA) was purchased from Neogen (Lansing, MI 48 912,
USA).

2.2. Microorganisms

The Aspergillus flavus used in this study was isolated from maize samples in Egypt [26], and the gene sequence was deposited in the
GenBank database as A. flavus AAM2020 (Accession No. OP942201). Lactobacillus rhamnosus ATCC 7469 was obtained from the
Microbiological Resources Centre (MIRCEN), Faculty of Agriculture, Ain Shams University.

2.3. Extraction of bacterial bioactive metabolites

Lactobacillus rhamnosus was grown on rice medium (100 g rice in 100 mL distilled water) and incubated in a static condition at 35 °C
for 7 days. Ethyl acetate was added at a ratio of 1:1 (v/v) to the rice medium. The ethyl acetate mixtures were poured into separating
funnels and allowed to stand until organic and aqueous phases were separated. The organic phase was collected and passed over
anhydrous sodium sulfate. This process was repeated three times, and the ethyl acetate was evaporated employing a rotary evaporator
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(Heidolph Instruments GmbH & Co. KG, Germany) to yield the extract [25,27].
2.4. Preparation of chitosan nanoparticles

With a few minor adjustments, the primary coating film was created using the techniques previously described by Yadav and Yadav
[28]. Briefly, chitosan powder was dissolved in a 1 % aqueous lactic acid solution and well-stirred at 200 rpm for an entire night at
room temperature. Glycerol (1 %) was added after complete dissolution, and it was agitated constantly for 4 h. Then, while stirring, a
sodium tri-poly phosphate solution (1 mg/mL) was gradually added to the emulsion for an additional hour.

Different L. rhamnosus bioactive metabolites 5, 7, and 9 mg/mL concentrations were gradually added to the chitosan nanoparticles
and homogenized for 10 min (IKA T-25 Ultra-Turrax Digital High-Speed Homogenizer Systems, IKA®-Werke GmbH and Co. KG,
Staufen 79219, Germany). Then, the chitosan nanoparticles loaded with bioactive metabolites were exposed to ultra-sonication (ultra-
sonication at 160 W powers, 20 kHz frequency, 50 % pulse, Sonic Ruptor 400, OMNI International) (Fig. 1).

2.5. Characterization of chitosan nanoparticles

2.5.1. Transmission electron microscope (TEM)

The JEOL JEM-2100 a versatile and high-performance High-Resolution Transmission Electron Microscope (HR-TEM, Tokyo 100-
0004, Japan) with an acceleration voltage of 120 kV, 600,000 magnification power, a CCD camera was used to characterize the
morphology of the particle shape and particle size of the chitosan nanoparticles. A drop of nanoparticle suspension was placed on a
carbon-coated copper grid. The grid was dried under an ambient temperature vacuum and investigated under TEM [19].

2.5.2. Zeta potential, size distribution, and polydispersibility index (PDI)

The zeta potential was determined by phase analysis light scattering (PALS) with a Zetasizer NanoZS laser diffractometer (Malvern
Panalytical Ltd, Malvern WR14 1XZ, UK), meanwhile dynamic light scattering (DLS) was determined using a ZetaSizer Nano-ZS laser
diffractometer (Malvern Panalytical Ltd, Malvern WR14 1XZ, UK) working at 633 nm and equipped with a backscatter detector [29].
Each nanoparticle sample was loaded into a disposable micro cuvette, before diluting with two mL of water. After that, the samples
were sonicated for another 5 min and measured at 25 °C. Samples were also analyzed to determine their polydispersibility index, and
their pH value using a pH meter (Adwa, AD8000, 6726 Szeged - Hungary)

2.5.3. Encapsulation efficiency
The chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites were sealed in a 25 mL cylinder and stored at 25 °C for
24, 48, 72, and 96 h for the determination of encapsulation efficiency [30]. The percentage of encapsulation efficiency was calculated
using Equation (1).
VT - VS

Encapsulation efficiency % = 1< 100 )

Figure (1). A process diagram showing the preparation of chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites, as well as the
dipping of maize kernels in chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites.
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Whereas VT: is the total volume of nanoparticles and VS: is the separated solution volume.

2.5.4. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy analysis was conducted using JASCO FT/IR 4100, Yorkshire WF16 0 PR, UK fitted with a
multi-zone nitrogen purge. Spectra were collected in the range of 4000 to 400 cm ™' with a resolution of 4 cm™! [31]. The FTIR
spectrometer was purged to reduce spectrum contributions. The mean of four spectra from different nanoparticles of the same sample
was then computed.

2.6. Antifungal activity using agar well diffusion method

Radial growth measurement is a standard way to examine the development of filamentous fungus on a solid medium. It gives useful
information regarding the growth of fungal colonies, therefore, the antifungal activity of chitosan nanoparticles loaded with different
concentrations of L. rhamnosus bioactive metabolites was determined using the agar well diffusion technique. Aspergillus flavus spore
suspension (10 pl, 10° spores/mL) spores/mL), was dissolved in sterile saline with 0.1 % (v/v) Tween 80 and counted using a he-
mocytometer. Fungal spores were inoculated onto the middle of a PDA plate. Wells were prepared using a cork borer around the
primary inoculation point, and chitosan nanoparticles loaded with different concentrations of L. rhamnosus bioactive metabolites were
administered to them. Plates were incubated at 28 °C for 5 days. The colony radial diameter was measured after 5 days of incubation.

2.7. Evaluation of A. flavus spore germination

The capacity of A. flavus to germinate in the presence of chitosan nanoparticles and chitosan nanoparticles loaded with L. rhamnosus
bioactive metabolites was assessed [32] In multiwell plates, each well-received 200 pL of chitosan nanoparticles and A. flavus spore
suspension (10 pL, 10° spores/mL). As a control, the fungus was put into sterile water. The plates were incubated at 25 °C in the dark
and under aerobic circumstances. After 24 h, 20 pL of each solution was added to microscopic slides. The samples were examined using
an optical microscope (Olympus, Tokyo, Japan). The percentage of germination inhibition rate (GIR%) was calculated using Equation
2.

No. of germinated conidia in control — No. of germinated conidia in experimental o

GIR % = n Y
’ No.of germinated conidia in control

100 (2)

2.8. Evaluation of A. flavus spore viability

Chitosan nanoparticles and chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites were introduced to a 50 mL
Elemenyer flask containing yeast extract sucrose medium (YES, 20 g/L yeast extract, and 20 g/L sucrose). A suspension of A. favus
spores (10> spores/mL) was added to a liquid medium and cultured for 24 h. As a control, the fungus was put into sterile water. During
24 h of incubation samples were taken every 6 h to perform a serial dilution (10~} to 10~°), which was spread onto PDA plates. Plates
were incubated at 25 °C for 48 h. Fungal colonies were counted and expressed as CFU/mL, later, findings were expressed as log CFU/
mL using Equation (3).

logCFU / mL = log,, (CFU,/mL) 3)
The viability percentage was calculated using Equation (4).

logCFU,/mL of experimental
log CFU,/mL of control

Viability percentage % = x 100 )

2.9. Bio-control of maize kernels

With modifications, the bio-control of maize kernels against fungal growth was carried out following the method described by
Muhialdin et al. [33]. Maize kernels were obtained from a retailer in Dokki, Giza, Egypt. Fresh maize kernels were washed using 2 %
sodium hypochlorite for 5 min and rinsed well with sterilized distilled water. The maize was blotted dry between sterile Whatman No.
1 filter papers.

The maize kernels (25 g) were then transferred to sterile Petri dishes, whereas chitosan nanoparticles (10 mL) and chitosan
nanoparticles loaded with L. rhamnosus bioactive metabolites (10 mL) were placed on them for 5 min to ensure uniform coating over
the grains. Later, a fungal suspension of A. flavus (10 pl, 10° spores/mL) was added to the Petri dishes (Fig. 1) and then incubated at
25 °C for 10 days. Control was prepared of maize kernels not coated by chitosan nanoparticles. Blank was also prepared of maize
kernels coated by chitosan nanoparticles only without the bioactive metabolites.

2.10. Fungal observation

The presence of fungal growth was observed in the Petri dishes containing maize kernels coated or not coated with chitosan
nanoparticles loaded with L. rhamnosus bioactive metabolites after 3-10 days of storage at 25 °C.
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2.11. Fungal count

After 10 days of storage at 25 °C, 10 g of each maize sample coated or not coated with chitosan nanoparticles loaded with
L. rhamnosus bioactive metabolites were added to 90 mL of peptone water solution (0.1 % w/v). After 30 min of homogenization, the
solution was decimally diluted (107! to 10~7) before plating aliquots on the PDA medium. After incubation at 25 °C for 5 days, the
colony forming units (CFU) were counted [34], and the findings were expressed as the number of CFU/g. Later, findings were

expressed as log CFU/g.
The percentage of inhibition of fungal growth was calculated using Equation (5).

CFU experimental

1
CFU control x 100 ®

Percentage of inhibition=1 —
Log reduction was also calculated using Equation (6).
Log Reduction = Log CFU control — Log CFU experimental (6)
2.12. Statistical analysis

Results were expressed as mean + SD. The statistical analysis was performed using the Microsoft Excel 2010 statistics program.
Analysis of variance (ANOVA) was obtained, with P < 0.05 considered statistically significant.

Figure (2). Transmission electron microscopic image of A) chitosan nanoparticles (blank); B) chitosan nanoparticles loaded with bioactive me-
tabolites at 5 mg/mL concentration; C) chitosan nanoparticles loaded with bioactive metabolites at 7 mg/mL concentration; and D) chitosan
nanoparticles loaded with bioactive metabolites at 9 mg/mL concentration.
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3. Results and discussion
3.1. Transmission electron microscope

Transmission electron microscopy is another effective approach for determining the morphological structure of chitosan nano-
particles, and it was used at various magnification levels and can provide further data about particle aggregation and agglomeration.
Results showed that the chitosan nanoparticles were spherical, had a smooth surface, and were different in nm diameter. Furthermore,
the chitosan nanoparticles (blank) revealed a measurement range of 0.78-1.15 nm (Fig. 2A). The chitosan nanoparticles loaded with
L. rhamnosus bioactive metabolites at a concentration of 5 mg/mL revealed a measurement range of 0.87-2.10 nm (Fig. 2B). Results
also revealed that chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 7 mg/mL revealed a
measurement range of 3.91-8.49 nm (Fig. 2C). Data also showed that the chitosan nanoparticles loaded with L. rhamnosus bioactive
metabolites at a concentration of 9 mg/mL revealed a measurement range of 60-120 nm (Fig. 2D).

In our study, the size of chitosan nanoparticles was considered lower than those of Deng et al. [35] and higher than that of
El-Naggar et al. [36]. The TEM images showed the physical aggregation of chitosan nanoparticles. This aggregation might be due to the
small diameter of the particles or it could be due to the drying during TEM sample preparation [37].

3.2. Zeta potential, size distribution, and polydispersibility index

Results in Table (1) demonstrated that positively charged chitosan nanoparticles (blank) have a stable zeta potential of +41.1 +
3.35 mV at 25 °C. The zeta potential showed a slight increase in their values with the increase in the concentration of L. rhamnosus
bioactive metabolites in the chitosan nanoparticles to reach a zeta potential of +52.6 + 3.75 mV. Additionally, the zeta potential
distribution showed a single peak, thus showing the homogeneity of chitosan nanoparticles.

Several researchers reported that a stabilized nanoparticle suspension requires a zeta potential of a minimum of +30 mV [38,39].
In our study, the zeta potential of chitosan nanoparticles ranged from +41.1 to +52.6 mV. In agreement, Qi et al. [40] showed that the
surfaces of chitosan nanoparticles and copper-loaded nanoparticles exhibited a positive charge of approximately 51 mV. It was
observed that the zeta potential showed a slight increase in their values with the increase in the amount of bioactive metabolite
concentration in the nanoparticles. Thus, we could conclude that the greater the absolute value of the nanospheres’ zeta potential, the
greater the charge quantity on their surface. This could result in a more vital repelling interaction among the nanospheres and,
therefore, higher stability and more uniform size of the nanoparticles [41].

The chitosan nanoparticles (blank) were measured to have a mean particle size of 63.1 + 13.87 nm (Table 1). The particle size
showed an increase in their values with the increase in the concentration of L. rhamnosus bioactive metabolites in the chitosan
nanoparticles to reach a mean particle size of 175.1 + 51.67 nm. It was observed that the particle sizes determined by the DLS in-
strument were larger than those observed by the TEM except for chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites
at a concentration of 9 mg/mL which was higher than the TEM (Fig. 2). The different measuring conditions; that is, the dry and
hydrodynamic states, respectively, involved in both methods may be the cause of the size difference between TEM and DLS analysis
[42]. In a different study, Qureshi et al. [43] reported that the size verified by DLS is supported by the size derived from the TEM.

The PDI was used to determine the average homogeneity of a nanoparticle, and can also reveal nanoparticle aggregation. Data in
Table (1) demonstrated that the PDI of chitosan nanoparticles (blank) reached 0.501, and increased to reach 0.695 for chitosan
nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 9 mg/mL The distribution of PDI values were
considered very heterogeneous as they were more than 0.5 [44].

3.3. Encapsulation efficiency

The encapsulation efficiency of chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 5 mg/
mL reached 98.3 4+ 1.18 % (Table 1). It was observed that the encapsulation efficiency decreased by increasing the concentration of
L. rhamnosus bioactive metabolites to 9 mg/mL in chitosan nanoparticles, the encapsulation efficiency reached 93.6 + 1.88 %. The
interactions between the polymers utilized as well as the active groups in the L. rhamnosus bioactive metabolites can have a consid-
erable impact on nanoparticle encapsulation efficiency. These interactions, such as hydrogen bond formation, might influence the

Table (1)

Characteristics of chitosan nanoparticles.
Formula Particle size (nm) Zeta potential (mV) PDI pH Encapsulation efficiency (%)
Blank CNP 63.1 + 13.87 41.1 £ 3.35 0.501 7.93 -
CNPLR 5 mg/mL 63.6 + 13.10 50.6 + 3.39 0.627 5.51 98.3+1.18
CNPLR 7 mg/mL 173.7 + 57.37 51.3 £5.09 0.531 5.34 96.7 = 1.54
CNPLR 9 mg/mL 175.1 &+ 51.67 52.6 +£ 3.75 0.695 5.26 93.6 +1.88

Results are mean + SD (n = 3).

Blank CNP: Chitosan nanoparticles only.

CNPLR: Chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites with different concentrations (5, 7, and 9 mg/mL).
Statistical analysis revealed no significant difference P > 0.05 between different formulas.
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encapsulated material’s stability and release qualities. Chitosan can considerably increase the stability of nanoparticles loaded with
L. rhamnosus bioactive metabolites, as chitosan is noted for its good film-forming properties, which help in reducing creaming, a
phenomenon in which the dispersed phase rises to the surface owing to density differences. This is especially useful for food pres-
ervation, where nanoparticle stability is critical.

3.4. Fourier Transform Infrared Spectroscopy

The FTIR analysis is a strong method for identifying functional groups. Data in Figure (3) and Table (2) illustrated the FTIR spectra
of chitosan nanoparticles in the range of 4000-500 cm™?, allowing the understanding of better functional groups’ nature. FTIR spectra
of chitosan nanoparticles (blank) had several peaks, the first at 661.46 cm ™! which represents C-H bending, alkynes. Bands appearing
at, 1645.84, and 3356.60 cm ! represented C=C stretching, alkene, and N-H stretching of aliphatic primary amine, respectively.

The FTIR spectra of the chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 5 mg/mL,
indicated the presence of numerous peaks. The first band appeared at 619.04 cm ™! representing C-H, alkyne, followed by 1089.58
cm ! indicating a C-O stretching. Bands appearing at 1328.71, 1525.42, 1629.55 and 3411.46 cm-! represent C-N stretching, aromatic
amines, N-O stretching, nitro compound, C=C stretching, alkene, and O-H stretching, and alcohol respectively.

The FTIR spectra of chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 7 mg/mL showed
four bands appearing at 611.32, 1085.73, 1637.27, and 3369.03 cm ™~ representing C-H bending, alkynes C-O stretching, alcohol, C=C
stretching, alkene, N-H stretching, and aliphatic primary amine respectively.

The functional groups found in chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 9 mg/
mL, indicated the presence of the following bands at 657.607, 1455.99, 1637.27 and 3365.17 cm ™! representing C-H bending for
alkynes and alkanes, C=C stretching, alkene, and N-H stretching aliphatic primary amine respectively.

Similar results were reported by El-Naggar et al. [36] who indicated that the FTIR spectra of chitosan nanoparticles showed ab-
sorption bands at 3442, 1572, and 645 cm ™. The absorption peaks in the range 900-1200 cm™! are caused by the antisymmetric C-O
stretching of chitosan’s saccharide structure [45]. The peak at 3411 cm ™! is ascribed to O-H, stretching vibration, and intramolecular
hydrogen bonding [46,47]. Chitosan spectra are known to have a distinctive wide band at 3411 cm™! due to OH stretching vibrations
[48,49]. Similar observations were reported by Pavinatto et al. [50] and Yadav & Yadav [28].

3.5. Antifungal activity

Results in Table (3) revealed that the radial growth diameter of A. flavus was recorded at 20.80 mm when adding chitosan
nanoparticles only. It was observed that chitosan nanoparticles loaded by L. rhamnosus bioactive metabolites at concentrations 5 and 7
mg/mL reduced the radial growth diameter of A. flavus to 5.10 and 3.60 mm respectively. At a higher concentration of L. rhamnosus
bioactive metabolites (9 mg/mL) radial growth diameter increased due to a paradoxical effect.

3.6. Germination and viability of A. flavus fungal spores

Table (4) displays the antifungal efficacy of chitosan nanoparticles (blank) and those containing L. rhamnosus bioactive metabolites
against A. flavus spore germination. The acquired findings were compared to distilled water containing A. flavus. All formulations
significantly suppressed spore germination compared to the control. Chitosan nanoparticles containing L. rhamnosus bioactive

~—Blank NP
~(CNPLR Smg/ml
CNPLR 7mg/ml

==(CNPLR 9mg/ml

Transmittance

wo 350 M0 /0 W0 150 1000 500
Wavenumber (cm'1)

Figure (3). The FTIR spectra of chitosan nanoparticle; A) Blue: blank chitosan nanoparticles; B) Dark red: chitosan nanoparticle loaded with
L. rhamnosus bioactive metabolites at a concentration of 5 mg/mL; C) Green: chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites at
a concentration of 7 mg/mL; and D) Purple: chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites at a concentration of 9 mg/mL.
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Table (2)
The FTIR spectra of different formulas of chitosan nanoparticles.
IR frequencies (cm ™) Functional groups
Blank CNPs CNPLR 5 mg/mL CNPLR 7 mg/mL CNPLR
9 mg/mL
661.46 619.04 611.32 657.607 Alkynes (C-H bend)
- 1089.58 1085.73 - Alcohol (C-O stretch)
- - - 1455.99 Alkane (C-H bend)
- 1328.71 - - Aromatic amine (C-N stretch)
- 1525.42 - - Nitro compound (N-O stretch)
1648.84 1629.55 1637.27 1637.27 Alkene (C=C stretch)
- 3411.46 - - Alcohol (O-H stretch)
3356.60 - 3369.03 3365.17 Aliphatic primary amine (N-H stretch)

Blank CNP: Chitosan nanoparticles only.
CNPLR: Chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites with different concentrations (5, 7, and 9 mg/mL).

Table (3)
Effect of different formulas of chitosan nanoparticles on A. flavus radial growth diameter.
Formula Radial growth diameter (mm) Inhibition diameter (mm) Percentage of inhibition of radial growth diameter (%)
Blank CNP 20.80 + 0.59 - -
CNPLR 5 mg/mL 5.10 £ 0.28 15.70 75.48 %
CNPLR 7 mg/mL 3.60 £ 0.34 17.20 82.69 %
CNPLR 9 mg/mL 5.60 £+ 0.75 15.20 73.8%

Results are mean + SD (n = 3).

Blank CNP: Chitosan nanoparticles only.

CNPLR: Chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites with different concentrations (5, 7, and 9 mg/mL).
Results revealed a significant difference P < 0.05 between the different formulas.

metabolites at a concentration of 7 mg/mL inhibited spore germination most effectively (89.87 %), while the lowest inhibition per-
centage was found at a concentration of 9 mg/mL (67.09 %). Meanwhile, blank chitosan nanoparticles reduced A. flavus spore
germination by 34.77 %.

An in vitro investigation of Penicillium expansum and Botrytis cinerea treated with chitosan revealed that P. expansum had higher
spore germination inhibition than B. cinerea [51]. It was noted that chitosan affected the germination of Alternaria alternata spores
[52]. The administration of chitosan and carvacrol in combination significantly impeded A. flavus mycelial development and spore
germination [53]. The compounds tested affected the cell wall, modifying its composition, preventing its development, causing cell
death, and lowering spore germination [54].

The antifungal efficacy of chitosan nanoparticles (blank) and those containing L. rhamnosus bioactive metabolites on the viability of
A. flavus spores was shown in Table (4). Data clearly showed that chitosan nanoparticles greatly affect the viability percentage of
fungal spores during 24h. At the end of the incubation period chitosan nanoparticles containing L. rhamnosus bioactive metabolites at
concentrations of 5 and 7 mg/mL reduced spore viability percentage by 75.00 and 76.85 % respectively. Meanwhile, chitosan
nanoparticles containing L. rhamnosus bioactive metabolites at a concentration of 9 mg/mL reduced spore viability percentage by
65.74 %. It was observed that a higher effect on spore viability was for chitosan nanoparticles loaded by L. rhamnosus bioactive
metabolites compared to chitosan nanoparticles alone.

Luque-Alcaraz et al. [55], examined the impact on the viability of A. parasiticus spores of various concentrations of chitosan
nanoparticle-encapsulating pepper tree essential oils. When compared to the control, it was discovered that all formulas decreased the
vitality of fungal spores. It was noted that when the dose of nickel chitosan nanoparticles increased, the spore viability percentage was
reduced [56]. The results were significantly confirmed by the outcomes obtained by Ghasemian et al. [57], who said that metallic

Table (4)

Effect of different formulas of chitosan nanoparticles on the germination inhibition rate (GIR %) and viability of A. flavus fungal spores.
Formula GIR (%) Time (hours)

Oh 6h 12h 18h 24h

Blank CNP 34.77 £ 1.41 100 £ 0.00 92.22 + 3.64 83.12 £ 3.32 72.29 + 4.26 62.04 £ 0.91
CNPLR 5 mg/mL 83.54 £ 1.29 100 + 0.00 93.61 + 5.31 84.4 + 2.93 79.04 + 2.30 75.00 £ 5.00
CNPLR 7 mg/mL 89.87 + 0.82 100 £ 0.00 95.28 + 3.32 86.19 + 3.77 80.48 + 1.86 76.85 £ 1.85
CNPLR 9 mg/mL 67.09 + 5.72 100 £ 0.00 94.44 £ 2.00 83.38 £1.62 72.77 £ 2.85 65.74 £ 2.76

Results are mean + SD (n = 3).

Blank CNP: Chitosan nanoparticles only.

CNPLR: Chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites with different concentrations (5, 7, and 9 mg/mL).

Results revealed a significant difference of P < 0.05 between the different formulas and no significant difference of P > 0.05 between times.
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nanoparticles are beneficial in lowering spore viability percentage, notably for Fusarium solani.

3.7. Fungal observation

In addition to assessing the qualitative and quantitative antifungal activity of chitosan nanoparticles loaded with L. rhamnosus
bioactive metabolites, the potential to extend the shelf life of maize kernels was studied (Table 5). The first appearance of visible fungal
growth defined the shelf life. Under similar storage conditions, the fungal development of the control and chitosan blank groups was
observed on maize kernels after three days. Similarly, maize kernels sprayed by chitosan nanoparticles loaded with L. rhamnosus
bioactive metabolites at concentrations of 5 and 9 mg/mL A. flavus was observed on maize kernels after three days. On the other hand,
chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 7 mg/mL prevented fungal growth for 10
days.

3.8. Fungal count

The effects of coating maize kernels with chitosan nanoparticles and chitosan nanoparticles loaded with different doses of
L. rhamnosus bioactive metabolites on A. flavus count were investigated after 10 days of storage (Fig. 4, Table 6). Data in Figure (4)
depicts the beneficial effects of maize kernels treated with chitosan nanoparticles containing L. rhamnosus bioactive metabolites on the
growth of A. flavus. After 10 days of storage, non-coated maize kernels were fully covered with A. flavus (Fig. 4A). Maize kernels coated
with chitosan nanoparticles only slightly reduced the fungal growth (Fig. 4B). On the other hand, coating maize kernels with chitosan
nanoparticles containing L. rhamnosus bioactive metabolites at a concentration of 5, and 9 mg/mL reduced the A. flavus mold decay to a
minimum (Fig. 4C, D), whereas maize kernels treated with chitosan nanoparticle containing L. rhamnosus bioactive metabolites at a
concentration of 7 mg/mL completely prevented fungal growth (Fig. 4E). It could be concluded that by preventing fungal growth,
mycotoxin production was prevented.

In a similar study, Martinez-Batista et al. [58] revealed that chitosan effectively inhibited A. niger, P. funiculosum, and
F. verticillioides in preserved maize kernels. Citrus fruit treated by chitosan nanoparticle at a concentration of 250 ppm prevented the
growth of Lasiodiplodia pseudotheobromae, Alternaria alternate, and Penicillium digitatum, whereas no blight and rot symptoms were
observed [59].

Results in Table (4) showed that non-coated maize kernels had a high growth rate with a final fungal count of 3.22 log CFU/g.
Maize kernels coated with chitosan nanoparticles only had considerably low fungal counts with values of 2.65 log CFU/g. On the other
hand, coating maize kernels with chitosan nanoparticles containing L. rhamnosus bioactive metabolites at a concentration of 5, and 9
mg/mL reduced fungal count to 2.62, and 3.02 log CFU/g respectively. Meanwhile, maize kernels treated with chitosan nanoparticles
containing L. rhamnosus bioactive metabolites at a concentration of 7 mg/mL effectively reduced the fungal count to 2.23 log CFU/g.
The percentage of inhibition for the fungal count was calculated and found to be 73.41 %, 89.42 %, and 39.06 % for maize kernels
coated with chitosan nanoparticles containing L. rhamnosus bioactive metabolites at concentrations of 5, 7, and 9 mg/mL, respectively.

It was observed that by increasing the concentration of L. rhamnosus bioactive metabolites to 9 mg/mL in chitosan nanoparticles,
fungal growth resumed. This is called the paradoxical effect, which is a well-known phenomenon in the use of antifungal agents against
pathogenic fungi, notably those from the Candida and Aspergillus genera [60,61], indicating that antifungals at high concentrations
have the opposite effect, reactivating or increasing the expression of particular genes, which is thought to be a type of fungus defense
mechanism.

On the other hand, it was noted that chitosan nanoparticles containing L. rhamnosus bioactive metabolites at a concentration of 5,
and 7 mg/mL effectively decreased fungal growth. This could be due to the presence of chitosan which is known to be effective in
inhibiting the growth of pathogenic fungi [62,63]. Several mechanisms have been postulated to explain the antifungal activity of
chitosan, and these include local disintegration of fungal cell membranes, leaking of cytoplasm, chelation of essential nutrients, and
binding of nucleic acids that disrupt the flow of genetic information [13,64].

Furthermore, the antifungal activity of chitosan nanoparticles containing L. rhamnosus bioactive metabolites could be due to the
presence of bioactive metabolites such as volatile organic compounds, organic acids, and polyphenols [25]. The volatile organic

Table (5)
Monitoring of fungal growth on maize kernels contaminated with Aspergillus flavus during 10 days of storage.

Formula Days

N
—_
o

Control -
Blank CNP -
CNPLR 5 mg/mL -
CNPLR 7 mg/mL _
CNPLR 9 mg/mL -

| w
o+
+ 4+ +

Control: No chitosan nanoparticles were added to the maize kernels.

Blank CNP: Chitosan nanoparticles only.

CNPLR: Chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites with different concentrations (5, 7, and 9 mg/mL).
Fungal growth is expressed as (+), and the absence of fungal growth is described as (-).
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Figure (4). Inhibition of A. flavus growth by chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites on the surface of maize kernels,
A) maize kernels with no chitosan nanoparticles, B) maize kernels with chitosan nanoparticles and no bioactive metabolites, C) maize kernels with
chitosan nanoparticles loaded with L. rhamnosus bioactive metabolites at a concentration of 5 mg/mL, D) maize kernels with chitosan nanoparticles
loaded with L. rhamnosus bioactive metabolites at a concentration of 7 mg/mL, E) maize kernels with chitosan nanoparticles loaded with
L. rhamnosus bioactive metabolites at a concentration of 9 mg/mL.

Table (6)
Total fungal count (log CFU/g) in maize kernels treated by different formulas of chitosan nanoparticles after 10 days of storage.
Formula Log CFU/g Log reduction Percentage of inhibition (%)
Control 3.22 £0.04 - -
Blank CNP 2.65 £+ 0.16 0.57 72.91 %
CNPLR 5 mg/mL 2.62 £+ 0.08 0.60 73.41 %
CNPLR 7 mg/mL 2.23 +£0.20 0.99 89.42 %
CNPLR 9 mg/mL 3.02 £ 0.21 0.20 36.09 %

Results are mean + SD (n = 3).

Control: No chitosan nanoparticles were added to the maize kernels.

Blank CNP: Chitosan nanoparticles only.

CNPLR: Chitosan nanoparticle loaded with L. rhamnosus bioactive metabolites with different concentrations (5, 7, and 9 mg/mL).
Results revealed a significant difference P < 0.05 between the different formulas.
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compound 9, 12-octadecadienoic acid (Z, Z) extracted from several lactic acid bacteria was found to have antifungal activity [65,66].
Several investigations showed that organic acids including acetic acid, lactic acid, and phenyl lactic acid have a substantial role in
antifungal activity [67,68]. Organic acids such as citric and lactic acids may inhibit fungal growth by changing membrane structure,
lowering intracellular pH, inhibiting active transport, and interfering with metabolic processes [63]. Recently, significant antifungal
efficacy against P. digitatum was exhibited by polyphenols [64]. The mechanism underlying polyphenols’ antifungal activity involves
the pathogenic microorganism’s cell wall and membrane being penetrated and disrupted. This, in turn, interferes with critical pro-
cesses like electron transfer, information transfer, nucleotide synthesis, and other internal and external activities of the microorganism
[65].

Incorporating bioactive metabolites into a biodegradable coating base to give antifungal characteristics is a common strategy,
whereas this technique showed promise for creating edible films and coatings with antifungal characteristics, which may be employed
for food packaging. Natural extracts are considered safer for humans and the environment compared to nano-antibacterial agents made
from inorganic materials [69]. Chitosan edible films often contain antimicrobial agents such as essential oils [70], plant extracts [71],
and bacteriocins [72].

It could be concluded that chitosan nanoparticles have antifungal capabilities that can impede the growth and metabolic activities
of A. flavus and may potentially lower mycotoxin levels. The combined action of chitosan nanoparticles and L. rhamnosus bioactive
metabolites can result in synergistic antifungal activity, greatly reducing A. flavus, whereas reduced fungal biomass may correlate with
lower mycotoxin production.

This study is one of the rare attempts to combine chitosan nanoparticles with bacterial bioactive metabolites, as this innovative
combination has the potential to synergistically improve the antifungal capabilities of the chitosan nanoparticles, giving a fresh
strategy for fighting fungal contamination. Although chitosan nanoparticles and bacterial metabolites have been researched separately
for their antimicrobial characteristics, their combination in the context of antifungal activity is a relatively new topic of research. The
possible synergistic effects of these components gave information on their combined efficacy against fungal contamination.

The limitation identified in this study is the possibility that high concentrations of bioactive metabolites produce a paradoxical
effect, which underlines an essential concern in the design and interpretation of studies using chitosan and antifungal drugs. As a
result, it is critical to determine the appropriate dosage of chitosan and antifungal agents to achieve the intended outcome while
minimizing any side effects.

4. Conclusion

This study is built on our previous findings, which revealed that the bioactive metabolites extracted from L. rhamnosus comprised
organic acids, volatile organic compounds, and polyphenols, and exhibited antifungal and antiaflatoxigenic properties. The charac-
terization of synthesized chitosan nanoparticles showed that the size ranged from 63.1 to 175.1 nm, whereas zeta potential varied from
41.1 to 52.6 mV. The encapsulation efficiency ranged from 93.6 to 98.3 %. The incorporation of Lactobacillus rhamnosus bioactive
metabolites in chitosan nanoparticles offered a unique and effective technique for affecting the germination and viability of fungal

spores and preventing A. flavus growth on grains. The effects of chitosan nanoparticles containing Lactobacillus rhamnosus bioactive
metabolites resulted in a robust antifungal system with potential uses in food safety.
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