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Abstract

This work aimed to investigate the in vitro antifungal capability of silver nanoparticles
(AgNPs) that were biosynthesized from extracts of two bioagents (Moringa oleifera and
Spirulina platensis) against Aspergillus parasiticus attained from Egyptian wheat grains.
A. parasiticus exhibited the most established species, additionally, the metabolite of iso-
late 3 generated a better quantity of Aflatoxin B1 (899.8 ug - I'!). AgNPs prepared from
bioagent extracts inhibited the fungal mycelia and spore germination, even though
S. platensis extract was more potent. The extract of S. platensis confirmed 22 phenolic com-
pounds, with epicatechin (3455.9 ug - g DW) recording the largest quantity. In evaluation,
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Piotr lwaniuk M. oleifera leaf extract revealed the existence of 16 phenolic compounds, with chlorogen-
ic acid verifying the very best degree (3250.9 ug - g' DW). Fungal mycelia treated with
10% AgNPs showed intense deformation in comparison to the control, as found through
scanning and transmission electron microscopy.
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Introduction

Wheat (Triticum aestivum L.) plays a crucial role in
Egypt and other Mediterranean countries as an es-
sential annual grain crop and a significant component
of crop rotation. Throughout history, wheat has been
a fundamental source of sustenance for humanity (Ig-
rejas and Branlard 2020). It is recognized globally as
a major agricultural commodity and a vital dietary sta-
ple with exceptional nutritional value (Guzman et al.
2022). In Egypt, wheat holds the position of a primary
strategic food crop (Khalil et al. 2020), contributing
over one-third of the daily caloric intake and 45% of
the total daily protein consumption for Egyptian con-
sumers (Abdalla et al. 2023).

Fungal contamination of wheat grains poses a sig-
nificant global concern for both human and animal
health. These molds have the ability to produce my-
cotoxins, which are toxic substances. Toxigenic fungi

under specific conditions of humidity, temperature,
and oxygen pressure produce mycotoxins (Schmidt
et al. 2016). Amongst the various mycotoxins, aflatox-
ins are commonly reported in clinical toxicities. These
carcinogens have been linked to a range of diseases,
including cancer (Kimanya et al. 2021). Scientific lite-
rature indicates that aflatoxins have teratogenic, mu-
tagenic, and carcinogenic properties. Consequently,
their presence in the human food chain poses a sig-
nificant public health risk. Several species of Aspergil-
lus, such as A. parasiticus, A. flavus, and A. nomius,
are known to be aflatoxin-producing fungi that can be
found on various types of wheat (Shabeer et al. 2022).

Various antifungal agents, including extracts of
plants and microalgae, can effectively control aflatoxi-
genic fungi. Plant extracts have significantly contrib-
uted to enhancing seed quality, improving the field
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emergence of plant seeds, and suppressing seed-borne
diseases. Several researchers have documented the safe
and successful application of plant extracts in the sup-
pression of seed-borne fungi (Shishido et al. 2015; Al-
Ghanayem 2017; de Almeida et al. 2021; Schoss et al.
2022; Ilyas and Manohara 2023).

Numerous studies have shown that the extract of
M. oleifera leaf is a biopesticide that is environmen-
tally friendly, cost-effective, and readily available. It
has minimal ecological impact, and is effective in
managing plant infections (Yadav et al. 2023). Mo-
ringa oleifera exhibits properties against phytopatho-
gens responsible for causing major plant diseases (Patil
et al. 2022). The application of Moringa leaf extract has
led to notable improvements in disease and pest resist-
ance, resulting in yield increases ranging from 20 to
35% (Dhakad et al. 2019).

Shishido et al. (2015) have reported that cyano-
bacteria can produce a wide range of antifungal com-
pounds, including peptides, polyketides, and alkaloids.
Among these organisms, the blue-green freshwater
alga Spirulina platensis stands out as the first single-
celled organism capable of converting large amounts
of carbon dioxide in the atmosphere into oxygen, thus
supporting life on Earth. Spirulina is gaining recogni-
tion as the “food of the future” due to its remarkable
ability to produce highly concentrated and nutritious
food more efficiently than other types of algae (Jain
2023). Jain (2023) reported that Spirulina contains
65-71% complete protein, containing all the essen-
tial amino acids in correct proportions. Furthermore,
Spirulina species also contain phenolic compounds
such as caffeic, chlorogenic, salicylic, synaptic, and
trans-cinnamic acids, which possess antifungal
properties (Pagnussatt et al. 2016).

Phenolic compounds derived from plants, such as
phenolic acids, flavonoids, stilbenes, and tannins, can
hinder the growth and activity of numerous microor-
ganisms. This includes pathogens associated with food
as well as clinically significant bacteria, fungi, and pro-
tozoa (Lobiuc et al. 2023). Due to the diverse struc-
tures and chemical compositions of these molecules,
they exhibit various antimicrobial effects. These effects
can range from permeabilization and destabilization of
the plasma membrane to the inhibition of extracellu-
lar enzymes (Gorniak et al. 2019; Baka and El-Zahed
2023).

In recent years, there has been a focus on innova-
tive methods to combat fungal diseases, such as the
utilization of nanoparticles in drug development (Ab-
delaziz et al. 2021). Among these nanoparticles, silver
nanoparticles (AgNPs) have been extensively studied
and proven highly effective against pathogenic fungi
(Hasanin et al. 2021; Salem et al. 2022). AgNPs exhibit
various mechanisms of action, including interaction
with plasma membranes, facilitating proton diffusion,

and ultimately causing cell death (Salleh et al. 2020).
Additionally, they have the ability to bind to phosphate
groups in DNA (Neves et al. 2021). AgNPs can also al-
ter membrane permeability for protons and phosphate
groups, interfere with sulthydryl groups in proteins
and enzymes, and disrupt the electron transport chain
(Badmus et al. 2020).

The current investigation aimed to assess the im-
pact of M. oleifera leat and S. platensis extracts, as well
as their biosynthesized silver nanoparticles on the
growth and ultrastructure of A. parasiticus.

Materials and Methods

Isolation and morphological characterization
of fungi

Wheat grains (Triticum aestivum L., Giza 171) were
obtained from the Agricultural Research Center, Giza,
Egypt. Fifty grains of wheat were surface sterilized us-
ing a 2.5% NaOClI solution for 1 min., followed by rins-
ing three times in sterile DW. The grain samples were
then dried on sterile filter paper. Using sterile forceps,
50 grains were randomly chosen and placed in Petri
dishes (10 grains per dish) with potato dextrose agar
medium (PDA). The Petri dishes were incubated at
25°C for 6-10 days. A few days later, the dishes were
inspected daily for fungal growth. The fungi from each
colony were separated and transferred to sterilized
PDA dishes. The color of the colony, the morphology
of the hyphae, conidia, and conidiophores, as well as
the arrangement of the spores, were utilized for mac-
roscopic and microscopic identification. The identifi-
cation process was carried out using the identification
keys of Nyongesa et al. (2015) for Aspergillus, Ismail
et al. (2015) for Fusarium, Gao et al. (2021) for Alter-
naria and Bessey (2020) for other fungi. The frequen-
cies and percentages of the total counts were deter-
mined using the following formulas: % TC = number
of isolation times / total number of fungal isolates x
100%; F = number of times of isolation / number of
samples x 100.

Molecular identification
of Aspergillus parasiticus

With the help of the DNA Isolation Kit (Agilent Tech-
nologies, Santa Clara, CA, USA), the entire genomic
DNA of mycelia was extracted. Using the universal
fungal primers ITS1 and ITS4, the rDNA-ITS re-
gion was amplified (Rahimi et al. 2016). To run PCR,
a thermal cycler with the appropriate cycling param-
eters was utilized. Purified PCR products were puri-
fied using QIA Quick PCR Purification Kit (Qiagen,
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Chadstone, Australia) silica-membrane-based col-
umns in accordance with the manufacturer’s instruc-
tions. Following purification, the Agilent Bioanalyzer
2100 with LabChip DNA1000 (Agilent Technologies,
CA, USA) was used to quantify the DNA fragments.
Purified rDNAs amplified by ABaFor/Bt2b were iden-
tified and sequenced in the NCBI database using
BLAST algorithms.

Aflatoxin extraction

Aflatoxins were extracted using the procedure de-
scribed by Trombete et al. (2014). The samples were
combined with the solvent (an equal amount of chlo-
roform and methanol), shaken, filtered, 90% methanol
was added in a separating funnel, the methanol layer
was collected, allowed to evaporate in the water bath,
washed with chloroform, and allowed to evaporate be-
fore transferring the sample to an HPLC test.

Aflatoxin standards

The concentration of each aflatoxin was determined
using a UV spectrophotometer after creating standard
solutions for each. These standards were then utilized
to create mixed working standards for HPLC analysis.

Quantification of aflatoxins by HPLC

Aflatoxin extraction, purification, and quantification
were performed by the HPLC technique in accordance
with Trombete et al. (2014). The detector was tuned
at ex = 365 nm, Em = 425 nm. Toluene, ethyl acetate,
formic acid, and methanol (90:6:2:2, v/v) made up the
mobile phase. The flow rate was 1.5 ml per min. Using
several standard solutions made from methanol, cali-
bration curves for each aflatoxin were found. Linear
calibration graphs were created by graphing the peak
area against the aflatoxin amount injected. By compar-
ing the peak regions with the calibration curve, afla-
toxins were quantified.

Antifungal agents

The herbarium in the Department of Botany and Mi-
crobiology at Damietta University in Egypt provided
M. oleifera plants. Spirulina platensis, on the other hand,
was isolated from a freshwater canal and identified ac-
cording to the research conducted by Khan et al. (2022).

Preparation of Moringa oleifera leaf extract

Moringa oleifera leaves were sterilized with 0.1% HgCl,,
and washed with sterile DW multiple times. Following
this, the leaves were air-dried at room temperature.
The dried leaves were then finely ground into a powder

weighing 2.0 g, which was stored in polyethylene bags
at 28°C. The powder was dissolved in 200 ml of metha-
nol and left to stand at room temperature for 12 h. The
resultant mixture was filtered using Whatman No. 1
filter paper. After evaporating the solvent, the dry ex-
tract was combined with dimethyl sulfoxide (DMSO),
and adjusted to final concentrations of 2.5, 5.0, 7.0,
and 10%.

Spirulina platensis growth requirements

In the study conducted by Soni et al. (2019), S. platen-
sis was cultivated using a modified medium. To ensure
optimal growth, each flask was subjected to agitation
and aeration using an air pump, delivering 150 bub-
bles - min™. through a sterilized plastic tube. The flasks
were then placed in an incubator set at 30°C for 9 days.
The pH level was maintained at 9.0, and the light inten-
sity provided was 50 pt Em-2 - s".

Preparation of Spirulina platensis extract

The S. platensis extract was prepared by grinding 2.0
g of S. platensis materials into a fine powder, followed
by multiple extractions in a Soxhlet extractor using
200 ml of methanol. After evaporating the solvent, the
extract was filtered (Zanganeh et al. 2022) and stored
in a refrigerator in airtight glass bottles until needed.
To assess antifungal activity, the extract was mixed
with DMSO and adjusted to final concentrations of
2.5,5.0, 7.0, and 10%.

HPLC analysis of phenolic compounds

An HPLC system manufactured by Shimadzu Corp.,,
Kyoto, Japan, which included an LC-10AD pump,
SCL-10A system controller, and SPD-M10A photo-
diode array detector, was utilized for analysis of phe-
nolic compounds. Phenolic acids were separated using
aprepacked LiChrospher 100 RP-18 column (4250 mm,
5 um) from Merck in Darmstadt, Germany. The mo-
bile phase, consisting of water, acetonitrile, and acetic
acid (88:10:2; v/v/v), was introduced at a flow rate of
1 ml- min~". The detection of phenolic compounds was
monitored at 320 nm.

Biosynthesis of silver nanoparticles (AgNPs)

The green synthesis of AgNPs was carried out by com-
bining 3 ml of each extract with 40 ml of 1 mM aque-
ous AgNO, solution in a test tube. The mixture was
then incubated at 25°C for 5 h in the absence of light.
As reported by Medda et al. (2015), the formation of
AgNPs was confirmed by a color change of the col-
loidal solution from yellow to dark brown and from
bright red to dark brown.
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Characterization of silver nanoparticles

AgNPs were described by means of diverse metho-
dologies. Initially, a color shift was seen using the
USA-made ATi Unicam UV2 UV/VIS Spectrometer
to identify the AgNPs. Wavelengths ranged from 370
to 750 nm. With the use of an FTIR spectrometer (Per-
kin-Elmer LS-55-Luminescence Spectrometer), the
chemical conformation of the AgNPs was investigated.
After being dried to powder at 75°C, the solutions
from the powders were measured in the 4000-400
cm/ range using the KBr pellet method. A TEM JEOL
JEM-2100 was used to investigate the AgNPs’ mor-
phology at a 200 kV speeding-up voltage. The surface
charge of the NPs, the consistency of nano-colloidal
solutions, and the size distribution by volume were all
measured using the Zeta Potential Analyzer (Model
Malvern Zeta-Size Nano-zs90, USA). A Shimadzu
XRD 7000 was used to record the XRD spectrum and
display the number of Bragg reflections indexed in line
with the face-centered cubic (FCC) structure of metal-
lic silver in X-ray diffraction (XRD) investigations.

Antifungal activity

Linear mycelial growth

Linear mycelial growth was measured in mm using
a ruler, as stated by Hendricks et al. (2017). The study
examined the antifungal potential of methanol ex-
tracts from M. oleifera leaves, S. platensis, and their
biosynthesized AgNPs against A. parasiticus (spe-
cifically isolate AP3, known for its high aflatoxin Bl
production). Prior to solidification of the media, dif-
ferent concentrations (2.5%, 5.0%, 7.0%, and 10%) of
the extracts and biosynthesized AgNPs were added to
the mixture in a 9-cm Petri dish. Fungal plugs with
a diameter of 5 mm were then used to inoculate the
Petri dishes. Mancozeb fungicide plates (containing
1 ml of 0.2% w/v) served as positive controls, while
plates with sterile DW were used as negative controls.
The Petri dishes were incubated for 11 days at 24°C in
a growth chamber. The average diameter of three
fungal colonies was utilized to determine the radial
growth of the fungal mycelia.

Spore germination

A fungal culture aged 10 days was utilized to produce
spore suspensions of A. parasiticus (isolate AP3) con-
taining a minimum of 20-30 spores per microscopic
field. On a hollow glass slide with a droplet (about
0.1 ml) of different extract concentrations and their
biosynthesized AgNPs (2.5, 5.0, 7.0, and 10%), 0.1 ml of
the spore suspension was introduced. These slides were
placed in a humid chamber formed by folding filter pa-
per twice and positioning it on the edges of Petri dishes.

The Petri dishes were subjected to a 24-h incubation pe-
riod at 24°C. Three repetitions of each treatment were
carried out. The following formula can be used to cal-
culate the inhibition percentage of spore germination:
Inhibition % of spore germination = No. of spores ger-
minated / Total no. of spores examined - 100%.

Ultrastructural studies

For this, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) were used. For
SEM, mycelial plugs were fixed in 3% glutaraldehyde
in cacodylate buffer at pH 6.8, dehydrated in a graded
acetone series, and then dried with a critical point dry-
er (Polaron CPD 7501, UK). Using a JFC-1600 auto-
fine coater (Polaron SC7620, UK), the samples were
coated with gold-palladium before being analyzed and
captured on camera with a JEOL SEM (Model SEM-
6400JSM-6360LV, JEOL Ltd., Japan). Regarding TEM,
the fungal mycelia were pre-fixed in 3% glutaraldehyde
in cacodylate buffer at pH 6.8, post-fixed in 1% OsO,,
dehydrated in a graded series of ethanol, and embed-
ded in Spurr’s resin. The ultrathin sections were cut
using an ultramicrotome and stained with uranyl ac-
etate followed by lead citrate prior to examination with
a JEOL TEM (Model JEM-1230 TEM, JEOL Ltd., Japan).

Statistical analysis

SPSS version 18 was used to statistically analyze the
data. The results were examined using an ANOVA test
with a significance level of 0.05. To guarantee accuracy,
the experiments were conducted three times. The data
were described using the mean + standard error (SE).
The intergroup interaction was evaluated using Dun-
can’s multiple range test. Significant differences were
defined as those with a P-value of less than 0.05.

Results

Morphological identification of fungi
isolated from wheat grains

The data in Table 1 displays the percentages of total
counts (TC%) and the frequencies of isolation (F%)
for the fungal species identified from wheat grains. As-
pergillus was the most prevalent and commonly found
genus, accounting for 53.41% of the total count with
an isolation frequency of 66%. Fusarium followed As-
pergillus in dominance, representing 20.97% of the to-
tal count and a frequency of 26%. Alternaria ranked
third with a total count of 11.29% and a frequency of
14%. Penicillium was fourth with a total count of 8.07%
and a frequency of 10%. Rhizopus had the lowest to-
tal count of 6.45% and a frequency of 8%. Percentages
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Table 1. Percentages and frequencies of fungal species isolated
from 50 wheat grains

Fungal species No. of isolates %TC % F
Alternaria 7 11.29 14
A. alternata 3 4.84 6
A. raphani 3 4.84 6
A. tenuissima 1 1.61 2
Aspergillus 33 53.41 66
A. parasiticus 10 16.13 20
A.flavus 7 11.30 14
A. fumigatus 6 9.86 12
A. niger 4 6.45 8
A. ochraceus 3 4.84
A. sydowii 3 3.23 4
Fusarium 13 20.97 26
F. graminearum 6 9.68 12
F. moniliforme 4 6.45 8
F. solani 3 4.84 6
Rhizopus stolonifer 4 6.45 8
Penicillium 5 8.07 10
P. digitatum 3 4.84
P. notatum 2 3.23 4
Total fungal isolates 62

%TC - percentage of total count; % F - percentage of frequency

of total count and frequency were calculated accord-
ing to the following: %TC - percentage of total count;
% F - percentage of frequency.

Molecular identification
of Aspergillus parasiticus isolates

Ten isolates of A. parasiticus were subjected to PCR
amplification of the ITS region, resulting in a pro-
duct size of approximately 705 bp. The band size ob-
served in Figure 1 was consistent among all fungal
isolates. To determine the identity of these isolates,
a sequence similarity search was conducted using the
nucleotide BLAST program at the National Center for
Biotechnological Information (NCBI) in the U.S.A. As
a result, all isolates were confirmed to be A. parasiticus
(Table 2).

Table 2. Molecular variability of Aspergillus parasiticus isolates

\7 |
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Fig. 1. Gel picture demonstrating a 705 bp (arrowhead) DNA
fragment amplified in 10 Aspergillus parasiticus isolates on 1.2%
agarose gel electrophoresis using ITS (1 and 4) primer

HPLC analysis of phenolic compounds

In the instance of M. oleifera leaf extract, 16 phe-
nolic compounds were recovered. Chlorogenic acid
recorded the highest quantity among all phenolic
compounds (32509 pg - g DW), followed by ca-
techin (2321.5 pg - g DW), and then caffeic acid
(1091.7 ug - g DW) (Table 3). Regarding S. platensis,
22 phenolic compounds were detected. Epicatechin
displayed the highest concentration (3455.9 pg - g
DW), followed by catechin (2821.5 ug - g DW), and
then chlorogenic acid (920.9 ug - g DW) (Table 4).

Aflatoxin production in culture media
of Aspergillus parasiticus

Aspergillus parasiticus isolates were examined for afla-
toxin production in culture media, and the data on
toxigenic isolates can be found in Table 5. All isolates
demonstrated toxicity with respect to AFB1 and AFB2.
Isolate 3 recorded the highest levels of both toxins
(899.8 and 142.5 ug - I'!, respectively), whereas isolate
9 showed the lowest levels of both toxins (82.1 and
33.1 pg - I}, respectively).

Characterization of AgNPs

The characterization of AgNPs is represented in
Figure 2, which shows the biosynthesis process from
the extracts of M. oleifera leaves (Fig. 2A) and S. pla-
tensis (Fig. 2B). Upon the addition of AgNO,, a color
transformation was observed; the former changed
from yellow to pink and the latter, from bright to dark
brown.

Similarity GenBank Frequency

Groups Isolate code Accession number  Closest match accessions [9%]
1 Ap1, Ap3, Ap9 NRRL3358 Clone 105 100 12.8
2 Ap2, Ap5, Ap7 NRRL3340 Clone 110 99.9 26.5
3 Ap4, Ap6 NRRL3356 Clone 116 100 14.7
4 Ap8, Ap10 NRRL3348 Clone 105 99.5 14.5
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Table 3. Phenolic compounds in Moringa oleifera leaves extract

Peak RF Compounds Absorption Concenfrations
[min] spectra [ug-g' DW]
1 1 gallic acid 288,241 320.2+4.1
2 7.8 apigenin 301,276 76.8+3.2
3 85 coumaric acid 356,212 1259+5.4
4 104 caffeic acid 325,278 1091.7 £10.3
5 12.8 catechin 420,263 2321.5+84
6 14.6 chlorogenic acid 435,265 3250.9+19.3
7 16.3 cinnamic acid 348,258 290.7 +6.4
8 20.8 kaermphereol 301,270 426+2.3
9 225 ferulic acid 354,242 52.6+3.1
10 249 qurecetin 420,245 530.5+6.7
1 274 fumaric acid 322,265 259+2.1
12 28.2 pinoresinol 421,280 1589 +5.7
13 29.6 syrinigic acid 425,266 120.5+4.7
14 30.5 myricetin 371,252 69.9 +6.7
15 32.7 vanillic acid 318,212 98.6+1.8
16 33.1 rutin 354,232 1345+ 8.6

+ - standard error of the mean (n = 3)

Table 4. Phenolic compounds in S. platensis extract

Peak ch Compounds Absorption Concerjtrations
[min] spectra [ug-g' DW]
1 1 cinnamic acid 288,241 310.2+ 3.1
2 6.8 benzoic acid 301,276 86.7 £ 3.1
3 8.5 caffeic acid 356,212 1249+ 6.1
4 10.4 euganol 325,278 781.7 £10.3
5 12.8 catechin 420,263 2821.5+84
6 14.6 chlorogenic acid 435,265 9209+ 15.3
7 18.2 kaermphereol 348,258 292.7 £5.1
8 20.5 gallic acid 301,270 1426 £2.3
9 249 coumaric acid 354,242 62.6 £3.1
10 274 epicatechin 420,245 34559+ 19.3
11 29.6 salicylic acid 322,265 458 +2.1
12 30.5 ferulic acid 421,280 1609 £5.4
13 32.7 galangin 425,266 1255+ 4.1
14 331 synaptic acid 371,252 729+57
15 35.6 genstein 318,212 101.6 £2.6
16 36.2 qurecetin 354,232 1285+7.5
17 38.1 myricetin 420,126 294 +1.5
18 40.9 pinostrobin 352,220 45.7 £2.1
19 415 pyrocatechol 302,321 119.8+3.2
20 44.8 syrinigic acid 453.204 978+23
21 45.9 rutin 450,120 89.5+2.1
22 48.8 vanillic acid 371,243 1326+4.2

+ - standard error of the mean (n = 3)
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Table 5. Production of aflatoxins from isolates of Aspergillus
parasiticus

Isolates Production of aflatoxins [ug - I']
1 AFB1 AFB2
2 652.5 78.2
3 899.8 142.5
4 369.7 101.2
5 297.3 82.2
6 224.3 122.5
7 135.0 118.8
8 108.9 72.6
9 82.1 33.1
10 91.6 78.2

Following a 72-h reaction period, the solution ex-
hibited peak wavelengths of 412.94 nm and 423.50 nm
on average for M. oleifera and S. platensis, respectively,
as determined by UV-visible (UV-Vis) spectroscopy
analysis (Fig. 3A, B).

FTIR measurements were conducted to elucidate
the potential enhancement of bioreduction and stabi-
lization of biosynthesized AgNPs using extracts from
M. oleifera leaves and S. platensis. The FTIR spectra
confirmed the reduction of mixtures in the extracts,
with specific groups identified at distinct wavenum-
bers for each extract. For M. oleifera leaf extract, the
groups were observed at 3419, 3913, 1642, 1745, and
1022 - cm™, while for S. pratensis extract, they were
noted at 3432, 2925, 1656, 1359, and 1073 - cm™
(Fig. 4A, B).

Subsequent analysis of the optimized biosyn-
thesized AgNPs using TEM revealed a size range of
10.0-16.69 nm for M. oleifera leaf extract and
9.45-17.15 nm for S. pratensis extract. The nanopar-
ticles exhibited a uniform distribution and spherical
shape (Fig. 5A, B).

o
1

Absorbance

o
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Fig. 2. Visual representation of biosynthesis of AgNPs. A — Mor-
gina oleifera leaves extract; B — Spirulina platensis extract

Zetasizer analysis was employed to determine the
zeta potential and size of the nanoparticle suspen-
sion. The average particle size of M. oleifera leaf extract
was 20.60 nm, while S. platensis had a particle size of
14.20 nm. The zeta potential values indicated that the
surface of AgNPs formed by M. oleifera leaf extract had
a negative charge of approximately —-16.8 mV, whereas
the surface of AgNPs formed by S. platensis extract had
a negative charge of around -19.4 mV (Fig. 6A, B).

To examine the crystalline characteristics of the bio-
logically synthesized AgNPs, XRD analysis was conduct-
ed. The XRD pattern revealed the presence of four distinct
diffraction peaks at two theta (20) angles of approximately
38°, 44°, 64°, and 78°, corresponding to the crystal planes
111, 200, 220, and 311, respectively (Fig. 7A, B).

Antifungal activity

Radial mycelial growth

Antifungal efficacy of crude extracts from M. oleifera
leaves and S. platensis, as well as their synthesized Ag-
NPs, were assessed in vitro. Both the crude extracts

0.8 4
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(o)}
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o
8
i Cr—
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T T T T

300 400 500 600
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Fig. 3. The UV-Vis spectra reaction with AgNO, solution. A — Morgina oleifera leaf extract; B - Spirulina platensis extract
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Fig. 4. FTIR adsorption spectra of AgNPs. A- prepared by Morgina oleifera leaf extract; prepared by Spirulina platensis extract
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Fig. 5. TEM micrographs of biosynthesized AgNPs, displaying the size
distribution ranges and spherical form of the nanocolloids. A - Mor-
gina oleifera leaf extract; B - Spirulina platensis extract. Bar = 100 nm

and AgNPs inhibited the growth of A. parasiticus my-
celium at all concentrations used, with the 10% con-
centration proving to be the most effective for both
treatments (Fig. 8). The different bioagents investi-
gated varied in their ability to impede mycelial growth
using crude extracts and AgNPs. The diameter of
A. parasiticus mycelial growth was reduced, with AgNPs
being more effective than crude extracts. Furthermore,
S. platensis extract and AgNPs exhibited a greater re-
duction in the mycelial growth than M. oleifera leaf ex-
tract. This concentration (10%) resulted in a decrease
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Fig. 8. Effect of crude extracts and AgNPs of Morgina oleifera and
Spirulina platensis at 10% on radial mycelial growth of Aspergillus
parasiticus (mm). A, D - control, medium only; B - crude extract
of M. oleifera leaf; C — AgNPs of M. oleifera leaf extract; E - crude
extract of S. platensis extract; F - AgNPs of S. platensis extract

in mycelial growth of the fungus when treated with
M. oleifera leaf extract and AgNPs measuring 10.4 and
9.5 mm, respectively (Fig. 9A). Conversely, the same
concentration led to a reduction in mycelial growth
when treated with S. platensis extract, with AgNPs
measuring 9.2 and 8.3 mm, respectively. The fungicide
exhibited a reduction of 5.4 mm (Fig. 9B).

Spore germination
Spore germination was found to be significantly in-
hibited by the application of bioagent extracts and
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Fig. 9. Radial mycelial growth of Aspergillus parasiticus (mm);
after treatment by crude extract, AgNPs, and fungicide at
different concentrations. A — Morgina oleifera; B - Spirulina plat-
ensis. Duncan’s multiple range test indicates that there is no
significant difference between the lettered columns (p < 0.05,
n = 3).The error bars show the SE of the mean

associated AgNPs, asindicated in Figure 10. Among the
various doses tested, the highest concentration (10%)
of crude extracts from M. oleifera leaves and S. plat-
ensis, along with their biosynthesized AgNPs, exhib-
ited the greatest inhibition in the spore germination of
A. parasiticus. Comparatively, AgNPs showed a higher
percentage of spore germination inhibition than the
crude extracts of the bioagents. The crude extract of
M. oleifera leaves and AgNPs demonstrated inhibition
in spore germination percentages of 70.6% and 73.5%,
respectively. Similarly, the inhibition percentages for
the S. platensis crude extract and AgNPs were 74.6%
and 75.4%, respectively. In contrast, the fungicide ex-
hibited a significant decrease in germination percent-
age of 85.4% (Fig. 10A, B).

Ultrastructural investigations

SEM observations

The effects of AgNPs biosynthesized from M. oleifera
leaf and S. platensis extracts at a 10% concentration
on the morphology of A. parasiticus were analyzed
through SEM and are shown in Figure 11. The A. par-
asiticus mycelium grown on a PDA medium served as
the control (Fig. 11A), exhibiting elongated, normal,
uniform hyphae with a smooth outer surface. Upon the
addition of AgNPs from M. oleifera extract to the me-
dium, noticeable changes in hyphal morphology were
observed, indicating twisted, flattened, and reduced
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Fig. 10. Inhibition percentage of spore germination of Aspergil-
lus parasiticus by crude extract, AgNPs, and fungicide at different
concentrations: A — Morgina oleifera leaf; B — Spirulina platensis.
Duncan’s multiple range test indicates that there is no significant
difference between the lettered columns (p < 0.05, n = 3). The
error bars show the SE of the mean
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diameters (Fig. 11B). Subsequent treatment with
AgNPs from S. platensis resulted in severe damage to
the hyphae, causing them to flatten, collapse, and ap-
pear empty with longitudinal folds (Fig. 11C).

TEM observations

Fig. 11. SEM micrographs of Aspergillus parasiticus mycelium
grown on PDA after 7 days of incubation at 28°C. A - control (un-
treated); B - treated hyphae with 10% AgNPs biosynthesized from
Morgina oleifera leaf extract; C - treated hyphae with 10% AgNPs
biosynthesized from Spirulina platensis extract. Scale Bar of all mi-
crographs =20 pm

TEM observations were conducted to further inves-
tigate changes in the hyphal structure of A. parasiti-
cus when treated with the highest concentration of
10% AgNPs biosynthesized from M. oleifera leaf and
S. platensis extracts. In the control culture that was 7
days old, the hyphal cell’s wall and plasma membrane
appeared to have unfolded and remained unchanged
throughout all parts. The cell cytoplasm appeared nor-
mal and uniform, containing large lipid droplets (Fig.
12A). However, in the culture treated with 10% AgNPs
biosynthesized from M. oleifera leaf extract, significant
devastation and lysis of hyphae were observed. Addi-
tionally, there were membranous organelles present
and a substantial vacuolation of cytoplasm (Fig. 12B).
As for the hyphae treated with 10% AgNPs of S. plat-
ensis extract, extreme vacuolation of the hyphae was
observed, and the cell organelles were completely un-
recognizable and autolyzed (Fig. 12C).

Fig. 12. TEM micrographs of hyphae of Aspergillus parasiticus
grown on PDA medium after incubation at 28°C. A - control
(untreated) showing normal hyphal cells with an intact cell wall
(W), intact plasma membrane (arrow), cytoplasm (CY), and lipid
globules (L); B — hyphae treated with 10% AgNPs biosynthesized
from Morgina oleifera leaf extract show the damaged wall (W),
disintegrated cytoplasm (CY), damaged plasma membrane (ar-
row), and large vacuoles (V); C - hyphae treated with AgNPs
biosynthesized from Spirulina platensis extract. Note the affected
wall (W), highly disintegrated cytoplasm (CY), and large vacuoles
(V). Note also that the plasma membrane (arrow) is away from
the wall. Scale Bars for all micrographs are 1.0 pm

Discussion

The current research aimed to assess the impact of
AgNPs biosynthesized from extracts of M. oleifera leaf
and S. platensis on the growth and ultrastructure of the
aflatoxigenic fungus A. parasiticus, which was isolated
from Egyptian wheat grains. Due to the challenges as-
sociated with traditional methods for detecting afla-
toxin-producing Aspergillus, scientists have shifted
towards new and more sensitive techniques for early
identification of food contamination by various afla-
toxigenic Aspergillus species (Bintvihok et al. 2016). In
the current study, 10 A. parasiticus isolates consistently
showed aflatoxin production, as confirmed by HPLC,
with AFB1 being produced in higher quantities than
AFB2. Nevertheless, there was full agreement between
the outcomes of these tests on the aflatoxin-producing
isolates in the presence of candidate genes and those
obtained through other standard methods (Rahimi
et al. 2016).

Numerous factors can influence the production
of aflatoxins. Temperature, water activity, oxidative
stress, and other abiotic variables all play a role in the
ability of A. parasiticus to produce aflatoxin. These fac-
tors are likely to affect different metabolic processes
and modify the production of aflatoxin. The presence
of aflatoxin was observed at 28°C in liquid medium
and 37°C in solid medium (Wanga et al. 2019).

The principal aim of this investigation was to as-
certain an eco-friendly approach to restrict the prolif-
eration of these troublesome fungi, given that isolated
aflatoxigenic fungi generate higher quantities of afla-
toxins than previously estimated. Extensive research
carried out in recent decades has substantiated the ef-
ficacy of diverse plant and microalgae extracts as an-
tifungal agents in inhibiting the growth of aflatoxin-
producing fungi and curtailing the synthesis of their
toxins (Al-Ghanayem 2017; de Almeida et al. 2021;
Schoss et al. 2022; Ilyas and Manohara 2023).

Antifungal properties of water-based extracts from
M. oleifera leaf and S. platensis were investigated in
this research, specifically against aflatoxigenic isolates
of A. parasiticus, focusing on inhibiting linear myce-
lial growth and spore germination. The effectiveness of
the two extracts varied, with the extract of S. platensis
displaying the strongest antifungal activity, followed
by the extract from M. oleifera leaves. This discrepancy
can be attributed to more total phenolic compounds
found in the S. platensis extract, as indicated by HPLC
analysis.

Phenolic compounds possess bioactive structures,
making them highly valuable as antioxidants and scav-
engers of free radicals in plants. By donating hydrogen
atoms they effectively disrupt chain reactions initiated
by free radicals (Torres et al. 2018; Baka and El-Zahed
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2023). These phenolic chemicals interact with various
free radicals, resulting in antioxidant effects. Numer-
ous studies (Sallam et al. 2021; Tang et al. 2021; Ak-
bari et al. 2022; Sindhu et al. 2022; Baka and El-Zahed
2023) have demonstrated that hydrogen atom trans-
fer, single electron transfer, sequential proton loss,
electron transfer, or transition metal chelation are the
mechanisms behind these antioxidant effects.

Chlorogenic acid and epicatechin were found to be
the predominant phenolic compounds in M. oleifera
and S. platensis, respectively. According to Khalid et al.
(2023), the methanolic extract of M. oleifera leaf is rich
in phenolic compounds, including phenolic acids and
flavonoids, and has potential antibacterial properties.
Hidayati et al. (2020) reported that S. platensis is a more
valuable source of phenolic compounds than other
plant tissues mentioned in the literature. The aqueous
extract of S. platensis also demonstrated inhibitory ef-
fects on the growth of A. parasiticus, as observed in
studies by Al-Ghanayem (2017) and Abdel-Moneim
et al. (2022). Antifungal activity of the S. platensis ex-
tract may be attributed to its intracellular and extracel-
lular metabolites (Al-Ghanayem 2017).

Based on the findings of Martinez et al. (2017),
chlorogenic acid (CGA) plays a significant role in en-
hancing the resistance of various plant species against
pathogen attacks. When CGA is converted into chlo-
rogenoquinone, it interacts with free amino acids and
proteins, reducing the bioavailability of amino acids,
making it harder to digest dietary proteins. In labora-
tory settings, chlorogenic acid demonstrates a wide-
ranging antifungal effect, effectively preventing spore
germination or inhibiting hyphal growth. Unlike fung-
istatic chemicals, CGA also acts as a fungicide. Accord-
ing to Llorent-Martinez et al. (2017), CGA causes fun-
gal spore membranes to permeabilize quickly, which
could lead to a decrease in vitality. Additionally, Rhimi
et al. (2020) suggest that chlorogenic acid can act as
an antifungal agent by modifying the cell membrane
structure of Candida albicans. These studies highlight
chlorogenic acid as a promising candidate for develop-
ing bioactive alternatives to treat fungal infections.

Epicatechin, a natural flavonoid polyphenol an-
tioxidant found in various plants, belongs to the cat-
echin antioxidant family, alongside other polyphenols
like epigallocatechin gallate (Bernatoniene and Kopus-
tinskiene 2018). Hervay et al. (2023) highlighted anti-
fungal properties of catechin and epicatechin. Molina-
Hernandez et al. (2022) reported that the combination
of AgNPs and catechin inhibited the growth and me-
tabolism of Aspergillus niger isolated from coffee seeds.
The current research has elucidated that the epicate-
chin derived from S. platensis extract can function as
an inhibitor of the wall formation of A. parasiticus.

Silver nanoparticles (AgNPs) are one of the most
commonly utilized nanomaterials in various areas,

particularly within the agriculture sector. Plants are
the fundamental component of the environment and
the primary essential source of nourishment for man-
kind; hence, understanding the impacts of AgNPs on
plant development and improvement is vital for the as-
sessment of potential natural dangers to food security
caused by AgNPs (Yan and Chen 2019). The advance-
ment of strategies for environmentally secure “green
synthesis” of silver nanoparticles would increase safer
production and biological applications of nanosilver
(Moga et al. 2023). Many studies on the phytotoxic-
ity effects of silver nanoparticles (AgNPs) have found
a strong link between the amount of AgNPs present
during exposure and their phytotoxicity. AgNPs can
further endanger human health by encroaching on
plant life, accumulating there, and eventually mak-
ing their way into the human body through the food
chain. In fact, it has been demonstrated that AgNPs
may cycle through several trophic degrees in the ter-
restrial and aquatic food chains within the ecosystem
(Tangaa et al. 2016).

Metallic nanoparticles (NPs) possess unique prop-
erties and exhibit characteristic absorption peaks due
to their surface plasmon nature (Khan et al. 2019). To
confirm the formation of AgNPs in the reaction me-
dium, UV-Vis spectroscopy was employed immedi-
ately after synthesis. The UV-Vis spectra of artificially
generated AgNPs in an aqueous colloidal solution re-
vealed their maximum absorption at 412.94 nm and
423.50 nm for M. oleifera leaves and S. platensis, re-
spectively, after 72 h. These absorption peaks align
with the anticipated surface plasmon behavior of
AgNPs (Usha et al. 2017).

FTIR analysis was utilized to distinguish the vari-
ous functional groups of biomolecules in M. oleifera
leaf and S. platensis extracts, which acted as reducing
and stabilizing agents for nanoparticles by creating
a protective layer on their surfaces (Baka and El-Za-
hed 2022). The presence of active phytochemicals in
the extracts led to the suggestion from FTIR spectra
that the synthetic AgNPs were attached to them. This
protective layer played a crucial role in stabilizing the
nanoparticles and inhibiting their aggregation and ag-
glomeration (Kumar and Dixit 2017).

The biosynthesized AgNPs’ crystalline character-
istics were investigated using XRD analysis. The XRD
pattern revealed the presence of four distinct diffrac-
tion peaks for M. oleifera and S. platensis at two theta
(0) angles. These findings confirmed that the biosyn-
thesized AgNPs possess a face-centered cubic (fcc)
structure, which is consistent with the report by the
Joint Committee on Powder Diffraction Standards
(JCPDS), file no. 04-0783 (Al Aboody 2019). Previ-
ous research has also documented the bioformula-
tion of fcc-structured crystalline AgNPs derived from
various biological sources, such as leaf extracts from
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M. oleifera (Mahmood and Hawar 2022), Euphrasia of-
ficinalis (Singh et al. 2018), Mangifera indica (Panwar
et al. 2022), and S. platensis (Sidorowicz et al. 2022).

In the present study, the TEM images revealed
a uniform dispersion of AgNPs, exhibiting a pre-
dominantly spherical morphology. Furthermore, the
impact of AgNPs derived from M. oleifera leaves and
S. platensis on the size distribution and zeta potential
measurements of biosynthesized AgNPs was investi-
gated. The z-mean value of the particle size distribu-
tion was found to be consistent with the TEM results.
Conversely, the mean zeta potential value, which re-
flects the surface charge of AgNPs in a colloidal so-
lution, was utilized. The presence of high negative or
positive potential values in the colloidal solution leads
to the formation of colloidal NPs with remarkable
physical stability, owing to the electrostatic attraction
between individual particles in the solution (Khatami
et al. 2015). The evidence of the monodisperse nature
of colloidal nanosuspension is further supported by
z-values exceeding -30 mV, whereas lower potentials
below -5 mV suggest the presence of aggregation and
agglomeration (Gumustas et al. 2017).

In contrast to the M. oleifera leaf extract, the bio-
synthesis of AgNPs from S. platensis extract effectively
inhibits fungal growth and spore germination, as indi-
cated by the findings of the present investigation. This
disparity could be attributed to the variety of bioag-
ents that are accessible. Furthermore, the AgNPs de-
rived from M. oleifera leaves and S. platensis extracts
were employed for the treatment of A. parasiticus hy-
phae. The outcomes effectively displayed the evident
disparity between the treated and untreated mycelia.
Notably, the hyphae treated with AgNPs at a concen-
tration of 10% displayed noteworthy alterations when
compared to the control group, as observed through
SEM analysis. The treated hyphae cells exhibited
a notable disintegration of the cell membrane and cell
wall, along with cytoplasmic breakdown, as evidenced
by TEM imaging. These findings align with the obser-
vations made by Al-Otibi et al. (2022) regarding the
alteration of the ultrastructure in Bipolaris sp. after
AgNPs treatment. Similarly, Hashem et al. (2022) re-
ported similar outcomes for A. terreus and A. flavus
when exposed to AgNPs. The current study demon-
strated the efficacy of AgNPs as fungicides against
A. parasiticus, highlighting the numerous advantages
they possess over traditional chemical fungicides.
El-Batal et al. (2014) showed that AgNPs hinder ion
efflux-containing transit systems. Disruption of ion ef-
flux leads to the accumulation of silver ions, which, at
lower concentrations, impedes cellular processes such
as respiration and metabolism by releasing molecules.
Moreover, Ag++ has a unique ability to combine with
oxygen species that are detrimental to cells, causing
damage to lipids, proteins, and nucleic acids.

Several constraints, such as fragment size and
concentration, affect the efficacy of fungicidal activ-
ity. Research has demonstrated that small particles
measuring 12.7 nm are highly effective in inhibiting
fungal growth. Various studies suggest that AgNPs can
adhere to cell membrane surfaces, disrupting perme-
ability and respiratory functions. It is believed that Ag-
NPs can penetrate microorganisms and interact with
membrane surfaces (Chaturvedi and Verma 2015).
The release of silver anions with an electric charge con-
trols pathogen proliferation, while silver itself hinders
pathogen metabolism (Banerjee et al. 2014). Lara et al.
(2015) observed through TEM analysis that nanosilver
interacts with Candida albicans cell membranes, caus-
ing structural abnormalities and ultimately cell death.
Dragoni-Rosado et al. (2022) observed that AgNPs ad-
versely affected the growth of Colletotrichum spp. and
Nigrospora sp. in vitro. The molecular mechanism of
AgNPs involves the generation of free radicals, which
induce oxidative stress and cell death in most micro-
organisms by targeting the organelles within bacterial
cells (Dakal et al. 2016).

Conclusions

In closing, the aflatoxigenic fungus A. parasiticus,
found in Egyptian wheat grains, has been identified
both morphologically and molecularly. A. parasiticus
isolates demonstrated a higher production of AFBI
than AFB2, as verified through HPLC analysis. The
S. platensis extract contained a greater number of
phenolic compounds than the M. oleifera leaf ex-
tract. Chlorogenic acid and epicatechin were found in
the highest concentrations in the M. oleifera leaf and
S. platensis extracts, respectively. The growth of fungal
mycelium and spore germination were effectively in-
hibited by the crude extract of bioagents (M. oleifera
and S. platensis) as well as their biosynthesized AgNPs.
Fungal mycelia treated with crude extracts and AgNPs
at a 10% concentration exhibited significant deforma-
tion, as observed through SEM and TEM, in compari-
son to the control.
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