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ABSTRACT

Article History

The increasing demand for eco-friendly antifungal agents has driven interest in green
nanotechnology. In this study, we report a novel, environmentally benign synthesis of silver
nanoparticles (AgNPs) using Prosopis juliflora leaf extracts, a plant rich in phenols,
antioxidants, alkaloids, and flavonoids. AgNPs were formed by dropwise addition of the
extract to a silver nitrate (AgNQO3) solution, indicated by a color change and confirmed by UV-
Visible spectroscopy with a characteristic absorption peak at ~432 nm. Optimization revealed
that 25mL of extract added to 100mL of 0.01M AgNO; at 25°C yielded highly dispersed
AgNPs with 99.3% conversion efficiency. Transmission Electron Microscopy (TEM) showed
spherical nanoparticles sized 2-37nm, and zeta potential analysis indicated good colloidal
stability (-23.4mV). The biosynthesized AgNPs exhibited potent antifungal activity, inhibiting
65-80% of radial mycelial growth in Fusarium oxysporum, Alternaria solani, Rhizoctonia solani,
and Sclerotinia sclerotiorum at 250-1000 ppm. This work demonstrates, for the first time, the
integration of P. juliflora bioactives with silver nanoparticles to create a green, sustainable, and
highly effective antifungal agent, which has potential applications in agriculture as a natural
fungicide to protect crops from phytopathogenic fungi.
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INTRODUCTION

Nanotechnology is one of the most active research
fields of modern material sciences. Recently, the
nanotechnology approach has become of interest in many
research areas, including agriculture. This technology
employs nano-sized particles with diameters ranging from
1-100 nm and possessing a variety of distinct physical,
biological, and chemical properties (Vanlalveni et al., 2021).
In agriculture, nanotechnology can be utilized in many
applications, including the synthesis of nano-sized
pesticides, fertilizers, and growth-promoting compounds
(Tahira Gul et al., 2014).

Recently, metal nanoparticles have attracted great
scientific interest due to their unique physical and chemical
properties. Because of their unusual antimicrobial
inhibitory effects, silver nanoparticles (AgNPs) have
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received great interest among other metal nanoparticles
(Roy et al., 2019). Silver is known to attack a broad range
of biological processes in microorganisms, including the
alteration of cell membrane structure and functions
(Dwivedi & Gopal, 2010; Nabikhan et al., 2010). Silver also
inhibits the expression of proteins associated with
adenosine triphosphate production (Yamanaka et al,
2005), although the specific antimicrobial mechanisms of
silver are still not completely understood.

Silver nanoparticles have been suggested in recent
studies as an alternative to currently used fungicides.
Despite the widespread use of conventional chemical
fungicides, their long-term application has led to multiple
limitations, including toxicity to non-target organisms,
accumulation in soil and water, and harmful impacts on
pollinators and beneficial microbes (Yin et al, 2023).
Continued use of fungicides with the same modes of
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action can lead to the development of fungicide resistance,
which has emerged in various plant pathogens and is a
serious threat to effective crop protection. Recent studies
have highlighted that excessive reliance on these
fungicides accelerates the emergence of resistant
phytopathogenic fungal strains, making disease control
increasingly challenging (Yin et al, 2023). In addition, the
extensive environmental footprint associated with these
chemicals, ranging from soil degradation to contamination
of groundwater, emphasizes the need for safer, more
sustainable disease management strategies in agriculture
(Kannan et al., 2023; Davila Costa & Romero, 2025).

Some studies suggested that AgNPs provide
comparable efficacy levels compared to conventional
fungicides with less likelihood for the development of
resistance in target organisms (Kah et al, 2018;
Malandrakis et al., 2020). Due to their multi-site action in
microbes, compared to the site-specific mode of action of
modern systemic fungicides, silver nano-sized materials
should be investigated as a more durable and less toxic
alternative to currently used fungicides (Park et al., 2006;
Kah et al., 2018).

Silver nanoparticles can be synthesized by several
physical, chemical, and biological methods (Tahira Gul et
al, 2014). The use of plants for nanoparticles synthesis is
an exciting possibility that is relatively unexplored and
underexploited  (Vanlalveni et al, 2021). Green
nanotechnology has emerged as a crucial component of
sustainable agriculture, offering eco-friendly tools to
manage plant diseases while reducing dependence on
chemically intensive inputs. With growing concerns over
environmental degradation, soil contamination, and
biodiversity  loss  associated  with  conventional
agrochemicals, the development of biologically
synthesized nanoparticles, particularly silver nanoparticles
(AgNPs), has gained significant attention as a sustainable
alternative. Recent studies emphasize that
nanotechnology enables precise delivery, enhanced
stability, and improved bioactivity of active compounds,
making it a promising avenue for modern pest and
disease management in agricultural systems. Moreover,
plant-mediated AgNPs synthesis integrates naturally
occurring phytochemicals as reducing and stabilizing
agents, providing a green, cost-effective, and scalable
strategy aligned with sustainable agricultural principles
(Pan et al.,, 2022; Thakur et al,, 2025).

The green methods of nanoparticles synthesis using
plants and microorganisms are low-cost, fast, efficient,
and generally lead to the formation of crystalline
nanoparticles with a variety of shapes with sizes between
1 and 100 nm (Thakur et al., 2025). These features mainly
depend on the process parameters, such as the nature of
plant extract and the relative concentrations of the extract
and metal salts reacting, pH, temperature, and time of
reaction, as well as the rate of mixing of plant extract and
metal salts (Thakur et al., 2025).

Green-synthesized AgNPs derived from plant extracts
have shown significant promise as a novel class of
antifungal agents. Plant-mediated AgNPs synthesis has
improved physicochemical control over nanoparticle
morphology, size, and stability, enabling enhanced
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biological performance. Recent comprehensive reviews
(Vanlalveni et al, 2021; Thakur et al., 2025) report that
phytochemicals such as flavonoids, phenolics, and
terpenoids play essential roles in nanoparticle formation
by acting as natural reducing and capping agents,
ultimately influencing antimicrobial efficacy. Furthermore,
studies on various medicinal and herbaceous plants
demonstrated strong antifungal activity of biosynthesized
AgNPs against pathogenic fungi such as Candida albicans
and Fusarium spp. highlighting their potential as
environmentally benign alternatives to chemical fungicides
(Al-Zoubi, 2025; Eker et al., 2025).

Plant-derived AgNPs exhibit substantial effectiveness
against plant pathogenic fungi, making them particularly
relevant for crop protection efforts. Recent experimental
research has confirmed the potent antifungal activity of
plant-mediated AgNPs synthesized from multiple
botanical  sources, including Rhizoctonia  solani,
Cladosporium cladosporioides (Malik et al., 2024), Ocimum
sanctum (Abdulwahhab et al, 2026) and Aristolochia
bracteolate (Tyagi et al., 2024), demonstrating strong
inhibitory effects against fungal pathogens such as
Aspergillus flavus, Fusarium oxysporum, and Candida
species. These findings support the broader applicability
of plant extract-derived AgNPs as efficient, eco-friendly
antifungal agents and underscore the relevance of
exploring underutilized species such as Prosopis juliflora
for green nanoparticle synthesis. Utilizing the rich
phytochemical composition of P. juliflora leaves may offer
a sustainable and potent biotechnological approach to
managing plant pathogenic fungi, ultimately contributing
to reduced chemical inputs and improved environmental
resilience in agricultural systems.

One of the potential applications in which GAgNPs
(Green-Silver Nano-Particles) can be utilized is in the
management of plant diseases. Since GAgNPs display
multiple modes of inhibitory action to microorganisms,
they can be utilized to control various plant pathogens
in a relatively safer way compared to synthetic
fungicides (Tahira Gul et al., 2014). To our knowledge,
until now, few studies have provided some evidence of
the applicability of GAgNPs for controlling plant diseases
(Abd-Elsalam, 2012).

Phytochemical-rich plant extracts such as those from
Ocimum sanctum (Tulsi) (Abdulwahhab et al., 2026), Ficus
benghalensis (Din et al., 2025) serve as powerful reducing
and stabilizing agents, enabling rapid, eco-friendly
nanoparticle formation with controlled size, morphology,
and enhanced stability. For example, green-synthesized
AgNPs from Tulsi leaves exhibited spherical crystalline
structures averaging ~39.6 nm and showed strong
synergistic antimicrobial activity when combined with
conventional agents (Abdulwahhab et al., 2026). Similarly,
Ficus benghalensis extract mediated AgNPs (Din et al.,
2025) produced thermodynamically stable, ~41.55 nm
nanoparticles with significant enzyme inhibitory and in vivo
pharmacological activity. Selvam et al. (2026) emphasize
that diverse phytochemicals—flavonoids, terpenoids,
polyphenols—directly influence nanoparticle nucleation,
growth and stability, expanding biomedical and
environmental applications.
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Prosopis juliflora (Sw.) DC. is a fast-growing, thorny,
deciduous shrub, a drought-resistant plant, which belongs
to the Fabaceae family. This plant is native to central and
South America; in Jordan, this plant is considered an
invasive alien species (IAS) (Tadros et al.,, 2020).

The crude extracts of various parts and purified
chemical components have been found to possess
antimicrobial, insecticidal, and other pharmacological
activities (Sharifi-Rad et al, 2019). Therefore, the present
work aimed to investigate the green synthesis of silver
nanoparticles using Prosopis juliflora leaves extracts as a
reducing and capping agent (Raja et al., 2012; Arya et al,,
2018), as well as to evaluate the antifungal effect of the
prepared AgNPs on a group of plant pathogenic fungi
(Fusarium oxysporum, Alternaria solani, Rhizoctonia solani,
and Sclerotinia sclerotiorum).

MATERIALS & METHODS

Preparation of Plant Material

Prosopis juliflora leaves were collected from the
Jordan Valley, from seven different locations North of the
Dead Sea in Jordan (Fig. 1).
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Fig. 1: Sampling locations within the Jordan Valley where Prosopis juliflora
plant specimens were collected for the synthesis of green silver
nanoparticles (GAgNPs).

Leaves were washed with distilled water and were
dried at room temperature (25 + 2°C) for one month. Dried
leaves were crushed in an electric grinder (Anwar et al,
2019). Leaf extracts were prepared by taking 20.0 g of
Prosopis juliflora leaves in a 500 ml Erlenmeyer flask along
with 100 ml of distilled water and then boiling the mixture
for about 15 min. The Prosopis juliflora leaf extracts (PJE)
were cooled to room temperature and filtered with
Whatman No. 1 filter paper before centrifuging at 5000
rpm for 30 minutes to remove the heavy biomaterials. The
PJE was stored at 4°C to be used for further experiments
(Raja et al., 2012).

Green Synthesis of Silver Nanoparticles using Prosopis
juliflora Leaves Extract
To determine the optimum combination of plant
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leaf extract amount and concentration of (AgNO3)
solution to synthesize nano-sized silver particles, [5, 10,
15, 20, and 25 mL] of Prosopis juliflora leaf extracts were
used (Table 1). In a typical reaction procedure, plant
extract (different volumes) was added dropwise to
different concentrations of the AgNO3s solutions (1 mM,
2 mM, 0.01 M, and 0.1 M) under continuous stirring at
room temperature. Reactions were continuously
performed until the color change was observed (Arya et
al, 2018). The silver nanoparticle solution was purified
by centrifugation at 5000 rpm for 30 minutes and then
allowed to dry at room temperature for further use. A
total of 20 samples were prepared using different
concentration combinations of AgNO; solutions and
plant extract volumes (Table 1).

Table 1: Samples prepared for silver nanoparticles synthesis

AgNO; concentration PJE volume (ml) Sample Number

5
10

0.01M 15* Sample 1
20* Sample 2
25* Sample 3
5
10

0.1 M 15*% Sample 4
20* Sample 5
25* Sample 6
5
10

1TmM 15
20
25
5
10

2mM 15
20
25

(*) Samples used for silver nanoparticles characterizations.

Physical Characterization of the Synthesized Silver
Nanoparticles

The green synthesized silver nanoparticles (GAgNPs)
using Prosopis juliflora leaves extracts (PJE) as reducing
and capping agents were characterized for size, structure,
and zeta potential. All synthesized samples of GAgNPs
were analyzed using a UV-visible spectroscopy
instrument (UV Cary 5000 version 3) to confirm the
presence of silver nanoparticles. The shape, size, and zeta
potential of the prepared GAgNPs were characterized by
transmission electron microscopy (TEM) (Morgani FEi
268), and a zeta potential analyzer (Zeta sizer Nano ZS90,
the Malvern Zetasizer UK). The percent of conversion of
the synthesized AgNPs was determined using inductively
coupled plasma spectrometry (ICP-MS) (iCAP Q- Thermo
Scientific).

Fungal Isolates

Four different plant pathogenic fungal isolates were
used in this study: Fusarium oxysporum f. sp. cucumerinum,
Sclerotinia sclerotiorum, Alternaria solani, and Rhizoctonia
solani. Fungal isolates were purified using the hyphal tip
technique and were identified and characterized
morphologically and pathologically in the plant pathology
lab at Jordan University of Science and Technology (JUST).
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Evaluation of the Antifungal
Nanoparticles in vitro

The magnitude of radial mycelial growth inhibition of
selected fungal isolates (Fusarium oxysporium, Alternaria
solani, Rhizoctonia solani, and Sclerotinia sclerotiorum) was
conducted using different concentrations of Prosopis
juliflora  crude leaves extract (PJE) and different
concentrations of synthesized silver nanoparticles (G-
AgNPs). Potato dextrose agar (PDA) media plates
amended with different concentrations of either PJE or
GAgNPs were prepared. Each treatment has a final
concentration of PJE or GAgNPs of 50,100, 250, 500, and

Activity of Silver

Percentage of radial mycelium growth inhibition = 1 —

Statistical Analysis

In all experiments, values of the mean relative
inhibition of radial mycelial growth of different fungal
isolates were subjected to analysis of variance (ANOVA),
and means were compared by the least significant
difference (LSD) test (P<0.05). All data were analyzed with
JMP software (version 14; SAS Institute Inc.). Levene's test
for equality of variances was used to determine if data
from different runs of the experiment could be pooled and
analyzed together. Results from different runs of the same
experiment were pooled together and analyzed only if the
homogeneity of variances test indicated no significant
difference. Levene's test was conducted using the
statistical program Minitab version 19 (Minitab, LLC,
Pennsylvania, USA).

RESULTS

Green Synthesis of Silver Nanoparticles using P.
Jjuliflora Leaves Extract

Depending on the color change when 100 mL of
AgNO3 2 mM, 1T mM, 0.1 M, and 0.01 M) was combined
with 5-25 mL of the plant extract, the color change
occurred only at 0.1 M and 0.01M. No change in color
occurred at 1 mM and 2.0 mM of AgNO3 with 5 - 25 mL of
plant extract added. Upon addition of different volumes
(15-25 mL) of PJE to 100 mL of aqueous silver nitrate
solution at the two optimum concentrations (0.1 M and
0.01 M) (Table 1), the color of the solution changed from
faint light to yellowish-brown and finally to the colloidal
brown, indicating formation of silver nanoparticles. Silver
nanoparticles synthesized at different volumes of JPE (15-
25 mL) using 0.01M and 0.1M of silver nitrate were
analyzed by inductively coupled plasma mass spectrometry

Int J Agri Biosci, 2026, 15(4): 1760-1771.

1000 ppm (parts per million) (v/v). For comparison
purposes, all experiments included an additional treatment
using one of the following fungicides used at the
manufacturer's recommended application rate: (Revanol®
[Hydroxyquinoline sulfate (Quinoline) at 500 ppm]; Bellis®
[25.2% Boscald and 12.8% w/w Pyraclostrobin] at 700 ppm;
SCORE 250 EC® [Difenoconazole] at 500 ppm; and
Tachigaren ® [hymexazol] at 1500 ppm.). Each Petri plate
received 20 ml of the amended PDA medium
(Raghavendra et al., 2009). The relative growth reduction
(inhibition) for each PJE and GAgNPs concentration was
calculated after 7 days using equation (1).

diameter of the colony on the amended plate

diameter of the colony on the control plate M

(ICP-MS); the conversion percentages are presented in
Table 2. The conversion of Ag+ ions to AgNPs was
calculated using equation (2).

Total Ag + concentration (mg/l) — The calculated Ag concentration (mg/1)

100%
Total Ag + concentration (mg/l) * °

The ICP-MS results indicated that the conversion
factor of Ag+ ions to AgNPs using PJE was at least 97%
using 100 mL of 0.01 M AgNO3 with 20 mL from P. juliflora
extracts (Table 2). Results demonstrated that the best
combination of aqueous extract of P. juliflora and AgNO3
aqueous solution was achieved using 25 mL of PJE and 100
mL of 0.1 M AgNOs.

Physical Characterization of the GAgNPs

UV- visible spectroscopy was used to confirm the
reduction of Ag* ions into AgNPs by scanning the reaction
mixture after tenfold dilution in the range of wavelengths
between 350 and 500 nm. The maximum absorption peak
was observed at around 432 nm (Fig. 2), indicating the
presence of the GAgNPs, with a size less than 50 nm. The
broad peak indicating a heterogeneous size distribution of
AgNPs was further confirmed by the TEM and Zeta
potential results.

The structure, size, and zeta potential of the prepared
GAgNPs were characterized by TEM and a Zeta potential
analyzer. The TEM micrograph of the synthesized GAgNPs
is shown in Fig. 3. It was observed that most of the
GAgNPs shown in the micrograph are spherical in shape
for both concentrations of 0.01 M and 0.1 M of AgNO3,
with a size range of 2-37 nm. The particle size histogram
determined from the TEM images of the nanoparticles
indicates that particles are distributed in the range of 2-37
nm with a maximum at 10 nm (Fig. 3).

Table 2: Inductively coupled plasma analysis and calculated conversion percentage of Ag* to AgNPs for different preparations of GAgNPs utilizing different

combinations of AGNOj; solution concentration and different volumes of PJE

Sample  AgNOj; concentration (M) AgNO3 Concentration (mg\l) Prosopis juliflora (PJE) volume (ml) ICP-MS results (mg/l) Ag+ to AgNPs conversion %
Sample 1 0.01 1079 15 9.359085 99.1%
Sample 2 0.01 1079 20 24.22496 97.7%
Sample 3 0.01 1079 25 6.954622 99.3%
Sample 4 0.1 10789 15 63.43149 99.4%
Sample 5 0.1 10789 20 155.3575 98.5%
Sample 6 0.1 10789 25 45.23956 99.5%
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432 nm

Fig. 2: UV- visible spectra of GAgNPs, maximum absorption peak
around 432 nm.

A

L=}

W 4
‘ SEni=ss
25 % 38 3

f 1
0 5 10 18 20

Diameter (nm)

Fig. 3: (A) TEM image for GAgNPs, 1: Sample 1 (0.01 M AgNOs 15 ml PJE), 2:
Sample 2 (0.01 M AgNO; 20 ml PJE), 3: Sample3 (0.01 M AgNO; 25 ml PJE), 4:
Sample 4 (0.1 M AgNO; 15 ml PJE), 5: Sample 5 (0.1 M AgNO3 20 ml PJE), 6:
Sample 6 (0.1 M AgNO; 25 ml PJE). (B) Particle size distribution of GAgNPs.

The Zeta potential (electrokinetic potential) of the
synthesized silver nanoparticles ranged from -84 to -23.3-
millivolts (mV) (Table 3). Sample 3 demonstrated the most
negative value (-23.4 mV), suggesting the most stable
sample. This sample was synthesized using 100 ml of 0.01M
AgNO; and 25 ml of PJE. This sample was chosen for the
anti-fungal  activity =~ experiments.  Zeta  potential

Int J Agri Biosci, 2026, 15(4): 1760-1771.

measurements demonstrated that the prepared AgNPs were
more negative when a 0.01 M concentration of silver nitrate
was used (-16.4 mV, -19.6 mV, and -23.4 mV). Overall, the
results of the Zeta potential value for GAgNPs indicated the
stability of the synthesized nanoparticles (Table 3).

Table 3: The zeta potential of the GAgNPs

Sample AgNO3 Prosopis juliflora (PJE) ~ Zeta Potential (Q)
concentration (M) volume (ml) (mV)

Sample 1 0.01 15 -16.4

Sample 2 0.01 20 -19.6

Sample 3 0.01 25 -23.4

Sample 4 0.1 15 -84

Sample 5 0.1 20 -12.6

Sample 6 0.1 25 -9.18

Evaluation of the Antifungal Activity of PJE and
GAgNPs in vitro

In vitro Inhibition of Alternaria solani using PJE and
GAgNPs

Levene's test for homogeneity of variances indicated
that the variance among separate trials was not
homogeneous (P>0.5); thus, data of mean percent
mycelium growth inhibition from the two runs of the
experiment were analyzed and presented separately. In
both experimental runs, the highest level of in vitro
inhibition of radial mycelia growth of A. solani was
achieved with the fungicide Score® treatment compared
to all other levels of PJE and GAgNPs. The mean percent
inhibition of the fungicide score was 100% (Fig. 4).

In the first experimental run, the mean percent radial
mycelial growth inhibition (% RMGI) achieved with
GAgNPs was significantly higher than that of PJE at all
concentrations except at 50 ppm, where no significant
difference in the level of inhibition was observed. Both
treatments, PJE and GAgNPs, resulted in high levels of
inhibitory effects; GAgNPs treatments were more potent
than PJE. The mean percent inhibition at 1000 ppm was
72% and 79% for PJE and GAgNPs, respectively (Fig. 4-A).
At 500 ppm, the mean percent inhibition was 47.5% and
74% for PJE and GAgNPs, respectively (Fig. 4-A). Four folds'
increase in mean percent inhibition was observed with 250
ppm of GAgNPs treatment over the same concentration of
PJE treatment (Fig. 4-A). Similarly, two folds' increase in
inhibition efficacy was observed with 100 ppm
concentration of GAgNPs compared to the same
concentration of PJE. These results demonstrate that
increased efficacy of GAgNPs over PJE can be observed at
lower concentrations of the preparations (100-250 ppm)
rather than at higher concentrations (Fig. 4).

In the second experimental run (Fig. 4-B), similar trends
in mean percent inhibition were observed with different
concentrations of GAgNPs and PJE treatments. At all
concentrations, except the 500 ppm treatments, there were
significant differences between the matching concentrations
of GAgNPs and PJE treatments (Fig. 4-B). The greatest
difference between the mean percent inhibition of GAgNPs
and PJE treatments occurred at 50 ppm and 100 ppm (Fig.
4-B). At 50 ppm concentration, the mean percent inhibition
was 39% and 65.8% for PJE and GAgNPs treatments,
respectively (Fig. 4-B). At 100 ppm concentration, the mean
percent inhibition was 53.1% and 73.9% for PJE and
GAgNPs treatments, respectively (Fig. 4-B).
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In vitro Inhibition of F. oxysporum f. sp. cucumerinum
using PJE and GAgNPs

Levene's test for homogeneity of variances indicated
that the variance among separate trials was homogeneous
(P<0.05); thus, data of mean percent mycelium growth
inhibition from the two runs of the experiment were
pooled and analyzed together. The highest level of in vitro
inhibition of radial mycelia growth of F. oxysporum
f. sp. cucumerinum was achieved with the fungicide
Tachigaren® treatment compared to all other levels of PJE
and GAgNPs. The mean percent inhibition of the fungicide
Tachigaren® was 100% (Fig. 5). In all treatments [different
concentrations of PJE and GAgNPs], there were significant
differences in mean percent inhibition of this isolate
among the different concentrations of each material (PJE
and GAgNPs). The highest level of inhibition was achieved
with a 1000 ppm concentration of both PJE and GAgNPs,
with 77.1% and 82.9% mean percent inhibition. At all
concentrations used, the efficacy of inhibition of mycelial
growth was higher with GAgNPs compared to PJE
treatments (Fig. 5). The inhibition rate increased gradually
by increasing the concentration of each material, but even
with a concentration as low as 50 ppm, GAgNPs' mean
percent inhibition rate (44%) was higher than that of PJE
(34.2 %) (Fig. 5).

Score

In vitro Inhibition of Sclerotinia sclerotiorum using PJE
and GAgNPs

Levene's test for homogeneity of variances indicated
that the variance among separate trials was homogeneous
(P<0.05), thus data of mean percent mycelium growth
inhibition from the two runs of the experiment were
pooled and analyzed together.

The highest level of S. sclerotiorum in vitro inhibition
of radial mycelia growth was achieved with the fungicide
Bellis® treatment compared to all other levels of PJE and
GAgNPs. The mean percent inhibition of the fungicide
Bellis® was 100% (Fig. 6). At high concentrations of both
PJE and GAgNPs (1000 ppm and 500 ppm), the difference
in the mean percent inhibition was not large. Although at
1000 ppm concentration, the mean percent inhibition was
significantly higher with PJE treatment compared to
GAgNPs, the difference was not large, and it was in the
magnitude of 3% difference only. However, there was no
significant difference in mean percent inhibition at a 500-
ppm concentration. Results demonstrated that significant
differences occurred between the two treatments (PJE and
GAgNPs) at lower concentrations (250 ppm, 100 ppm, and
50 ppm). At these lower concentrations, large differences
in mean percent inhibition were observed, and GAgNPs
were superior in inhibition of the mycelial growth of
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S. sclerotiorum isolate (Fig. 6). Mean percent inhibition at
250 ppm were 51.2% and 79.2% for PJE and GAgNPs,
respectively. At 100 ppm and 50 ppm concentrations,
around a 5-fold increase in mycelial growth inhibition was
observed with GAgNPs compared to PJE (Fig. 6).

In vitro Inhibition of Rhizoctonia solani using PJE and
GAgNPs

Levene’s test for homogeneity of variances indicated
that the variance among separate trials was not
homogeneous (P>0.05); thus data of mean percent
mycelium growth inhibition from the two runs of the
experiment were analyzed and presented separately. In
both experimental runs, the highest level of in vitro
inhibition of radial mycelia growth of R. solani isolate was
achieved with the fungicide Revanol® treatment
compared to all other levels of PJE and GAgNPs. The
mean percent inhibition of the fungicide Revanol® was
100% (Fig. 7).

In the first experimental run (Fig. 7A), significant
differences in mean percent inhibition of mycelial growth
occurred at the high concentration treatments (1000 ppm,
500 ppm, and 250 ppm). At all these concentrations,
GAgNPs treatments were superior to PJE treatments. At
1000 ppm concentration, the mean percent inhibition of
mycelial growth was 75.8% and 90.9% for PJE and GAgNPs,
respectively. Around 2-folds increase in inhibition was

Bellis

achieved with GAgNPs compared to PJE at 250 ppm
concentration (Fig. 7A). At 100 ppm and 50 ppm
concentrations, the mean percent inhibition was relatively
low (less than 20%), and no significant differences in mean
percent inhibition were observed between PJE and
GAgNPs treatments (Fig. 7A).

In the second experimental run, no significant
differences in mean percent mycelial growth inhibition
were observed between the two materials (PJE and
GAgNPs) at all concentrations (Fig. 7B). The highest mean
percent inhibition (80%) was achieved with 1000 ppm of
GAgNPs, which was not significantly different from the
inhibition achieved with the same concentration of PJE
(70.4%) (Fig. 7B). Overall, values of mean percent inhibition
were a little bit lower than those observed in the first trial
for the higher concentrations (1000 ppm, 500 ppm) of
both materials, but higher at the lower concentrations (100
ppm and 50 ppm) (Fig. 7B).

DISCUSSION

Overall, the results indicated that the conversion
factor of Ag* ions to AgNPs using PJE was above 97%,
which indicates the effectiveness of using P. juliflora for the
synthesis of silver nanoparticles. The combination of P.
Jjuliflora extract and AgNO3 at a 1:4 ratio, specifically using
25 ml of PJE and 100 ml of 0.1 M AgNO3, was the most
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Fig. 7: Mean percentage radial
mycelial growth inhibition (% RMGI)
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effective condition for synthesizing silver nanoparticles
with a conversion factor of 99%. This 1:4 ratio was reported
by other researchers as the best combination of plant
extracts with AgNOs solution (Ansari et al, 2023). Other
reports indicate that the optimum ratio was (1:5) (Anwar et
al, 2019). The physical characterization of the synthesized
GAgNPs is essential to understand their properties and
suitability for various applications. In this study, multiple
techniques were employed to characterize the GAgNPs,
including UV-visible spectroscopy, transmission electron
microscopy (TEM), and zeta potential analysis.

UV-visible spectroscopy is a widely used technique to
confirm the formation of nanoparticles and assess their
optical properties. In our study, UV-visible spectroscopy
was employed to analyze the absorption spectra of the
GAgNPs. The recorded spectrum revealed a prominent
absorption peak at approximately 432 nm (Fig. 2). This
observation is consistent with the presence of GAgNPs,
and the peak's position suggests that the synthesized
nanoparticles have a size less than 50 nm. It's noteworthy
that similar studies by other researchers have reported
absorption peaks around 420 nm and 440 nm (Malini et al.,
2020). The shift in the absorption peak is usually indicative
of a larger particle size, and a broader peak for smaller size
particles (Nabikhan et al., 2010). These findings confirm the
successful reduction of Ag+ ions into GAgNPs and their

Revanol '

size characteristics.

To gain insight into the structure and size distribution
of the GAgNPs, Transmission Electron Microscopy (TEM)
analysis was performed. TEM showed spherical
nanoparticles sized 2-37 nm. The results of this analysis are
consistent with the findings of other researchers who
reported similar particle size ranges in their studies. One
study reported that the particle size was in the range of
(10-50 nm) (Arya et al,, 2018). Other studies showed that
the size ranged between 35-60 nm (Rai & Ingle, 2012) and
85 nm (Malini et al., 2020). Particularly, nanoparticles within
this size range are desirable for various applications due to
their unique properties and potential effectiveness.

Zeta potential, which represents the electrokinetic
potential of nanoparticles, is a crucial parameter that
influences the stability and behavior of colloidal
suspensions. Particle-to-particle interaction is a crucial
element in determining the characteristics of colloidal
suspensions. One of the most important forces is
electrokinetic repulsion. It is produced by a charge which is
almost always found on the surfaces of the particles in
liquids. If their surface charge is relatively high, then
adjacent colloids will repel each other and will tend to
maintain their individuality. As a result, highly charged
colloids tend to remain discrete and in suspension. On the
other hand, a colloid with little or no charge has little
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resistance to the natural tendency for fine particles to
gather into aggregates. Small clumps will form and, in turn,
aggregate into larger flocs which settle quickly or form an
interconnected matrix. In this study, the range of Z-
potential was -84mV to -23.4 Mv. A similar result was
reported by Arya et al, 2018. In another study (Mfon & Al
Amri, 2023), reported a Zeta potential of - 15.03 mV to -
20.3 mV for silver nanoparticles prepared from Ocimum
gratissimum plant extracts, while that of GAgNPs prepared
from Vernonia amygdalina leaf extracts was from — 23.41
mV to — 27.23 mV. They reported that this range of zeta
potentials indicates some instability and shows that the
nanoparticles were on the threshold of agglomeration and
could support stabilization but may not favor protein
absorption from drugs (Mfon & Al Amri, 2023).

In this study, as indicated from the TEM images, as
the concentration of the GAgNPs increases, the
agglomeration of the AgNPs is expected to occur. The
higher the agglomeration, the lower the relative
movement of the nanoparticles to the solvent and hence
the lower the zeta potential values. This indicates that the
AgNPs concentration resulting from the 0.01 M AgNO3
to 25 ml is the optimum value to ensure the free
movement of the NPs and hence the optimum effects
(Vanlalveni et al., 2021).

In this study, the successful synthesis of AgNPs is
evidenced by a surface plasmon resonance band around
400-450 nm (peak around 432nm) in UV-Visible spectra
(Rai et al., 2009). UV-visible spectroscopy is a commonly
used analytical technique to examine the formation of
AgNPs. When interacting with an electromagnetic field, the
electrons present in the outermost orbital of metal
nanoparticles oscillate in  resonance with certain
wavelengths to exhibit a phenomenon called surface
plasmon resonance (SPR). The excitation of SPR is
responsible for the formation of color and absorbance in a
colloidal solution of AgNPs. The SPR peaks at around 435
nm are usually taken to confirm the reduction of silver
nitrate into AgNPs (Vanlalveni et al., 2018). In general,
spherical NPs exhibit only a single SPR band in the
absorbance spectra as seen in this study, whereas two or
more SPR bands were observed for anisotropic particles
depending on the shape (Vanlalveni et al., 2021).

In this research, crude leaf extracts of P. juliflora were
highly effective in inhibiting the plant pathogenic fungal
isolates tested in this study (Fusarium oxysporum,
Alternaria solani, Rhizoctonia solani, and Sclerotinia
sclerotiorum). These findings agree with recent reports that
investigated the efficacy of Prosopis spp. against fungal
and bacterial pathogens (Saleh & Abu-Dieyeh, 2021). Saleh
& Abu-Dieyeh (2021) reported that P. juliflora leaf
ethanolic extract displayed the strongest antibacterial
activity. PDA plates with 20 mg/ml P. juliflora leaf extract
showed 100% inhibition of the growth of Botrytis cinerea
and Alternaria alternata. High percent inhibition of
mycelial growth was also shown against Geotrichum
candidum, Colletotrichum gloeosporioides, and Fusarium
oxysporum (Saleh & Abu-Dieyeh, 2021).

In the current study, the antifungal activity of P.
Jjuliflora-derived GAgNPs was investigated against four
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different plant pathogenic fungi (Fusarium oxysporum f. sp.
cucumerinum, Alternaria solani, Rhizoctonia solani, and
Sclerotinia sclerotiorum). The results demonstrate that
GAgNPs were, in most cases, superior to PJE in inhibiting
different fungal isolates. These results are consistent with
previously published reports, which demonstrated
enhanced efficacy of inhibition of GAgNPs over crude
plant extracts (Choudhury et al.,, 2016; Garibo et al., 2020).
Recently, Garibo et al. (2020) reported that the
antimicrobial activity was enhanced using AgNPs
synthesized from an aqueous extract of L. acapulcensis due
to the combination with their antimicrobial substances
present in the extract (Garibo et al, 2020). In addition,
Choudhury et al. (2016) reported that the use of medicinal
plants in the synthesis of GAgNPs is not only used for size
and shape control, but also for providing plant
antimicrobial properties to AgNPs (Choudhury et al., 2016;
Vanlalveni et al., 2021).

The green synthesis of AgNPs using Prosopis juliflora
(Sw.) DC. Leaf extracts represent an environmentally
friendly and sustainable alternative to conventional
synthesis methods (Ahmed et al, 2016; Vanlalveni et al.,
2021). The leaf extract of P. juliflora contains bioactive
phytochemicals that facilitate the reduction of Ag* ions to
Ag® nanoparticles (Abbas et al., 2022). These biomolecules
also function as capping and stabilizing agents, enhancing
nanoparticle stability and preventing agglomeration
(Ahmed et al, 2016). GAgNPs synthesized using P.
juliflora leaf extract have demonstrated enhanced
antimicrobial activity probably due to a synergistic effect
between silver and plant-derived compounds (Abbas et
al, 2022; Rai et al, 2009). Compared with chemical
synthesis routes, green synthesis avoids hazardous
reagents and improves environmental compatibility
(Ahmed et al.,, 2016). Thus, Prosopis juliflora serves as a
valuable biological resource for sustainable nanomaterial
production (Ahmed et al., 2016).

The antifungal activity of P. juliflora-mediated
GAgNPs against plant pathogenic fungi such as Fusarium
oxysporum, Alternaria solani, Rhizoctonia solani and
Sclerotinia sclerotiorum can also be attributed to their small
particle size, high surface area, and enhanced reactivity.
The mode of action of silver nanoparticles is not fully clear;
however, it has been suggested that these particles might
attach to and penetrate the cell membrane to kill fungal
cells and spores. Although penetration of silver
nanoparticles into microbial cell membranes is not
completely understood, it has been suggested that it could
involve the destruction of membrane integrity (Jo et al,
2009). Further, AgNPs could disrupt fungal cell
membranes, increase membrane permeability, and induce
structural damage to hyphae and spores, leading to
leakage of cellular contents and inhibition of mycelial
growth (Kim et al, 2009; Rai et al, 2009). Microscopic
observations reported in related studies revealed
deformed hyphal structures, reduced spore germination,
and abnormal branching in fungi treated with AgNPs
synthesized via plant extracts (Jo et al., 2009).

In addition to physical membrane damage, AgNPs
generate reactive oxygen species (ROS), which cause
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oxidative stress, lipid peroxidation, protein denaturation,
and DNA damage in fungal cells, ultimately leading to cell
death (Kumar et al, 2018). The presence of bioactive
compounds from P. juliflora on the surface of GAgNPs may
further enhance antifungal efficacy through synergistic
effects, as these phytochemicals themselves possess
inherent antimicrobial properties (Vanlalveni et al., 2021).
This biofunctionalization improves nanoparticle stability
and facilitates stronger interactions with fungal cells.

In this research, inhibition of mycelial growth of fungal
isolates increased as the concentration of GAgNPs
increased; these results agree with recent studies that also
demonstrated that the inhibition of mycelial growth
increased along with the concentration (Jo et al, 2009;
Saleh & Abu-Dieyeh, 2021). This could be due to the high
density at which the solution was able to saturate and
adhere to fungal hyphae and to deactivate the growth of
pathogenic fungi (Jo et al, 2009). In addition, results of
different experimental runs suggest that values of mean
percent inhibition of mycelial growth might vary from one
experimental run to another; however, it also suggests that
we can achieve adequate levels of inhibitory effects by
using lower concentrations of GAgNPs. Antifungal action
of several types of nanoparticles and their combinations
has been reported against other plant pathogens such as
Raffaelea spp., Bipolaris sorokiniana, Magnaporthe grisea,
Fusarium spp., Phoma spp., Botrytis cinerea, Alternaria
alternata, Alternaria solani, Fusarium solani, Colletotrichum
circinans, gram-negative and gram-positive bacteria
(Abbas et al., 2022; Jo et al,, 2009; Kim et al., 2009; Rai &
Ingle, 2012; Saleh & Abu-Dieyeh, 2021). Strong inhibition
of the fungal pathogen Sclerotinia sclerotiorum by AgNPs
observed in this study agrees with recent studies that
investigated the effect of GAgNPs on this pathogen.
Recent studies (EI-Ashmony et al., 2022; Singh et al., 2024)
documented strong in vitro inhibition and even disease
suppression in planta with biogenic AgNPs. For example,
GAgNPs synthesized using Trichoderma harzianum(El-
Ashmony et al, 2022) suppressed S. sclerotiorum and S.
rolfsii and reduced disease severity in bean/sunflower
foliage, consistent with results of this study, which
demonstrated 80% radial inhibition at 1000ppm and
significant activity at 250 ppm. Similarly, the inhibition of
the fungal pathogen Rhizoctonia solani, observed in this
study, using GAgNPs was also recently reported by Islam
et al. (2024). Islam et al. (2024) demonstrated that GAgQNPs
significantly inhibited mycelial growth of Rhizoctonia
solani, and further greenhouse and field experiments
validated the antifungal efficacy of GAgQNPs against sheath
blight disease in rice, exhibiting comparable effectiveness
to commercial fungicides (Islam et al., 2024). Similar results
of strong inhibition of fungal growth by GAgNPs were also
reported recently for the pathogens Fusarium oxysporum
(Qureshi et al., 2023) and Alternaria solani (Khatoon et al.,
2024).

Conclusions

In conclusion, the results of this study suggest that
Prosopis juliflora leaves extract can be used as a reducing
and capping agent for the synthesis of silver nanoparticles,
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which showed a great antifungal inhibitory effect. Findings
from the current investigation demonstrated that both
crude leaf extract of P. juliflora and GAgNPs provided
adequate levels of inhibition of fungal isolates tested in
this study. Compared to crude leaf extracts, P. juliflora—
derived GAgNPs exhibit significantly higher antifungal
activity at lower concentrations, indicating enhanced
bioavailability and potency of silver in its nanoscale form
(Rai & Ingle, 2012; Singh et al., 2024). This makes GAgNPs
promising candidates for managing plant diseases while
reducing reliance on synthetic fungicides. Moreover, their
biodegradable nature and reduced environmental toxicity
align with sustainable agriculture and integrated pest
management strategies. The investigation was carried out
using in vitro techniques. The efficacy of GAgNPs in plant
disease management was not investigated in this study.
Future work should investigate the efficacy of GAgNPs
from P. juliflora in greenhouse and field experiments
utilizing different doses and application methods. Overall,
the findings support the potential application of Prosopis
Jjuliflora-mediated GAgNPs as effective antifungal agents
in plant disease control. However, further studies are
necessary to evaluate their phytotoxicity, long-term
environmental impact, and field-level efficacy before large-
scale agricultural applications.
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