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Abstract

Fungal pathogens including Fusarium and Aspergillus species are harmful to agricultural crops and are becoming increas-
ingly resistant to existing antifungal drugs. Therefore, it is necessary to explore safer and more effective alternatives.
Lignosus rhinocerus (LR), a medicinal mushroom rich in bioactive metabolites, provides an environmentally sustainable
source of reducing and stabilizing agents for the synthesis of silver nanoparticles (AgNPs). In this study, L. rhinocerus
extract was used for the synthesis of silver nanoparticles (AgNPs). The gradual change in color of the reaction mixture
from light to dark brown indicated that Ag" ions were reduced. This was further confirmed throughultraviolet (UV)-visible
(VIS) spectroscopy, which showed an absorption peak at 410 nm. Scanning electron microscopy (SEM), revealedthat
most of the L. rhinocerus-mediated silver nanoparticles (LR-AgNPs) were spherical to slightly irregular in shape. The
particle sizes ranged from 60 to 85 nm. Energy-dispersive X-ray (EDX) analysis confirmed the successful synthesis of
LR-AgNPs, showing a strong silver peak in elemental form along with other elements such as aluminium (Al), iron (Fe),
and oxygen (O). Different functional groups (O-H, N-H, aliphatic C-H, amide I and II, C-N, C-O, and C-O-C) were
identified using Fourier transform infrared spectroscopy (FTIR). The dynamic light scattering (DLS) exhibited a particle
size distribution with a dominant peak cantered at approximately~100 nm, within a size range of~80-120 nm. To test
the antifungal activities of LR-AgNPs, various concentrations (100-500 ppm) of LR-AgNPs and antifungal drug Flucon-
azole (FLZ) were applied against Fusarium solani and Aspergillus ochraceus using the well diffusion assay. The results
revealed that LR-AgNPs effectively suppressed the growth of F. solani and A. ochraceus, producing zones of inhibition
of 33.0 mm and 16.0 mm, respectively, at a concentration of 500 ppm. Furthermore, a radial growth assay conducted at
500 ppm demonstrated that LR-AgNPs inhibited the growth of F solani by 76% and A. ochraceus by 61%. To the best
of our knowledge, this is the first study that described the synthesis of silver nanoparticles (AgNPs) from L. rhinocerus
extract. Future work should explore their mechanisms, safety, and formulation to advance practical applications.
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Introduction

Fungal diseases represent a major challenge to the global
agricultural sector, leading to substantial annual economic
losses (Nizamani et al. 2024; Tripathi et al. 2024; Tian et al.
2020). Plant diseases caused by fungal pathogens cost the
world economy about $220 billion annually and result in a
20—40% loss in crop production (Nizamani et al. 2024; Li et
al. 2017). Fusarium species are among the most damaging
plant pathogens in agriculture and can infect many tropi-
cal crops worldwide (Dean et al. 2012). Fusarium solani
affects important crops such as tomato, soybean, pea, and
potato, causing root rot and wilt diseases, while Aspergil-
lus ochraceus is associated with contamination of cereals,
coffee, and stored grains, leading to both yield losses and
mycotoxin production (Chen et al. 2025; Waghmode and
Samudra 2025; Tiwari et al. 2024; Sii¢ et al. 2025; Hagos
et al. 2024).They can function as saprophytes or patho-
gens, infecting both above-ground and below-ground parts
of plants, either as primary or secondary pathogens (Sum-
merell et al. 2003). The genus includes at least 300 species
that are not closely related to each other; 20 species com-
plexes and nine monotypic lineages have been identified so
far (O’Donnell et al. 2015). Most Fusarium species live in
soil, but Fusarium conidia can be spread by water through
rain splashes and irrigation systems. When dry, they become
airborne, which allows them to spread over long distances
worldwide and employ a variety of infection strategies.
These fungi are classified as hemibiotrophs, with the ability
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to shift to a necrotrophic lifestyle in response to environ-
mental and metabolic signals (Fernando et al. 2000; Per-
fect and Green 2001). The agriculture sector is increasingly
compelled to develop and adopt innovative, sustainable and
targeted strategies to combat infections, especially Fusar-
ium species, which have widespread distribution, diverse
infection strategies, and cause substantial economic losses
(Blakeney 2022; Desai et al. 2020).

Nowadays, nanotechnology is becoming increasingly
applied in modern farming, providing new ways to deal with
problems caused by fungal plant diseases and to improve
overall agricultural productivity. The antifungal properties
of metals, metal oxides, bio-nanoparticles, and polymer
nanoparticles have been extensively investigated (Zhou
et al. 2023; Nizamani et al. 2024). The traditional way to
make silver nanoparticles (AgNPs) using physicochemical
methods requires high energy, involves toxic chemicals, and
contributes to environmental pollution (Fatima et al. 2016).
In response, green chemistry via biosynthesis enables the
production of biocompatible AgNPs using the metabolic
processes of living organisms, especially fungi. Mycosyn-
thesis is an environmentally friendly approach that uses
fungi as efficient “”’nanofactories.” and represents a more
sustainable approach compared to traditional methods (Bel-
tran Pineda et al. 2023; Manimaran et al. 2023).

Lignosus rhinocerus, commonly known as the tiger milk
mushroom, is a unique medicinal mushroom with significant
bioactive properties, classified within the Polyporaceae fam-
ily and indigenous to Malaysia (Lee et al. 2011; Fung et al.
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2022). About 400 years ago, "The Diary of John Evelyn" was
the first book to mention the tiger milk mushroom (TMM,; Lig-
nosus rhinocerus). An important medical product, it is locally
known as "cendawan susu rimau" or "kulat susu rimau," which
means "Tiger Milk mushroom." TMM was successfully cul-
tivated in 2009, leading to its commercial availability and the
initiation of research into its therapeutic applications (Evelyn
1994). Researchers have shown that its sclerotium extracts can
exhibit anti-inflammatory, anti-asthmatic, and antibacterial
activities, as well as immune-boosting properties (Lau et al.
2014; Kamal et al. 2023; Lee et al. 2014; Johnathan et al. 2016;
Wong et al. 2011). Earlier studies indicated that only selenium
and gold nanoparticles had been synthesized using Lignosus
rhinocerus (Cai et al. 2018; Azlan et al. 2020). Lignosus rhi-
nocerus extracts have recently been shown to convert gold
ions into AuNPs (Katas et al. 2019). There are many reports
on the medicinal and bioactive properties of L. rhinocerus, but
the synthesis of silver nanoparticles and their antifungal prop-
erties are still not well known. Although, several studies have
reported fungal-mediated synthesis of AgNPs, studies using
L. rhinocerus remain limited. To the best of our knowledge,
the current research work is the first investigation of myco-
synthesis of silver nanoparticles mediated by L. rhinocerus
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(LR-AgNPs) and their antifungal properties. The study under-
scores the potential of L. rhinocerus as an innovative biologi-
cal source for the green synthesis of AgNPs and illustrates the
antifungal effectivenessanti- of LR-AgNPs, thereby offering
new perspectives on sustainable approaches to fungal disease
management in agriculture.

Materials and methods

Collection of L. rhinocerus material and extract
preparation

Fruiting bodies of L. rhinocerus were obtained from the
Institute for Tropical Biology and Conservation (ITBC),
Universiti Malaysia Sabah. The fruiting bodies were thor-
oughly washed three times with distilled water to remove
impurities it was then dried in a dehydrator for 3 days and
powdered using a domestic miller (MX-GX1521; Pana-
sonic, Tokyo, Japan). Twenty grams of the mushroom pow-
der was added into 200 ml of distilled water and boiled for
10 min. After that, it was filtered through Whatman No. 1
filter paper, and the resulting mushroom extract was col-
lected and kept in the refrigerator at 4 °C (Faris Taufeq et al.
2025; Eskandari-Nojehdehi et al. 2016).

Synthesis of silver nanoparticles

For LR-AgNPs biosynthesis, an aqueous silver nitrate
(AgNOs) solution and aqueous mushroom extract was pre-
pared to reduce Ag” to Ag® to produce AgNPs. 1.699 g of
AgNOs was dissolved in 100 mL of distilled water to pre-
pare a 0.1 M silver nitrate solution. To initiate biosynthesis,
10 mL of aqueous mushroom extract was added to 90 mL
of a silver nitrate solution (0.1 M). This mixture was then
mixed well and incubated in a rotary shaker incubator over-
night at an agitation speed of 150 rpm in the dark at room
temperature (Fig. 1). A negative control consisted of mush-
room extract without silver nitrate solution. The mushroom
extract color changed from light green to brown, indicat-
ing the formation of AgNPs. The synthesized nanoparticles
were subsequently washed with distilled water prior to fur-
ther characterization and antifungal assays (Amr et al. 2023;
Khan et al. 2023).

Characterizations of Lignosus rhinocerus based
silver nanoparticles (LR-AgNPs)

The optical stability of LR-AgNPs was analysed by mea-
suring the absorbance using a UV—Vis spectrophotometer
(JASCO Corp., V-570 USA) at a wavelength range of 200—
800 nm. The surface images of nanoparticles were obtained
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Fig. 2 The apparent changes during biosynthesis of silver nanoparti-
cles utilising L. rhinocerus extract. A The initial L. rhinocerus exhibit-
ing light-brown color. B The transparent silver nitrate solution before
mixing with extract. C The final reaction mixture, upon heating, exhib-
its a dark-brown color, is the indication of reduction of silver ions into
silver nanoparticles

using a scanning electron microscope (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX) (Sarkar et al.
2024). The infra-red analysis of the LR-AgNPs samples
was done on a FTIR (Bruker VERTEX 80, Germany), in
the wavenumber range of 4000-400 cm ™!, with resolution
4 cm!, refractive index 2.4 (Mehrdel et al. 2023). The parti-
cle size distribution of Lignosus rhinocerus-mediated silver
nanoparticles (LR-AgNPs) was determined using dynamic
light scattering (DLS). The nanoparticle suspension was
diluted with deionized water and analyzed at 25 °C. The
hydrodynamic diameter and polydispersity index (PDI)
were calculated based on Brownian motion, and measure-
ments were performed in triplicate to ensure accuracy (Li et
al. 2024; Ivanova et al. 2024).

Test fungal pathogens

Fusarium solani and Aspergillus ochraceus were used in
this work and were obtained from the culture collection of
the Mycology Laboratory, Institute for Tropical Biology and
Conservation, Universiti Malaysia Sabah, Malaysia. The

fungal pathogens were initially characterized based on their
morphological features and preserved on PDA plates and
kept at 25+ 1 °C to obtain actively growing cultures for test-
ing (James et al. 2022; Carolis et al. 2012).

Evaluation of in vitro antifungal activity
Well diffusion assay

The well diffusion assay was performed to study the anti-
fungal activity of L. rhinocerus mediated silver nanopar-
ticles (LR-AgNPs) with little modifications. The fungal
spore suspension (1.5 x 10% conidia mL~') was thoroughly
dispersed on sterile solidified PDA medium (Kora and
Arunachalam 2011). Six wells of 5.5 mm diameter were
made on each agar plate with the help of a sterile cork-
borer. Fluconazole stock was prepared by dissolving 2 mg
tablet powder in 2 mL distilled water while nanoparticle
stock was made by dispersing 5 mg of LR-AgNPs pow-
der in 5 mL distilled water to obtain an equivalent con-
centration and then further diluted to their respective
concentrations. The wells were filled with 90 pL of dif-
ferent concentrations (100, 200, 300, 400, and 500 ppm)
of LR-AgNPs in triplicate. The unit “ppm” refers to total
nanoparticle suspension concentration. The plates were
incubated at 25 °C for seven days, and the zones of inhi-
bition were measured. Fluconazole with same concentra-
tions (100, 200, 300, 400, and 500 ppm) were used well as
a positive control. Sterile distilled water was used as the
negative control. Experiment was conducted in triplicate
(n=3). The Petri plates were placed in an incubator for one
day at 25 °C for seven days (Logeswari et al. 2015).

Radial growth method

Potato dextrose agar (PDA) medium was prepared contain-
ing LR-AgNPs with varying final concentrations (100, 200,

Fig.3 The UV—Visible absorption 45
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strong surface plasmon resonance
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Fig.4 Scanning electron microscopy (SEM) of L. rhinocerus mediated
silver nanoparticles (LR-AgNPs). The SEM micrograph obtained at
20.0 kV, wd 9.1, mm, x 5,500 magnification, and a scale bar of 2 um

300, 400, and 500 ppm) separately. For positive control,
no nanoparticles were added. The pathogen was inoculated
after the medium had solidified (Bibi et al. 2023). Experi-
ment was conducted in triplicate (n=3). The inhibition
percentage of pathogen growth was calculated using the fol-
lowing equation:

_ Growth in control — Growth in Treatment «

Inhibition of pathogen growth (%) = 100

Growth in control

Statistical analysis

All the measured data were statistically analysed using
Statistics 8.1. Data was analyzed using one-way ANOVA,
followed by Tukey’s HSD test at p<0.05. All experiments
were conducted in triplicate (n=3) (Shahbaz et al. 2023).

Results

Synthesis and characterizations of L. rhinocerus
mediated silver nanoparticles (LR-AgNPs)

Lignosus rhinocerus extract was used as the natural agent
that facilitated the reaction in the green synthesis of sil-
ver nanoparticles (LR-AgNPs). The biosynthetic process
began by combining the Lignosus rhinocerus extract with
the aqueous silver nitrate solution. The reaction mixture ini-
tially exhibited a light brown colour followed by a gradual
change to dark brown which confirmed confirms the forma-
tion of silver nanoparticles (Fig. 2).

The UV-Visible spectrum of the silver nanoparticles
synthesized using Lignosus rhinocerus extract revealed an
absorption peak at 410 nm, which is characteristic of the
surface plasmon resonance (SPR) of spherical-shaped silver
nanoparticles (Fig. 3).

The SEM analysis of the LR-AgNPs showed that the par-
ticles were mostly spherical or slightly irregular and formed
dense aggregates. When examined at a higher magnification,
each nanoparticle was about 60—85 nm in size (Fig. 4). The par-
ticles had a smooth surface with no clear facets, and the pres-
ence of aggregations was probably due to sample preparation
during the analysis. The nanoparticles size range of 60—-85 nm
and predominantly spherical morphology were identified.

The effective reduction of Ag” and synthesis of AgNPs
were validated by energy-dispersive X-ray spectroscopy
(EDX) analysis of LR-AgNPs. The highest silver elemental
peak indicated the formation of LR-AgNPs which exhib-
ited 27.21 wt% (or 80.37 wt% normalized and 46.16 at. %).
Similarly, small peaks of Iron (Fe), carbon (C), oxygen (O),
and aluminium (Al) were also recorded (Fig. 5).

Numerous distinctive peaks provided detailed infor-
mation on various functional groups in the FTIR analy-
sis (Fig. 6). The peaks at 3225 cm! corresponded to the

Fig.5 Energy-dispersive X-ray 0_£P_S/eV
(EDX) spectrum of biosynthesized ] Spectrum: Spot-4f177
silver nanoparticles obtained using 3057
Lignosus rhinocerus aqueous . Element Series unn. C norm. C Atom. C Error (1 Sigma)
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2.5
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Fig.6 FTIR spectrum of silver
nanoparticles synthesized using L.
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Fig. 7 Dynamic light scattering (DLS) analysis of Lignosus rhi-
nocerus-mediated silver nanoparticles (LR-AgNPs) showing particle
size distribution

presence of -OH and -NH stretching vibrations, the band at
2918-2773 cm™! represented aliphatic C-H stretching, while
the peaks at 1630 cm™! (Amide I) and 1524 cm™' (Amide II)
were observed. 1630 cm™! (Amide I) and 1524 cm™! (Amide
IT), 291 cm! and in the 958-686 cm™! corresponded region
corresponded to C-N, C-0, and C—O—C vibrations.

The dynamic light scattering (DLS) profile of Ligno-
sus rhinocerus-mediated silver nanoparticles (LR-AgNPs)
shows a particle size distribution with a dominant peak
cantered at approximately~100 nm, within a size range
0of~80-120 nm. The intensity distribution indicates that the

@ Springer
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majority of nanoparticles are relatively uniform in size, with
a sharp and well-defined peak suggesting near monodisper-
sity. The average particle size falls within the nanoscale
range, while the absence of multiple broad peaks suggests
minimal aggregation. The low polydispersity implied by the
sharp distribution indicates good stability of the synthesized
nanoparticles in colloidal suspension (Fig. 7).

Antifungal activities
Well diffusion assay

In this study, the antifungal efficacy of L. rhinocerus derived
silver nanoparticles (LR-AgNPs) was assessed were assessed
against F. solani and A. ochraceus using agar well diffusion
assay. The results showed that LR-AgNPs were effective in
inhibiting the fungal strains that were tested. The inhibition
zones increased with increasing concentrations of LR-AgNPs-
For F solani, LR-AgNPs at the concentrations of 100, 200,
300, 400, and 500 ppm produced inhibition zones measuring
13.3, 14.0, 20.0, 25.3, and 33.0 mm, respectively. The inhibi-
tion zones for A. ochraceus were 9.7, 11.3, 13.0, 14.0, and
16.0 mm. Fluconazole (FLZ), an antifungal drug, was tested
under the same concentrations that exhibited inhibition zones
of 14.3, 16.7, 18.0, 26.0 and 34.7 mm for F. solani at the con-
centrations of 100, 200, 400 and 500 ppm respectively. The
highest inhibitory effect was observed at 500 ppm LR-AgNPs
against F. solani (33.0 mm), 500 ppm FLZ against F. solani
(34.7 mm). Similarly, A. ochraceus produced inhibition zones
of 13.33, 15.34, 13, 14, and 18 mm with the FLZ concentra-
tions 100, 200, 300, 400, and 500 ppm. Maximum inhibition
zone was recorded at 500 ppm of FLZ (Figs. 8 and 9).
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Fig. 8 Antifungal bioassay of Lignosus rhinocerus based silver
nanoparticles (LR-AgNPs) and antifungal drug (Flucozol) against
Fusarium solaniA LR-AgNPs (100 and 200), B LR-AgNPs (300, 400,
and 500), C antifungal drug (Flucozol) (100 and 200), D antifungal
drug (Flucozol) (300, 400, and 500). Antifungal bioassay of Lignosus

m Fusarium solani lAspergiIIus ochraceus a
]
5 35
5
< 30
£
g 25
=
@
a
§ 20
f cd
£15 ¢
Z 10 I I I
=
=
= 5
0
-s@ &
& T ‘&&&&&‘
N4 L NS N4 N4
NS e o S 3 < < < <
S S Oy S S
X X Q.,?’ b Q_,Y
v Vv % % %
Treatments (ppm)

Fig. 9 Concentration-dependent antifungal activity of Lignosus rhi-
nocerus—derived silver nanoparticles (LR-AgNPs) against Fusarium
solani and Aspergillus ochraceus, compared with fluconazole (FLZ).
Bars represent mean inhibition zone+standard error (SE) (n=3). Sig-
nificant differences among treatments were determined by one-way
ANOVA followed by Tukey’s HSD test (p<0.05), and different letters
above the bars indicate statistically significant differences. The nega-
tive control showed no antifungal activity and is not presented

The antifungal potential of LR-AgNPs against F. solani
and A. ochraceus was also evaluated using the radial
growth method (Fig. 10). The results demonstrated that LR-
AgNPs significantly inhibited the mycelial growth of both
tested pathogens compared to the untreated control. In the
control plates (Fig. 9A), the fungi exhibited unrestricted
growth, completely covering the Petri dish surface, with
0% inhibition. In contrast, treatment with fluconazole (FLZ,
500 ppm) markedly suppressed radial growth, producing
inhibition levels of 80% for F. solani and 66% for A. ochra-
ceus (Fig. 10B, C and E, F).

rhinocerus mediated silver nanoparticles (LR-AgNPs) and antifungal
drug (Flucozol) against A. ochraceusE LR-AgNPs (100 and 200), F
LR-AgNPs (300, 400, and 500), G antifungal drug (Flucozol) (100 and
200), H antifungal drug (Flucozol) (300, 400, and 500)

Fig. 10 Antifungal bioassay of L. rhinocerus based silver nanoparticles
(LR-AgNPs) and antifungal drug (Flucozol) against F. solaniA Con-
trol (0 ppm) B antifungal drug (Flucozol) (500 ppm) C LR-AgNPs
(500 ppm), D Control (0 ppm) E antifungal drug (Flucozol) (500 ppm)
F LR-AgNPs (500 ppm)

LR-AgNPs at 500 ppm exhibited strong antifungal effi-
cacy, with inhibition values of 76% against F. solani and
61% against 4. ochraceus (Fig. 11), which were slightly
lower than those achieved by FLZ but still demonstrated
remarkable growth suppression. The reduced colony diame-
ters in the LR-AgNPs—treated plates indicate effective inter-
ference with fungal growth and metabolic activity.

Discussion
In current research work, silver nanoparticles were synthe-

sized and their antifungal activities were evaluated against
F solani and A. ochraceus under laboratory conditions
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Fig. 11 Inhibition of Fusarium solani and Aspergillus ochraceus by
500 ppm of Lignosus rhinocerus—mediated silver nanoparticles (LR-
AgNPs) compared with fluconazole (FLZ). Bars represent mean inhi-
bition zone+standard error (SE) (n=3). Significant differences among
treatments were determined by one-way ANOVA followed by Tukey’s
HSD test (p<0.05), and different letters above the bars indicate statisti-
cally significant differences

using well diffusion and radial growth assays. During the
synthesis of LR-AgNPs, the reaction mixture first had a
light brown colour followed by a gradual change to dark
brown that confirms the formation of silver nanoparticles
(Aygiin et al. 2020). Since the development of a brown
color correlates with the surface plasmon resonance associ-
ated with silver nanoparticles, this visual alteration was an
indication of successful LR-AgNP synthesis (Dal Lago et
al. 2011). The silver nitrate solution change from colourless,
then light green and finally turns to brown is the indication
of silver ions into silver nanoparticles with help of L. rhi-
nocerus extract.

Uv—visible spectroscopy was utilized for further con-
firmation of LR-AgNPs with the presence of a character-
istic absorption peak. The sharp, well-defined SPR peak at
410 nm suggested that the nanoparticles formed are rela-
tively small, predominantly spherical and well dispersed.
The absence of multiple peaks or significant peak broaden-
ing implies minimal aggregation and good stability, likely
due to capping by biomolecules from the L. rhinocerus
extract (Taghavizadeh Yazd et al. 2018). A gradual decline
in absorbance beyond the peak, extending into the visible
region, further supported the presence of a relatively stable
colloid rather than large aggregates or polydisperse parti-
cles. The color change to a dark brown solution, as shown in
the image, was consistent with silver nanoparticle formation
and correlated with the SPR absorption behavior. Similar
absorption peak was recorded by Saratale et al. (2020). Peng
et al. (2013) reported an absorption peak at 415 nm that was
closely related to the current study. SPR arises from the col-
lective oscillation of conduction electrons on the nanoparti-
cle surface when excited by light, and its position is strongly
influenced by particle size, shape and the dielectric environ-
ment (Amin et al.2012).

@ Springer

Scanning electron microscopy (SEM) was applied to
know the size and morphology of LR-AgNPs. In current
study, nanoparticles possess size of 60—85 nm with spheri-
cal morphology. These results are aligned with findings of
Verma and Maheshwari (2018), who reported AgNPs size
at 79.22 nm. With respect to the observations made in the
present study a similar particle size of AgNPs ranging from
55 to 85 nm reported by Mukherjeeet al. (2014). Certain
reports have documented extremely smaller particle size in
the range 3—18 nm (Sharma et al. 2014) and closely similar
size range (30—150 nm) as reported by Sarkar et al. (2011).
The nanoparticle size (60—85 nm) likely plays a signifi-
cant role in antifungal activity, as smaller particles provide
a higher surface area that enhances interaction with fun-
gal cells. Additionally, biomolecules present in the L. rhi-
nocerus extract may act as capping and stabilizing agents,
improving nanoparticle stability and facilitating biological
interactions.

Energy Dispersive X-ray Spectroscopy (EDX) was
performed to identify the silver as elemental form along
with other different elements. These elements act as agent
that may be involved in reduction and stabilization of sil-
ver cations into silver nanoparticles. Similar elements
were reported by Moazzen et al. 2019). The presence of
the optical absorbance band at~3 keV, revealed the pres-
ence of pure metallic silver nanoparticles (Magudapa-
thy et al. 2001). To identify different functional groups
in LR-AgNPs, FTIR analysis was done. These functional
group may be involved the reduction of silver cations into
silver nanoparticles (Gholamrezazadeh et al. 2023). Our
results regarding FTIR are consistent with previous reports
(Mohammadi et al. 2019; El-Bendary et al. 2020; Stani et al.
2020). The DLS results indicate that L. rhinocerus extract
enables the synthesis of relatively uniform silver nanopar-
ticles. The narrow size distribution suggests effective cap-
ping and minimal aggregation by bioactive compounds. The
observed nanoscale size is suitable for antifungal activity
due to enhanced surface area. These findings highlight the
potential of L. rhinocerus as a green nanofactory, although
further analyses such as zeta potential are needed to confirm
stability (Ferrari et al. 2024).

In both bioassay evaluations, the agar well diffusion and
radial growth assays, LR-AgNPs exhibited concentration
dependent increment of antifungal activities. This trend
is consistent with the previous studies indicating that the
antifungal efficacy of meta nanoparticles is closely corre-
lated with their dosage, as higher concentrations produced
more active particles that can interact with fungal cell struc-
tures (Singh et al. 2016; Attia 2025). The well diffusion
assay showed that LR-AgNPs performed better against F.
solani than A. ochraceus. This disparity in sensitivity may
result from differences in cell wall composition, membrane
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permeability, and metabolic pathways between two fungi
that affect the nanoparticles penetrations and interactions
with intracellular targets (Kim et al. 2012). However, it
should be considered that the well diffusion method may
not fully represent the efficacy of nanoparticles due to
their limited diffusion capacity in agar media, which could
underestimate their actual antifungal potential. At 500 ppm,
LR-AgNPs formed an inhibition zone of 33.0 mm against
F. solani that was almost the same as fluconazole produced
i.e. 347 mm. This showed that LR-AgNPs can work as
antifungal agents in the same way that a regular antifungal
drug does. Fluconazole was used as a standard antifungal
reference for comparative purposes; however, it is primarily
a clinical antifungal agent and is not commonly applied in
plant disease management systems. The radial growth assay
confirmed that LR-AgNPs were effective in inhibiting the
fungi screened. Fluconazole had slightly higher inhibition
potential (80% and 66% respectively), but the fact that LR-
AgNPs worked just as well is important because nanoparti-
cles work in different ways than traditional antifungal drugs
(Fisher et al. 2018).

Silver nanoparticles are known to generate reactive oxy-
gen species (ROS), compromise membrane integrity, disrupt
enzymatic functions and hinder DNA replication in fungal
cells (Duran and Marcato 2013; Dakal et al. 2016). The pro-
duction of ROS is associated with oxidative stress induction
that causes lipid peroxidation, dysfunction of mitochondria,
and denaturation of proteins that lead towards fungal cell
death (Gonzalez-Jimenez et al. 2023) Additionally, nanopar-
ticles have ability to interact directly with fungal cell walls
and membranes that enhance the leakage of intracellular
contents and metal ions from nanoparticles cause the inhibi-
tion of enzymic activities and impair nucleic acid synthesis
(Raietal. 2021; Chen et al. 2020). Silver nanoparticles exert
antifungal activity through multiple mechanisms, including
disruption of cell membrane integrity, generation of reactive
oxygen species (ROS), release of Ag* ions, and interaction
with intracellular components such as proteins and DNA.
These interactions increase membrane permeability, lead-
ing to leakage of cellular contents and inhibition of essen-
tial enzymatic processes. Although these mechanisms were
not directly investigated in the present study, the observed
antifungal activity is likely associated with these well-estab-
lished modes of action reported in previous studies (Wu et
al. 2025; Nasiri-Jahrodi et al. 2024; Irshad et al. 2024).

Consistent with these mechanistic insights, previous
reports described the antifungal potential of nanoparticles
against F. solani. Khatami et al. (2019) applied CuONPs
and 80% F. solani growth was inhibited at the concentra-
tion of 80 pg/mL. Similarly, Chouhan et al. (2022) reported
that application of NiCNC showed reduction in rot dis-
ease incidence caused by F solani by 83.33% of wheat

seedlings. Application of CuNPs showed 61-66% F. solani
control (Mahawar et al. 2019). Macrocyclic-Amphiphile-
Based Self-Assembled Nanoparticles (MASN) nanopar-
ticles were potentially effective against root rot caused by F.
solani (Shenashen et al. 2017). Peng et al. (2022) reported
that SiNPs-induced tolerance to postharvest deterioration
and resistance to disease ginger associated with F. solani.
El-Abeid et al. (2024) applied CuO-Zs-NPs against root
rot disease in tomato caused by F. solani. Application of
these nanoparticles to control Between 72.0 to 88.6% com-
pared to 80.5% disease severity in the infected control. The
biosynthesized AgNPs showed strong antifungal activity
against Aspergillus species. At 500 pg/mL, the inhibition
zones were 16 mm (4. niger), 20 mm (4. ferreus), 26 mm
(4. flavus), and 19 mm (4. fumigatus). The MIC values were
125 png/mL (4. niger), 62.5 pg/mL (A. terreus), 15.62 pg/
mL (4. flavus), and 62.5 pg/mL (4. fumigatus) (Hashem et
al. 2022). The potential of AgNPs to interact with fungal
cell wall and interfere with critical physiological functions
reflects the significant feature for the fungal disease man-
agement. These findings indicate that nanoparticles medi-
ated fungal management is predominantly may be involved
by the induction of oxidative stress, membrane damage,
and metabolic pathways disruption. These findings suggest
that LR-AgNPs could be applied in plant disease manage-
ment strategies, such as seed treatments, foliar sprays, or
soil amendments to reduce fungal infections. These findings
highlight the versatile potential of LR-AgNPs in plant dis-
ease management. For example, they could be applied as
seed treatments, foliar sprays, or soil amendments to reduce
fungal infections. In seed treatments, their efficacy can be
optimized through nanopriming to activate defense-related
enzymes and improve seedling vigor (Luszczynska et al.
2024). Additionally, seed coating technologies often incor-
porate polymeric binders, such as Carboxy Methyl Cellu-
lose (CMC) or chitosan, to ensure uniform adhesion to the
seed surface and facilitate a controlled release of the active
particles during germination (Roopashree et al. 2023). In
foliar applications, AgNPs have demonstrated effective
reduction of viral and fungal symptoms when applied as
a direct spray (Berahmand et al. 2025). The integration of
surfactants such as Tween-20 or biological saponins and
stickers would be able to reduce surface tension and over-
come the hydrophobic nature of leaf cuticles, thus enhanc-
ing droplet retention and stomatal penetration (Peirce et al.
2019). This allows the AgNPs to directly inhibit pathogens
or trigger induced systemic resistance (ISR) within the plant
tissues. Whereas, as soil amendments, LR-AgNPs can be
formulated with nanocarriers or stabilizers such as chitosan,
polyethylene glycol (PEG), or nanoclays to prevent agglom-
eration in complex soil environments and ensure targeted
delivery to the rhizosphere (Zhang et al. 2023; Zhao et al.
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2023; Moore-Neibel et al. 2012). However, further stud-
ies under greenhouse and field conditions are necessary to
evaluate their effectiveness, stability under environmental
conditions, and long-term impact on plant growth.

The limitation of the present study is the absence of
appropriate controls, such as AgNOs alone and L. rhinocerus
extract alone, which could independently contribute to anti-
fungal activity. Inclusion of these controls in future studies
would allow clearer differentiation of the specific effects of
synthesized nanoparticles. Therefore, LR-AgNPs in current
study demonstrated an efficient strategy alternative to tradi-
tional fungicides for controlling plant fungal diseases, with
strong potential for application in sustainable plant disease
management and crop protection systems.

Conclusions

The study illustrated that L. rhinocerus extract served as
an effective biological medium for the synthesis of silver
nanoparticles with promising antifungal activities. The LR-
AgNPs were successfully synthesized using a green method
with well-defined shape and size characteristics. Different
concentrations of LR-AgNPs inhibited the fungus F. solani
and A. ochraceus indicating their potential as an eco-friendly
antifungal agent. Further research into their mechanism of
action, biosafety, and field-based formulations will be cru-
cial for the advancement of LR-AgNPs towards real-world
applications.
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