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Abstract: The use of synthetic pesticides has come under
scrutiny, and there has been a subsequent shift toward the
investigation of alternative methods for the treatment of
plant diseases. One notable advancement in this field is the
utilization of porous silicon (PS) powder as a sustainable
antifungal agent. The synthesis of PS nanoparticle (PS-NP)
powder was carried out using the environmentally friendly
ultrasonication process. X-ray powder diffraction, Fourier
transform infrared spectroscopy, Raman spectroscopy, UV-
VIS absorbance, and photoluminescence were some of the
methods used to characterize PS-NPs. The different charac-
terization methods revealed the formation of a nanocrystal-
line structure possessing a cubic Si crystalline quality. The
crystal size of PS-NPs, as determined from X-ray diffract-
ometer data, ranges from 36.67 to 52.33 nm. The obtained
PS has a high band gap of 3.85 eV and presents a photolu-
minescence peak at 703 nm. The antifungal activity of the
synthesized PS-NPs was assessed against three molecularly

characterized fungi, namely Rhizoctonia solani, Fusarium
oxysporum, and Botrytis cinerea, which were obtained
from tomato plants. The concentration of PS-NPs at 75 μg/mL
exhibited the highest enhancement in growth inhibition per-
centages as compared to the control group. R. solani had the
highest inhibition percentage of 82.96%. In conclusion, the
encouraging structural properties and antimicrobial cap-
abilities of PS-NPs pave the way for their application across
diverse technological industries. To the best of our knowl-
edge, this is the first in vitro study of PS-NPs to evaluate their
fungal control efficiency.
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1 Introduction

Nanomaterials have attracted scientists' interest owing to
their unique physical, chemical, and biological properties.
They can be used for many purposes, like controlling plant
pathogens, which makes them an unusual way to get rid
of pests [1–3]. Silicon (Si) element is a significant element
that is essential for several physiological and metabolic
processes in plants [4]. Si is widely regarded as the predo-
minant semiconductor material due to its versatile appli-
cations in various electrical devices such as transistors,
solar cells, integrated circuits, and others [5]. These may
be due to its significant band gap, expansive optical transmis-
sion range, extensive absorption spectrum, surface rough-
ening, and effective anti-reflection coating.

Porous silicon (PS) is widely recognized as a funda-
mental component in numerous contemporary industries
across various domains, including metallurgy, electronics,
and photonics. This technology has the potential to be
applied in various domains, including microelectronics,
optoelectronics, chemical, and biological sensors, as well
as biomedical devices [6]. PS can be prepared using a large
number of techniques, including anodic etching [7,8], spark
plasma sintering stain etching, hydrothermal erosion, and
stain chemical etching (i.e., acidic and alkaline) [9,10]. PS
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nanoparticles (PS-NPs) exhibit considerable potential in var-
ious fields such as sensor technology, theragnostic applica-
tions, antibacterial interventions, antiviral therapy, among
others. The composition of PS-NPs comprises elementary
silicon and its potential compounds, including surface oxides.
It exhibits the notable attribute of having low cytotoxicity.
One notable characteristic of PS-NPs is their ability to undergo
biodegradation, resulting in the formation of non-toxic silicic
acid [11]. The antimicrobial activity was enhanced by the
metal and metal oxide nanoparticles, whether used individu-
ally or in nanocomposite structures, due to their increased
range of improved characteristics [12]. PS-NPs were synthe-
sized using an ultrasonication technique and an alkali wet
chemical etching process (in a single step) with commercially
available silicon powder. This method holds great promise due
to its safety, cost-effectiveness, and high yield percentage [9].

The utilization of Si nanoparticles (Si-NPs) was observed
to mitigate the oxidative stress response through the activa-
tion of defense mechanisms in the presence of biotic and
abiotic stressors [13,14]. Si-NPs are promising for making
effective fertilizers for crops. This is due to their ability to
minimize fertilizer loss through a gradual and regulated
release mechanism, thereby facilitating timely and respon-
sive delivery [15]. The application of Si-NPs was observed to
enhance the germination of seeds in Cucurbita pepo [16] and
the photosynthetic rate of tomato plants [17]. Silicon might
be a part of the system by which plants and pathogens
interact, trigger the host’s defense reaction, and cause plants
to make a series of small-molecule metabolites that make
them more resistant to disease [18,19]. Si-NPs boost the
amount of phenolics in F. oxysporum-infected corn, which
helps the corn resist phytopathogens [18]. It has been
observed that silicon modulates the activities of plant resis-
tance enzymes [20–22]. El-Shetehy et al. [23] have recently
documented that Si-NPs trigger systemic acquired resis-
tance, resulting in a reduced incidence of Pseudomonas syr-
ingae-induced diseases in Arabidopsis thaliana [23]. The uti-
lization of PS-NPs as antibacterial and antifungal agents is a
relatively recent concept, as there has been a shift in focus
towards the development of non-toxic and safe nanoparti-
cles. It has been shown in many studies that nanoparticles
like silver and selenium can be used to control R. solani, F.
oxysporum, and B. cinerea. The potential impact of PS-NPs
against these pathogens aligns with the findings of the afore-
mentioned studies.

Fungal-induced plant diseases currently pose a signifi-
cant threat to global agriculture, potentially jeopardizing
the food security of certain nations and leading to substantial
economic losses estimated in the billions [24,25]. The tomato
plant is a very valuable crop that possesses diverse proper-
ties, making it a commonly utilized source of sustenance for

human consumption. It serves as a staple food in both
affluent and economically disadvantaged nations. Increasing
the cultivation of this particular crop is a prominent agricul-
tural objective in several nations, such as Egypt, Sudan,
Algeria, and other relevant countries, mostly driven by the
consistent growth in demand. Hence, the primary aims of this
investigation were as follows: (a) to produce PS-NPs through
the process of ultrasonication; (b) to conduct a comprehen-
sive characterization of PS-NPs using techniques such as X-
ray powder diffraction, Fourier transform infrared (FTIR)
spectroscopy, Raman spectroscopy, UV-VIS absorbance, and
photoluminescence; (c) to identify the specific fungal patho-
gens responsible for the occurrence of dry rot and gray mold
in tomato plants; (d) to perform both morphological and
molecular characterization of the isolated fungi; and (e) to
evaluate the antifungal properties of PS-NPs against the fungi
R. solani, F. oxysporum, and B. cinerea. To the best of our
knowledge, this study represents the initial in vitro investiga-
tion of PS-NPs in order to assess their effectiveness in control-
ling fungal growth.

2 Materials and methods

This section outlines the methodology for the preparation
of PS powder and presents relevant assays to characterize
the material, thereby demonstrating its potential applica-
tion as an antifungal agent. The subsequent section also
encompassed a biological investigation aimed at moni-
toring the impact and efficacy of utilizing PS powder.

2.1 PS-NP powder preparation and
characterization

Commercially available silicon powder (Si-powder) (Silicium,
Pulver, 99%) was used. The synthesis of PS-NP powder was
carried out using the anisotropic alkali chemical etching pro-
cess via ultrasonication (Ultra-Sonic 208H, KSU-600) [26]. The
alkaline, high-oxidant mixture contained 3wt% KOH and
30 vol% n-propanol. It was exposed to ultrasonication waves
for 3 h. The powder product was filtered, washed, and then
dried overnight at 40°C to obtain the PS-NP powder. X-ray
diffractometer (XRD) was employed to characterize the
powder structure, crystallographic phase, and crystal size
of PS-NP samples. XRD analysis was conducted using Cu-
Kα radiation with a wavelength of 1.5405 Å and at a scanning
rate of 4° per min on a 7000 Schimadzu diffractometer
located in the United States. The chemical bond formation
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was determined using a Fourier transform infrared (FTIR)
spectrophotometer (Shimadzu FTIR-8400s, Japan). FTIR spec-
troscopy was also employed to investigate multiple vibration
modes, with each infrared spectrum being recorded in the
range of 400–4,000 cm−1. Raman spectroscopy was conducted
using the Senteral-Bruker Raman micro-spectroscopy instru-
ment. UV-Vis spectroscopy was performed using the Spectro-
photometer Double Auto Cell from Labomed Inc., USA.
Additionally, photoluminescence measurements were car-
ried out using the Cary Eclipse Fluorescence Spectrophot-
ometer Photoluminescence Instrument from America.

2.2 Fungal study

2.2.1 Isolation

In this study, a systematic procedure was followed to iso-
late the fungi from tomato roots and fruits exhibiting
symptoms such as rot, wilting, or visible fungal growth.
Initially, the tomato samples were meticulously cleaned
with water to eliminate any visible dirt or debris present
on the surfaces. Subsequently, tomatoes were subjected
to a sterilization step by immersing in a 70% ethanol
(Merck KGaA, Darmstadt, Germany) solution for 1 min.
This ethanol treatment effectively sterilized the external
surfaces of the tomatoes. To ensure the removal of any
residual ethanol, tomatoes were thoroughly rinsed with
sterile distilled water, thus completing the surface sterili-
zation process. Small pieces (1–2 cm²) were cut from the
tomato parts using a sterile scalpel. The tomato tissue sam-
ples were placed on the surface of sterile potato dextrose
agar (PDA) (Merck KGaA, Darmstadt, Germany) Petri dishes.
The Petri dishes were sealed with parafilm and incubated at a
temperature of 25 ± 2°C in an incubator ICB-125B (Bioevopeak
Co., Ltd., Jinan, Shandong, China). After 7 days of incubation,
the Petri dishes were observed for fungal growth. Once dis-
tinct fungal colonies appeared they were carefully trans-
ferred to new PDA-Petri dishes using a sterile scalpel. Each
isolated colony was ensured to originate from a single fungal
spore ormycelium tomaintain pure cultures. The Petri dishes
were labeled with the isolate’s coded names, dates, and any
other relevant information. The isolates were kept in the
refrigerator at 4°C until further examination.

2.2.2 Identification of the tested fungi

Fungi were identified morphologically by their macroscopic
and microscopic traits. Infected tissues were evaluated for

the presence of brown, sunken lesions with a distinctive
collar-like margin. Wilting, yellowing, and vascular disco-
loration were examined. Brown or reddish-brown lesions
may be present on the lower stem. Grayish-brown fuzzy
fungal growth on the surface of infected tissues and
grayish spore masses were looked for under high humidity
conditions.

For microscopic examination, a small piece of infected
tissue was placed on a clean glass slide, and a drop of
lactophenol cotton blue solution was added. It was then
covered with a coverslip. Under a VWR 384 BL384 P micro-
scope (Labotec company, Cape Town, South Africa) at low
magnification (40×) and highmagnification (100×), the hyphal
growth and conidia were observed and characterized.

For molecular studies, we initially started with fungal
DNA extraction, which was extracted from the pure cul-
tures using a cetyltrimethylammonium bromide extraction
method [27].

The PCR (Techne Prime Thermal Cycler, Cole Parmer,
IL, USA) amplification of the internal transcribed spacer
(ITS) region was performed with specific primers, ITS1 and
ITS4 [28]. The success of PCR amplification was verified by
running the PCR products on a 1% agarose gel electrophor-
esis (Thermo Fisher Scientific Inc., Waltham, MA, USA). The
PCR products were purified to remove excess primers and
nucleotides. The purified PCR products were submitted to
a DNA sequencing service using a DNA sequencer (ABI
3730xl System, Thermo Fisher Scientific Inc., Waltham,
MA, USA). The raw DNA sequencing data for each sample
were obtained and deposited in the GenBank portal under
accession numbers.

2.2.3 PS-NP antifungal activity

The food poisoning technique was used to assess the anti-
fungal activity of PS-NPs against isolated fungi [29,30]. The
PS-NPs were sterilized by autoclaving (VASI-50L Vertical
Autoclave, KEWLAB Pty Ltd, Melbourne, Australia). A sus-
pension of the nanoparticles was prepared by dispersing
them in sterile distilled water. The PS-NP concentrations
were adjusted by weight per volume (w/v) in the PDA
medium to 25, 50, 75, and 100 μg/mL before being poured
into Petri dishes and allowed to solidify.

A mycelial plug of each fungal isolate was transferred
to the center of individual food poisoning plates using a
sterile scalpel. Negative control plates were prepared by
applying sterile distilled water without the nanoparticles.
The positive control plates were prepared by dissolving
10 μg/mL of sterile distilled water in PDA to assess fungal
growth in the absence of nanoparticles.

Porous silicon nanostructures as an antifungal material  3



The Petri dishes were sealed with parafilm and incu-
bated at 25 ± 2°C for fungal growth. After the incubation
period, the plates were observed for the growth of fungal
colonies. The diameter of the fungal growth inhibition was
measured and compared with the control plates [31].

2.3 Data analysis

The observations were recorded, and the inhibition
percentage % was measured for each fungal isolate. A
statistical analysis, such as an analysis of variance, was
performed to determine the significance of the antifungal
activity of the PS-NPs.

3 Results and discussion

3.1 XRD analysis

Figure 1 shows the XRD pattern of the prepared PS powder.
It was observed that all peaks were indexed to the cubic Si
phase with a space group Fd-3m (227) and lattice para-
meters a = b = c = 5.4309 Å (ICDD Card No. 00-027-1402).
In addition, the low-intensity broad band around 2Ɵ = 25°
may be attributed to the amorphous silicon part. The full

width at half-maximum (FWHM) of the peaks are observed
around 28.26°, 47.16°, 55.96°, 69°, and 76.28°, which corre-
spond to (111) [32], (220) [33], (311) [34], (400) [35], and (331)
[9], respectively (Table 1). These findings are in good agree-
ment with those of other researchers. Fakhri et al. [36]
reported that GaN-NPs are crystalline with a mixture of
cubic and hexagonal phases and were prepared by the
laser ablation method.

The crystal sizes of the obtained nanoparticles were
calculated using the Debye–Scherer equation [37]

=D
Kλ

β θcos

, (1)

where λ = 0.1542 nm is the Cu-Kα wavelength, K is a con-
stant, and β is the FWHM.

3.2 FTIR analysis

FTIR spectroscopy is a significant analytical technique uti-
lized for the qualitative determination of characteristic
functional groups, which enable adsorption phenomena.
The FTIR spectrum of the prepared PS-NPs is depicted in
Figure 2. The FTIR peaks observed, as presented in Table 2,
are situated at 461 cm−1, which correspond to the bending
of Si–O in Si-(O4). The peak at 785 cm−1 can be attributed to
the symmetric stretching vibrations of Si–O–Si. The band
observed between 1,000 and 1,300 cm−1 corresponds to
the stretching modes of the Si–O–Si bonds in PS-NPs.

Figure 1: XRD pattern of the prepared PS-NP powder.
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The broad band ranging from 3,050 to 3,750 cm−1 is asso-
ciated with the stretching modes of O–H bonds, specifically
in the SiOH groups and H2O molecules. Additionally, the
band observed at 1616.4 cm−1 can be attributed to the
scissor-bending vibration of O–H bonds in water [38].

3.3 Raman spectra analysis

Figure 3 shows the Raman peak of PS-NPs observed at
514 cm−1 with a shape that is nearly Lorentzian [40]. The
phonons in small crystallites exhibit localization. In the
context of crystalline PS, the optical phonon is detected
at the central point of the Brillouin zone, exhibiting an
energy value of 514 cm−1. This observation can potentially
be attributed to the preservation of quasi-momentumwithin
silicon crystals. The crystallinity of the PS-NP powder pro-
duct agrees with the XRD results as shown in the previous
studies [9,41,42]. In a study conducted by Dubey and Gautam
[43], it was observed that in the case of pure single-crystal-
line silicon, the Raman peak occurs at a wavenumber of
520.5 cm−1 and exhibits a shape that closely resembles a
Lorentzian distribution.

3.4 UV-VIS absorbance spectrum analysis

The UV-VIS absorbance spectrum, shown in Figure 4, exhi-
bits the resultant optical properties of the prepared PS-NPs.

The band gap (Eg) of the prepared PS-NPs was esti-
mated by the Tauc plot as well as by a derivative [44]:

= −αhυ A hυ E .
n

g( ) ( ) (2)

In the given equation, A represents a constant that
varies depending on the specific transition; α denotes the

Table 1: Crystal sizes of the obtained PS-NPs

Peak 2Ɵ (°) Plane FWHM Size (nm)

1 28.26 (111) 0.2028 42.17
2 47.16 (220) 0.247 36.67
3 55.96 (311) 0.183 51.37
4 69 (400) 0.38 26.51
5 76.28 (331) 0.2017 52.33

Figure 2: FTIR spectrum of the prepared PS-NP powder.

Table 2: FTIR peaks of the prepared PS-NPs

Peak
(1/cm)

Functional group/band Ref

461 Si–O bending [26]
785 Si–O–Si symmetric stretching vibrations [39]
1,074 Si–O asymmetric stretching in Si–O–Si [26]
1616.4 O–H scissor bending vibration [26]
3,414 O–H stretching modes, interstitial water, and

the hydroxyl group
[39]

Figure 3: Raman spectra of the PS-NP powder.
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absorbance; Eg represents the band gap energy; (hν) repre-
sents the photon energy, with h representing Planck’s con-
stant; and n represents an index. The variable n assumes
the values of 1/2, 3/2, 2, and 3. The determination of the n
value is contingent upon the specific characteristics of the
electronic transition that gives rise to the phenomenon of
reflection. Figure 5 illustrates the construction of the Tauc
plot, where the x-axis represents the photon energy (hν)
and the y-axis represents the square root of the product of
photon energy and absorption coefficient ((hνα)1∕2). The
band gap energy of the studied material can be determined
by extrapolating the linear region to (hνα)2 = 0.

3.5 Tauc plot analysis

Figure 5 represents the band gap of the PS-NP powder. It
shows the Tauc plot of the prepared PS-NP and its band gap
for the indirectly allowed transitions, which equals 3.85 eV.
This high band gap value is due to the disturbance of elec-
trons caused by incoming light, and the transition between
electronic states is the source of the optical property of a
material. Ramadan and Martín-Palma [45] explained that
PS-NP particles could be described as a mixture of silicon
nanocrystals, amorphous silicon, and air. Therefore, its
optical behavior depends on the porosity and thickness

Figure 4: The UV-VIS absorbance spectrum of the PS-NP powder.

Figure 5: A Tauc plot of the indirect allowed transitions for the prepared PS-NP powder.
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of the porous layer. The determined band gap value exhi-
bits a greater magnitude compared to the value reported in
a previous study [46].

The phenomenon of bright luminescence in the visible
region at room temperature was observed in PS [47]. The
visible light emission of PS-NPs can be attributed to various
factors, including the direct radiative recombination of
confined carriers in Si QDs. (ii) The presence of surface
states on the crystallites, which have been contaminated
with hydrogen (H) and oxygen (O) due to the chemical
etching process, is observed. (iii) The emission of visible
light under excitation is attributed to the presence of
siloxane. The presence of oxygen-related defect centers
has been documented [48]. The emission spectrum is con-
tingent on the specific conditions of the preparation.

3.6 Photoluminescence analysis

Figure 6 shows the photoluminescence of the PS-NP powder.
This sample presented a photoluminescence peak at 703 nm.
Dubey and Gautam [40] and Salman et al. [49] reported that
the photoluminescence peak shifts to a higher wavelength by
increasing the porosity and surface area. Then, by increasing
the porosity, the value of the energy band gap is increased,
and so, the PL peak has a remarkable blue shift.

The average pore diameter (d) for the prepared PS-NPs
can be calculated using the following equation [49]:

= + ⎢
⎣⎢ + ⎥

⎦⎥E E
h

d m m
eV

8

1 1

,g g

2

2

e h

( ) (3)

where E (eV) is the energy band gap of PS-NPs, calculated
from Figure 6 (experimental value of the PS-NPs PL peak), Eg is
the energy band gap of bulk c-Si, h is Planck’s constant = 4.13 ×
10–15 eV s, whereas the electron and hole effective masses are
(at 300 K) 0.19mo, 0.16mo, and mo = 9.109 × 10−31 kg, respec-
tively. Therefore, the calculated pore size is 3.195 nm. The
calculated value of Eg is 3.85 eV, which strongly agrees with
the produced value in Figure 5. Table 3 provides a comparison
between the values of the synthesized PS-NP powder (pore
size and energy band gap) and other published values by
different research groups.

3.7 Fungal isolation and morphological
identification

The isolation trails from tomato plant parts revealed three
fungal isolates that were subjected to morphological exam-
ination, and they appeared to be R. solani, Fusarium sp.,
and Botrytis sp.

R. solani typically appears as a white to brownish, fluffy
mycelial growth on the surface of the culture medium. It
also produced sclerotia, which were compact, irregularly

Figure 6: Photoluminescence of the synthesized PS-NP powder.

Table 3: Pore size and energy band gap of PS-NPs

Sample PL peak (nm) Eg (eV) Pore size (nm) Reference

PS-NPs 703 3.85 3.195 This study
PS-wafer 623 2 5.88 [50]
PS-wafer 639 1.940 5.7 [49]
PS-wafer 670 1.85 3.3 [51]
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shaped structures. Under the microscope, R. solani showed
septate hyphae that lacked cross-walls (non-septate) in some
parts. It produced branching, swollen hyphal cells called
“beaked” or “barrel-shaped” cells. The presence of clamp
connections was a characteristic feature [52].

The isolation of R. solani from tomato plants is consis-
tent with previous studies, as this fungal pathogen is known
to cause diseases in various crops, including tomatoes [53].
The macroscopic and microscopic features described, such
as the production of sclerotia and the presence of clamp
connections, align with the characteristics reported in the
literature [53,54].

The features in Fusarium sp. colonies exhibited a violet
color, and textures were fluffy. Meanwhile, the microscopic
examination revealed hyaline (colorless) and septate hyphae.
The conidiophores bore single or branched chains of conidia.
The conidia were usually sickle- or banana-shaped, oftenwith
a single-celled or multi-celled macroconidium and sometimes
with smaller microconidia [55].

Fusarium sp. is another common fungal pathogen cap-
able of infecting tomato plants and causing various dis-
eases such as Fusarium wilt and crown rot [56]. The
description of the macroscopic and microscopic features,
including the colony color and the presence of sickle-
shaped conidia, is consistent with the morphological char-
acteristics of Fusarium species [57].

In the Petri-dish, B. cinerea colonies initially appeared
as a fluffy, whitish-gray mold, which later turned brown or
grayish-brown as they produced abundant conidia. The
colonies could also exhibit a fuzzy or cottony texture
[58]. Under the microscope, B. cinerea showed septate
hyphae, the conidiophores were typically branched and
bore chains of conidia. The conidia were usually colorless
or slightly pigmented, ellipsoidal to cylindrical, and had a
characteristic “fuzzy” appearance due to the presence of
fine hairs or spines. In a previous study, the fungus B.
cinerea was identified as a necrotrophic pathogen known
to infect tomato plants and cause gray mold disease [59].
Also, the description of the macroscopic and microscopic
features, such as the production of conidia and the pre-
sence of fine hairs or spines on conidia, is in line with
previous studies on the morphology of B. cinerea [59,60].

Overall, morphological characterization led to the iden-
tification of the fungal isolates at the genus level, and for the
precise and accurate identification results we investi-
gated at the molecular level. The decision to proceed
with molecular identification methods is well-founded,
as molecular techniques, such as DNA sequencing and
PCR-based methods, can provide more accurate and spe-
cific identification of fungal species compared to morpho-
logical methods alone [61,62].

3.8 Molecular analysis

Molecular identification results for the fungi isolated from
tomato are typically determined through molecular tech-
niques such as PCR and DNA sequencing. These techniques
allow for the specific identification and differentiation of
fungal species based on their genetic material [55,63]. Also,
as reported before, the use of molecular techniques, such
as PCR and DNA sequencing, has become standard practice
in the identification of fungal species, as these methods
offer higher resolution and specificity compared to tradi-
tional morphological methods [28,64]. Since the ITS region
is widely used for fungal identification due to its highly
conserved nature among fungi, making it a suitable target
for PCR amplification and DNA sequencing, we used this
tool to ensure our isolate identification [65,66]. PCR ampli-
fication of the ITS region of the fungal DNA was performed
and DNA sequencing of the amplified ITS region revealed a
100% match with R. solani, F. oxysporum, and B. cinerea
reference sequences in the GenBank database. Based on
these results, the isolated fungi from the tomato samples
were identified as R. solani, F. oxysporum, and B. cinerea.
The accession numbers were assigned to the sequences
OR116524, OR116504, and OR116485, respectively.

The successful identification of R. solani, F. oxysporum,
and B. cinerea from tomato plant parts through molecular
techniques underscores the importance of combining both
morphological and molecular methods in the accurate
diagnosis and characterization of plant pathogens.

3.9 Antimicrobial properties

Table 4 displays the growth inhibition percentages of
R. solani, F. oxysporum, and B. cinerea when exposed to
different concentrations of PS-NPs (μg/mL). The growth
inhibition percentages of the fungal pathogens were deter-
mined after treating them with various concentrations of
PS-NPs. The results indicate that the effectiveness of PS-NPs
in inhibiting the growth of these pathogens varied based
on the concentration used. At a concentration of 25 μg/mL,
PS-NPs exhibited a growth inhibition percentage of 80.00%
for R. solani, 70.37% for F. oxysporum, and 41.11% for
B. cinerea. Increasing the concentration to 50 μg/mL
resulted in slightly lower growth inhibition percentages
for all three pathogens: 78.89% for R. solani, 71.11% for
F. oxysporum, and 42.22% for B. cinerea.

At a concentration of 75 μg/mL, the growth inhibition
percentages showed an improvement compared to the
previous concentration. R. solani exhibited the highest
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inhibition percentage of 82.96%, followed by F. oxysporum
at 72.96% and B. cinerea at 44.44%. The highest concentra-
tion tested, 100 μg/mL, resulted in a slight decrease in
growth inhibition percentages compared to 75 μg/mL.
R. solani showed a percentage of 78.52%, F. oxysporum
exhibited 73.33%, and B. cinerea had the highest inhibi-
tion percentage of 50%. Comparing all the concentrations,
the positive control with an inhibition percentage of 81.11% for
R. solani, 71.48% for F. oxysporum, and 47.78% for B. cinerea
showed comparable effectiveness to the highest concentration
of PS-NPs. However, the negative control had no inhibitory
effect on any of the pathogens. Several results from different
studies and investigators proved the ability of metal nanopar-
ticles to exhibit antifungal or antibacterial activity, such as
silver nanoparticles, which have been widely investigated
for their antifungal properties [1,2,67–69]. The distinctive
properties and structural features of PS-NPs, such as their
high surface area, unique architecture, and consistent pore
dimensions, contribute to their strong antifungal effective-
ness against fungal pathogens.

Understanding the mode of action of control agents is
essential for enhancing their efficacy, especially when
addressing limitations in their performance. The precise
mechanism through which PS-NPs combat the studied
pathogen remains unclear but several theories have been
proposed. The fungicidal activity of PS-NPs may be a result
of protein molecule inactivation or direct interaction with
the pathogen’s DNA, causing DNA mutations and affecting
replication [70,71]. The antifungal properties of PS-NPs
could be due to the easy degradation of the cell wall
resulting from their small size. This degradation occurs
by forming hydrogen bonds between the cell wall lipopo-
lysaccharides and the surface hydroxyl groups present in
PS-NPs [72]. PS-NP accumulation in the membrane may
trigger cell lysis [73] by inhibiting the transmembrane
energy cycle, forming insoluble compounds within the

fungal membrane that disrupt the electron transport chain,
or oxidizing the cell membrane due to the electrostatic
attraction between the positively charged PS-NPs and the
negatively charged cell membrane [74]. The surface features
of PS-NPs support this perspective, as the positively charged
PS-NPs interact with protein thiol groups (-SH) on the fungal
cell surface, causing cell lysis [75].

The results suggest that the growth inhibition percen-
tages of the fungal pathogens were influenced by the con-
centration of PS-NPs, with higher concentrations generally
exhibiting stronger inhibitory effects. These findings indi-
cate the potential of PS-NPs as a means to control the
growth of R. solani, F. oxysporum, and B. cinerea, although
further studies are needed to explore their mechanisms of
action and evaluate their safety and environmental impact.
The antimicrobial activities of PS-NPs were subjectively
determined by their characteristics, such as size, shape,
concentration, and physicochemical properties [76]. The
current results confirmed that the obtained PS-NPs have
remarkable antimicrobial capabilities. These studies high-
light the potential of various nanoparticles as antifungal
agents. However, it is important to consider the potential
cytotoxicity, environmental impact, and long-term effects
of using nanoparticles before employing them as anti-
fungal agents. Further research should be conducted to
optimize the use of nanoparticles and investigate potential
synergistic or additive effects with other antifungal agents
to enhance their efficacy.

4 Conclusions

In summary, this study has delved into the intriguing
realm of utilizing PS-NPs as an environmentally friendly
antifungal agent for the management of plant diseases. Our
primary objective was to evaluate the efficacy of PS-NPs,
synthesized via a free-cell approach, in combating fungal
pathogens, aiming to reduce our dependence on synthetic
pesticides. This innovative approach holds significant pro-
mise for sustainable and eco-friendly plant disease man-
agement strategies.

Our investigation has yielded several notable outcomes:
1. Efficacy of PS-NPs: Our experiments unveiled a compel-

ling dose-dependent inhibition of fungal growth, spanning
a concentration range of 25–100 μg/mL. Impressively, the
concentration of 75 μg/mL PS-NPs exhibited the highest
growth inhibition percentages compared to the control.
This antifungal activity was particularly pronounced
against prominent pathogens, including R. solani, F.
oxysporum, and B. cinerea.

Table 4: Growth inhibition percentage of PS-NPs (µg/mL) against
R. solani, F. oxysporum, and B. cinerea fungal isolates

Concentration of PS-NPs
(µg/mL)

Growth inhibition percentage

R. solani F. oxysporum B. cinerea

25 80.00 ab 70.37 c 41.11 d
50 78.89 ab 71.11 bc 42.22 d
75 82.96 a 72.96 ab 44.44 c
100 78.52 b 73.33 a 50 a
Positive control (10 µg/mL) 81.11 ab 71.48 abc 47.78 b
Negative control 0.0 c 0.0 d 0.0 e

Letters a–e in the same column are not the same, and it can be inferred
that all the values beside them exhibit statistically significant differences
at a probability level of 0.005.
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2. Structural characterization: Employing various charac-
terization techniques, such as X-ray powder diffraction,
FTIR spectroscopy, Raman spectroscopy, UV-VIS absor-
bance, and photoluminescence, we have confirmed the
nanocrystalline structure and crystalline quality of PS-
NPs. This deeper structural understanding enriches our
grasp of their antimicrobial potential.

3. Environmental sustainability: The utilization of ultra-
sonication for PS-NP synthesis has emerged as a safe, cost-
effective, and environmentally friendly methodology. This
aspect underscores the potential for eco-conscious alterna-
tives in the realm of plant disease management.

4. Novelty and implications: This study marks a pio-
neering exploration of PS-NPs as antifungal agents,
representing the first in vitro evaluation of their efficacy.
The amalgamation of their unique structural character-
istics and potent antifungal properties suggests wide-ran-
ging applications in various technological sectors.

Our research underscores the immense promise of
PS-NPs in the context of sustainable plant disease manage-
ment. It underscores their dual advantages of environ-
mental friendliness and effectiveness in inhibiting fungal
pathogens. Furthermore, our work not only contributes to
the existing body of knowledge regarding alternative dis-
ease management strategies but also kindles the spark for
future research and practical applications.

Our vision for future work envisions an extended
exploration of PS-NPs in diverse agricultural and industrial
settings. We anticipate conducting comparative studies to
establish quantitative benchmarks, providing a clear metric
for their performance relative to established treatments.
This continued research trajectory will serve as a crucial
step in advancing sustainable and efficacious approaches
to plant disease control, ultimately benefitting both agricul-
ture and the environment.
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