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Abstract: Currently, the prime focus in agricultural research
is on sustainability and protection of agricultural produce
with minimal use of synthetic fungicides. In the present
study, silver nanoparticles (AgNPs) were synthesized using
fresh leaves of Mentha pulegium (M.p) through a simple,
easy, and economical method. The formation of M.p-AgNPs
was ascertained with UV-visible spectroscopy that gave
a surface plasmon resonance peak at 430 nm. Further,
M.p-AgNPs were characterized by energy dispersive X-Ray
analysis (EDX), transmission electron microscopy (TEM),
dynamic light scattering, and Fourier-transform infrared
(FTIR) spectroscopy. The DLS spectrum and TEM micropho-
tographs showed that the M.p-AgNPs were small in size,
measuring between 4 and 60 nm. Significant hyphal growth
inhibition of some selected fungal phytopathogens was
achieved after exposing them to various concentrations of
M.p-AgNPs. The M.p-AgNPs (40 pg:mL™) suppressed the
fungal mycelial growth of all the test isolates significantly.
When compared to the control, Fusarium solani (63% inhibi-
tion) and Alternaria alternata (61% inhibition) showed
the highest inhibition. Likewise, spore germination was
inhibited in a potent manner. Hence, based on the findings
of the present study, M.p-AgNPs can be used to create a
low cost, nontoxic, eco-friendly fungicide to control the
growth and proliferation of some fungal phytopathogens
in the agricultural sector.
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1 Introduction

Nanotechnology is a cutting-edge technology that has
rapidly evolved in recent years, resulting in a slew of
new breakthroughs in medicine, agronomy, engineering,
biosciences, and physics [1]. The nanotechnique entails
the controlled synthesis of extremely tiny particles using
various metals. The nanoparticles (NPs) created have dis-
tinct properties, shapes, and sizes range from 1 to 100 nm
[2]. However, silver nanoparticles (AgNPs) are the most
studied of all metals. AgNPs are being researched and
used extensively in various therapies, including bone
and wound healing, vaccine adjuvants, and bioimaging
[3]. Furthermore, these particles have demonstrated sig-
nificant inhibition of pathogenic microbes and cancer
cells [3-5].

The conventional methods of NP synthesis (chemical
and physical) are the most used approaches because they
allow control over the shape and size of the particles [6].
However, these methods are expensive and use some
toxic components that have a negative impact on the
environment. All these characteristics limit their use in
many scientific applications and have created a great
deal of ambiguity. Conversely, the biological method of
NP synthesis is a simple, cost-effective, environmentally
friendly, and effective method that uses readily available
natural materials and does not necessitate elaborate pro-
cessing [7]. The biological method of synthesis is also
referred to as green synthesis, and it involves organisms
as whole cells or biomolecules from plant extracts [8].

Plants are a treasure trove for a variety of biomole-
cules. Plant secondary metabolites play an important role
in reduction and capping during the nanosynthesis pro-
cess [9,10]. The production of NPs from various plant
parts is a simple and expeditious process. Furthermore,
the NPs created are nontoxic and biocompatible and have
improved stability [11]. Recent research has demonstrated
the green synthesis of AgNPs, as well as their antimicrobial
activities [12,13].
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Mentha pulegium L. (M.p) is a perennial aromatic and
tomentose herb belonging to the family Lamiaceae [14]. It
is native to Central Asia, the Middle East, North Africa,
and Europe [15,16]. In the Kingdom of Saudi Arabia, M.p
leaves are popularly known as Mint of Al Medina. The
M.p leaves grown in Medina are small and ovate and
have a very strong aroma and flavor. The leaves are
mostly consumed in fresh forms in herbal tea and culinary
applications, whereas the dry leaves are mostly used as an
additive in several spices. In folk medicine, M.p leaves are
used to treat nausea, bloating, dyspepsia, diarrhea, gastro-
intestinal ailments, headaches, cough and influenza, and
tuberculosis [17-19]. Its antibacterial [20,21], antigeno-
toxic [22], and antioxidant activities [23] have also been
reported.

To the best of our knowledge, very few studies have
documented the antifungal activity of AgNPs synthesized
from M.p, especially from the leaves grown in Al-Madinah
Al-Munawarah. Hence, with this assumption, this study
aimed to synthesize AgNPs using M.p leaves, characterize
the synthesized NPs, and evaluate their antifungal activity
against some phytogenic fungi.

2 Materials and methods

All the chemicals and reagents used in this study were of
analytical grade and were purchased from Sigma Aldrich-
Germany. All the experimental preparations were carried
out with double-distilled water, while antifungal studies
were done with double-sterilized distilled water.

2.1 Collection and identification of the plant

M.p was purchased from a local market in Medina city,
Kingdom of Saudi Arabia. The plant was identified by
Professor Najat Bukhari and deposited in the herbarium
of King Saud University (Department of Botany), College
of Science, Saudi Arabia, under the voucher no. 24543.

2.2 Preparation of leaf extract

M.p leaves were separated from the stem, washed, and
shade dried at 25°C. Leaves (10 g) were chopped finely
and added to 100 mL of distilled water and mixed well.
This mixture was heated at 60°C for 20 min, allowed to
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cool, and then centrifuged at 5,000 rpm for 10 min. The
centrifuged solution was filtered through paper (Whatman
No. 1). The filtrate was collected and used for further
studies.

2.3 Synthesis of silver nanoparticles
(M.p-AgNPs)

A 100 mL aqueous silver nitrate solution (1 mM-AgNOs3)
was prepared by adding AgNOs powder to a fixed volume
of distilled water. By adding 5 mL of M.p leaf extract to
45 mL of aqueous AgNOs solution, a reaction mixture was
prepared. This yellow-colored mixture was incubated at
80°C (pH 8) for 30 min and observed for color change.
When the mixture turned brown, it indicated the forma-
tion of M.p-AgNPs through the reduction of Ag ions.

2.4 Characterization of the synthesized
M.p-AgNPs

The synthesized M.p-AgNPs were characterized and exam-
ined with UV-Vis, transmission electron microscope
(TEM), DLS, EDX, and Fourier-transform infrared (FTIR)
spectroscopy. UV-Vis spectroscopy was used to obtain
the absorption spectrum (Perkin Elmer, MA, USA). The
morphology of M.p-AgNPs and their size were examined
and photographed under a transmission electron micro-
scope (TEM; JEOL-JEM-Plus-1400, Japan). The polydiver-
sity index, hydrodynamic diameter, and size distribution
of M.p-AgNPs were determined with a dynamic light scat-
tering (DLS) analyzer (Malvern-model ZEN-3600, Nano
series, Malvern-UK). Furthermore, the elemental composi-
tion of M.p-AgNPs was examined, and the spectrum was
captured at an accelerating voltage (30 kV) with the help
of an energy dispersive X-ray detector (EDX-FESEM-model
no-JSM-7610F, Japan). FTIR analysis of M.p leaf extract
and M.p-AgNPs was investigated using the potassium bro-
mide pellet on a Thermo Fischer Spectrometer (Thermo
Scientific Model-Nicolet 6700, USA). The IR spectrum was
collected at a wavelength range of 400-4,000 cm™.

2.5 Phytopathogens

The following phytopathogens were used in the present
study: Alternaria alternata, Colletotrichum musae, Fusarium
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solani, F. oxysporum, Helminthosporium sativum, and
Macrophomina phaseolina. The fungal isolates H. sativum,
M. phaseolina, and C. musae were provided by the Department
of Plant Protection, College of Food and Agricultural Sciences,
while A. altemata, F. solani, and F. oxysporum were obtained
from the Department of Botany and Microbiology, College of
Science, King Saud University.

2.6 Determination of antifungal activity

The synthesized M.p-AgNPs were evaluated against the
aforementioned fungal pathogens at different concentra-
tions (5, 10, 20, and 40 pg-mL’l). The assay was conducted
according to the method of Kim et al. [24] with minor
changes. In brief, different concentrations of M.p-AgNPs
were added separately in a fixed volume to potato dextrose
agar (PDA), mixed well by swirling, and the media amended
with NPs was carefully added to Petri dishes.

After an hour, 6 mm fungal agar discs were removed
aseptically from the respective fungal culture plates and
placed in the center of each Petri plate. Plates containing
PDA and mycelial discs without M.p-AgNPs served as posi-
tive controls, while plates amended with the fungicide
(instead of M.p-AgNPs) served as negative controls. In this
study, a combination of 0.1% carbendazim + mancozeb (C + M)
was used as a fungicide. All the inoculated plates were
incubated at 28°C for 7 days. The diameter of the mycelial
growth (colony) was measured on the seventh day and the
percentage (%) of mycelial inhibition was calculated:

% Mycelial inhibition = (Dic — Dit)/Dic x 100 (1)

where Dic represents the average mycelial growth in con-
trol plates and Dit represents the average colony diameter
at each treatment.

2.7 Effect of M.p-AgNPs on spore
germination of test pathogens

The assay for spore germination was conducted following
the method of Ibrahim [25]. Different concentrations of
M.p-AgNP in the range of 5, 10, 20, and 40 pg-mL~" were
prepared, tested, and observed for their effect on spore
germination. Briefly, 500 pL of each M.p-AgNP and spore
suspension (spore density of 1 x 10°spores-mL™") were
added to a test tube to obtain a final test concentration
(5-40 pg-mL™"). Similarly, the same volumes of spore
suspension and distilled water in a test tube served
as controls. All of the test tubes were placed in an incu-
bator (28°C) for 24 h. Postincubation period, the spore
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germination rate was recorded. The spore germination
was calculated by counting 100 spores (on a slide with
lactophenol cotton blue) for each control and treatment,
and the percentage inhibition rate was determined [26].
The experiment was repeated thrice with three replicates
in each set.

2.8 Statistical analysis

The data presented in this study were analyzed by stan-
dard deviation and were determined by analysis of var-
iance for significant differences (p < 0.05) and Tukey’s
HSD test. The statistical tests were run on XLSTAT (soft-
ware version 2020.1.1), Addinsoft Inc.

3 Results

3.1 Synthesis of M.p-AgNPs

When leaf extract of M.p (yellow) was added to colorless
AgNO; solution under facile conditions, the mixture turned
brown in color after 45min indicating the formation of
M.p-AgNPs (Figure 1). The brown colored colloidal solution
corresponds to the surface plasmon resonance (SPR), which
is caused by the oscillation of free electrons in the electro-
magnetic field [27].

3.2 UV-Vis analysis of biosynthesized NPs

Figure 2 shows UV-Vis absorption spectrum of the bio-
synthesized AgNPs from M.p leaf extract. A distinct SPR
peak at 430 nm confirmed the formation of M.p-AgNPs.
The position of the peak (SPR) on the spectrum is deter-
mined by various factors and properties of NPs, including
the refractive index of the medium and the size and shape
of NPs [28,29]. Figure 2 depicts the reasonably broad and
unique SPR peak, which is indicative of the size distribu-
tion of the synthesized M.p-AgNPs over a wide range.
Similar findings have been reported earlier [30].

3.3 FTIR analysis of plant extract and
synthesized AgNPs

Figures 3 and 4 depict the IR absorption spectrum of M.p
leaf extract and synthesized M.p-AgNPs. The FTIR
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Figure 1: Formation of AgNPs using M.p aqueous leaf extract: A — M.p

aqueous leaf extract, B - silver nitrate solution, C — synthesized M.p-AgNPs.
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spectrum of M.p leaf extract (Figure 3) showed a strong
broad peak at 3,404 cm™. This peak could be associated
with the OH stretching vibrations of phenols and alco-
hols. The peaks observed at 2,933, 1,606, and 1,521 cm’
denote the CH stretching of alkanes and symmetric -NH,
bending of amino acids. The peaks at 1,408, 1,265, and
1,067 cm ' suggest the presence of aromatic compounds
(C—C stretching) and symmetric and asymmetric stretches
of C-0-C. Rad et al. [31] in a recent study characterized
zinc NPs synthesized from M.p leaf extract and showed
peaks at similar positions on the IR spectrum.

The FTIR spectrum of M.p-AgNP was significantly
different from that of M.p leaf extract. The peaks at
3,446, 1,622, 1,384, and 1,041 cm™ shown in the FTIR
spectrum of M.p-AgNP (Figure 4) indicate the presence
of an OH group of alcohol or phenols, -NH group of
amide or proteins, and carbonyl group of esters. These
results strongly indicate the binding of Ag+ to OH groups
of phenol and alcohols and C=O0 of esters or aldehydes
and also confirm the capping and reduction of Ag+ to
AgNPs. The noticeable alterations in the vibrational bands
and stretches in the IR of M.p-AgNP suggest that func-
tional groups play a significant role in the capping and
reduction processes during the synthesis of M.p-AgNP.
The peaks observed in both spectra in the current study
indicate the presence of several bioactive molecules such
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Figure 2: UV-Vis absorption spectrum of the biosynthesized AgNPs from aqueous leaf extracts of M. pulegium.
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Figure 3: FTIR spectrum of M.p aqueous leaf extract.
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Figure 4: FTIR spectrum of the biosynthesized AgNPs of M.p-AgNPs.

as amines, proteins, phenols, and aromatic compounds.
These biomolecules are well recognized for their role in
various processes during the synthesis of NPs, such as

reduction, capping, and stabilization. Previous research
has demonstrated the role of carbonyl and hydroxyl
groups in the aforementioned process involving the
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biosynthesis of green AgNPs [32,33]. Furthermore, the bio-
molecules present in plant extract prevent the agglomera-
tion of NPs [33].

3.4 DLS - measurement analysis

The average size of biosynthesized M.p-AgNPs and their
distribution were evaluated with the DLS analyzer. The
pattern is depicted in Figure 5. The average size of the
NPs was 61.81nm while the polydiversity index was
0.233. The low polydiversity index value and size distri-
bution show that the particles are highly dispersed. DLS
is an important technique that determines the hydrody-
namic measurements of the NPs, in association with bio-
logical molecules and ions attached to the NPs [34,35].

3.5 TEM of biosynthesized M.p-AgNP

Figure 6 depicts the microphotograph of biosynthesized
M.p-AgNP. The synthesized M.p-AgNPs were chiefly spher-
ical, and the mean diameter of the particles ranged
between 4 and 46 nm. The particles were widely separated
without agglomeration. The current findings are consistent
with those of Kelkawi et al. [36] who reported that the size
of AgNPs synthesized by using M.p plant extract was in the
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5-50 nm range and that their shape was anisotropic. The
average diameter of M.p-AgNP measured with TEM was
much smaller than that measured with DLS. This could
be because TEM measures the NPs in their dry state,
whereas DLS measures them in their hydrated state [37].

3.6 Energy dispersive X-ray analysis-EDX

The EDX spectrum of the synthesized M.p-AgNPs is
depicted in Figure 7. The spectrum showed peaks between
2.5 and 3 keV, indicating silver signals and the formation
of M.p-AgNP. The peak at 3 keV is an accurate indication of
the formation of AgNPs and is ascribed to the SPR [38]. The
results indicate that M.p-AgNPs contained silver (23.9%),
along with other elements like carbon (42.9%), oxygen
(30.7%), calcium (0.04%), and potassium (20%). The pre-
sence of elements other than silver could be from the bio-
molecules of leaf extract that get bound to NPs during
synthesis or contaminants from the grid itself.

3.7 Mycelial growth inhibition

As depicted in Figures 8 and 9, all the fungal phytopatho-
gens treated with M.p-AgNPs inhibited mycelial growth
significantly (p > 0.05). As the concentration of M.p-AgNPs
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Figure 5: The DLS spectrum exhibiting the size range of synthesized M.p-AgNPs.
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Figure 6: TEM microphotographs of the NPs synthesized using M.p leaf extracts.
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Figure 7: EDX spectrum of NPs synthesized from the leaves of M.p.

increased, so did the inhibitory activity. F. solani and
A. alternaria had the smallest colony diameters at the
highest test concentration (40 ug-mL'; Figure 8). Simi-
larly, at 40 pg-mLfl, F. solani inhibited mycelial growth
the most (66%), followed by A. alternata (61%), M. pha-
seolina (56%), H. sativum (53%), and F. oxysporum (51%).
C. musae, however, was least inhibited (36%), even at the

highest test concentration. Some isolates, like M. phaseo-
lina and F. oxysporum, showed complete inhibition when
treated with the fungicide (Figure 9). However, M.p leaf
extract and AgNO3 had minimal growth inhibitory activity
on all the test isolates. Overall, for all the plant pathogens
tested, M.p-AgNPs caused considerable mycelial growth
inhibition as compared to AgNO; and extracts. M.p-AgNPs’
large surface area and micro size allow them to easily
penetrate cells through the cell membrane, causing cell
damage [39,40]. However, the antifungal mechanism of
NPs against plant pathogenic fungi remains unclear. Bio-
synthesized NPs are thought to be capable of crossing
plant cell membrane barriers very meticulously via a
very precise penetration technique. The rapid influx of
NPs is thought to cause an electrolyte imbalance. Further-
more, the unchecked entry of NPs causes cell death by
targeting the cellular proteins and the nucleic acids (DNA
and RNA) [41,42].

3.8 Spore germination

Spores are very crucial in the growth of fungal pathogens
as they germinate, spread, and penetrate the underlying
tissue, thereby establishing the pathogen. Impeding the
growth and germination of spores is vital for arresting the
spread and establishment of any disease. Figure 10 illus-
trates the effective suppression of spore germination
treated with M.p-AgNPs. The figure clearly shows that
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at a concentration of 40 pg-mL_l, F. solani, A. alternata, Sterilized distilled water had no effect on spore germi-
and M. phaseolina exhibited considerable inhibition of nation. AgNO; and M.p leaf extract had a negligible effect
spore germination (18%, 22%, and 24%, respectively). on the inhibition of spore germination (Figure 10).
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Figure 10: Percentage spore germination of fungal test pathogens treated with M.p-AgNPs at 40 pg-mL~".

The current study clearly indicates the significant
inhibition of mycelial growth and spore germination
of plant pathogenic fungi treated with M.p-AgNPs. The
small size of M.p-AgNPs along with the secondary meta-
bolites present in the leaf extracts might have facilitated
the robust inhibitory activity. In agreement with these
findings, previous reports have demonstrated the anti-
fungal activity of plant-derived AgNPs against an array
of plant pathogenic fungi, including Colletotrichum sp.,
Aspergillus sp., and Fusarium sp. [43,44]. The variable
inhibitory activity of M.p-AgNPs on the growth of fungal
pathogens seen in this study could be due to the resis-
tance offered by the fungal cell barriers that hinder the
entry of NPs into the cell, thus reducing the extent of
damage to fungal cells and spores.

4 Conclusion

Plant-derived NPs are used widely in a variety of bioscience
applications around the world. AgNPs were successfully
synthesized using M.p leaves in this study. The synthesized
NPs were characterized, and their antifungal properties
were evaluated. The biosynthesized M.p-AgNPs inhibited
hyphal growth and suppressed spore germination of fungal

test pathogens in a significant manner. The growing demand
for a safe food supply has compelled the use of nontoxic
agents to protect agricultural produce from devastating
fungal pathogens. Based on the findings of this study, it is
proposed that M.p-AgNPs can be formulated into a nontoxic
fungicide to control plant pathogens at a low cost and in an
environmentally friendly manner. More research is needed
to understand their effect on human cells and to investigate
their therapeutic applications.
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