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Abstract

The increasing prevalence of drug-resistant fungal pathogens and the limitations of current antifungal therapies underscore

the need for novel alternative treatments. This study aimed to evaluate the antifungal effects of green-synthesized silver

nanoparticles (Ag NPs) on three clinically significant fungi: Aspergillus niger, Microsporum canis, and Candida albicans. Silver

nanoparticles were synthesized using plant-based extracts to ensure eco-friendly production methods. The synthesized Ag NPs

were characterized using UV spectrophotometry, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),

dynamic light scattering (DLS), zeta potential measurements, scanning electron microscopy (SEM), and transmission electron

microscopy (TEM). Characterization assays revealed spherical particles with colloidal stability, an average size of approximately

80 nm, a Polydispersity Index of 0.4, and a surface charge of 62.3 mV. Minimum inhibitory concentration (MIC) values

demonstrated effective suppression of fungal growth at low nanoparticle concentrations. In conclusion, our study highlights

the potential of green-synthesized Ag NPs as a promising alternative to conventional antifungal agents, emphasizing their

significant advantages in biocompatibility and eco-friendliness. These findings could pave the way for a new era in treating

fungal infections, particularly those caused by drug-resistant strains.
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1. Background

Fungal infections can cause various invasive and
systemic disorders and have become a significant risk
factor, especially for individuals with immune-
associated disorders and pregnant women. Several
antifungal drugs are widely used to treat these
infections; however, their effectiveness is increasingly
limited due to toxicity, drug resistance, and
environmental concerns. Pathogenic fungi such as
Aspergillus niger, Microsporum canis, and Candida albicans

pose a serious threat to human health, particularly in
immunocompromised individuals. These fungi are
responsible for several major diseases and recent cases
of resistance to the main antifungal drugs. While
antifungal drug resistance may not seem as urgent as
antibacterial drug resistance, the long-term issue lies in
the limited availability of antifungal agents since fungi

are eukaryotic organisms with structures and metabolic
processes similar to those of their eukaryotic hosts.
Consequently, there is an urgent need to identify novel
antimicrobial agents (1, 2).

Nanomaterials, an advancement in nanotechnology,
have been reported to exert antifungal activities and can
be considered a tool for controlling phytopathogenic
fungi (3). Among these, metal nanoparticles particularly
silver, gold, copper, platinum, and palladium have been
extensively studied for their antifungal properties. Silver
nanoparticles (Ag NPs), in particular, can be used as
biosensors, catalysts, drug delivery agents, antioxidants,
and anticancer agents. They have gained significant
attention due to their broad-spectrum antimicrobial
properties. The small size, high surface-to-volume ratio,
and ability to interact with microbial membranes make
Ag NPs highly effective in combating resistant
pathogens, including fungi. In addition to their
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antimicrobial properties, Ag NPs have shown promise in
a variety of applications, ranging from medical
diagnostics to environmental remediation, highlighting
their versatility and potential as a powerful tool in
science and technology (4).

Silver nanoparticles can be synthesized through
various methods, including physical, chemical,
electrochemical, microwave-assisted synthesis, and
photochemical reductions (5-7). However, these
methods face limitations, including the use of ecotoxic
chemical agents like reducing and stabilizing agents,
the need for sophisticated facilities, and harsh,
expensive conditions such as high temperatures and
vacuum technology (5, 8). To overcome these
limitations, biosynthetic methods have been developed
using plant extracts, enzymes, flavonoids, and
microorganisms such as fungi and actinomycetes (9, 10)
These techniques, often referred to as "green synthesis
of nanoparticles," are characterized by their eco-friendly
nature, non-toxic properties, enhanced
biocompatibility, and cost-effectiveness, reducing the
need for advanced instruments (11).

In this study, we assessed the antifungal effects of
green-synthesized Ag NPs using silymarin (SLM) on
three clinically relevant fungal species: Aspergillus niger,
a common cause of aspergillosis; M. canis, responsible
for dermatophyte infections; and C. albicans, a
significant pathogen in systemic candidiasis.

2. Objectives

By investigating the efficacy of these green-
synthesized Ag NPs, we aimed to evaluate their potential
as alternative antifungal treatments with lower
environmental risks and toxicity.

3. Methods

3.1. Synthesis of Silver Nanoparticles

Silymarin (Sigma-Aldrich, Germany) was used as a
reducing agent for the green synthesis of Ag NPs. The
synthesis protocol involved preparing a 20 mM silver
nitrate (AgNO₃) (Sigma-Aldrich, Germany) solution in 2
mL of distilled water and a 10 mM SLM solution in 2 mL
of ethanol. To initiate the reaction, 2 mL of the AgNO₃
solution was added to 46 mL of deionized water under
continuous stirring. The SLM solution was then
introduced dropwise into the reaction mixture. The pH
of the mixture was adjusted to 11 using sodium
hydroxide (NaOH), followed by stirring at 1000 rpm for 1
hour. The resulting dark black solution, indicative of Ag
NP formation, was centrifuged at 4°C and 12,000 rpm for

20 minutes to collect the nanoparticle precipitate. The
concentration of the synthesized Ag NPs was
determined using inductively coupled plasma
spectroscopy, initially quantified in parts per billion
(ppb) and converted to micrograms. Various
concentrations of Ag NPs were prepared to establish a
calibration curve, with the absorbance measured at 400
nm using UV-Vis spectrophotometry (12).

3.2. Characterization of Synthesized Nanoparticles

The particle size, Polydispersity Index (PDI), and zeta
potential of the Ag NPs were measured using dynamic
light scattering (DLS) with an SZ-100 nanoparticle
analyzer (Horiba, Japan). The crystalline structure of the
synthesized Ag NPs was characterized by X-ray
diffraction (XRD) analysis, performed on a D8 ADVANCE
X-ray diffractometer (Bruker, Germany) at a scanning
rate of 15°/min across a diffraction angle range of 10 -
90°C. Functional groups and chemical properties were
further assessed using Fourier transform infrared (FTIR)
spectroscopy, conducted with an FT/IR-6300
spectrometer (JASCO, Japan) over a scanning range of
350 - 4000 cm⁻¹. The morphology of the Ag NPs was
examined via scanning electron microscopy (SEM;
JSM6701F, JEOL, Japan) and transmission electron
microscopy (TEM; CM120, Philips, Netherlands) (13).

3.3. Determination of Minimum Inhibitory Concentration

To assess the antifungal efficacy of varying
concentrations of Ag NPs against A. niger, M. canis, and C.
albicans, the minimum inhibitory concentration (MIC)
was determined. In this method, C. albicans was cultured
in Mueller-Hinton broth (MHB) (Sigma-Aldrich,
Germany) medium and treated with increasing
concentrations (6-fold dilutions) of the respective
nanoparticle. The positive control well contained C.

albicans and the culture medium, while the negative
control well contained only the initial stock of the
compound and the medium. The microplates were
shaken for 30 seconds to ensure a homogeneous
mixture and then incubated at 37°C for 18 hours. The
MIC was determined as the lowest concentration of the
compound that showed no turbidity, indicating
inhibition of microbial growth. Turbidity was compared
with the positive control well, while transparency and
clarity were compared to the negative control well.

For A. niger and M. canis, the fungi were cultured in
Mueller-Hinton agar (MHA) (Sigma-Aldrich, Germany)
and treated with serial dilutions of Ag NPs. The positive
control plate contained the target microorganism and
culture medium, while the negative control plate
contained the Ag NPs stock solution and medium. The
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plates were incubated at 37°C for 24 hours. The MIC was
defined as the lowest concentration of Ag NPs that
exhibited no fungal growth, indicating successful
inhibition of microbial proliferation.

4. Results

4.1. Silver Nanoparticles Biosynthesis and Characterization

As previously described, Ag NPs were synthesized
using a green method with SLM. The formation of Ag
NPs was visually confirmed through a color change
during the reaction. As shown in Figure 1, the solution
changed from light yellow (Figure 1A) to blackish brown
(Figure 1B), indicating the reduction of silver ions (Ag⁺)
to elemental silver (Ag⁰).

The successful synthesis of Ag NPs was further
validated by UV-visible spectrophotometry. Figure 1C
shows a broad absorption peak at approximately 410
nm, which confirms the formation of Ag NPs.

The colloidal stability of the Ag NPs was evaluated
using DLS and zeta potential measurements. As shown
in Figure 2A, the hydrodynamic diameter of the green-
synthesized Ag NPs was approximately 80 nm, with a
PDI of 0.4, indicating a moderate distribution of particle
sizes.

Additionally, the zeta potential of the synthesized Ag
NPs, as displayed in Figure 2B, was approximately -44
mV. This high zeta potential value indicates strong
electrostatic repulsion between the particles,
contributing to the stability of the colloidal suspension
and preventing nanoparticle agglomeration.

The XRD patterns, illustrated in Figure 2C, show two
prominent and well-defined reflections at 2θ values of
approximately 38.78° and 65.14°, corresponding to
lattice spacings (d_hkl) of 2.35 Å and 1.45 Å, respectively.
These diffraction peaks confirm the face-centered cubic
(fcc) crystalline structure of silver. Specifically, the peaks
at 2θ 38.78° and 65.14° correspond to the (111) and (220)
crystallographic planes of the fcc lattice.

The FTIR spectrum highlights the key functional
groups involved in the green synthesis and stabilization
of Ag NPs using SLM as both a reducing and capping
agent (Figure 2D). As shown in Figure 3, a broad
absorption band around 3400 cm⁻¹ corresponds to O–H
and N–H stretching vibrations, indicative of hydroxyl
and amine groups. These groups, derived from bioactive
compounds such as flavonoids and proteins present in
SLM, play a crucial role in reducing silver ions (Ag⁺) to
elemental silver (Ag⁰). Hydroxyl groups, in particular,
act as electron donors, facilitating the reduction
process. The peak observed at 2900 cm⁻¹, associated

with C–H stretching, suggests the presence of alkyl
chains, likely from organic compounds in the SLM
extract, which may contribute to the hydrophobic
stabilization of Ag NPs.

Additionally, the sharp peak at 1650 cm⁻¹ corresponds
to C=O stretching, indicating the presence of carbonyl
groups, potentially from amides or other carbonyl-
containing molecules. These carbonyl groups interact
with the nanoparticle surface, further enhancing
stabilization by preventing agglomeration. Peaks
around 1400 cm⁻¹ are attributed to C–H bending and
aromatic C=C stretching, suggesting the presence of
aromatic compounds. These possible flavonoids may
contribute to nanoparticle stabilization through π-π
interactions. Finally, the sharp absorption band in the
range of 1000 - 1200 cm⁻¹ indicates C–O stretching,
typically associated with alcohols or ethers, confirming
the role of these groups in the capping and stabilization
of Ag NPs.

Figure 3 presents the morphology of the synthesized
Ag NPs, as visualized through scanning electron
microscopy (SEM) (Figure 3A) and transmission electron
microscopy (TEM) (Figure 3B) imaging. The SEM images
revealed that the Ag NPs were predominantly spherical
with a relatively uniform size distribution. The particles
displayed smooth surfaces with occasional aggregates,
indicating successful synthesis with minimal
agglomeration. The average particle size observed in the
SEM images aligned with the hydrodynamic diameter
obtained from DLS measurements. Transmission
electron microscopy analysis provided a more detailed
view of the internal structure of the Ag NPs, confirming
their spherical shape with well-defined boundaries,
further supporting the uniformity in particle size and
shape observed in the SEM analysis.

4.2. Determination of Minimum Inhibitory Concentration

This study investigated the antifungal activity of
green-synthesized Ag NPs against C. albicans using the
broth microdilution technique, and against A. niger and
M. canis using plate assays. The microbial stock,
obtained from overnight fungal cultures, was
inoculated onto plates and incubated at 32°C for 24
hours. A gradient of Ag NPs concentrations (10, 20, 40,
80, 160, 320, and 640 µg/mL) was used to determine the
MIC, with serial dilutions performed to identify the
lowest concentration that inhibited fungal growth.

As shown in Figure 4A, a dark color is visible in the
lower wells, likely corresponding to higher
concentrations of Ag NPs, possibly indicating complete
inhibition of fungal growth. As the concentration
decreases across the wells, the color becomes lighter
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Figure 1. A and B, green synthesis of silver nanoparticles (Ag NPs) using silymarin (SLM); C, UV-Vis absorption spectra of green synthesized Ag NPs using SLM

and more transparent, suggesting a reduction in the
inhibitory effect and possible fungal growth. This assay
demonstrates a dose-dependent antifungal effect, where
increasing concentrations of Ag NPs result in more
significant inhibition of C. albicans. Moreover, based on
the broth microdilution, the MIC for C. albicans revealed
that concentrations as low as 80 μg/mL effectively
inhibited growth.

For A. niger and M. canis, plate assays revealed
significant inhibition of fungal growth at Ag NPs
concentrations starting from 320 μg/mL for A. niger and
80 μg/mL for M. canis (Figure 4A and B, respectively).

5. Discussion

In this study, Ag NPs were synthesized using an eco-
friendly method with SLM as a reducing and stabilizing
agent, indicated by a color change from light yellow to
blackish brown, signifying the reduction of silver ions
(Ag⁺) to elemental silver (Ag⁰). This dual function of SLM
is attributed to its bioactive compounds such as
alkaloids, flavonoids, saponins, and steroids (14). The
successful synthesis of the Ag NPs was validated using

various analytical techniques. The FTIR results
confirmed the involvement of hydroxyl, amine,
carbonyl, and ether groups in both the reduction and
stabilization of Ag NPs. These bioactive molecules not
only facilitated the reduction process but also provided
a stable environment to prevent nanoparticle
aggregation, consistent with previous studies on green
nanoparticle synthesis (15-18).

X-ray diffraction analysis revealed sharp and narrow
reflections, confirming the high crystallinity of the Ag
NPs synthesized in this study. According to previous
research, a low PDI suggests a narrow size distribution,
indicating a uniform size for the synthesized Ag NPs (19).
In this study, DLS and zeta potential measurements
showed that the hydrodynamic diameter of the green-
synthesized Ag NPs was approximately 80 nm, with a
PDI of 0.4. As demonstrated in prior studies, a low PDI
suggests a relatively narrow size distribution and
uniform size of the Ag NPs (19). Additionally, the surface
charge of the green-synthesized Ag NPs was
approximately 62.3 mV. This positive potential value can
be attributed to the interaction between SLM and the
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Figure 2. A, dynamic light scattering (DLS) result for silver nanoparticles (Ag NPs); B, ZETA graph for net charge of Ag NPs; C, X-ray diffraction (XRD), pattern of green synthesized
Ag NPs using SLM; D, FTIR pattern of green synthesized Ag NPs using SLM

Figure 3. Morphological analysis using Fe- scanning electron microscopy (SEM) (A) and transmission electron microscopy (TEM) (B)

surface of the Ag NPs, potentially altering the surface
charge distribution. The functional groups in SLM may
contribute to a net positive charge or affect surface
chemistry. This observation aligns with previous studies
on the impact of natural compounds on nanoparticle
charge and stability (20, 21). Moreover, the
morphological analysis confirmed a predominantly

spherical and relatively uniform size distribution for the
green-synthesized Ag NPs, consistent with the findings
of Mekky et al. and Ogbogo et al., who reported similar
results using Spinacia oleracea and Jatropha curcas leaves
as source plants, respectively (20, 22).

Silver nanoparticles are known for their broad-
spectrum antifungal properties, attributed to their
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Figure 4. Plate assays for A, Candida albicans; B, Aspergillus niger; and C, Microsporum canis in treatment with silver nanoparticles (Ag NPs)

small size, high surface area-to-volume ratio, and ability
to penetrate fungal cell walls, causing cellular damage
and death (23). This study employed the broth
microdilution technique to assess the antifungal
efficacy of green-synthesized Ag NPs against C. albicans.
The results demonstrated a dose-dependent antifungal
effect, with increasing concentrations of Ag NPs
resulting in enhanced inhibition of A. niger, M. canis, and
C. albicans. These findings align with previous studies
highlighting the potent antifungal properties of Ag NPs,
which are known to disrupt fungal cell walls and
membranes, leading to cytoplasmic leakage and cell
death (24).

Moreover, another study has shown that Ag NPs
interact with fungal cells to generate reactive oxygen
species (ROS), which further contributes to cellular
damage and death (25). In this study, the MIC for C.

albicans was found to be 80 μg/mL, consistent with
earlier studies that reported MIC values for
biosynthesized Ag NPs against Candida species ranging
from 62.5 to 125 μg/mL (26). For A. niger and M. canis,

plate assays revealed significant growth inhibition at
concentrations starting from 320 μg/mL and 80 μg/mL,
respectively (Figure 4A and B). Previous research has
typically reported MIC values for Aspergillus species
within the range of 62.5 to 125 μg/mL.

Overall, the MIC values observed in this study are
comparable to those in other studies where Ag NPs,
synthesized using various biological sources and
methods, exhibited strong antifungal activity at
concentrations as low as 15.62 to 125 μg/mL, depending
on the fungal species and the plant extract used for the
green synthesis of the Ag NPs (25).

5.1. Conclusions

In conclusion, this study demonstrated the potent
antifungal activity of green-synthesized Ag NPs using
SLM against A. niger, M. canis, and C. albicans. The results
showed that these green-synthesized Ag NPs effectively
inhibited the growth of all three fungal species, with
MICs consistent with recent studies. These findings
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suggest that green-synthesized Ag NPs hold significant
potential as alternative antifungal agents, especially in
addressing resistant fungal strains, and their
application could be further explored in clinical
settings.
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