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ABSTRACT

Green, eco-friendly, cost-effective, safe, and reliable processes for
synthesizing nanoparticles using microorganisms as bio-nanofactories have
garnered significant interest due to their ability to transform metals into
nanoscale particles for use in various fields. In this study, silver nitrate and
supernatants from Cladosporium herbarum, isolated from water samples of
Qarun Lake in Egypt, were utilized for the extracellular biosynthesis of
silver nanoparticles (AgNPs), and their effectiveness against various
pathogenic microorganisms was assessed. Silver nanoparticles were
synthesized using four isolated marine fungi, with optimization of reaction
parameters, and the resultant nanoparticles were characterized using a range
of analytical techniques including Transmission Electron Microscopy
(TEM), Fourier transform infrared (FT-IR), and X-ray analysis. The
antimicrobial activity of the biosynthesized silver nanoparticles was
evaluated against a variety of pathogens, including both Gram-positive and
Gram-negative bacteria, yeast, and fungi. The results demonstrated that
silver nanoparticles synthesized by Cladosporium herbarum exhibited
potent antimicrobial activity against different pathogens under optimal
conditions, including a substrate concentration of 5 mM, an incubation
temperature of 37°C, a pH value of 6, and a 24-hour incubation period.
TEM analysis revealed the formation of spherical, well-dispersed
nanoparticles with sizes ranging from 4 to 23.1nm, while FT-IR
spectroscopy indicated prominent absorption bands at 556, 762, 1349, 1451,
1562, 1620, and 3352 cm™', corresponding to the stretching vibrations of
alkyl halides, C-H groups, phenolic O-H groups, amide C-N groups, NH,
groups, N-H groups, and hydroxyl (OH) groups, respectively. The
biosynthesis of silver nanoparticles mediated by Cladosporium herbarum
holds promise as a potential antimicrobial agent against various pathogenic
microbes.
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Marine fungi have been shown to contain various bioactive secondary metabolites with
unique structures. These bioactive compounds exhibit antibacterial activity against
several pathogenic bacteria (Basheer et al., 2018; Karthikeyan et al., 2022; Arrieche
etal., 2023).

The study by Wulandari et al. (2021) demonstrated the antimicrobial activities of
Cladosporium sp. against Staphylococcus aureus, Staphylococcus epidermidis, Klebsiella
pneumoniae, Escherichia coli, Bacillus subtilis, Bacillus megaterium, and Bacillus
stearothermophilus. It also highlighted Cladosporium species as a valuable source of
pharmaceutical-grade antimicrobial compounds.

Kalyani et al. (2017) concluded that marine fungi isolated from the Bay of Bengal in
Kakinada exhibited antibacterial activity against a variety of Gram-positive and Gram-
negative bacteria.

Marine fungi excrete hydrolytic enzymes that degrade different substances, contributing
to the purification of aquatic environments (Ortiz-Vera et al., 2018). These fungi
represent a unique ecological category, distinct in both morphology and physiological
requirements from their terrestrial counterparts. Lakes and ponds provide suitable
environments for fungal growth (El-Sahrouny et al., 2009). The ecology and growth of
marine fungi are influenced by various factors, including habitat, available substrata,
geographical distribution, temperature, salinity, competition, organic nutrients, oxygen
availability, contaminants, and even light (Jones, 2000).

Zhou et al. (2016) confirmed that marine fungi isolated from different habitats exhibit
varying biological activities, with 142 fungal species from 84 genera displaying 137
distinct types of biological activity.

Marine fungi can be employed for the eco-friendly and cost-effective remediation of
contaminants through bioremediation. Bioremediation relies on fungi's ability to
eliminate or transform pollutants into harmless products (Dell’Anno et al., 2021). Given
the potential long treatment periods required for high concentrations of contaminants, the
combination of nanomaterials and bioremediation holds promise (Cecchin et al., 2017).
Nanotechnology can significantly enhance pollutant remediation efficiency when
integrated with conventional treatment methods (Mobasser & Firoozi, 2016).

Biosynthesis of nanomaterials offers advantages over chemical methods, as it employs
non-toxic agents and results in higher efficiency, reducing health and environmental
concerns (Dorcheh & Vahabi, 2016). Nanomaterials enhance microbial activity against
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specific waste and toxic substances, reducing time and cost (Rizwan et al., 2014;
Darwesh et al., 2022).

Moustafa's study (2017) emphasized the efficiency of biological techniques in
nanomaterial synthesis compared to traditional chemical and physical methods. Fungi, in
particular, are favored for metal nanoparticle synthesis due to their ability to secrete large
quantities of enzymes and proteins. Handling fungal biomass in the laboratory is
straightforward and cost-effective. For example, Aspergillus flavus demonstrated the
ability to synthesize extracellular AgNPs with high antibacterial activity, achieving one
hundred percent removal efficiency against faecal coliform. Additionally, biosynthesized
nanomaterials have shown promise as antimicrobial agents against various pathogens
causing waterborne disease.

Popli et al. (2018) revealed that extracts of Cladosporium sp. contain biomolecules
responsible for reducing and capping biosynthesized silver nanoparticles.

Qarun Lake is one of the Egyptian lakes suffering from low water quality due to bacterial
contaminants (Abdelmageed et al.,, 2022). This study aimed to biosynthesize silver
nanoparticles using marine fungi isolated from Qarun Lake and assess the antibacterial
activity of the biosynthesized nanoparticles. These nanoparticles may subsequently find
application in the treatment or nano-bioremediation of microbial contaminants in Qarun
Lake ultimately improving water quality.

MATERIALS AND METHODS

Isolation and identification of fungi for silver nanoparticle synthesis

Fifteen water samples were collected from Qarun Lake, Egypt, and stored in sterile
containers at 4°C. The growth and preservation of fungal cultures were conducted using
Malt Extract Agar (MEA) medium. Fungal identification took place at the Regional
Center for Mycology and Biotechnology (RCMB), Al-Azhar University based on
morphological and reproductive characteristics. Ten different isolates belonging to five
species were identified, with one particular fungus predominating. This predominant
fungus was cultured in Malt Extract Broth (MEB) at 28°C on a rotary shaker (120 rpm)
for 7 days. Subsequently, the biomass was harvested via filtration and washed with
distilled water. Approximately, 20g of wet biomass was mixed with 100mL of distilled
water and incubated at 28°C for 24 hours on a rotary shaker. Following incubation, the
biomass was filtered, and the resulting cell filtrate was collected for the biosynthesis of
AgNPs, following the method outlined by Devi and Joshi (2012). For the extracellular
biosynthesis of AgNPs, a solution of silver nitrate (AgNOs3) was added to yield various
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concentrations of silver ions, ranging from 1 to 10mM. The mixture was incubated at
28°C for 7 days in the dark to prevent any photochemical reactions until a noticeable
change in color occurred.

Optimization of reaction parameters for the biosynthesis of AgNPs

Various parameters were optimized by systematically changing them one at a time. To
determine the optimal incubation time and wavelength for the biosynthesis of AgNPs, a
mixture comprising 20mL of 1mM AgNOj3 and 20mL of cell filtrate was agitated in the
dark at pH 7 and a temperature of 37°C. Optical density measurements were taken at
various time intervals. AgQNO3 concentrations ranging from 1 to 210mM were added to the
fungal filtrate, followed by incubation at temperatures of 15, 20, 28, 37, and 50°C, as
well as pH levels of 5, 6, 7, 8, 9, and 10 for substrate concentration, temperature, and pH
optimization, respectively. The optical absorbance was recorded at different time
intervals using the optimal wavelength. Absorption spectra were measured within the
range of 200 to 800nm, and the optimal incubation time was determined at different
intervals.

Characterization of AgNPs

Several techniques were employed to characterize the silver nanoparticles, including
visual observation, UV-Visible spectroscopy, energy-dispersive X-ray (EDX) analysis in
conjunction with Scanning Electron Microscopy (SEM), X-ray diffraction (XRD)
analysis using Transmission Electron Microscopy (TEM), TEM and Fourier transform
infrared (FT-IR) analysis.

UV-visible spectroscopy analysis

The reduction of silver ions was verified using UV-visible spectrophotometer (Milton-
Roy Spectronic 1201 UV) after 48 hours. The absorption spectra of the supernatants were
taken between 200 and 800nm.

TEM analysis

The diameter, size, and shape of AgNPs were determined using TEM (JEOL 1010 TEM,
Japan). The sample was prepared by placing a solution drop containing the
biosynthesized AgNPs onto a TEM grid made of carbon-coated copper with 400 meshes
(PlanoGmbh, Germany). Electron micrographs of the sample were captured using an
accelerating voltage of 80 kV at the Regional Center for Mycology and Biotechnology.

SEM analysis

EDX spectra (SEM/EDX, JSM.550 LV [JEOL, SEM, Japan]) were used for morphology
analysis. Surface binding elements were analyzed with X-ray photoelectron spectroscopy
and showed peak values of Ag element.
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FT-IR spectroscopy analysis

A FT-IR spectrometer (IRPrestige-21®, German) was used to analyze the interaction
between proteins and nanoparticles, as well as to detect biomolecules involved in the
reduction of Ag+ ions, following the standard operating protocol. The fungal filtrate,
which contained nanoparticles, was subjected to agitation at 5000rpm for 10 minutes,
followed by washing with deionized water and air-drying. FT-IR spectra were recorded
within the range of 450 - 4000 cm™ at a resolution of 4 cm™.

Antimicrobial actvity of the biosynthesized AgNPs

The antimicrobial activity of synthesized AgNPs was investigated against eight species of
pathogenic bacteria: Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris,
Salmonella typhi (Gram-negative bacteria), Enterococcus faecalis, Methicillin-Resistant
Staphylococcus aureus (MRSA), Staphylococcus hominis, and Staphylococcus
epidermidis (Gram-positive bacteria); two species of pathogenic yeast (Candida albicans,
Candida tropicalis); and three species of pathogenic fungi (Aspergillus niger, Penicillium
expansum, Rhizopus oryzae) using the agar well diffusion method. All pathogens were
obtained from the antimicrobial unit at RCMB, Al-Azhar University. The overnight-
grown bacteria and yeast cultures were plated on Nutrient Agar media, while fungal
cultures were plated on Malt Extract agar media. Wells with a diameter of 6mm were cut,
and 50uL of AgNPs solution at each concentration were added to each well. The cell
filtrate alone was used as a control. One well was filled with chloramphenicol or
griseofulvin as positive control. The plates were refrigerated for 30 minutes and then
incubated overnight at 37°C for bacteria and yeast and at 28°C for fungi. The plates were
subsequently observed for the presence of zones of inhibition after 24-48 hours of
incubation.

Minimal inhibitory concentration (MIC) of AgNPs

The broth microdilution techniqgue was employed to determine the MIC values.
Approximately, 10uL of each bacterial culture was introduced into 10mL of nutrient
broth, followed by treatment with varying concentrations of AgNPs, ranging from 30 to
10 pg/mL. These mixtures were subsequently incubated at 37°C for 24 hours, while the
control group solely consisted of broth. The MIC was the minimum AgNPs concentration
that ceases the bacterial growth (Aabed & Mohammed, 2021). Visual turbidity in the
tubes was observed to confirm the MIC value.

Effect of AgQNPs on microbial morphology and ultrastructure

The morphological and ultrastructural alterations induced by AgNPs in the most sensitive
tested microorganisms (C. tropicalis and S. hominis) were analyzed by TEM at RCMB
using a voltage of 70 kV following treatment with their respective MICs of AgNPs
(25pg/mL for C. tropicalis and 30pg/mL for S. hominis).



708 Manar A. Basheer et al. 2023

RESULTS

Isolation and identification of marine fungi

Table (1) and Fig. (1) display the macroscopic and microscopic characteristics of the
predominant fungus. Its colonies are characterized by colors ranging from olivaceous
green to olivaceous brown, with an olivaceous black reverse. Microscopic examination
revealed smooth-walled conidiophores with a color ranging from pale to olivaceous
green, as well as ellipsoidal to cylindrical conidia with smoothly rounded ends, all of
which were identified as belonging to Cladosporium herbarum.

Tablel. Macroscopic and microscopic characteristics of Cladosporium herbarum

Isolate Macroscopic characteristics Microscopic characteristics
Surface color Reverse  Conidiophor Conidia
° Phialides
Cladosporiu Olivaceous green Greenis Smooth, Ellipsoidal to
m herbarum  (Papazlatani et al. 2022) h black hyaline cylindrical, 5.5-

13.0 x 3.8-6.0 um

“— conidia

8

/

conidiophore

Fig. 1. Cladosporium herbarum (a) Colony on MEA, (b) Colony reverse;
(c) Microscopic characteristics
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Optimization result of reaction parameters for the biosynthesis of AgNPs

The cell filtrate, when incubated with AgNOj3 solution in the dark, exhibited a gradual
change in the medium'’s color, transitioning to brown, with the intensity increasing over
time. This color change, indicative of silver nanoparticle synthesis, was visually
observed. In contrast, the control (without AgNO3) displayed no color change when
subjected to the same conditions.
The results indicated an increased absorption intensity between 400 and 500nm.
Consequently, optical density measurements were taken at equal time intervals to
precisely identify the optimum wavelength. The results revealed a peak at 430nm as the
optimal ultraviolet wavelength for measuring AgNPs in all filtrates.
Fig. (3) illustrates the ideal incubation time, optimal silver nitrate concentration,
temperature, and pH. Furthermore, the results indicated that three concentrations (2, 5,

and 8 mM) exhibited the

highest absorbance.
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Fig. 2. UV-Vis spectrum for optimization studies of AgNPs production at (a) different
wavelength, (b) different temperature, (c) different silver nitrate concentration, (d) different pH

and (e) different incubation time
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TEM analysis of AgNPs

The high-resolution TEM images provided clarity on the nanoparticles characteristics,
confirming their high stability, small size, monodispersity, and spherical shape. The
particle sizes ranged from 4 to 23.1nm (Fig. 3).
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Fig. 3. TEM micrograph of synthesized AgNPs (Scale bar: 100nm) mediated
by C. herbarum
Energy dispersive X-ray / SEM analysis
The presence of elemental silver was proven by EDX analysis. The optical absorption
peak is observed approximately at 3 keV (Fig. 4).

3000

2000

|
1000 n

T ——T -rey—
15

10
Ezergy V)

Fig. 4. EDX spectrum of the biosynthesized AgNPs
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X-ray diffraction analysis result

XRD patterns (Fig. 5) confirmed the crystalline nature of the biosynthesized silver
nanoparticle by showing intense peaks ranging from 20° to 80°. The XRD spectrum
measuring the fungal extracts resulted in four intense peaks.
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Fig. 5. XRD patterns of the biosynthesized AgNPs
FT-IR result
FT-IR analyses produce an infrared absorption spectrum for identifying the types of
chemical bonds in a molecule, which are considered a "fingerprint”. FT-IR spectra of the
biosynthesized nanoparticles exhibited absorption peaks at 556, 762, 1349, 1451, 1562,
1620, and 3350 cm™, revealing the presence of various functional groups (Fig. 6).
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Fig. 6. FT-IR spectra of the biosynthesized AgNPs mediated by C. herbarum
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Antimicrobial activity

AgNPs at the most effective concentrations (2, 5, and 8 mM), which exhibited higher
zones of inhibition, were employed in the antimicrobial activity tests against the tested
microorganisms. The diameters of the inhibition zones were measured in millimeters.
AgNPs displayed activity against all the tested bacterial pathogens, except for MRSA, as
well as against all the tested pathogenic yeasts and fungi, except for A. niger (Tables 2,
3). Among the microorganisms, S. hominis and C. tropicalis exhibited the highest
sensitivity as shown in Fig. (7).

Table 2. Antibacterial activity of the myco-biosynthesized AgNPs

Antibacterial activity (mm)

2 mM 5mM 8 mM
Enterococcus faecalis 13+2 15+1 15+0
Escherichia coli 15+1 14+0 13+0
Klebsiella pneumoniae Null 15+1 18+1
Methicillin-resistant Staphylococcus aureus Null Null Null
Proteus vulgaris 21+2 25+2 20+0
Salmonella typhi 15+2 25+1 2140
Staphylococcus hominis 26+1 20+2 22+2
Staphylococcus epidermidis 12+1 14+0 16+2

Null: no activity

Table 3. Antifungal activity of the myco-biosynthesized AgNPs

Antifungal activity (mm)

2 mM 5 mM 8 mM
Candida albicans Null 11+0 10+2
Candida tropicalis 12+2 14+2 11+2
Aspergillus niger Null Null Null
Rhizopus oryzae 12+2 13+1 10+0
Penicillium expansum 11+2 11+1 14+0

Null: no activity


https://en.wikipedia.org/wiki/Staphylococcus_hominis#:~:text=epidermidis%20tends%20to%20colonize%20the,from%20individuals%2C%20second%20to%20S.
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Fig. 7. Antimicrobial activity against a) C.tropicalis and b) S. hominis
(1:Chloramphenicol or griseofulvin, 2: 2Mm, 3: 5 mM, 4: 8 mM 5: Control)

Effect of AgNPs on microbial morphology and ultrastructure

C. tropicalis cells exhibited significant alterations in their cell wall and cell membrane
when compared to intact cells (Fig. 8). TEM analysis revealed the attachment and
accumulation of AgNPs on the cell wall and cell membranes, as well as their penetration
into the cells. This accumulation in the cytoplasm resulted in the bursting of the cell wall
and the degeneration of the cytoplasmic membrane, leading to substantial intracellular
damage. Additionally, TEM analysis indicated that the cell walls of C. tropicalis
appeared shrunken and collapsed. Morphological and ultrastructural changes were also
observed in S. hominis cells, as shown in Fig. (9).

Control

Peiat Man: §NAAAE A S1 ae oy

Fig. 8. Ultrastructure alteration in C. tropicalis after treatment with the MIC of AgNPs
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Fig. 9. Ultrastructure alteration in S. hominis after treatment with the MIC of AgNPs

DISCUSSION

The synthesis of nanoparticles (NPs) mediated by fungi offers several advantages over
traditional NP synthesis methods. One significant advantage is the ability to optimize NP
properties by making slight adjustments to reaction parameters. This approach has the
potential to become a pivotal technology in the future due to the high surface-to-volume
ratio of the resulting NPs and their dual functionality as both antibacterial agents and
bioactive fungal capping agents.

The appearance of a brown color during the optimization of reaction parameters for
AgNPs biosynthesis served as a clear indicator of colloidal silver particle formation in the
medium (Lotfy et al., 2021; Mohamed et al., 2022). The increase in color intensity
likely results from the rising number of synthesized nanoparticles due to the reduction of
silver ions present in the aqueous solution.

TEM analysis results unveiled that the small size of the AgNPs plays a critical role in
their antimicrobial activity. Consequently, antimicrobial activity increases as the size of
the NPs decreases (Femi-Adepoju et al., 2019).

XRD-spectrum analysis of fungal extracts produced four intense peaks, corresponding to
Bragg's reflections of silver nanocrystals (Lu et al., 2003; Maduraimuthu et al., 2023).
These results align with Shaligram et al. (2009) study, confirming that the silver
nanoparticles exist in the form of silver nanocrystals, as indicated by the X-ray diffraction
pattern and their crystalline structure.

FT-IR absorption peaks at 556, 762, 1349, 1451, 1562, 1620, and 3350 cm™ signify the
presence of specific chemical groups: NH, group (Panwar et al., 2015), C-N group of
amide (Salaheldin et al., 2017), stretching of alkyl halides (Kalaivani et al., 2018),
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stretching vibration of —OH group (Rahman et al., 2022), C-H group, O-H group of
phenol (Suriyakala et al., 2022), and N-H group (Wahab et al., 2022).

The effectiveness of AgNPs on the morphological features and ultrastructure of C.
tropicalis can be explained via referring to the studies conducted by Kim et al. (2009)
and Jalal et al. (2019). These studies suggest that the anticandidal mechanisms of AgNPs
may involve the formation of holes in the cell wall and cell membrane, leading to cell
damage and, ultimately, cell death. In the case of S. hominis, the small size of the
synthesized AgNPs may enhance their penetration of the cell, resulting in the loss of cell
viability and antimicrobial activity by disrupting cell membrane integrity. In addition, the
morphological and ultrastructural findings are consistent with the results reported by
Wady et al. (2014).

Antimicrobial activity results align with More et al. (2023) study, which revealed that
silver nanoparticles continuously release silver ions, potentially causing microorganism
destruction. Silver ions are attracted to sulfur proteins electrostatically, allowing them to
adhere easily to cell walls and cytoplasmic membranes. This adherence enhances cell
permeability, leading to cell breakdown and the disruption of the bacterial envelope.

CONCLUSION

The synthesis of AgNPs was facilitated by the extract of marine fungus Cladosporium
herbarum, which acted as a potential stabilizing and reducing agent. Various
characterization techniques, including FT-IR, SEM, EDX, TEM, and XRD were
employed to analyze the resulting AgNPs. FT-IR spectroscopy confirmed the presence of
functional biomolecules. SEM supported TEM findings, revealing a spherical
morphology for the AgNPs. The size of the AgNPs was estimated to range from 4 to 23.1
nm. EDX analysis validated the elemental composition of AgNPs, with a prominent
signal at 3.0 keV corresponding to silver. XRD analysis demonstrated the crystallinity of
the AgNPs.

The biosynthesized AgNPs exhibited effective antimicrobial activity against the majority
of the selected pathogens. Consequently, AgNPs are suggested as valuable products in
the field of nanobiotechnology. Understanding the behavior of AgNPs in biological
environments equips scientists with the knowledge needed to develop new technologies
and nanomaterials for combatting various pathogens.

The results of this study promote the use of green nanoparticles in wastewater treatment
procedures in the near future to improve water quality.
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