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Abstract: The green synthesis pathway for silver nanopar-
ticles (AgNPs) used in bacterial treatment is regarded as
crucial because of its cost-effectiveness, nontoxicity, and
eco-friendliness. During the present work, the mangliculous
marine fungi Amarenographium solium isolated from the
Arabian Gulf Coast of Saudi Arabia were utilized for the
synthesis of AgNP, through the bio-reduction of aqueous
silver nitrate (AgNO3) solution. The success in AgNP synth-
esis was visually identified by the development of dark
brown color in the cell-free filtrate and was further con-
firmed by ultraviolet–visible spectroscopy, which showed
a peak at 425 nm. The AgNPs produced were further char-
acterized using X-ray diffraction data analysis that proved
the bioreduction of silver to 20 nm, and transmission electron

microscopy revealed the formation of well-dispersed sphe-
rical nanoparticles with an average mean size of 12 nm. The
optimization reaction parameters of temperature, pH, and
metal salt concentration were carried out and resulted in a
combination of 30°C, 7 and 1.5mM, respectively, for rapid and
maximum yield production. The antibacterial activity of the
produced nanoparticles was evaluated using the two-fold
microdilution method and showed a minimum inhibitory
concentration of 9.375 μg/mL of AgNP against multiple drug-
resistant bacterial strains.

Keywords: marine fungi, silver nanoparticles, biosynth-
esis, characterization, optimization, antibacterial activity

1 Introduction

Multiple drug resistance is a global threat, driven by the
extensive use of antimicrobials that results in the emer-
gence of many different bacterial species with increased
resistance frequencies, especially in developing countries
due to poor sanitary conditions, the availability of antimi-
crobials without prescriptions, and low healthcare budgets
that resulted in the limitation of access to new effective
antibiotics [1]. World health leaders have named anti-
biotic-resistant microorganisms ‘nightmare bacteria’ that
‘pose a catastrophic threat’ as new forms of drug resistance
can easily spread between continents and across interna-
tional boundaries, causing infections with significantly
high rates of morbidities and mortality [2,3].

Metal nanoparticles (m-NPs) have been shown to be
effective antibacterial agents capable of bypassing resis-
tance mechanisms and hindering their future resistance
potential [4]. Many routes have been developed for the
synthesis of m-NPs, including physical and chemical path-
ways, but concerns have been raised over the environmental
pollution of these production routes, which generate massive
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amounts of toxic hazard byproducts. Nanobiotechnology has
emerged due to the integration between biotechnology and
nanotechnology providing a new route of synthesis for anti-
biotic production using “green chemistry,” which is a clean,
nontoxic, and environmentally friendly method used for the
synthesis of m-NP by exploiting biological systems, i.e., plants,
algae, fungi, and bacteria [5–7].

Fungi are the most efficient biological system for nano-
particle synthesis due to several advantageous character-
istics including extreme metal bioaccumulation abilities,
elevated levels of tolerance, and their ability to secrete
efficient nanoparticle bioreduction extracellular enzymes,
which ease the nanoparticles synthesis scaleup, making the
entire process more cost-effective [8,9]. Silver is widely
used in nanoparticle synthesis over other metals, due to
its powerful antibacterial effect [10].

However, the AgNPs produced have a wide variation
in antibacterial potential depending on the bioreduction
machinery possessed by different fungal species. Studies
using fungi in silver nanoparticles (AgNPs) included the
use of Pleurotus ostreatus, Fusarium oxysporum, and fila-
mentous fungi, which have shown antibacterial activity
against various pathogenic bacterial strains [11]. Green
AgNPs have been identified as potential antibacterial
agents against a variety of Gram-positive and Gram-nega-
tive pathogenic bacteria, including Bacillus subtilis, Escher-
ichia coli, Enterobacter aerogenes, Pseudomonas aeruginosa,
Salmonella epidermidis, Salmonella typhimurium, Staphylo-
coccus aureus, Streptococcus pneumoniae, Streptococcus
pyogens, and Vibrio parahaemolyticus [12–16].

Therefore, the continuous search for new fungal
resources can yield new particles with different characteris-
tics. Among these untapped resources are manglicolous fungi,
which are the second largest ecological group that inhabits
salt-tolerant shrubs, ferns, and palms that colonize intertidal
zones of mudflats and banks of tropical and subtropical rivers
and coastlines in many parts of the world [17,18]. This study
aims to utilize the manglicolous fungi Amarenographium
solium for the first time in the synthesis of AgNP and to eval-
uate their activity against multiple drug-resistant bacteria.

2 Materials and methods

2.1 Fungal isolation and growth conditions

Intertidal deteriorated wood samples originated from a
mangrove stand on Tarout island in Saudi Arabia’s Arabian
Gulf Sea, at coordinates (26°35′43N to 50°3′51E). The mor-
phological features of fruiting structures (conidiophores,

conidiogensis, conidiomata, and conidia for anamorphic
fungus) were used to identify A. solium [19]. The conidia
were placed in seawater and photographed, measured,
and described employing a compound microscope (China,
Motic ACCU-scope 3002). A scanning electron microscope
(SEM) (JOEL, JSM-6380 LA, Tokyo, Japan) was used to ana-
lyze A. solium further. To obtain single spore cultures of
A. solium, we prepared a conidia suspension in seawater
on a microscopic slide under sterilized condition. Small
drops of suspension were placed on Petri plates containing
glucose yeast agar GYA (10 g glucose, 1 g yeast extract, 18 g
agar in 1 L of seawater) and incubated at 25°C in the dark.
Petri plates were checked after 12 h for germinated conidia,
which were then transferred to new GYA petri plates using
sterile forceps and cultured in the dark at 25°C for 1–2 weeks
[20]. A pure fresh culture of A. solium was maintained in
glycerol solution (10%) at −80°C and registered in the Myco-
Bank Molecular Microbiology Laboratory, Department of
Botany and Microbiology, College of Sciences, King Saud
University, under the ID number MF412.

2.2 Molecular identification of A. solium

Pure isolates were grown in yeast, maltose, and glucose broth
(YMG) (4 g yeast extract, 10 g of glucose, 10 g malt extract in 1
liter of seawater) until sufficient mycelium was formed.
Mycelium was harvested by centrifugation at 1,400 rpm for
10min, then washed three times with sterile normal saline
solution (0.89% NaCl). The DNA extraction procedure was
carried out using the DNA extraction kit (QIAGEN; DNeasy
Plant, Cell/tissue and Fungi DNA extraction kit, Venlo, The
Netherlands) according to the manufacturer’s instructions.
The large ribosomal subunit (LSU rDNA) was amplified
using the forward primer LROR and LR7 as reverse [21],
while the small ribosomal subunit (SSU rDNA) was ampli-
fied using NS1 as forward and NS8 as reverse [22] (Table 1).

Sequencing was carried out by Macrogen Inc. (Korea)
using MGTMTaq-HF DNA Polymerase; with cycling profile:
initial denaturation at 96°C for 3min, followed by 45 cycles
of 96°C for 15 s, 52°C for 45 s, 72°C for 1min 30 s of denatura-
tion, annealing and extension respectively, then a final exten-
sion at 72°C for 7min. After that, sequences were edited using

Table 1: Forward and reverse primers along with their sequences

Primer Sequence (5′−3′)

LR0R ACCCGC TGA ACT TAA GC
LR7 TACTAC CAC CAA GAT CT
NS1 GTAGTCATATGCTTGTCTC
NS8 TCCGCAGGTTCACCTACGGA
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Sequencher, Demo V4.10.1 for sequence enhancement, aligned
with their relatives from GenBank within Clustal X [23] and
then manually adjusted. Sequences were then uploaded to
GenBank via BanKit and the accession numbers to the
sequences were given as (MK007121) and (MK007122) for
the large and small ribosomal subunits, respectively. Phylo-
genetic analysis was performed using the Molecular Evolu-
tionary Genetics Analysis program (MEGA X) (Kumar et al.
[24]) to generate maximum likelihood (ML) trees and max-
imum parsimony (MP) trees [25,26].

2.3 Biosynthesis of AgNPs

A. solium was propagated in 250 Erlenmeyer flasks with
100mL of YMG sea-water medium. For 5 days at 25°C, cul-
tured flasks were allowed to incubate in a rotating shaker
at 200 rpm. Extracellular biosynthesis of AgNP was carried
out using the supernatant (potential bioreduction agent)
obtained after centrifugation of the cultured flasks at
1,400 rpm for 10 min and the metal salt precursor solution
1 mM silver nitrate (AgNO3) (HPLC grade – Sigma-Aldrich).
The supernatant was added to the AgNO3 solution in a 1:9
ratio. The metal salt’s bioreduction was immediately iden-
tified by the development of a brown hue, and it was then
placed on a rotating shaker (200 rpm) at 25°C for 72 h to
finish the reduction process [27].

2.4 Optimization of the AgNP reaction for
rapid synthesis

Yield optimization was performed using a factorial experi-
ment in a completely randomized design CRD [28]. The
experiment was carried out using temperature, metal salt
concentration (mM), and pH as the main factors, each with
three levels and three replicates. AgNP yield (mg/mL) was
the response variable and was determined using ultraviolet–
visible spectroscopy (UV-1800 Shimadzu Spectrophotometer;
Japan). Biosynthesis was estimated using the standard curve
for the synthesized metal and the linear equation Y = XS ± I
“where Y = yield (mg/mL), S = slope, and I = intercept” [29].

2.5 Characterization of AgNPs

2.5.1 X-ray diffraction (XRD)

The mean size of AgNPs was determined by XRD-Ultima IV
Rigaku; USA on the corresponding drop-coated film of

nanoparticle solution. The Scherer formula d = 0.9 λ/β
cos θ was employed to calculate the mean size of the gen-
erated nanoparticles, where d is the mean diameter of the
nanoparticles, λ is the wavelength of the X-ray radiation
source, β is the complete angular width around half max-
imum at the diffraction angle of the XRD peak, and θ is the
angle of Bragg [30].

2.5.2 Transmission electron microscopy (TEM)

The physical characteristics of the produced AgNPs, invol-
ving their form and size, were studied and characterized
employing a TEM apparatus (JEOL-JEM-1011; Tokyo, Japan).
The sample was generated by drop-coating a sheet of AgNPs
(100%) over carbon-coated copper TEM grids. Prior to mea-
suring, the films on the TEM grids were dried.

2.5.3 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy (PerkinElmer 1000 FT-IR, USA) was used
to identify candidate biomolecules involved in AgNP bior-
eduction. The biosynthesized nanoparticles were centri-
fuged at 14,000 rpm for 15minutes before being re-dispersed
in sterile distilled water to eliminate any uncoordinated
biological molecules. The process of centrifugation and
redispersion in sterile distilled water was carried out three
times to guarantee greater separation of free entities from
m-NP. The purified pellets were subsequently dried, and the
powders were analyzed using FTIR spectroscopy.

2.6 Antibacterial activity

The antibacterial ability of the m-NP produced was tested
against eight pathogenic bacterial species (Table 2) obtained
from the Microbiology Laboratory, Department of Botany
and Microbiology, College of Science, King Saud University.
A two-fold microdilution method was used to determine the
minimum inhibitory concentration MIC using a 96-well
plate (FALCON, France); 1,200 μg/mL was the starting con-
centration for AgNP, while 9.375 μg/mL was the end point
concentration reached by serial microdilutions. Plates (three
replicates) were thenmeasured using an ELISA reader (ELX 800
microplate reader; BioTek, USA). After MIC determination, ali-
quots of 50 µL from all wells that did not show bacterial growth
were subcultured on Mueller-Hinton agar plates and incubated
at 37°C for 24 h, to determine the minimum end point of bacter-
icidal concentration.

AgNPs and their activity against drug-resistant bacteria  3



2.7 Statistical analysis

A one-way analysis of variance was performed to analyze
antibacterial activity data using IBM SPSS Statistics 25.

3 Results

3.1 Morphological identification

Using dissecting, compound and electron microscope, A.
solium was recognized by its characteristics, including (1)
Pycnidia 330–380 µm high, 210–245 µm in diameter, subglo-
bose, immersed, brown to black, ostiolate, with circular
opening, mature pycnidia that form a black mass of con-
idia on the surface of wood, (2) Conidia 37.5–46 × 13–18 µm,
muriform, with (3-) 5 (-7) transverse septa and (0-) 1 (-2)
longitudinal septa, clavate, with rounded apex and acute or
truncate basal end acute or truncate, at first yellowish to
olivaceous-brown, becoming brown at maturity, constricted
at the central septum and slightly at the other septa, smooth
with a gelatinous, striated, regular cap and sheath; the sheath
is multilayered in young conidia, swelling and forming fibril-
lary material in water and eventually dissolving (Figure 1).

3.2 Phylogenetic analysis

3.2.1 Small subunit data set

A. solium proved to be a member of the Pleosporales
Incertae-sedis family and formed a sister taxon to A. solium
Abdel-Wahab, Hodhod, Bahkali, and K.D. Hyde. Forming a
well-supported clade in the SSU data set (100/100 for ML/
MP, respectively). The collected dataset included the query
sequence and 20 taxa of which one belongs to the same
order Pleosporales Incertae-sedis and includes three taxa

from the closest families Massariaceae andMontagnulaceae.
Two taxa of the order Dothideales were used as outgroup
taxa. The small subunit dataset consisted of 1,828 total char-
acters. The three most parsimonious trees were produced
using a heuristic search; all produced trees with a tree length
of 347 steps, a consistency index of 0.650943, a retention index
of (0.753333), and the composite index is 0.592680 (0.490377) for
all sites and parsimony-informative sites. The ML analysis pro-
duced one tree (–ln likelihood = 4603.62). ML and MP analyses
produced trees with similar topologies (Figure 2).

3.2.2 Large subunit data set

A. solium proved to be a member of the Pleosporales
Incertae-sedis family and formed a sister taxon to A. solium
Abdel-Wahab, Hodhod, Bahkali, and K.D. Hyde. Forming a
well- supported clade in the LSU data set (100/100 for ML/
MP, respectively). The collected data set included the query
sequence 37 taxa of which one belonging to the same order
Pleosporales Incertae-sedis includes eight taxa from the
closest family Trematosphaeriaceae. Two taxa from the order
Dothideales were used as outgroup taxa. The large subunit
data set consisted of 1,488 total characters. The three most
parsimonious trees were produced using a heuristic search,
all trees produced with a tree length of 1,129 steps, a consis-
tency index of 0.482197, a retention index of (0.692447), and the
composite index is 0.380263 (0.333896) for all sites and parsi-
mony-informative sites. Maximum likelihood analysis pro-
duced one tree (–ln likelihood = 8444.79). The ML and MP
analyzes produced trees with similar topologies (Figure 3).

3.2.3 Biosynthesis of AgNPs

Initial observation revealed the development of a dark
brown color in the solution, indicating the bioreduction
of the metal salt into AgNPs using the cell-free filtrate
(CFF) of A. solium. Further confirmation of AgNP biosynth-
esis using ultraviolet–visible (UV–vis) spectroscopy with
optical density ranging from 300 to 800 nm showed a large
peak at 425 nm (Figure 4).

3.3 Factors affecting AgNP biosynthesis and
optimization of its production

3.3.1 Effect of temperature

The silver (Ag) metal nanoparticle yield rate was directly
affected by the change in temperature. AgNO3 was

Table 2: bacterial stains used to assess the potential of biosynthesized
AgNP activity

Bacterial strain Type Sensitivity

1 E. coli Gram negative Sensitive
2 E. coli Resistant
3 Acinetobacter baumannii Sensitive
4 Acinetobacter baumannii Resistant
5 S. aureus Gram-positive Sensitive
6 S. aureus Resistant
7 S. epidermidis Sensitive
8 S. epidermidis Resistant
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Figure 1: (a–e) A. solium. (a and b) Dissecting micrographs of the distribution of Pycnidia in a mangrove wood sample at different magnification. (c–i)
Bright field light micrographs (from the holotype, mounted in water). (c) Longitudinal section of pycnidium bars: C = 50 μm. (d–i) Conidia at different
developmental stages, taking various shapes. Bars: d–i = 5 µm. (j–k) SEM. (j) Rough-walled conidia. (k) Magnified conidia. Bars: a–e = 10 µm.
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incubated at different temperatures (20, 30, and 40°C). The
metal nanoparticle yield showed a dramatic decrease when
subjected to a low temperature of 20°C, while it showed the
highest rates at 30°C. For a high temperature of 40°C, the
result yield was slightly decreased compared to middle tem-
perature trials.

3.3.2 Effect of metal salt concentration (mM)

The optimization experiment was designed to subject A.
solium to different concentrations of metal salt (AgNO3);
concentrations applied were (0.5, 1, 1.5, and 2mM). The fungi
showed an increase in the yield rates until 1.5 mM, while
2mM did not show any significant change in the bioreduc-
tion rate, the biosynthesized nanoparticles for silver were
monitored using UV–vis spectral analysis, which provided
evidence that the concentration of an increase in the metal
salts is directly proportional to the result yield.

3.3.3 Effect of pH

A. solium sowed different responses along the pH gradient
(3, 7, and 9), as biosynthesis levels showed their lowest
levels at pH 3, while they showed their highest production

levels at pH 7, yield at pH 9 showed a slight decrease in
metal reduction compared to the pH 7 results.

3.3.4 Optimization of AgNPs

The optimum conditions (i.e., temperature, metal salt con-
centration [mM], and pH) for maximizing the yield (mg/mL)
of biosynthesized nanoparticles were investigated from
27 experiments designed from all expected possibilities
(Table 3). A. solium CFF showed a significant increase in
yield (118.6 μg/mL) using the productive conditions in
experiment 15 (pH = 7, temperature = 30°C and metal
salt concentration = (mM) = 1.5); while the minimum yield
(115.5 μg/mL) was recorded in experiment 7 (pH = 3, tem-
perature = 40°C and metal salt concentration [mM] = 0.5)
(Figure 5).

3.4 Characterization of AgNPs

3.4.1 XRD

The XRD of AgNPs corresponded to the characteristic face-
centered cubic (FCC) silver lines indexed as (2.832), (1.987),

Figure 2: Phylogenetic tree of A. solium and related taxa, based on the nucleotide sequences of the small subunit sequence (SSU) gene. Numbers are
bootstrap support for ML and MP, respectively. The fungus, A. solium, is highlighted.
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(1.280), and (1.248) that were observed in these samples at
diffraction angles of 32.6°, 46.1°, 74.7°, and 77.6°, respec-
tively (Figure 6). The Scherer equation in the XRD data
calculated the mean size of the AgNPs to be 20 nm.

3.4.2 TEM

The results of the synthesized m-NP revealed their surface
characteristics and morphology based on shape and size.
AgNPs under optimized conditions appeared to be sphe-
rical in shape with an average mean size of 12 nm
(Figure 7).

3.4.3 FTIR spectroscopy

FTIR spectroscopy on AgNP showed absorbance at fre-
quencies of 3,431, 2,919, 2,854, 1,624, 1,539, and 1,399 cm−1

(Figure 8).

3.4.4 Antibacterial activity

High antibacterial activity was shown against all Gram-
positive and -negative bacteria, including sensitive and
resistant species, at an MIC of 9.375 μg/mL (Figure 9). The
output data were analyzed using a one-way ANOVA test

Figure 3: Phylogenetic tree of A. solium and related taxa, based on the nucleotide sequences of the large subunit sequence (LSU) gene. Numbers are
bootstrap support for ML and MP, respectively. The fungus, A. solium, is highlighted.
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that did not show a degree of significance among all bacterial
strains in sensitivity to the synthesized AgNPs (Figure 10).

4 Discussion

4.1 Fungal isolation and identification

The results of the morphological features of A. solium
resembled that was shown by Hodhod et al. [31], in
which the conidia are characterized by their large size
along with an apical appendage. However, this study
showed Pycnidia 330–380 µm high, 210–245 µm in dia-
meter, and Conidia 37.5–46 × 13–18 µm, which is slightly
different from the previous study, which showed Pycnidia
320–400 μm high and Conidia with 35–50 × 12.5–20 μm

Figure 4: UV–vis spectra of silver nanoparticles synthesized using
A. solium CFF of A. solium (orange curve), and the control group is
represented herein by the (blue curve).

Table 3: Trials and results of three factorial combinations of pH, temperature, and metal concentration

R1 R1 R2 R2 R3 R3
Experiment pH Temperature Concentration Result/OD μg/mL Result/OD μg/mL Result/OD μg/mL

1 3 20 0.5 0.387 115.772 0.382 115.767 0.281 115.666
2 3 20 1 0.629 116.014 0.587 115.972 0.676 116.061
3 3 20 1.5 0.763 116.148 0.737 116.122 0.689 116.074
4 3 30 0.5 0.349 115.734 0.316 115.701 0.377 115.762
5 3 30 1 0.673 116.058 0.665 116.050 0.682 116.067
6 3 30 1.5 0.743 116.128 0.779 116.164 0.728 116.113
7 3 40 0.5 0.149 115.534 0.127 115.512 0.136 115.521
8 3 40 1 0.301 115.686 0.315 115.700 0.294 115.679
9 3 40 1.5 0.446 115.831 0.459 115.844 0.468 115.853
10 7 20 0.5 1.057 116.442 1.076 116.461 1.014 116.399
11 7 20 1 2.181 117.566 2.165 117.550 2.144 117.529
12 7 20 1.5 2.627 118.012 2.553 117.938 2.725 118.110
13 7 30 0.5 1.280 116.665 1.226 116.611 1.245 116.630
14 7 30 1 2.401 117.786 2.443 117.828 2.386 117.771
15 7 30 1.5 3.221 118.606 3.320 118.705 3.198 118.583
16 7 40 0.5 0.999 116.384 1.084 116.469 1.106 116.491
17 7 40 1 2.077 117.462 2.093 117.478 2.062 117.447
18 7 40 1.5 2.501 117.886 2.488 117.873 2.479 117.864
19 9 20 0.5 0.967 116.352 1.018 116.403 1.003 116.388
20 9 20 1 2.079 117.464 2.138 117.523 2.009 117.394
21 9 20 1.5 2.438 117.823 2.276 117.661 2.507 117.892
22 9 30 0.5 1.262 116.647 1.280 116.665 1.273 116.658
23 9 30 1 2.391 117.776 2.376 117.761 2.401 117.786
24 9 30 1.5 2.731 118.116 2.697 118.082 2.743 118.128
25 9 40 0.5 0.884 116.269 0.876 116.261 0.891 116.276
26 9 40 1 1.912 117.297 2.003 117.388 1.936 117.321
27 9 40 1.5 2.239 117.624 2.198 117.583 2.222 117.607
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Figure 5: Means ± standard deviation of the yield (mg/mL) of AgNP produced from 27 experiments designed from all expected possibilities for
temperature, metal salt concentration (mM), and pH. The green and red stars indicate the maximum and minimum significant production, respec-
tively (P < 0.05).

Figure 6: XRD pattern of silver nanoparticles synthesized by A. solium.

AgNPs and their activity against drug-resistant bacteria  9



(Hodhod et al. [31]). Phylogenetic analysis placed the iso-
lated fungus as a member of the Pleosporales Incertae-sedis
family and formed a sister taxon of A. solium Abdel-Wahab,
Hodhod, Bahkali, and K.D. Hyde. Forming a well-supported
clade in both LSU and SSU data sets (100/100 for ML/MP,
respectively).

4.2 AgNP synthesis

A. solium has been tested for its ability to biosynthesize
AgNPs through an extracellular synthesis pathway, which
depends on fungal secretions of bioactive molecules and
enzymes in surrounding media [32–36]. Visual observation
of silver metal bioreduction was observed due to color
exchange from opaque to dark brown, as a result of excita-
tion of free electrons in nanoparticles (Mohd Yusof et al.,
2020). The emergence of a significant peak at 425 nm via
UV–vis spectroscopy reveals the presence of a surface
plasmon resonance, demonstrating that the silver metal
was reduced to less than 100 nm. The shift in absorbance

value suggests that the nanoparticles created are of various
forms and/or sizes [37]. The heat treatment trials of the
extracellular broth showed no sign of nanoparticle produc-
tion in contrast to normal conditions because of the inhibi-
tion of bioactive extracellular compounds responsible for
the biosynthesis of nanoparticles.

4.3 Factors affecting AgNP production

Optimization reactions applied during this study work
aimed to support better growth of fungi, as well as enhance
better yields of different m-NP, in which the best conditions
will be further recommended for small-scale production.
The factorial experiment design included three factors (tem-
perature, metal salt concentration [mM], and pH) with three
levels for each factor was carried out not only to study each
factor as an individual parameter but also to observe the
interaction between various factors combinations that will
give the highest yield. Nanoparticle synthesis and the absor-
bance were applied as response variables [28].

Figure 7: TEM micrograph of silver nanoparticles demonstrating shape and particle size estimation, where silver has a spherical form with an average
mean size of 12 nm.
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4.4 Effect of temperature

The results of temperature optimization revealed that it
plays a key role in metal reduction, where the optimal
temperature was 30°C with the maximum synthesis of

AgNP, which remained stable for a longer period of time
indicated a stabilized synthesis. The optimization reaction
witnessed that manglicolous fungi favor medium heat tem-
peratures of 30°C, which reflects the temperature of their
original habitats, as marine environment fromwhich it has

Figure 8: FTIR spectrum of the synthesized silver nanoparticles.

Figure 9: Microplate dilution was used to determine the MIC of the synthesized silver nanoparticles.
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been isolated the water temperature at the intertidal zone
ranges from 25°C at night till 35°C in a day [38]. Unlike its
terrestrial counterparts, which favor high temperatures,
which can reach 80°C, as high degrees increase its kinetic
energy and lead to a faster synthesis rate of metal bio-
synthesis rate for these species [39].

In general, the temperature of the reaction plays an
important role in the characteristics and yield (%) of nano-
particles [40] and, furthermore, Lee et al. [41] reported that
there is a significant association between the temperature
and the time required for nanoparticle biosynthesis. The
present findings correspond exactly to those reported in
previous works on the role of temperature in the biosynth-
esis of nanoparticles.

4.5 Effect of metal salt concentration (mM)

The results of this study perfectly with several other stu-
dies which have shown that nanoparticles biosynthesis
rate of nanoparticles increases with the metal salt concentra-
tion. Examples of these studies include the use of Penicillium
sp. in AgNP biosynthesis, the maximum production rate was

reached when the concentration of metal salt concentration
was elevated from 0.2 to 2mM [42]. Sclerotinia sclerotiorum, a
plant pathogenic fungus, also registered the highest yield in
an optimization reaction study for AgNP synthesis, when
yield production increased along with metal concentration
[29]. AgNPs produced by F. oxysporum in another study
have also shown that its production rates increased with
the addition of different concentrations of metal salts, starting
from 1 up to 10mM [43]. All of the above studies along with
the current one revealed that metal salt concentration plays a
key role inm-NP synthesis. The rate of bioreduction is directly
proportional to the substrate concentration, as the reaction
kinetics and morphology of the produced nanoparticle were
directly affected by the concentration of the precursor solu-
tion (i.e., AgNO3) [44–46].

4.6 Effect of pH

The results of the experiment help indicate that marine
and coastal waters have relatively stable pH value within
a small range from 7.6 to 8.3 (i.e., alkaline). Therefore,
manglicolous fungi were in favor of pH levels giving higher

Figure 10: Mean plot of one-way MIC analysis of the synthesized silver nanoparticles.
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yield within alkaline media [47]. The study showed that pH
is one of the key factors in the synthesis of different nano-
particles, since color formation was rapid at alkaline pH (7
and 9) compared to acidic pH [3]. Many studies confirmed
the same result, including the optimization work made by
[48]. Their work focused on the use of F. oxysporum in the
biosynthesis of AgNPs; the results of this research showed
that alkaline medium is more suitable for the synthesis of
silver nitrate than low acidic pH, since the reduction rate
of silver ions was higher at pH 8. Other fungal species
showed the same results including P. aeruginosa, S. scler-
otiorum, and Trichoderma viride; the results of all these
studies revealed that alkaline pH is an essential factor
that affects AgNP production, as high pH favors complete
reduction of Ag+ into AgNP by providing electrons [29,49].

4.7 Optimization of AgNP synthesis

Optimization work was carried out to support better fungal
growth and to improve the yield of different m-NP. Metal
biosynthesis conditions, including metal concentration, pH,
and temperature, were optimized throughout multiple trials.
Maximum yield production was reached at conditions of
(pH = 7, temperature = 30°C, and metal salt concentration
[mM] = 1.5). The optimization work results correlate with
many studies in regard to metal salts, as maximum produc-
tion was obtained for AgNPs synthesized by A. soliumwith an
increasing metal concentration. The same results were
observed with S. sclerotiorum MTCC 8785, which was sub-
jected to different concentrations of silver metal salts
starting from 0.2 to 2 mM, the results of this study pro-
vided evidence that the increase in concentration up to
2 mM resulted in a complete reduction [29]. Similar obser-
vations have been reported with the results of Singh et al.
[42] results, which showed maximum AgNP synthesis at
2 mM AgNO3 concentration using Penicillium species. The
pH conditions showed similar observations during the
optimization process, as A. solium favored medium to
basic pH (7 and 9) for stable metal bioreduction, which
is correlated with other reported studies, including that in
the case of P. aeruginosa [50] and T. viride [49], the results
of both studies revealed that stable m-NP and their com-
plete reduction occur in medium to basic medium, in
which electrons are provided to mediate the reaction. How-
ever, the temperature conditions showed irrelevant results,
since maximum production was obtained at a medium tem-
perature of (30°C). Many studies have reported maximum
biosynthesis at elevated temperatures, such as that con-
ducted by Saxena et al. [29] who evaluated the effect of
temperature on AgNP production by S. sclerotiorum, as

reactions were incubated at different temperatures from
20 to 80°C with a difference of 20°C and then monitored
for AgNPs synthesis. The results of that study observed the
maximum synthesis of AgNP at 80°C, which remained stable
for a long period. In another case study, high temperature
was found to impart increased kinetic energy and lead to a
faster synthesis rate [39]. The results of the current study
showed stable and maximum production at normal tem-
perature, thus an advantageous condition resulting in cost-
effective production. The minimum production of yield was
observed under the conditions (pH = 3, temperature = 40°C
and metal salt concentration [mM] = 0.5). These results
resemble those observed by many studies [29,39,49].

Optimization outcome results recommend the utiliza-
tion of manglicolous fungi for nanoparticles production
because of many advantageous characteristics and poten-
tials possessed by this fascinating group of fungi, including
ease in maintaining, control, and containment. A. solium
showed a fast-growing and producing nanofactory, which
reflects its ability to accumulate massive amounts of metals.
Furthermore, the medium was easily filtered to obtain cell-
free filtration (CFF), making the entire process very easy;
this will be more cost-effective on the industrial scale [9].

4.8 Characterization of AgNPs

XRD of AgNPs peaks reflected on the characteristic FCC
silver lines indexed as (2.832), (1.987), (1.280), and (1.248)
that were observed in these samples at diffraction angles
of 32.6°, 46.1°, 74.7°, and 77.6°, respectively. The AgNPs calcu-
lated by XRD data had a mean size of 20 nm. The acquired
AgNP data fitted the database of Joint Committee on Powder
Diffraction Standards (JCPDS) file No. 04-0783 completely
[51]. The TEM data revealed only a spherical shape with
an average size of 12 nm, indicating that A. solium has silver
reduction potentials. Both XRD and TEM data agreed exactly,
validating the features and properties [52,53].

The apparent existence of proteins surrounding and
encapsulating produced AgNPs was verified by FTIR analysis,
which acts as a reducing and stabilizing agent throughout the
biosynthesis process [29,54]. The findings of the AgNP charac-
terization were consistent with those of other research. The
absorbance of AgNPs was detected at 380, 400, 413, 425, and
430 nm, which was within the range of previously reported
data [29,55–57]. The variation in absorbance value suggests
that the generated nanoparticles are of various forms and/or
sizes [37].

The XRD results of the AgNP data obtained were per-
fectly matched with the database of JCPDS file No. 04-0783
[51]; this was further documented in other studies at kind
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of different angles (Mechouche [55,58]). The TEM results for
AgNP from A. solium appeared with only spherical shape
and an average size of 12 nm, which was not comparable to
many studies related to fungi due to its small size but more
similar to nanoparticles synthesized by plants, such as
those observed in Lantana camara, which reduced the
silver metal salt to 14 nm [56]. FTIR examination verified
the existence of proteins surrounding and coating the pro-
duced AgNPs, which is consistent with the findings of much
other research [54,55].

4.9 Antibacterial activity

In the current study, AgNPs synthesized by A. solium showed
very promising wide-range activity results, reflecting its great
potentials, and high antibacterial activity was shown against
all Gram-positive and -negative bacteria, including sensitive
and resistant species at a concentration of 9.375 μg/mL. The
results demonstrated that the produced m-NP played a cri-
tical role in inflicting significant damage to bacterial cells,
with the tiny AgNPs (i.e., 12 nm) demonstrating superior anti-
bacterial activity. The increased surface area of Ag+ small
particles resulted in better surface contact with bacteria
and, thus, a higher bactericidal action [35,59,60].

Ag+ ions are thought to form an electrical interaction
with the bacterial outer surface, and upon contact, the
bacterial cells are quickly oxidized and destroyed. This
occurs given that AgNPs unleash their ions, which react
directly with the thiol (–SH) group of proteins in the bac-
terial cell and protrude across the cell membrane. As a
result, inhibiting membrane permeability causes bacterial
cell death [61].

Finally, the results of this study recommend the appli-
cation of AgNPs synthesized by A. solium in the pharma-
ceutical industry. Furthermore, the demonstration of the
produced nanoparticles against other pathogenic bacteria
alone or with antibiotics [62], to observe any other activities.

5 Conclusion

The cost-effective green synthesis of stable AgNPs through
the utilization of marine fungi as a new biological resource
showed great potential during the current study. Culture
extract of A. solium used herein as a reducing agent in the
nanoparticle synthesis process; optimization work to obtain
better fungal growth revealed its effectiveness; thus, it could
be scaled up for commercial production on an industrial
level due to promising criteria that showed of time savings,

low cost, and also a nonhazardous effect on the environ-
ment. The characterization of the size and shape was carried
out via XRD and TEM, which proved to be valuable tools to
demonstrate the small-sized 12 nm, which possesses a sphe-
rical shape structure. FTIR analysis revealed that the pro-
teins surrounding the synthesized AgNPs play a crucial role
in stabilizing them during the biosynthesis process. The
nanoparticles produced were confirmed to have promising
antibacterial activity and hence could be implemented in
various biomedical approaches. Finally, other locations and
other substrates should be investigated for marine fungi to be
utilized in different biotechnological applications.
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