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Abstract

The biosynthesis of silver nanoparticles (AgNPs) using salt-tolerant Trichoderma longibrachiatum offers an eco-friendly
and cost-effective approach to nanotechnology with significant agricultural applications and a promising alternative tool
to control fungal diseases. In this study, Trichoderma longibrachiatum was utilized as a biological agent to synthesize
AgNPs under optimized conditions. The process involved the reduction of silver nitrate (AgNOs) into AgNPs, confirmed
by visual color change and spectrophotometric analysis. Characterization of the synthesized AgNPs was performed using
UV-visible-spectroscopy showed maximum absorbance at 360 nm, Dynamic light scattering (DLS) supported that the Z-
average size was 83.3 nm and 2.047 Pdl value. Zeta potential showed- 66.2 mV with a single peak. X-ray diffraction (XRD)
showed the spherical shape and crystalline nature, scanning electron microscopy (SEM) showed aggregation of small
micro-nanoparticles, and Fourier-transform infrared spectroscopy (FTIR) showed bands at3339.22 and 1635.37cm™. The
AgNPs synthesized through this bio-system approach were relatively stable up to 2 months after synthesis. The antifungal
efficacy of the synthesized Trichoderma longibrachiatum - AgNPs lead to significant reduction in growth of major
phytopathogenic fungi, with efficiencies reaching up to 56.66% against F. oxysporum, 44.44% against R. solani and
39.96%, against A. alternata. This study highlights the potential of salt-tolerant Trichoderma longibrachiatum as a novel
biogenic source for AgNPs synthesis. Furthermore, research should be carried out for determination of the toxic effect
of AgNPs before mass production and use of agricultural applications.
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Nanotechnology has emerged as a promising field for  friendly alternative to conventional chemical
eco-friendly and sustainable solutions in

Silver nanoparticles (AgNPs) have gained

methods.
Trichoderma species produce bioactive compounds and
enzymes that reduce metal ions to form nanoparticles with

significant attention in various fields, including medicine,
electronics, and environmental science due to their smallest
size, High surface area, strong antimicrobial activity [1]. The
biosynthesis of AgNPs using microorganisms offers an
environmentally benign approach compared to chemical and
physical methods [2]. Application of fungi for production of
silver nanoparticles, which is the accent of the present paper.
Production of silver nanoparticles through fungi has several
advantages which include tolerance towards high metal
nanoparticles concentration in the medium, easy management
in large-scale production of nanoparticles, good dispersion of
nanoparticle and much higher amounts of protein expressions.
Compared to bacterial broth, fungal broth can be easily filtered
by filter press or similar commonly used equipment, thus saving
considerable investment costs for specialized equipment which
may be needed for other methods. As a result, for large-scale
production of nanoparticles fungi is preferred over other
methods [3]. The synthesis of nanoparticles using Trichoderma
is a type of biological (green) synthesis, which is an eco-

unique properties. Trichoderma Synthesized Nanoparticles
includes, Silver Nanoparticles (AgNPs), Gold Nanoparticles
(AuNPs), Zinc Oxide Nanoparticles (ZnO-NPs). T. reesei [4],
T. harzianum [5], T. hamatum [6] and T. koningii [ 7] have been
used for synthesis of metal nanoparticles. Trichoderma
longibrachiatum, a salt-tolerant fungal species, has
demonstrated the ability to biosynthesize AgNPs by reducing
silver ions into nanoscale particles. This process involves
Fungal cell free filtrate containing enzymes and reducing agents
mixed with metal salt solution. Fungal bioactive metabolites
reduce metal ions in to nanoparticles [8]. The use of salt-
tolerant strains is particularly advantageous for applications in
saline environments where conventional microbial systems
may fail. The antimicrobial efficacy of these biosynthesized
AgNPs has been tested against various phytopathogenic fungi,
which are responsible for significant crop losses.

This study delves into the potential of salt tolerant
Trichoderma longibrachiatum in the biosynthesis of silver
nanoparticles (AgNPs) and assesses its effectiveness against
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vital plant pathogens. The impact of Trichoderma
longibrachiatum AgNPs on promoting plant growth is
evaluated. Consequently, these nanoparticles aid plants in
mitigating salt stress. The discoveries made here contribute to
the advancement of sustainable and environmentally friendly
strategies for disease management in agriculture.

MATERIALS AND METHODS

Isolation and identification of fungal isolates

Fungal isolates were collected from saline soil sample
Vikhroli Mumbai during 2022 screened and purified using
standard techniques and maintained on 3% and 4% potato
dextrose agar (PDA) slant and stored at 4 °C until further use
[9]. Fungal isolates were identified as Trichoderma sp. ST2 (4%
salt) according to Morphological characteristics [10]. Further
molecular identification was done by National Centre for Cell
Sciences (NCCS) Pune using Internal Transcribed Spacer (ITS)
region sequencing, providing precise taxonomic classification
[11]. The Trichoderma species viz.  Trichoderma
longibrachiatum was screened for their ability to synthesize
silver nanoparticles. The isolate was cultured in 4% PDA and
incubated at 25 °C for 5 days and used for extracellular
syntheses of silver nanoparticles. The fungal isolate; F.
oxysporum, R. solani and A. alternata was obtained from
pathology Department, Agricultural College, Latur confirmed
and maintained on 4% potato dextrose agar (PDA) slant and
stored at 4 °C until further use.

Fungal biomass preparation for AgNPs biosynthesis

Two disks (5 mm in diameter) of each fungus were
inoculated onto 100 ml of liquid medium containing (g/1)
KH,PO4 7.0, KoHPO4 2.0, MgSO47H20 0.1, (NH4)2SO4 1.0,
yeast extract 0.6, and glucose 10. The flasks were incubated in
a shaker at 150 rpm at 25-28 °C. After 120 h of growth, the
fungal mycelium took the shape of a circular mat. Then, the
biomass was harvested by sieving through a Whatman filter
paper no. 1, followed by extensive washing with Milli-Q
deionized water to remove any adhering medium parts from the
biomass.

Biosynthesis of silver nanoparticles

A disc of mycelium of Trichoderma longibrachiatum
was transferred to Potato dextrose Broth supplemented with 4%
NaCl. The culture was incubated at 28 °C for 5 days after which
a biomass was weighed (20g) and transferred to 100ml Milli-Q
deionized water and incubated for 72h at 28 °C at150 rpm. The
sample was than filtered through Whatman filter paper no. 1,50
ml of 1 mM AgNOs; solution was mixed with 50 ml of cell
filtrate in a 250 ml Erlenmeyer flask, kept on a shaker at 150
rpm in dark [12]. The positive control is the only fungal biomass
filtrate without the silver nitrate solution, and the negative
control is the silver nitrate solution without cell-free filtrate.
AgNPs were purified by centrifugation at 10,000 rpm for 10
minutes twice and collected for further characterization [13].

Characterization of silver nanoparticles

Ultraviolet-visible spectrophotometer analysis

The formation of the reduced silver nanoparticles in
colloidal solution was monitored by using a UV—visible double
beam spectrophotometer (UV 19001, Shimadzu Dayanand
Science college, Latur, India). The absorption spectra of the
supernatants were taken between 300 and 800 nm, using a UV—
visible double beam spectrophotometer. The deionized water
was used as the blank.

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectrum of the biosynthesized silver product
was meticulously recorded using a Spectrum Two, NIOS; Main
00.02.0091, Perkin Elmer Spectrum, with a resolution of 4 cm™
attachment. All measurements were conducted within the
spectral range of 4504000 cm !, maintaining this resolution
throughout the analysis.

Dynamic light scattering

Horiba SZ-100, ver 2.70 Instruments Ltd., India, was
used to determine the size distribution of particles by measuring
dynamic fluctuations of light scattering intensity caused by the
Brownian motion of the particles. The measurement gave the
average hydrodynamic diameter of the particles, the peak
values in the hydrodynamic diameter distribution, and the
polydispersity index (PdI) that described the width of particle
size distribution. All measurements were carried out in
triplicate with a temperature equilibration time of 1 min at
25 °C. The data processing mode was set to high multi-modal
resolution. The suspension of the synthesized silver
nanoparticles was allowed to filter through a 0.22-um syringe
driven filter unit or without filtration.

X-ray diffraction (XRD)

The crystal phase information of the biosynthesized
AgNPs was characterized from 10 to 80°C in 26 by an X-ray
diffractometer with CuK a radiation (Shimadzu XRD 6000,
India) [14].

Scanning electron microscopy (SEM)

For the SEM analysis, the samples were dried and
mounted on a special stub or holder. The prepared sample is
loaded into the SEM's vacuum chamber. the operating voltage
(typically 1-30 kV), focusing the electron beam, and selects
the imaging mode. The surface morphology of the
nanoparticles was examined by SEM (YCIS Satara).

Antifungal activity of silver nanoparticles (AgNPs)

The antifungal activity of the synthesized AgNPs was
tested by Poisoned food method [15] against the pathogenic
fungi: A. alternate, F. oxysporum, and Rhizoctonia solani.
Fungal spores at a concentration of 105 spores/ml were
incubated in potato dextrose broth supplemented with 4% NaCl
and sterile, distilled water as a control at 28 °C for 24 h in a
shaker (120 rpm). A 25-ul aliquot of the spore suspension was
spread on PDA. Wells of 3 mm diameter were made on PDA
plates by using cork borer. AgNPs (75 mL) were poured in each
well, after incubation at 27 °C for 7 days, the diameter of colony
(radial growth) was measured in millimeter. Four replicates of
the trials were done.

Pot experiment

Full Soybean and chickpea seeds were surface-sterilized
with 10% sodium hypochlorite for 10 min, and further treated
with warm water at 50 °C for 2 h. The seeds were wrapped into
wet sterile gauze, then put into an incubator at 30 °C for
germination. The treated seeds were sown in plastic pots filled
with about 500 g soil with 4% NaCl. After 5 days of cultivation
at 28 °C AgNPs- solution (100 mg L), 106 CFU mL™' T.
longibrachiatum spore suspension, AgNPs- solution (100 mg
L™+ 106 CFU mL™! F. oxysporum were watered into different
pots, respectively. The control including water and F.
oxysporum were watered with 50 mL sterile water. There were
5 pots at every treatment, in triplicate. 20 days after inoculation,
the incidence and disease index were calculated basing on the
wilt status and root infestation of the plant. At the same time,
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the plant root and stem length, and number of leaves were
measured to evaluate the development and growth of the
Soybean and chickpea seedlings.

Statistical analysis

Statistical analyses were conducted using SPSS for
Windows, Version 22.0 All the experimental data were
presented as the mean + standard deviation (SD). One-way
analysis of variance (ANOVA) was conducted to compare the
differences of the means. Dunnett's test was performed for
multiple comparisons, and the Student's t-test was performed
for each dataset, comparing with the control data. The statistical
significance for all tests was considered at a probability level of
0.05 (P <0.05) or 0.01(P <0.01).

RESULTS AND DISCUSSION

Biosynthesis of silver nanoparticles

The fungal strain 7. longibrachiatum reduced silver salt
to silver nanoparticles as Noticed by visual observation of the
fungal filtrate. The fungal filtrate exhibited a gradual Change
from yellow to brown indicating formation of AgNPs. The
colour of the culture filtrate with silver nitrate solution changed
to intense brown after 48 hours of incubation, while the control
(Without silver nitrate salt) did not exhibit any colour change
(Fig 1) and by measuring the ultraviolet-visible
spectrophotometer of the solution by periodic sampling of
aliquots (1 ml) of the aqueous component. The formed silver
nanoparticles were subjected to different instrumental
analytical techniques for characterization.

Fig 1 (A)Culture filtrate of fungus Trichoderma longibrachiatum
(B) Biosynthesis of silver nanoparticle color change reaction after
exposure to AgNO3 solution for 48 h (C) AgNO3 1 mM solution

Characterization of AgNPs
Ultraviolet-visible spectrophotometer analysis

UV-visible spectrum of the biosynthesis of silver
nanoparticles using the fungi of 7. longibrachiatum showed a
peak at 420 nm corresponding to the plasmon absorbance of
silver nanoparticles for the tested fungi 7. longibrachiatum. UV
absorption spectra are essential way to monitor the formation
and stability of metallic nanoparticles in aqueous solutions,
such as the spectral response to nanoparticles depend on their
diameter. The peak echo of the plasmon moves to longer
wavelengths. It expands as the diameter increases [16].
Therefore, the aqueous biosynthesis of silver ions can be
successfully observed through UV-VIS rays, which are

sensitive to many factors, such as particle shape, size, and
interaction with the medium when synthesized the sample was
subjected to UV spectroscopy [17]. There is a relation between
the particle size and the plasmon peak, as the particles became
larger when the Plasmon peak shifts to longer wavelengths.
Values for Ag particle size and Plasmon maxima that were
reported with [18] indicated that UV spectra were in lower
wavelengths (384—414), with 10- to 14-nm particle size. This
event clearly indicated that the reduction of ions occurs
extracellularly through reducing agents released in to solution
by T. longibrachiatum. The control treatment without silver
ions showed no color change when incubated under same
conditions. The color change observed could be recognized to
the surface Plasmon resonance of deposited AgNPs. The
increase in the color intensity of culture filtrate was due to an
increase in the number of nanoparticles formed from the
reduction of silver ions present in the aqueous solution.

UV-Visible Spectra of T. longibrachiatum
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Fig 2 UV-visible absorption spectra of extracellularly synthesized
AgNPs by Trichoderma longibrachiatum (MF276664)

Scanning electron microscopy (SEM)

Scanning electron Microscopy (SEM) revealed the
formation of monodispersed spherical shape, although a few
irregular shapes were also observed. The particle size ranged
from 20-85nm. The nanoparticles observed minimal
agglomeration, indicating the presence of capping agents
secreted by Trichoderma longibrachiatum, such as proteins or
secondary metabolites, which stabilize the particles [19]
individual nanoparticles are grouped in to clusters (Fig 3). The
morphological features are important because the shape and
size of nanoparticles significantly influence their biological
activity, including Antimicrobial and plant growth promoting
effects [20].

Dynamic scattering analysis of AgNPs

The DLS study was conducted in order to detect the
particle size distribution of AgNPs synthesized from filtrate
(Fig 4). The data of DLS supported that the Z-average (r.nm)
was 83.3. The average size of the synthesized AgNPs was 26.8
nm and 2.047 PdI value. The obtained single peak indicated that
the quality of the synthesized silver nanoparticles was good (Fig
4a). One peak was obtained with a wide base, indicating that
variable sizes of AgNPs were found in the solution. Zeta
potential value of the mycosynthesized AgNPs recorded -
66.2mV (Fig 4 b-c).
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Fig 3 Scanning Electron Micrograph of T. longibrachiatum AgNPs. (a)50um image (b) 10um image (c)5um image (d)1pm
Instrument JSM-IT200, YCIS Satara
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Fig 4 (a) DLS analysis of silver nanoparticles synthesized using
Trichoderma longibrachiatum filtrate
(b) Zeta potential of Trichoderma longibrachiatum synthesized
nanoparticle
(c) Zeta potential value of the mycosynthesized AgNPs recorded -
66.2mV

AgNPs biosynthesized by Trichoderma longibrachiatum
were nearly polydispersed with the size ranges from 26.8nm to
83.3nm the value of zeta potential was -66.6mV with a single
peak signifying the presence of repulsion among the
synthesized nanoparticles (Fig 4b) When the particles have low
zeta potential values than there will be no force to prevent the
particles from coming together and flocculating [21]. The
biosynthesized AgNPs were found to have negative zeta
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potential, which indicates the repulsion among the green
synthesized silver nanoparticles and increase the stability of the
formulation. It is evident that the AgNPs are polydispersed in
nature, due to its high negative zeta potential; thus, the
electrostatic repulsive force between them results in the
prevention of agglomeration of the nanoparticles and is also
very much helpful for long term stability in the solution [22-
23].
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Fig 5 Fourier transform infrared spectroscopy (FTIR) spectrum of
AgNPs synthesized by reduction of Ag+ ions by Trichoderma
longibrachiatum

FTIR spectroscopy analysis

This analysis determines the portion bindings with
AgNPs. FTIR spectroscopy was carried out on AgNPs
synthesized after 96 h of incubation with AgNO3 as shown in
(Fig 5). FTIR spectrum revealed bands at 1635.37 and 3339.22
cm!. A band at 1634.92 cm™! corresponded to the bending
vibrations of the amide I and amide II bands of portions [24]
while their corresponding stretching vibrations of primary
amines were observed at 3339.22 ¢cm!. FTIR results revealed
that secondary structures of proteins had not been affected as a
consequence of reaction with silver ions or binding with AgNPs
[25]. FTIR spectroscopic study confirmed that amino acid and
peptides form a coat covering the silver nanoparticles. The
presence of the signature peaks of amino acids supports the
presence of proteins in cell-free filtrate as observed in Un-
visible Spectra. It is well known that nanoparticle — protein
interactions can occur either through free amino groups or
cysteine residues in proteins and via the electrostatic attraction
of negatively charged carboxylic groups in enzyme proteins
[26]. The carbonyl group of amino acid residues and peptides
had strong ability to bind silver [27]. The proteins present over
the surface of nanoparticle act as a capping agent.

XRD analysis

XRD analysis demonstrated that the emission peaks at
26 values of 27.2, 36.0,38.2, 44.2, 64.6, and 77.5 corresponded
to the silver crystal planes (110), (101), (111), (200), (220) and
(311) respectively, confirming the crystalline nature of AgNPs.
The XRD pattern thus clearly illustrates that the synthesized
AgNPs were crystalline in nature as well as colloidal form. The
line broadening of peaks was related to the presence of small
particles in the medium. A few unassigned peaks were also
observed in the vicinity of the characteristic peaks (Fig 6). The
unassigned peaks were recorded in the XRD pattern and they
could be due to the crystallization of the bio-organic phase that
occurs on the surface of the nanoparticles [28].
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Fig 6 XRD analysis of AgNPs synthesized by T. longibrachiatum

Antifungal activities of biosynthesized AgNPs

The antifungal activity of biosynthesized AgNPs against
the investigated three Fungal species is shown in (Table 1). The
biosynthesized AgNPs of Trichoderma longibrachiatum gave
the highest inhibition zone by average mm against Fusarium
oxysporum relative to the control treatment, 16.6 On the other
hand, T. longibrachiatum gave the least antifungal effect with
the other two investigated phytopathogenic fungi species being
10 and 14 mm on the average, respectively compared with
control for each fungus. Earlier workers investigated the
antifungal activity of different biosynthesized AgNPs and
stated that Nano materials play an important role in suppressing
each of the tested fungi if produced by microorganisms [29-30].

Table 1 Antifungal activities of AgNPs of Trichoderma longibrachiatum compared with AgNOs and filtrate control on 3%
PDA plates incubated at 28 °C for 7 days

Inhibition zone diameter (mm) 7.

Inhibition Zine diameter (mm)

Fungi longibrachiatum AgNPs AgNO; control Filtrate control
Fusarium oxysporum 1 16 12 -
Fusarium oxysporum 11 15 11 -
Fusarium oxysporum 111 19 12 -
Mean 16.6 12 0.0
Rhizoctonia solani 1 11 8 -
Rhizoctonia solani 11 10 8 -
Rhizoctonia solani 111 9 7 -
Mean 10 8 0.0
Alternaria alternata 1 14 10 -
Alternaria alternata 11 13 9 -
Alternaria alternata 111 15 10 -
Mean 14 10 0.0

Pot assay: Experiments were performed to determine the
effect of the Trichoderma longibrachiatum biogenic silver
nanoparticles on the germination and seedling growth of
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soybean and chickpea (Fig 7) exposure of soybean and chickpea
seeds to the biogenic AgNPs did not result in any significant
differences compared to the negative control [31-32].
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Fig 7 Effect of T. longibrachiatum AgNPs on plant growth promotion
(A) Germination index of AgNPs treated seeds of both soybean and chickpea were more effective than non-treated (Control)
(B) Growth of aerial parts and root was more effective in AgNPs treated pots than control pots

CONCLUSION

The present study successfully demonstrated the eco-
friendly biosynthesis of silver nanoparticles (AgNPs) using the
salt-tolerant fungus Trichoderma longibrachiatum.
Characterization of the synthesized nanoparticles confirmed
their nanoscale size, stability, and morphology. The prepared
AgNPs showed the spherical shape of cubic crystal
nanoparticles with size ranges from 26 to 83 nm and many
functional group moieties. The biologically synthesized AgNPs
exhibited significant antifungal activity against F. oxysporum
(16.6mm) than A. alternata (14mm) and R. solani (10mm),

suggesting their potential as an alternative to chemical
fungicides. Moreover, the nanoparticles enhanced chickpea and
soybean plant growth parameters, including seed germination,
root-shoot length, and formation of number of Ileaves,
highlighting their role in promoting plant development under
saline conditions. These findings indicate that T.
longibrachiatum-mediated AgNPs are promising biocontrol
and biofertilizer agents, contributing to sustainable agriculture
by combining disease suppression and growth enhancement in
saline soil. Further field trials and toxicity assessments are
recommended to validate their large-scale application and
environmental safety.

LITERATURE CITED

—_—

applications. Nanomaterials 14(17): 1425.

N

. Abbas R, Luo J, Qi X, Naz A, Khan IA, Liu H, Yu S, Wei J. 2024. Silver nanoparticles: Synthesis, structure, properties and

. Elamawi RM, Al-Harbi RE, Hendi AA. 2018. Biosynthesis and characterization of silver nanoparticles using Trichoderma

longibrachiatum and their effect on phytopathogenic fungi. Egypt Jr. Biol. Pest Control 28: 28.

3. Ahmad A, Mukherjee P, Senapati S, Mandal D, Khan MI, Kumar R, Sastry M. 2003. Extracellular biosynthesis of silver
nanoparticles using the fungus Fusarium oxysporum. Colloids Surf B Biointerfaces 28: 313-318.

4. Gemishev OT, Panayotova MI, Mintcheva NN, Djerahov LP, Tyuliev GT, Gicheva GD. 2019. A green approach for silver
nanoparticles preparation by cell-free extract from Trichoderma reesei fungi and their characterization. Materials Research

Express 6(9): 095040.

5. Al Abboud MA, 2018. Fungal biosynthesis of silver nanoparticles and their role in control of Fusarium wilt of sweet pepper and
soil-borne fungi in vitro. International Journal of Pharmacology 14: 773-780.

6. Abdel-Kareem MM, Zohri AA. 2018. Extracellular mycosynthesis of gold nanoparticles using Trichoderma hamatum:
optimization, characterization and antimicrobial activity. Letters in Applied Microbiology 67(5): 465-475.

3

. Tripathi P, Singh PC, Mishra A, Chauhan PS, Dwivedi S, Bais RT, Tripathi RD. 2013. Trichoderma: A potential bioremediator

for environmental clean up. Clean Techn. Environ Policy 15: 541-550.

(o]

Ne)

. Vahabi K, Mansoori GA, Karimi S. 2011. Biosynthesis of silver nanoparticles by fungus Trichoderma reesei (a route for large-
scale production of AgNPs). Insciences Journal 1(1): 65-79.
. Singh J, Rajput RS, Singh P, Ray S, Vaishnavm A, Singh SM, Singh HB. 2021. Screening, isolation and characterization of heat

stress tolerant Trichoderma isolates: Sustainable alternative to climate change. Plant Archives 21(1): 1717-1734.

10. Poosapati S, Ravulapalli PD, Tippirishetty N, Vishwanathaswamy DK, Chunduri S. 2014. Selection of high temperature and
salinity tolerant Trichoderma isolates with antagonistic activity against Sclerotium rolfsii. Springer Plus 3: 641.

11. Samuels GJ, Ismaiel A, Mulaw TB. 2012. The Longibrachiatum clade of Trichoderma: A revision with new species. Fungal

Diversity 55: 77-108.

12. Guilger-Casagrande M, Germano-Costa T, Pasquoto-Stigliani T, Fraceto LF, de Lima R. 2019. Biosynthesis of silver
nanoparticles employing Trichoderma harzianum with enzymatic stimulation for the control of Sclerotinia sclerotiorum.

Scientific Reports 9: 14351

13. Prameela Devi T, Kulanthaivel S, Kamil D, Borah JL, Prabhakaran N, Srinivasa N. 2013. Biosynthesis of silver nanoparticles
from Trichoderma species. Indian Jr. Exp. Biology 51: 543-547.
14. Sun YG, Xia YN. 2002. Shape-controlled synthesis of gold and silver nanoparticles. Science 298: 2176-2179.

421



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dixit SN, Tripathy SC, Upadyyey RR. 1976. The antifungal substance of rose flower (Rose indica). Economic Botany 30: 371-
373.

Shivaraj NA, Vandana R, Dattu S. 2014. Characterization and biosynthesis of silver nanoparticles using a fungus Aspergillus
niger. International Letters of Nano Sciences 15: 49-57.

Khan M, Khan M, Adil SF, Tahir MN, Alkhatlan HZ, Al-Warthan A, Siddique MRH. 2013. Green synthesis of silver
nanoparticles mediated by Pulicaria glutinosa extract. Int. Jr. Nanomedicine 8: 1507-1516.

Solomon SD, Bahadory M, Jeyarajasingam AV, Rutkowsky SA, Boritz C. 2007. Synthesis and study of silver nanoparticles.
Jr. Chem. Education 84: 322-325.

Omran BA, Nassar HN, Younis SA, Fatthallah NA, Hamdy A, El-Shatoury EH, EI-Gendy NS. 2019. Physiochemical properties
of Trichoderma longibrachiatum DSMZ 16517-synthesized silver nanoparticles for the mitigation of halotolerant sulphate-
reducing bacteria. Jr. Applied Microbiology 126: 138-154.

Li T, Tao R, Zhong Z, Liu X, Gao Z. 2025 Trichoderma strains as a synergistic control complex to improve the growth of muskmelon
and suppress Fusarium oxysporum f. sp. Melonis. Environmental Science Nano 12: 2034-2049.

Roy N, Gaur A, Jain A, Bhattacharya S, Rani V. 2013. Green synthesis of silver nanoparticles: An approach to overcome
toxicity. Environmental Toxicology and Pharmacology 36: 807-812.

Suresh AK, Doktycz MJ, Wang W, Moon JW, Gu B, Meyer HM 111, Hensley DK, Allison DP, Phelps TJ, Pelletier DA. 2011.
Monodispersed biocompatible silver sulfide nanoparticles: facile extracellular biosynthesis using the y-proteobacterium
Shewanella oneidensis. Acta Biomater 7: 4253-4258.

Kotakadi VS, Gaddam SA, Venkata SK, Sarma PV, Sai Gopal DV. 2016. Bio-fabrication and spectral characterization of silver
nanoparticles and their cytotoxic studies on human CD34 +ve stem cells. 3 Biotech 6(2): 216.

Gole AC, Dash V, Ramakrishnan SR, Sainkar AB, Mandale M, Sastry M. 2001. Pepsin gold colloid conjugates, preparation,
characterization, and enzymatic activity. Langmuir 17: 1674.

Jain N, Bhargava A, Majumdar S, Tarafdar JC, Panwar J. 2011. Extracellular biosynthesis and characterization of silver
nanoparticles using Aspergillus flavus NJP08: A mechanism perspective. Nanoscale 3(2): 635-641.

Mandal S, Phadtare S, Sastry M. 2005. Interfacing biology with nanoparticles. Current Applied Physics 5(2): 118-127.

Balaji DS, Basavaraja S, Deshpande R, Mahesh DB, Prabhakar BK, Venkataraman A. 2009. Extracellular biosynthesis of
functionalized silver nanoparticles by strains of Cladosporium cladosporioides fungus. Colloids Surf B Biointerfaces 68(1):
88-92.

Sundaravadivelan C, Padmanabhan MN. 2014. Effect of mycosynthesized silver nanoparticles from filtrate of Trichoderma
harzianum against larvae and pupa of dengue vector Aedes aegypti L. Environ. Sci. Pollution Research 21: 4624-4633.

Vijayan S, Divya K, George TK, Jisha MS. 2016. Biogenic synthesis of silver nanoparticles using endophytic fungi Fusarium
oxysporum isolated from Withania 80. Egyptian Journal of Phytopathology 48:

Mohamed AE, Ismail MI, Hisham MA, Mohamed Z. 2017. Identification and molecular characterization of Egyptian
Trichoderma isolates. Bioscience Research 14(4): 1156-1166.

Kashisaz M, Enayatizamir N, Fu P. 2024. Synthesis of nanoparticles using Trichoderma harzianum, characterization, antifungal
activity and impact on plant growth promoting bacteria. World Jr. Microbiology and Biotechnology 40: 107.

Sondi I, Salopek-Sondi B. 2004. Silver nanoparticles as antimicrobial agent, a case study on E. coli as a model for Gram-
negative bacteria. Jr. Colloid Interface Science 275: 177-182.

422



