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The culture filtrate of Hypocrea lixii GGRK4 played a vital role as a reducing and
stabilizing agent in the mycosynthesis of silver nanoparticles (AgNPs) using silver
nitrate (AgNO3). The extracellular extract derived from fungi emerged as a
noteworthy option for synthesizing AgNPs due to its potential composition of
metabolites, including enzymes and other bioactive substances. Hence, the
presence of a dark brown color serves as a key indicator for the biosynthesis
of AgNPs through the reduction of Ag (I) ions to Ag by the fungal culture filtrate.
To facilitate the synthesis of AgNPs, a combination of hybrid technologies,
specifically the “one factor at a time” approach and statistical tools such as
response surface methodology, was used using a face-centered central
composite design (FCCCD). Utilizing a modified CX medium with pH of
5.02 supported the fungi synthesizing AgNPs at a temperature of 30°C. The
multi-efficient AgNPs were characterized through various techniques, including
UV–visible spectrophotometry, zeta size and potential analysis using a zeta size
analyzer, transmission electron microscopy (TEM), X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and fluorescence
spectroscopy. The biosynthesized AgNPs have significant associated
functional groups, revealed by FTIR analysis. TEM histogram analysis showed
that these multi-efficient AgNPs have a size of 17.34 nm. Similarly, they have
emission and excitation spectra of 450 nm and 390 nm, respectively, revealed by
fluorescence spectrum analysis. Compared to the standard, the biosynthesized
AgNPs have significant antibacterial and free radical scavenging properties and
dye degradation capability. Additionally, the half-maximal inhibitory
concentration (IC50) value was found statistically significant based on t-test
analysis. Finally, the biosynthesized AgNPs could be used in potential
applications encompassing ecofriendly degradation, antimicrobial activity, and
therapeutic applications, such as free radical scavenging properties.
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1 Introduction

Nanotechnology, due to its structural fidelity for many years,
contributed to almost every field of science; nanotechnology is
regarded as the collective expertise of nowadays (Dejen et al.,
2023). Several physical and chemical methodologies exist
currently for nanoparticle synthesis, but due to their cost
ineffectiveness and harmfulness to the environment, they are not
widely implemented (Singh et al., 2013; Qamar et al., 2023).
Nanoparticles are nanoscale particles between 1 and 100 nm in
size or even smaller (Khan and Hossain, 2022). Nanoparticles made
up of metals have gained significant attention due to their
widespread applications in the field of nanochemistry. To
synthesize nanoparticles, the use of natural machinery has been
approached to obtain environment-friendly nanomaterial for
successful remediation (Bhattacharjee et al., 2024; Valle-García
et al., 2023). Utilizing any biological element such as bacteria,
yeast, plants, fungi, and actinomycetes is a brilliant approach for
an ecologically relevant way called green synthesis (Lateef
et al., 2016).

Amongst other nanometals, silver nanoparticles (AgNPs) have
gained considerable recognition due to their vast nanotechnological
implementations, such as optical elements, chemical sensing,
pharmaceutical components, chemical reactions, and antibacterial
activity (Jorge de Souza et al., 2019). AgNPs gained the attention of
scientific communities due to their immense antibacterial activity
against drug-resistant pathogens (Huq, 2020; Fatima et al., 2021;
More et al., 2023). In terms of microorganisms, filamentous fungi
are considered the most ideal since they secrete more enzymes, are
simpler to manage, and can thrive under either simple or
complicated conditions (Sameena and Thoppil, 2022). It has been
observed that the main factor causing the change of Ag+ to Ag0 is the
presence of bioactive compounds such as enzymes, amino acids, and
other reducing agents in the culture filtrate (Ottoni et al., 2017).
Silver is a valuable metal that occurs naturally, most often as a
mineral metal that contains different components. Numerous nano-
silver products have been developed as a result of the strong
antibacterial qualities of silver. Nowadays, the significant
application of AgNPs in surgical equipment and other medical
devices like bandages is on the rise (Muangman et al., 2006).
Recent studies have focused on the amazing biological and
physicochemical properties of AgNPs (Ankush et al., 2022;
Vidyasagar et al., 2023). This is due to the diverse prospective
applications of AgNPs in fields such as optics, environmental
engineering, electronics, catalysis, and biomedicine (Govindappa
et al., 2018). Several filamentous fungi, such as Aspergillus sp.,
Candida albicans, and Fusarium oxysporum, are extensively used
for the production of AgNPs (Bhat et al., 2015; Rajput et al., 2016;
Vijayan et al., 2016).

Previously, traditional methods such as physical and chemical
processes were used for the synthesis of nanoparticles (NPs). Most of
the chemical methods are expensive and release various toxic agents,
which have an impact on the environment and human beings.
Nowadays, the greener synthesis of NPs has a novel and significant
avenue in the field of nanotechnology (Ahmad et al., 2019; Ramya,
2022). However, the synthesis of NPs using the fungal extract is the
method agreed upon as the green and ecofriendly synthesis process.
In addition to that, there are various studies available on the

optimization processes in AgNP synthesis, mainly to reduce their
size and improve their stability (Ajitha et al., 2015; Núñez et al.,
2018). However, even if there are well-established methodologies for
the synthesis of NPs, it is necessary to investigate significant and
efficient synthesis methods that require short reaction times and are
inexpensive to obtain NPs with multi-efficient ecofriendly
applications. The traditional one-factor-at-a-time (OFAT)
method is an overlooked interaction between different variables,
and this process is not enough to predict the significant interactions
between the variables. Hence, the design of the experiment (DOE)
method must be used in order to accurately determine the possible
interactions, and the face-centered central composite design
(FCCCD) under the response surface methodology (RSM) can be
a powerful tool for complex process optimization. RSM can provide
an in-depth understanding of the pairwise coupled, curvilinear, and
straight effects of the factors on the response (Kong et al., 2014). For
experimental designs, the Box–Behnken design (BBD), central
composite design (CCD), Doehlert matrix (DM), etc., are
available as multivariate approaches. CCD is more efficient than
BBD and DM in terms of design efficiency (Jung et al., 2015).
Therefore, Javier and Camacho (2022) conducted experiments for
the process optimization of AgNP synthesis using the RSM
optimization tool.

AgNPs are used in several applications, including diagnostics,
antimicrobial treatment, textiles, building materials, electronics, and
the remediation of environmental issues. Nanoparticles have
applications in many different fields for a variety of purposes. As
a result, biologically produced nanoparticles offer a wider range of
applications than chemically produced nanoparticles. Among other
nanometals, AgNPs receive more attention because of their
numerous applications in nanotechnology, including their use as
optical components, sensors for chemicals, medicinal components,
chemical reactions, and antibacterial activities (Burdușel et al.,
2018). Thus, various microorganisms have been used to create
functional nanoparticles. It is also widely recognized that the size,
shape, and crystal structure of AgNPs have a significant impact on
various ecofriendly applications. In addition, fungal cultures are
easier to cultivate on an industrial scale and in the laboratory (Velhal
et al., 2016). The antibacterial activity of AgNPs has been widely
investigated, yet their mode of action is not fully elucidated. In
another study, researchers reported the significant potential of
AgNPs for dye degradation and antibacterial activity (Rafique
et al., 2019). Furthermore, the accumulation of hydrogen
peroxide (H2O2) leads to the creation of O− free radicals, which
disrupt cell membranes. The scavenging capability of green
synthesized AgNPs could be attributed to the functional groups
adhered to them. Several studies related to the antioxidant properties
of AgNPs have been investigated (Ahmed and Mustafa, 2020).
Additionally, AgNPs have also been used as catalytic agents for
the degradation of toxic dyes and have gained more attention in
recent years. Several studies investigated the catalytic activity of
AgNPs against numerous hazardous dyes, such as Rhodamine B dye,
Phloxine B, methyl orange, thymol blue, Auramine O, and Congo
red (Albeladi et al., 2020; Chandhru et al., 2020). Many researchers
reported up to 90%–100% degradation of different dyes using green
synthesized AgNPs (Chand et al., 2020; Pandey et al., 2020; Nazir
et al., 2021). The presence of phenolic groups in the water system
raises a major concern worldwide. Hence, the bioconversion of these
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compounds is necessary to clean the environment. However, AgNPs
undergo catalytic reactions based on oxidation and reduction
processes. The conversion of nitroaromatics has led to the
production of valuable compounds. Therefore, a study reported
the use of AgNPs as a catalyst for the biotransformation of
p-nitrophenol into p-aminophenol compounds (Singh et al.,
2018; Veisi et al., 2019).

In the present study, the presence of reductant biomolecules and
enzymes from newly isolated fungal culture Hypocrea lixii
GGRK4 was reported for the mycosynthesis of AgNPs.
Therefore, the following aspects were investigated:

a) Process optimization for greener synthesis of AgNPs using
statistical optimization tools such as the response surface
methodology.

b) Characterization of the mycosynthesized AgNPs using
different analytical techniques, i.e., Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), zeta
size, zeta potential, transmission electron microscopy (TEM),
and fluorescence spectroscopy.

c) Evaluation of the antibacterial activity of AgNPs against
Gram-positive and Gram-negative bacteria.

d) Estimation of the free radical scavenging property and half-
maximal inhibitory concentration (IC50) value of
mycosynthesized AgNPs.

e) Determination of the catalytic efficiency of methylene dye
degradation and biotransformation of p-nitrophenol.

2 Materials and methods

2.1 Chemicals

The potato dextrose agar (PDA), yeast extract, peptone, nutrient
agar, nutrient broth, Mueller–Hinton agar (MHA), sucrose, glucose,
and lactose were purchased from HiMedia (Thane, Maharashtra,
India). Chemicals such as ammonium sulfate, magnesium sulfate
heptahydrate, dipotassium phosphate, methylene blue, sodium
borohydride, sodium hydroxide, hydrochloric acid, copper
sulfate, ferric chloride, sulfuric acid, sodium chloride, and barium
chloride were purchased from Merck, India. AgNO3 was purchased
from Sigma-Aldrich, Bangalore, India. All the chemicals used in this
study are analytical grade.

2.2 Microorganism conditions

The fungal culture H. lixii GGRK4 was obtained from the
laboratory storage facility. One mycelium disk (8 mm diameter)
of the culture was transferred on a PDA medium containing a Petri
dish and incubated at 30°C for 3–5 days. The PDA slant was used for
sub-culturing and stored at 4°C for further use.

2.3 Screening for AgNP production

In a 250-mL Erlenmeyer flask, 50 mL of optimized CX broth
medium (see Supplementary Table S1 for composition) was

inoculated with three mycelium disks (8 mm diameter) and
incubated at 150 rpm and 30°C for 3 days. The cell-free culture
filtrate (CFS) was separated by filtering fungal biomass using
Whatman No. 1 filter paper, which was further clarified by
centrifugation at 10,000 rpm and 4°C for 15 min. For the
mycosynthesis process, a reaction mixture containing 1.75 mL of
cleared CFS and 20 mL of 2 mM AgNO3 solution was incubated at
room temperature under the incidence of light for 12 h. A brown
color was recorded in the spectrum at a range of 200–800 nm using a
UV-vis spectrophotometer (Spectro-UV8 MRC, United Kingdom).

2.4 Single-factor optimization for the
mycosynthesis of AgNPs

Various process parameters for the mycosynthesis of AgNPs
by H. lixii GGRK4 were optimized using a single-factor screening
method. The physicochemical parameters such as AgNO3

concentration, CFS volume, reaction time, temperature, and
pH were screened. Initially, five different media
(Supplementary Table S1) were screened for the most suitable
fungal culture for the biosynthesis of AgNPs. The effect of
temperature (25°C–35°C) on the growth of the fungal culture
filtrate supernatant was assessed for AgNP mycosynthesis. The
effect of the concentration ranges of AgNO3 (0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, 4.5, and 5.0 mM) was studied for the mycosynthesis
of AgNPs. Furthermore, the effect of different volumes of CFS on
AgNP production was assessed. The effect of the reaction time on
the AgNP mycosynthesis process was studied by synthesizing the
reaction mixture at varying incubation time ranges (2, 4, 6, 8, 10,
14, and 20 h). All sets of tests were examined continuously by a
control condition containing silver nitrate solution and the cell-
free culture filtrate.

2.5 Experimental design and model
validation

Statistical optimization was performed to obtain the optimum
parameters for the AgNP mycosynthesis. For this, the optimization
model, i.e., the CCD, was obtained using Design-Expert software
(DOE ver. 13.0). Three independent input parameters at five levels
are given in Supplementary Table S2. To find the most important
factors for the highest yield, a total of 20 experimental matrices
(Table 1) were obtained. The substantial correlation between all the
variables was estimated using ANOVA and 3D surface response.
Finally, the final experiment was conducted using the predicted ideal
conditions of the model (silver nitrate concentration of 3.411 mM,
volume of 1.931 mL of CFS, and a reaction period of 3 h and 21 min)
to validate the model.

2.6 AgNP characterization

2.6.1 Morphological and physiochemical
characterization

The zeta potential and zeta size of the biosynthesized AgNPs
were studied using a zetasizer (Malvern Panalytical). The functional
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groups of AgNPs were determined by scanning the samples using an
FTIR spectrophotometer at a range of 375–4,000 cm−1 (Bruker,
Germany) (Shankar et al., 2020). The transmission electron
microscope analysis was carried out using the JEM-2001
transmission electron microscope (JEOL Ltd., Tokyo, Japan) at
200 kV. In brief, AgNPs were diluted at a ratio of 1:200, and
5 µL of AgNPs were transferred and deposited to prepare a grid/
matrix, allowing it to dry for 15 min. The size distribution of
mycosynthesized AgNPs was determined using ImageJ 1.53e
(NIH, Bethesda, MD).

2.6.2 Crystallinity analysis of
mycosynthesized AgNPs

An X-ray diffractometer with a high beam (Rigaku MiniFlex
600) was additionally used to find the crystal-like nature of AgNPs.
The spectra were obtained within 10–70° of 2θ (scattering angle).
The X-ray diffraction technique utilizing Cu Kα radiation was used
to examine the phase development of the dried AgNP powder
sample. The current and voltage of the generator were set to
25 mA and 35 KV, respectively.

The Debye–Scherrer formula was used to evaluate the AgNP
crystalline size as follows:

d � kλ/β cos θ. (1)

Here,
d = crystallite size (in nm)
K = shape factor (here, k= 0.89)
λ = wavelength
θ = Bragg angle
β = full width at the half maxima.
The inter-planar spacing (d) was estimated using the

following formula:

d � nλ/2 Sin θ. (2)

The Lattice constant was estimated using the following formula:

a � �����������
h2 + k2 + l2( )√

. (3)

2.6.3 Fluorescence spectroscopy
The range of emission and excitation wavelengths of AgNPs can

be determined using a fluorescence spectrophotometer. The
fluorescence spectroscopy of biosynthesized AgNPs was evaluated
by using the method proposed by Qiu et al. (2022).

TABLE 1 Experimental runs of the response surface methodology.

Runs Factor 1 Factor 2 Factor 3 Response

Silver nitrate (mM) CFS (mL) Reaction time (H) Observed AgNP yield (%) Predicted AgNP yield (%)

1 1.41214 0.706071 3.22968 36.31 36.68

2 2.75 1.375 6.5 89 94.76

3 2.75 1.375 6.5 92 94.76

4 2.75 1.375 6.5 95 94.76

5 2.75 2.5 6.5 89.89 87.3

6 2.75 1.375 6.5 96.87 94.76

7 2.75 1.375 12 85.3 82.83

8 2.75 1.375 1 84.34 89.4

9 2.75 0.25 6.5 47.98 53.16

10 1.41214 2.04393 3.22968 95.78 93.94

11 0.5 1.375 6.5 44.43 41.53

12 2.75 1.375 6.5 97.78 94.76

13 1.41214 2.04393 9.77032 48.56 55.36

14 4.08786 2.04393 3.22968 98.78 98.89

15 4.08786 0.706071 3.22968 67.78 59.15

16 4.08786 0.706071 9.77032 89.89 89.9

17 2.75 1.375 6.5 98.34 94.76

18 4.08786 2.04393 9.77032 75.45 73.25

19 1.41214 0.706071 9.77032 56.45 54.51

20 5 1.375 6.5 69.98 75.46

The bold values represented the highest yield (%).
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2.7 Determination of the antibacterial
property of mycosynthesized silver
nanoparticles

The antibacterial activity of AgNPs was tested using the agar
disk diffusion method against Gram-positive (Staphylococcus aureus
MTCC 96 and Bacillus pumilus MTCC 121) and Gram-negative
(Escherichia coli MTCC 43 and Pseudomonas aeruginosa MTCC
424) test organisms. A measure of 100 µL of bacterial culture was
spread uniformly on MHA media. The sterile disks were immersed
in different concentrations (100, 200, 300, 400, and 500 μL/mL) of
AgNP solution. Afterward, the immersed disks were placed on Petri
plates and incubated for 24 h at 37°C. The zone of inhibition was
measured by taking the readings in triplicate.

2.8 Determination of dye
degradation efficacy

The dye degradation efficacy of AgNPs against methylene blue
(MB) was determined by performing a reaction. First, 20 mL of
5 mg/mL MB was taken in a reaction tube and mixed with 30 µg
AgNPs and 200 µL sodium borohydride (NaBH4). A control sample
was also prepared by the addition of 20 mL of 5 mg/mL MB dye and
30 µg NaBH4. The tubes were then observed for color change at
regular intervals of time and the absorbance at 662 nm using a
UV–visible spectrophotometer.

The percentage of degradation was calculated using the
following formula:

Degradation %( ) � Abs0 − Abst
Abs0

× 100, (4)

where Abs0 is the initial concentration and Abst is the final
concentration.

2.9 Biotransformation of p-nitrophenol

The ability of the biosynthesized AgNPs to undergo
biotransformation was evaluated through the transformation of
p-nitrophenol into p-aminophenol. In brief, 1 mL of freshly
prepared NaBH4 solution (30 mM) was mixed with 150 μL of
p-nitrophenol (2 mM). Finally, 10 μL of biosynthesized
nanoparticles were added, and 3 mL of reaction volume was
maintained using distilled water. The biotransformation was
performed at room temperature and was monitored using a UV-
vis spectrophotometer (Spectro-UV8 MRC, United Kingdom). At
varied time intervals (0–180 min), the absorption peak at 400 nm
decreased, while the peak at 300 nm increased.

2.10 The antioxidant property of
mycosynthesized AgNPs

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) test was used to
assess the ability of AgNPs to scavenge free radicals. In brief,
200 µM DPPH solution was prepared in ethanol and used as the
substrate. The reaction mixture contained 2.5 mL of AgNPs having

different concentrations (50, 100, 150, 250, and 500 μg/mL) and
1 mL of DPPH solution. The reaction sets were gently shaken and
incubated under dark conditions for up to 30 min at room
temperature, and the absorbance was measured at 518 nm using
a UV-vis spectrophotometer (Spectro-UV8 MRC,
United Kingdom). The percentage scavenging activity was
measured by comparing the absorbance to that of the control
(which solely contained DPPH). Ascorbic acid solution was used
as the positive control. The test was carried out in triplicate. The
percentage of inhibition could be determined by using
following formula:

% Scavenging activity � Abscontrol − Abssample

Abscontrol
× 100. (5)

The IC50 values were determined using GraphPad Prism
software (Aykul and Martinez-Hackert, 2016). First, we evaluated
the % scavenging activity data taken at different concentrations of
the biosynthesized AgNPs and the standard (ascorbic acid). To
obtain the IC50 values, we fitted the % scavenging activity as a
function for fit spline analysis using the non-linear regression
algorithm for log (concentration) versus normalized response
implemented in GraphPad.

2.11 Statistical analysis

All investigations were performed in triplicate, and data were
interpreted as the mean ± SD calculated using GraphPad Prism (ver
8) software. Statistical analysis was performed using one-way
ANOVA, followed by Tukey’s test, and p < 0.05 was regarded as
significant. The XRD analysis was performed using OriginPro
2021 software.

3 Results and discussion

3.1 AgNP biosynthesis

In the present study, biological approaches are preferred for
reasons such as their convenient accessibility, inexpensiveness, and
ecological properties (Ahmed et al., 2022). The color shift from pale
milky to dark brown verified the reduction of silver nitrate into
AgNPs in the fungal culture filtrate supernatant. The conversion of
Ag+ to Ag0 is mostly caused by the presence of biomolecules in the
culture filtrate supernatant of the fungus, including amino acids,
polysaccharides, enzymes/proteins, and vitamins. Mukherjee et al.
(2001) demonstrated and reported that the surface of fungi played a
significant role in trapping Ag+ and successively reducing it into
nanoparticles by extracellular enzymes secreted by the fungal
system. Several other studies reported that the nitrate reductase
activity of the isolates had a potent ability to synthesize NPs, which
supports the hypothesis of the enzymatic reduction of AgNO3 into
AgNPs (Saifuddin et al., 2009; Hamedi et al., 2014; Ottoni et al.,
2017). The significant participation of these bioactive molecules has
been further assessed by FTIR analysis (see Section 3.3.2). The FTIR
investigation revealed the connections between silver and
biologically active molecules that play an important role in the
formation and constancy of NPs as capping agents. The carboxylic
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acid group obtained from the amino acid of proteins has strong
connections among the NPs due to the negative charge (Neethu
et al., 2018; Ibrahim et al., 2021). A measure of 2 mM silver nitrate
solution was introduced to the fungal culture filtrate of H. lixii
GGRK4 at 30°C in the presence of white light under static conditions
to synthesize silver nanoparticles. The initial confirmation of the
synthesis of AgNPs was the color change of the reaction mixture
from colorless to dark brown (Figure 1A). The presence of a band at
a surface plasmon resonance (SPR) of 464 nm of AgNPs in the
UV–visible spectrum indicated their synthesis (Figure 1B). The SPR
concept describes the excitation of electrons in the conductive band
surrounding silver particles. The absorption band observed at
464 nm closely matches the value reported by previous studies
(Elgorban et al., 2016; Ottoni et al., 2017; Neethu et al., 2018).
However, spectroscopic analysis of the silver nitrate solution in the
absence of the culture filtrate supernatant revealed two bands at
222 and 240 nm. Additionally, it was shown that no synthesis of
fungal biomass occurred, and that the mycosynthesis of AgNPs
exclusively occurred extracellularly.

3.2 Optimization of process parameters for
AgNP production

The medium composition has an impact on metabolite
production and microbial growth, which are crucial processes
in the biological synthesis of AgNPs (Shankar et al., 2020). In

the present study, the CX medium containing lactose and peptone
maintained healthy fungal growth and encouraged the production
of extracellularly synthesized AgNPs (Figure 2A). In a related
study, researchers produced AgNPs by the cultivation of F.
oxysporum in 10 distinct medium sources (Birla et al., 2013). A
study reported that glucose was used as a carbon source for the
production of AgNPs using Aspergillus species (Zomorodian et al.,
2016). Another study investigated various media, such as Czapek
Dox (CZAPEK), Richard medium (RM), glucose yeast extract
peptone (GYP), potato dextrose broth (PDB), protease
production (PP) media, and Sabouraud’s dextrose (SB), for the
enhanced synthesis of AgNPs (Saxena et al., 2016). Various
concentrations of AgNO3 ranging from 0.5 to 5 mM were used
to determine to best suitable concentration. It was found that
2 mM of AgNO3 reported the optimum concentration for the
maximum synthesis of AgNPs (Figure 2B). In the best possible
reaction circumstances, the amount of culture filtrate has a
considerable and important impact on the yield of AgNPs. The
results show that as the volume of the culture filtrate supernatant
increases, the synthesis of AgNPs increases (Figure 2C). This is
because it now requires more protein or an enzyme to convert
AgNO3 into AgNPs. Higher amounts of “reducing agents”
(enzymes) in the broth medium result in the greater production
of AgNPs (Singh et al., 2013). Several concentrations of AgNO3

were used for the production of AgNPs using a fungal culture
filtrate of Aspergillus oryzae (Phanjom and Ahmed, 2017). A
similar type of experiment was conducted by Omran et al.

FIGURE 1
Mycosynthesis of silver nanoparticles (AgNPs): (A) step-wise biosynthesis process and (B) UV-vis spectrum of biosynthesized AgNPs.
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(2018). Similarly, many researchers conducted experiments with
different concentrations of dry biomass of culture with optimum
concentrations of AgNO3 and reported that increasing the amount
of dry biomass of culture improved the synthesis of AgNPs (Saxena
et al., 2016; Omran et al., 2018). pH of the media plays a crucial role
in the maintenance and production of microbial metabolites, and
in our study, the highest biosynthesis of AgNPs was found at
pH 5.02. Omran et al. (2018) reported that the highest amount of
AgNPs were synthesized at pH 7.0. It was also observed that a
lower synthesis of AgNPs was obtained when increasing pH due to
the denaturation of the enzymes, which can lead to a further
decrease in Ag+ reduction. Additionally, temperature is another
crucial factor that affects the proliferation and production of
metabolites by fungi. Our study reports that the maximum

amount of AgNPs were synthesized at 30°C, followed by 25°C
(Figure 2D). Similarly, thermophilic mold Humicola sp. produced
AgNPs at 50°C (Syed et al., 2013). Furthermore, similar
experiments were performed using Humicola sp. to synthesize
gadolinium oxide nanoparticles at 50°C (Khan et al., 2014). The
present study demonstrated that the maximum AgNP synthesis
was at 14 h of reaction time (Figure 2E). The yield of
biosynthesized AgNPs was the maximum under light conditions
(Figure 2F). Similar observations were obtained by researchers,
and they concluded that the presence of light encouraged Klebsiella
pneumoniae to produce more AgNPs (Mokhtari et al., 2009). For
the first time, it has been documented that Penicillium polonicum
ARA10, an endophytic fungus, produces AgNPs in the presence of
light (Neethu et al., 2018). In addition, a similar investigation was

FIGURE 2
Process Optimization of AgNPs biosynthesis through one factor at a time approach: (A) effect of differentmedia, (B) effect of AgNO3 concentration,
(C) effect of different CFS volume, (D) effect of temperature, (E) effect of reaction time, and (F) effect of light condition.
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performed using laser light during the AgNP synthesis
(Zomorodian et al., 2016). In contrast, another study observed
the formation of gadolinium oxide nanoparticles in the dark (Khan
et al., 2014).

3.2.1 FCCCD experimental process and
statistical analysis

By using the FCCCD to examine the interaction effects of all three
parameters (Table 2), the AgNP production medium was further
optimized. With 3 independent variables at 5 levels (+, +1, 0, −1,
and –), a total of 20 tests were run. The quadraticmodel was obtained as
the best match compared to othermodels based on themodel summary
(Supplementary Table S3). Table 1 displays the observed and predicted
responses. The range of responses to the experiment was found as
36.68%–98.89% (Table 1). ANOVA was used to analyze the model
fitness and suitability, as shown in Table 2. With a calculated “F-” value
of 28.73 and a “p-” value of < 0.0001, ANOVA demonstrates the model
suitability (Table 2). In the intended space, statistical significance for the
interactions between the four variables was established. The maximum
AgNP production was indicated by the linearly negative effects of the
variables A and D. The accuracy of the model was determined by the
coefficient of determination R2, which was 96.28%, and adjusted R2,
which was 94.92%, and the predicted R2 indicated a significant
correlation between the input variables and response. The lack of fit
was deemed unimportant to the validation of the model for the current
investigation. Consequently, it is possible to navigate the design space
using the projected model. The following quadratic equation represents
the combined influence of the model process parameters based on
the response:

AgNPsYield %( ) � 94.7577 + 10.088*A + 10.1505*B + 1.954*C

+ 4.3775*AB + 3.2325*AC + 14.1*BC

+ 12.8194*A2 + 8.67221*B2 + 3.05602*C2,

(6)

where A = silver nitrate, B = CFS, and C = reaction time.
The interactive effect of the variables in the form of a 3D surface

was plotted for the AgNP yield responses obtained in the CCD, as
shown in Figure 3. A high-intensity and narrow SPR peak at
350–420 nm was observed when the color changed from clear
transparent to dark brown using UV–visible spectroscopy. The
experimental value was obtained quite near the predicted
response; hence, this model was validated. Finally, it was
concluded that the biosynthesis of AgNPs was significantly
enhanced by the statistical tool (RSM), and it can be used in
various fields.

3.3 Silver nanoparticle characterization

3.3.1 Morphological and physiochemical
properties of AgNPs

The bioreduction of silver ions in the filtrate is a step in the
extracellular manufacture of AgNPs using the fungus H. lixii
GGRK4. After 12 h of incubation, the synthesized AgNPs from
H. lixii GGRK4 displayed the maximal absorbance peak at 462 nm,
suggesting that the bioreduction of AgNO3 occurred with the cell-
free filtrate. To determine the stability, periodic samples of the
reaction mixture were taken from the reaction mixture at regular
intervals. After a complete reduction for 89 h, the AgNPs produced
were extremely stable. A spherical morphology of NPs was shown by
the TEM analysis, with a diameter of 10–45 nm and an average
diameter of 17.34 ± 0.410 nm (Figure 4). The analysis of the TEM
histogram was performed using Origin software. The present study
was supported by various reports using Aspergillus spp. (Rudrappa
et al., 2022; Wang et al., 2021). Prior to diluting the AgNPs, the
hydrodynamic size distribution and zeta potential of biosynthesized
AgNPs were measured using a zeta analyzer. The zeta potential of
AgNP was found to be −14.4 mV, which indicated that the AgNPs

TABLE 2 ANOVA of central composite design response variables.

Source Sum of squares df Mean square F-value p-value

Model 7,859.85 9 873.32 28.73 <0.0001 Significant

A-silver nitrate 1,389.82 1 1,389.82 45.73 <0.0001

B-CFS 1,407.1 1 1,407.1 46.29 <0.0001

C-reaction time 52.14 1 52.14 1.72 0.2196

AB 153.3 1 153.3 5.04 0.0485

AC 83.59 1 83.59 2.75 0.1282

BC 1,590.48 1 1,590.48 52.33 <0.0001

A2 2,368.31 1 2,368.31 77.92 <0.0001

B2 1,083.83 1 1,083.83 35.66 0.0001

C2 134.59 1 134.59 4.43 0.0616

Residual 303.94 10 30.39

Lack of fit 236.73 5 47.35 3.52 0.0966 Not significant

Pure error 67.21 5 13.44

Cor total 8,163.8 19
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were relatively stable (Figure 5A). However, the amino residues were
completely protonated under the acidic condition, indicating the
mutual electrostatic repulsion, and the narrow size distribution
curve of biosynthesized AgNPs at pH 5.02 (average Dh =
116.4 nm) with a polydispersity index (PDI) of 0.249 was
observed (Figure 5B). The DLS approach analyzes the varying
scattered intensity from the suspended nanoparticles in the
solution to determine the diffusion coefficient of the
nanoparticles undergoing Brownian motion. The particle
diffusion coefficient was inversely proportional to the scattered
light swings on a particular time scale from the suspension of

nanoparticles. Since kinetic and hydrodynamic conditions affect
how particles diffuse in a solution, DLS has become a popular tool
for sizing particles in diluted solutions. However, the repeatability
and uncertainty of DLS measurements are frequently insufficient to
determine the true size of nanoparticles (Takahashi et al., 2008). In
the case of TEM analysis, a study reported that the difference may
occur due to the multiple-domain diffraction caused by crystal
twinning (Ma et al., 2012). Based on our findings, we can
conclude that the biosynthesized AgNPs have a mixed population
consisting of crystal structures and single-crystalline nanoparticles.
Wongpreecha et al. (2018) investigated the size of AgNPs using a

FIGURE 3
Contour and 3D response surface plots showing the effects of variables and their interaction during the biosynthesis of AgNP activity: (A, D) effect of
silver nitrate vs. CFC volume; (B, E) silver nitrate vs. reaction time; (C, F) reaction time vs. CFS volume.

FIGURE 4
Transmission electron microscopy characterization: (A) image of AgNPs at 200 kV and (B) size distribution histogram.
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zetasizer, which showed that the size of their nanoparticles was
74.7 nm, which was greater than the TEM size. Similarly, Golpour
et al. reported a DLS particle size of 91.78 nm (Golpour et al., 2024).
Various researchers have documented closely similar size ranges of
30–150 nm (Sarkar et al., 2011; Verma and Maheshwari, 2018).
When using biofunctionalized nanoparticles in drug delivery
systems, colloidal solutions are essential for preserving the
monodispersity and stability of the particles. The zeta potential is
one such method that verifies the applicability of nanoparticles
based on those mentioned criteria. Singh et al. reported that there
was a difference in XRD and SEM analysis of AgNP size, which was
supported by our study (Singh et al., 2020).

3.3.2 FTIR characterization
The FTIR analysis was performed to evaluate the AgNP-

associated functional group. The obtained spectra of FTIR
revealed that the bands at 3,333.89, 1,580.08, 1,449.78, and
1,042.79 cm−1 showed the amino acid functional groups
(Figure 5C). The presence of primary and secondary amines with
amides was suggested byN–H stretching in the IR spectrum between
3,250 and 3,400 cm−1. Additionally, the N–H stretching between
1,580 and 1,650 cm−1 suggests the presence of primary amines. The
intensity of 1,500–1,400-cm−1 bands revealed the C–C stretching of
an aromatic ring. Similarly, the C–N stretching at bands between
1,250 and 1,020 cm−1 represents the aliphatic amines. These findings
supported the presence of bioactive molecules, which help in the
biosynthesis of AgNPs (Shankar et al., 2020). The protein is present
around AgNO3, which is responsible for the stabilizing, capping, and
reducing agents (Shah et al., 2015; Ibrahim et al., 2021). The present

findings were supported by several reports (Schröfel et al., 2014;
Abdel-Hafez et al., 2016; Prabakaran et al., 2016; Omran et al., 2018;
Abdelmoneim et al., 2022).

3.3.3 X-ray diffraction analysis of
biosynthesized AgNPs

The XRD data analysis revealed a total of six intense bands
(Figure 5D). The AgNPs had an average size of 20.37 nm. The
crystalline nature of silver nanoparticles was visible in the XRD
pattern, as recorded by Venkatesan et al. (2014). The three different
intensities (46.20, 57.45, and 67.45°) at 2θ in the diffractogram have
been marked and correspond to (hkl) values such as (200), (211),
and (220) planes of silver and are labeled in Figure 5D. The extensive
study regarding these three peaks is given in Table 3 and confirms
the face-centered cubic crystal structure of the AgNPs. This study is
supported by the study conducted by Mehta et al. (2017). The
crystalline nature of silver nanoparticles was visible in the XRD
pattern, as recorded by Venkatesan et al. (2014). The value of the
inter-planar spacing obtained is nearly the same. Furthermore, a
lattice constant of 3.93 Å was found in these bands. These findings
are well supported and hold good agreement with the standard value
of silver. Furthermore, the findings were consistent with those of
previous investigations that reported similar diffraction peaks for
silver nanoparticles (Trivedi, 2014; Venkatesan et al., 2014).

3.3.4 Fluorescence spectroscopy analysis
Fluorescence emission spectra of freshly prepared AgNPs were

checked by changing the emission wavelength from 450 nm to
490 nm, from which the maximum emission was observed at

FIGURE 5
Characterization of biosynthesized AgNPs: (A) zeta potential, (B) zeta size, (C) Fourier-transform infrared spectroscopy analysis, and (D) X-ray
diffraction analysis.
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450 nm (Figure 6A). This might be due to an increase in the
excitation wavelength, which results in the relaxation of electrons
to a lower energy level, causing emissions at a longer wavelength.
The excitation spectra of biosynthesized AgNPs were obtained at
390 nm (Figure 6B).

3.4 Evaluation of antibacterial efficacy

The biosynthesized AgNPs showed significant antibacterial
activity against all tested organisms, i.e., Gram-positive (S. aureus
MTCC 96 and B. pumilus MTCC 121) and Gram-negative (E. coli
MTCC 43 and P. aeruginosa MTCC 424) bacteria. Table 4 shows
that the highest antibacterial activity was obtained against S. aureus

MTCC 96, followed by E. coliMTCC 43. Among the different AgNP
concentrations, 300 μL/mL showed the maximum zone of inhibition
(17 mm) against S. aureusMTCC 96 (Figure 7). On the other hand,
the highest zone of inhibition with 11.1 mm and 9 mmwas observed
against P. aeruginosa MTCC 424 and B. pumilus MTCC 121,
respectively (Table 4). The possible reason may be that Ag+ ions
attract and associate together with the bacterial cell-membrane,
resulting in the modifications in the bacterial structure with
major cell membrane damage. Moreover, it could be due to the
inactivation or loss of bacterial enzymes due to the significant
involvement of Ag+ ions with the sulfhydryl group (-SH) of the
bacterial enzyme. Hence, a possible mechanism of antibacterial
activity is shown in Figure 8. Several recent studies reported and
supported the antibacterial activity of synthesized AgNPs
(Przemieniecki et al., 2022; Tripathi and Goshisht, 2022;
Ivankovic et al., 2023).

3.5 Antioxidant property of
mycosynthesized AgNPs

The DPPH method was performed for evaluating the free
radical scavenging activity of mycosynthesized AgNPs using
CFS of H. lixii GGRK4. DPPH is a well-known stable free
radical and can receive hydrogen and electrons from the
donors, followed by change in color from purple to yellow
(Rajkumar and Sundar, 2022). These investigations were
performed in triplicate, and the results are reported as the
mean value. In the present study, 50–500 μg/mL of AgNPs
revealed a scavenging percentage of 32.34–78.30% in response
to DPPH. As shown in Figure 9A, the AgNPs showed the highest
inhibition efficiency of 78.30%, and ascorbic acid exhibited 69.74%
of free radical scavenging activity at 500 μg/mL. The outputs make
it evident that the DPPH radical scavenging capability of
mycosynthesized AgNPs was concentration-dependent and
improved with an increase in AgNP concentration from 50 to
500 μg/mL (Figure 9A). This antioxidant action might be
attributed to capping components found in the culture filtrate
and on metal surfaces (Ahmed et al., 2023).

The results of the IC50 value of AgNPs and ascorbic acid against
DPPH free radicals are shown in Figure 9B. Compared to the
standard, AgNPs had the lowest IC50 value (121.74 ± 3.44 μg/
mL) with the highest % scavenging activity. The standard has the
lowest % scavenging activity with the highest IC50 value of 190.55 ±
6.39 μg/mL. The ANOVA study revealed significant p-values with
0.0001. The lower IC50 value indicates the greater potency for the
antioxidant activity of the biosynthesized AgNPs.

TABLE 3 X-ray diffraction results of mycosynthesized AgNPs.

P.
no.

2θ Cos
θ

Sin
θ

FWHM
degree

β
Radian

Crystalline
size “D” nm

Inter-
planar
spacing
‘d’ Å

h k l
identified
from peak

h2 + k2 + l2

Identified
from h k l

Lattice
constant
‘a’
from d Å

Cell
volume
Å3

1 46.20 0.92 0.39 0.45 0.01 19.37 1.964 200 4 3.93 60.6

2 57.45 0.88 0.48 0.45 0.01 20.32 1.603 211 6 3.93 60.5

3 67.45 0.83 0.56 0.45 0.01 21.42 1.387 220 8 3.92 60.4

FIGURE 6
Fluorescence spectroscopy analysis of biosynthesized AgNPs:
(A) emission spectra and (B) excitation spectra.
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3.6 Evaluation of the biotransformation of
p-nitrophenol

The biotransformation activity of AgNPs was significantly
observed. The decrease in the intensity at 400 nm and increase in
the intensity at 300 nm indicate the bioconversion of p-nitro to
p-amino (Figure 9C). Similar findings have been reported while

using gold and platinum nanoparticles in combination with NaBH4

(Wunder et al., 2010; Das et al., 2012). Halligudra et al. (2022)
reported that Fe3O4–MoS2 nanoflowers cause a significant reduction
in the p-nitrophenol compound (Halligudra et al., 2022). Similarly,
Zhang et al. experimented with the cellulose/silver-based composite
material, demonstrating efficient degradability potential against
p-nitrophenol (Zhang et al., 2023).

TABLE 4 Zone of inhibition of mycosynthesized AgNPs against Gram-positive and Gram-negative bacteria.

Sr. no. Bacterial species Zone of inhibition (in mm)

100 µL 200 µL 300 µL 400 µL 500 µL

1 Escherichia coli MTCC 43 13 12.5 12.6 12.2 10

2 Pseudomonas aeruginosa MTCC 424 10 11 10.4 10.8 11.1

3 Staphylococcus aureus MTCC 96 16 16.2 17 16.4 16.5

4 Bacillus pumilus MTCC 121 7 8 9 8 8

The bold values showed highest zone of inhibition.

FIGURE 7
Antibacterial efficacy of biosynthesized AgNPs: (A) Staphylococcus aureusMTCC 96, (B) Pseudomonas aeruginosaMTCC 424, (C) Bacillus pumilus
MTCC 121, and (D) Escherichia coli MTCC 43.
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3.7 Degradation of industrial dye

Methylene blue was significantly degraded in the presence of
AgNPs (serving as a catalyst). First, the absorption spectrum of MB
dye was documented at 662 nm. After 20 min of treatment, the
absorption almost completely disappeared, signifying the complete
degradation of the MB chromophore due to the dissolution of its

aromatic ring. In a reaction mixture, 20 mL MB dye (5 mg/L)
reacted with 200 µL NaBH4 (reducing agent), along with 30 µg
AgNPs, resulting in 92.75% (residue 7.25%) degradation of the
dye, which was extremely high compared to the reaction without
the AgNP catalyst, which was 30.6% (residue 69.4%) in 20 min
(Figure 9D). The biosynthesized AgNPs exhibited superior catalytic
activity to others, showing efficient activity in converting methylene
blue at 0.131 min−1 at a dose of 30 μg/mL. Similar results were
observed by several researchers (Kumar and Bharadvaja, 2022;
Mechouche et al., 2022; Nguyen et al., 2022; Gokul Eswaran
et al., 2023; Shaban et al., 2024). The following steps describe the
mechanism of the reduction process: (i) adsorption of the dye–BH4
complex by AgNPs; (ii) the reaction of Ag with dye molecules; (iii)
the transfer of electron (e−) from BH4 to dye molecules via AgNPs;
and (iv) the conversion of colorful dye (–N=N–) into the
monochrome amine (–NH2=H2N–) components. A similar
mechanism of dye degradation was also reported by Wang et al.
(2022), Wan et al. (2021), and Cherian et al. (2023). The probable
mechanism for MB dye degradation is shown in Figure 10. First, the
MB dye elements are adsorbed on the surface of AgNPs.
Furthermore, when NaBH4, which serves as a reducing agent,
was introduced into the reaction system, the AgNPs immediately
absorbed it and reduced the reductive properties significantly. The
electrons (e−) generated from nucleophilic NaBH4 oxidize the dye.
As a result, MB dye was easily adsorbed by electrons and generated
amine groups by causing a redox reaction (Saha et al., 2017; Wang
et al., 2022).

FIGURE 8
Possible mechanistic approach of antibacterial activity of
biosynthesized AgNPs.

FIGURE 9
Ecofriendly application of biosynthesized AgNPs: (A) antioxidant property of AgNPs, (B) IC50 of biosynthesized AgNPs, (C) catalytic efficacy on the
bioconversion of p-nitro to the p-amino group, and (D) residual dye and % degradation of dye (clear degradation shown in the inset image).
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4 Conclusion

In the OFAT approach, various physio–chemical parameters
were optimized. These parameters were then further optimized for
the maximum biosynthesis of AgNPs using the statistical tool (RSM)
with a CCD approach. ANOVA analysis confirmed the significant
fitness and adequacy of the model. All variables were found to fit well
within the design approach. The coefficient of determination (R2)
with a value of 0.9628 indicated a strong correlation between the
actual and predicted responses with the polynomial quadratic model
obtained. The validation of the responses authenticated the predicted
outcomes from the RSMmodel. Ultimately, it was concluded that the
statistical tool (RSM) greatly enhanced the biosynthesis of AgNPs
and shows potential for various applications across different fields. In
addition, the biosynthesized AgNPs showed a crystalline nature and
inter-planar spacing, along with significant agreement compared to
the standard data. Furthermore, it has efficient antibacterial activity
against pathogenic bacteria. Similarly, the biosynthesized AgNPs
have a strong and significant biotransformation and hazardous
dye degradation ability. The AgNPs showed excellent free radical
scavenging properties. Therefore, based on the above applicability,
the mycosynthesized AgNPs have multi-efficient functionality and
will be used in upcoming biotechnological avenues.
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