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ABSTRACT: A green-based approach for the synthesis of silver
nanoparticles has gained tremendous attention in biomedical
applications. Fungal endophytes have been recognized as a
remarkable biological source for the synthesis of potential i
nanodrugs. The present study focuses on the fabrication of silver
nanoparticles using the fungal endophyte Penicillium oxalicum
(POAgNPs) associated with the leaf of the Amoora rohituka plant.
Sharp UV—visible spectra at 420 nm appeared due to the surface
plasmon resonance of POAgNPs and the reduction of silver salt.
FT-IR analysis revealed the presence of functional groups of
bioactive compounds of P. oxalicum responsible for the reduction
of silver salt and validated the synthesis of POAgNPs. A high
degree of crystallinity was revealed through XRD analysis, and
microscopy-based characterizations such as AFM, TEM, and FESEM showed uniformly distributed, and spherically shaped
nanoparticles. Furthermore, POAgNPs showed a potential inhibitory effect against bacterial and fungal strains of pathogenic nature.
POAgNPs also exhibited potential antioxidant activity against the synthetically generated free radicals such as DPPH, superoxide,
hydroxyl, and nitric oxide with ECy, values of 9.034 + 0.449, 56.378 + 1.137, 34.094 + 1.944, and 61219 + 0.69 ug/mlL,
respectively. Moreover, POAgNPs exhibited cytotoxic potential against the breast cancer cell lines, MDA-MB-231 and MCEF-7 with
IC;, values of 20.080 + 0.761 and 40.038 + 1.022 pug/mL, respectively. POAgNPs showed anticancer potential through inhibition of
wound closure and by altering the nuclear morphology of MDA-MB-231 and MCF-7 cells. Further anticancer activity revealed that
POAgNPs induced apoptosis in MDA-MB-231 and MCEF-7 cells by differential expression of genes related to apoptosis, tumor
suppression, and cell cycle arrest and increased the level of Caspase-3. The novel study showed that P. oxalicum-mediated silver
nanoparticles exhibit potential biological activity, which can be exploited as nanodrugs in clinical applications.
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B INTRODUCTION

Nanotechnology has significantly emerged as an attractive

and platinum have been used for the nanofabrication, showing
their potential applications in industries, medicine, chemical

technology that has gained tremendous interest in the scientific
discipline due to its myriad of applications in the biomedical
sector. The synthesis of small-sized particles at the nanoscale is
an integrated approach combining diverse branches of science,
that is, chemical, engineering, physics, electronics, and others
for manufacturing nanoparticles at the nanometer scale and
also allowing manipulation through biotechnological inter-
ventions. The synthesis of nanoparticles in the size range of 1—
100 nm has surpassed the limitations of biological barriers and
gained impetus in the advanced research field." The synthesis
of nanoparticles, particularly metal nanoparticles, has signifi-
cantly impacted the research field due to their flexibility to
manipulate size, shape, structure, optical properties, and
assembly and thus obtaining nanoparticles of desired
physiochemical characteristics. Metallic nanoparticles including
gold, copper, zing, iron, silver, graphene, titanium, magnesium,
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engineering, bioimaging, biocatalysts, cosmetics, and anti-
microbial agents.” However, silver metal has been widely used
for the synthesis of nanoparticles due to its exceptionally
unique chemical stability, catalytic properties, and conductiv-
ity.”* Silver has long been recognized for its intrinsic
antimicrobial potential and therefore, extensively employed
for medicinal purposes.”® Overcoming the chemical- and
physical-based synthesis of silver nanoparticles, biogenic
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Figure 1. Visual and IR-based characterization of silver nanoparticles synthesized by endophyte P. oxalicum (POAgNPs). (A) Visible color change
after addition of 1 mM silver nitrate to the aqueous extract of P. oxalicum. (B) UV—vis spectra of POAgNPs at different time intervals showing
reduction of silver nitrate and formation of silver nanoparticles. (C) FT-IR spectrum of silver nanoparticles synthesized by the endophyte P.

oxalicum.

synthesis of silver nanoparticles has gained momentum for the
fabrication of green silver nanoparticles due to their eco-
friendly nature, least generation of toxic byproducts,
economically favorable characteristics, reduced side effects,
and potential biological activities.””

The escalated demand of drugs due to the cytotoxicity and
lack of tissue specificity of synthetic drugs, development of
resistance by the tissues, and cost effectiveness of drugs has
raised concern about maintaining the health and wellness. One
of the most leading causes of death is cancer, which is
considered as the deadliest disease. The global cancer statistics
have shown an estimate of 19.3 million new cases of cancer
(18.1 million on excluding nonmelanoma skin cancer) and
about 10.0 million deaths due to cancer (9.9 million on
excluding nonmelanoma skin cancer) in the year 2020 and the
expected cases by 2040 are given to be 28.4 million, a 47%
increase from 2020.” Many large-sized drugs face challenges in
the complete eradication of tumor cells due to their inability to
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penetrate into the tumor matrix. Also, the consequent use of
high dose of conventional drugs causes adverse effects in the
biological systems. The low bioavailability, stability, pene-
tration, and solubility of these drugs limit their efficacy.
Moreover, the major drawback exhibited by these drugs
includes high systemic toxicity. Alternative to these drugs are
natural-based therapies that have emerged as an effective and
safer approach against diseases including cancer. Fungal
endophytes are one of the most distinguished groups of the
microbial community owing to their multitude of activities in
biomedical and pharmaceutical industries.'”~"* Many of these
bioactive compounds have been identified through mass
spectrometry-based techniques along with the bioinformatics
tools that have revealed their chemical nature and significant
biological functions.'”'* Fungal endophyte-mediated synthesis
of silver nanoparticles (AgNPs) has emerged as a frontier
technology to develop an effective, nontoxic, highly soluble,
permeable, and budget-friendly nanodrug that provides an
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advanced measure for early detection, diagnostics, and
treatment of deadliest diseases including cancer. The unique
cellular organization of fungi aid tolerance against high
mechanical and environmental pressures, easy culture and
subculture, less labor and maintenance, facile synthesis
protocol, less complex medium requirement, less growth
time, easy scale up, plentiful extracellular enzyme secretion,
and metal bioaccumulation have attracted attention toward
employing fungal endophyte-mediated synthesis of silver
nanoparticles over other microbes.””~'” The large size of
silver metal confers extensive use of silver in the fabrication of
bio-based nanoparticles. Additionally, the large surface area-to-
volume ratio offers characteristic physicochemical properties
that aid better biocompatibility and cellular uptake, facilitating
deep penetration inside the cells, crossing the biological
barriers with enhanced efficacy.'® The nontoxicity, eco-
friendliness, and inexpensiveness of the fungal endophyte-
mediated synthesis of silver nanoparticles have accelerated the
demand of mycofabricated silver nanoparticles or nanodrugs.
Recent study has shown Penicillium oxalicum- and Fusarium
hainanense-derived silver nanoparticles exhibiting antimicro-
bial, antioxidant, larvicidal, and anticancer potency.19 In a
study, P. oxalicum-mediated synthesized silver nanoparticles
have shown effective cytotoxic activity against MRC-S (human
fetal lun§ fibroblast cells) and antimicrobial and anti-biofilm
activity.”’ Another finding showed Penicillium italicum-
mediated synthesized silver nanoparticles exhibiting potential
antimicrobial activity and cytotoxic effects against MCEF-7
(human breast cancer cells).” The fungus-based synthesis of
nanoparticles using Penicillium brevicompactum (MTCC-1999)
showed anticancer activity against the MCF-7 breast cancer
cell line with ICg, values of 70 and 50 pg/mL after 24 and 48
h, respectively, and also inhibited the growth of several
pathogenic bacterial strains.”

With this rationale, the present study has been designed to
synthesize mycogenic silver nanoparticles using the fungal
endophyte P. oxalicum isolated from Amoora rohituka along
with their assessment for biological activities. In our previous
study, we have reported the presence of unique bioactive
compounds and potential biological activities of the EA extract
of P. oxalicum as compared to other isolates.”> The report thus
led to the further exploration of biological activities of P.
oxalicum-derived bioactive compounds, and therefore, silver
nanoparticles have been synthesized. This is the first study
showing the biological potential of silver nanoparticles
synthesized from an aqueous extract of P. oxalicum
(POAgNPs). The characterization of POAgNPs was carried
out by UV—vis spectroscopy, FT-IR, XRD, AFM, TEM, and
FESEM, that validated the synthesis of silver nanoparticles in
the nanoscale range, between 5 to 23 nm. POAgNPs have been
studied for their antibacterial and antifungal activity against
pathogenic bacterial strains Escherichia coli and Staphylococcus
aureus and fungal strains Aspergillus flavus, A. niger, A.
luchuensis, and Penicillium albicans. Green-synthesized
POAgNPs showed promising antioxidant activity against
DPPH, superoxide, hydroxyl, and nitric oxide free radicals.
Furthermore, the cytotoxic activity of POAgNPs against the
human breast cancer cells MDA-MB-231 and MCF-7 validated
its significant antiproliferative potential. The anticancer activity
of POAgNPs was shown through the cell migration inhibition
and alteration in the nuclear morphology of breast cancer cells.
Additionally, the molecular mechanism of POAgNP-mediated
apoptosis in breast cancer cells was determined through

differential expression of genes that regulate apoptosis. The
fungal endophyte P. oxalicum-mediated synthesis of silver
nanoparticles provides a novel study that elucidates its
probable anticancer mechanism against human breast cancer
cells. The observation revealed POAgNPs as a potential
anticancer agent, and their further evaluation for anticancer
activity is of considerable significance for establishing the
therapeutic potential of POAgNPs in breast cancer therapy.

B RESULTS AND DISCUSSION

Visible Color Change Indicated the Synthesis of P.
oxalicum-Mediated Silver Nanoparticles (POAgNPs).
Extracellular synthesis has always been an attractive approach
due to its simple downstream processing and high production
rate, and therefore, fungi are considered as the most
appropriate candidate for large-scale green nanoproduction.
The synthesis of silver nanoparticles was marked by the change
in the color of the aqueous solution from pale yellow to a
brownish color (Figure 1A). The color was shifted from pale
yellow to light brown to intense brown with increasing time of
incubation. Researchers have reported color change as the
macroscopic observation for the synthesis of silver nano-
particles.”* "> Our findings suggest that synthesis of POAgNPs
is attributed to the extracellular enzymes and proteins of
metabolites produced from P. oxalicum. These enzymes during
the electron transfer process reduce the silver ions that gives a
brown color to the solution. Many other observations have
shown the involvement of NADH and NADH-dependent
nitrate reductase in the biogenic synthesis of silver nano-
particles. A report suggesting the role of nitrate reductase
activity in the potential biogenic synthesis of silver nano-
particles mediated by Aspergillus flavus has been shown.”” In
another study, Fusarium oxysporum has been demonstrated to
exhibit high potential for silver nanoparticle synthesis, which
has been related to its ability to secrete the NADH-dependent
nitrate reductase enzyme that causes the reduction of aqueous
silver ions into AgNPs. The color alteration is due to the
optical phenomenon known as surface plasmon resonance that
can be explained as the oscillation of free electrons of silver
nanoparticles with a specific energy, that absorbs and scatters a
particular wavelength of visible light.”® The aqueous extract
without silver nitrate did not show color alteration, and
therefore, the appearance of brown color can be recorded as
the preliminary identification for the synthesis of silver
nanoparticles.

Characterization Using Different Techniques Re-
vealed the Synthesis, Dispersity, and Size Range of
POAgNPs. UV—vis Absorption Spectra (UV—vis). The initial
characterization for the biosynthesis of silver nanoparticles was
determined through UV—vis spectrophotometry. The absorb-
ance was recorded in the range of 200—800 nm at different
time intervals of 0, 2, 6, 12, and 24 h. The characteristic peak
was observed at a range of 400—450 nm that revealed the
formation of silver nanoparticles. The value of A, was
observed to be 420 nm, which can be attributed to the
phenomenon of SPR resulting from the collective oscillation of
electrons in the conductive band.”’ The absorbance was
increased as the time for incubation was increased (Figure 1B).
The observation of a peak at 420 nm indicated the release of
active components from the mycelia of P. oxalicum that
mediate the reduction and capping of silver nanoparticles. The
enzymatic action of aqueous solution caused the bioreduction
of Ag* to Ag” ions in the colloidal solution with the appearance
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Figure 2. Characterization of the synthesized silver nanoparticles. (A) XRD showing the crystalline nature of POAgNPs. (B) Atomic force
microscopy showing homogeneously shaped silver nanoparticles. (C) TEM images showing spherical-shaped and well-dispersed silver
nanoparticles. (D) Histogram of the size distribution of POAgNPs. (E) FESEM micrograph showing the surface topology of silver nanoparticles.
(F) Energy dispersive X-ray spectrum of POAgNPs showing the elemental composition of POAgNPs.

of dark brown color. Earlier studies have also demonstrated the
electronic excitation in AgNPs synthesized using the fungal
endophyte Botryosphaeria rhodina, owing to which a character-
istic peak at 450 nm was observed.”” In another study, the
fungal endophytes Aspergillus tamarii, Aspergillus niger, and
Penicillium ochrochloron have been used for the synthesis of
silver nanoparticles that revealed the absorption at 419, 430,
and 430 nm, respectively, through UV-—vis absorption
analysis.”"

Fourier Transform Infrared Spectroscopy (FT-IR). The FT-
IR analysis showed the presence of fungal biomolecules in the
synthesized silver nanoparticles. The FT-IR spectrum of silver
nanoparticle is represented in Figure 1C. The bands are
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observed at 3295.71, 1635.67, 1541.60, 1043.84, and 516.36
cm™ (Table S1). The bands correspond to the hydroxyl
group, which arise due to the OH stretching. The involvement
of the hydroxyl group as the bioreduction agent in silver
nanoparticle synthesis has been previously reported.”> The
band at 1635.67 is assigned to the C=C stretching vibrations
of the alkenyl group. The band observed at 1541 corresponds
to the aliphatic nitro compound, while the band at 1043.84 can
be assigned to the C—F stretching or bending vibrations in C—
H or CN stretching vibrations of aliphatic fluoro compounds
or aromatic or primary amine. The observations indicated the
presence of protein in the sample. Previous reports have shown
that proteins stabilize the silver nanoparticles through
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interacting with nanoparticles by either binding through free
amine groups or cysteine residues.””** Reports have also
shown that the peptides of proteins bind to metal and cap
AgNPs so as to prevent agglomeration.” In a report, FT-IR
analysis of fungal-derived silver nanoparticles showed the
stretching vibration of amide groups in proteins, and this
demonstrated the role of proteins as capping agents for AgNP
synthesis.*® The fungal (Phoma exigua var. exigua)-mediated
silver nanoparticles showed the presence of proteins as capping
agents due to the presence of amide II and amide III and C=
C stretching of the bonds.”” The FT-IR spectrum of Aspergillus
flavus-mediated silver nanoparticles has revealed the presence
of primary and secondary amines along with the aliphatic and
aromatic amines that indicated the presence of proteins in the
sample.”® Another band at 516.36 was identified as aliphatic
iodo compounds, which arises due to the C—I stretching
vibrations. In a report, aliphatic fluoro compounds, nitro
groups, iodo compounds, and OH groups have been reported
to be involved in the reduction and stabilization of the silver
nanoparticles.*”

X-ray Diffraction (XRD). To validate the synthesis and
nature of POAgNPs, powder X-ray diffraction analysis was
performed. The XRD plot depicts the crystalline nature, which
was shown by the intensity of the X-ray scattered pattern
observed for POAgNPs at different angles. The broader peaks
represent the decrease in crystallite size; however, the sharp
peak shows larger crystalline domain sizes (Figure 2A). The
angle between the transmitted and reflected beams is
represented by 26, termed as diffraction angle. The diffraction
peaks observed are attributed to the scattering from a specific
set of parallel planes of atoms and are determined by miller
indices (hkl). The miller indices (hkl) quantify the intercepts
and represent the 3D orientation of the crystallographic plane.
The observation showed six major peaks at 26 values of 33.39,
36.67, 53.02, 55.21, 57.52, and 80.78 corresponding to the 110,
111, 210, 220, 211, and 222 planes of silver. After analyzing
JCPDS (file no. 89-3722), the characteristic pattern of
POAgNPs is observed to possess a face-centered cubic (fcc)
structure. Moreover, the XRD plot also exhibited four
unidentified peaks that were weaker as compared to those of
silver and appeared at 20 values of 29.76, 38.14, 47.91, and
72.06. The bioactive compounds produced from P. oxalicum
may be responsible for these four unexpected peaks.*” The
observation of such unpredicted peaks was corroborated with
the previous findings, which identify five crystalline peaks at 26
values of 32.28, 46.28, 54.83, 67.47, and 76.69° with the XRD
pattern involving the relevant 2° range.”' In the present study,
the presence of these unassigned peaks is attributed to the
bioactive compounds of P. oxalicum present on the surface of
POAgNPs, whereas the stronger planes imply that silver plays a
key role in the biosynthesis of POAgNPs. The lattice
parameters interplanar spacing (d) and full width at half
maximum (FWHM) were calculated using an X’pert High-
Score Plus, and the size of the synthesized silver nanoparticles
was found to be in the range of 54—16.9 nm. A previous
report has shown that silver nanoparticles synthesized using
the fungus Amylomyces rouxii strain KSU-09 exhibited
crystalline nature and the average size was determined to be
27 nm.*” The fungal endophyte Raphanus sativus-derived silver
nanoparticles were reported to be crystalline in nature with an
average particle size of 4—30 nm calculated using Scherrer’s
equation (D = (ki/fcos0)), where D represents the
crystalline size (nm), A indicates the wavelength of X-rays

(0.1541 nm), f specifies the angular line full width at half
maximum (FWHM) of the peak (in radians), and 0 displays
the Braggs angle (in radians).”

Atomic Force Microscopy (AFM). The size, morphology,
surface roughness, and agglomeration of the synthesized silver
nanoparticles were characterized using AFM. The randomly
dispersed, homogeneously shaped, and slightly aggregated
silver nanoparticles were observed (Figure 2B). The AFM
analysis revealed the presence of sphere-shaped silver nano-
particles. The size of the POAgNPs was found to be in the
range of 13—23 nm. Root-mean-square roughness and
roughness average are crucial height parameters that reflect
the synthesis of silver nanoparticles. The root-mean-square
roughness (Sq) and roughness average (Sa) values of
homogeneously shaped nanoparticles of POAgNPs were
2.641 and 1.737 nm, respectively. Moreover, the AFM analysis
also revealed that the maximum height of the peak profile
(Rpa) was 13.121 nm, which validates the particle size of
POAgNPs calculated using Image ] analysis. In a report,
biogenically synthesized silver nanoparticles using Aspergillus
tamarii have been analyzed for the particle size using AFM,
which was found to be 40 nm.** In a previous study, AFM
analysis for Alternaria sp.-derived silver nanoparticles has
shown the average particle size between 4 and 28 nm.*
Aspergillus fumigatus-mediated synthesis of silver nanoparticles
showed sphere-shaped particles with a size of around 50 nm
through AFM analysis.*

Transmission Electron Microscopy (TEM). Insights into the
morphology and size of the synthesized POAgNPs were
provided by TEM analysis. The microscopic observations
revealed the homogeneity, good dispersion, and spherical
shape of the synthesized silver nanoparticles, thus indicating
their stabilization (Figure 2C). The nanoparticles were
observed to be in the size range of 15—19 nm, which was
determined using Image ] software. The polydisperse nature of
POAgNPs with variation in the particle size range has been
shown through the histogram in Figure 2D, where a maximum
number of nanoparticles lie in the range of 15—17 nm. A
report has shown that mycogenic silver nanoparticles
synthesized using Phoma exigua exhibited a size of 22 nm,
analyzed through TEM.”” The morphological and size analyses
of P. oxalicum-derived silver nanoparticles using TEM have
revealed an average size of 6 nm.*® Another study has revealed
a size range of 5.19—21.3 nm analyzed using TEM for P.
oxalicum-derived silver nanoparticles.'” A size range of 10—50
nm for silver nanoparticles derived from Beauveria bassiana has
been revealed by TEM analysis."’

Field Emission Scanning Electron Microscopy (FESEM).
The FESEM analysis performed for POAgNPs revealed the
surface topography of the synthesized particles. The analysis
showed the presence of spherical, uniformly shaped, well-
distributed, and least-aggregated particles (Figure 2E). EDX
analysis provided quantitative and qualitative measures of
elements in nanoparticles. The sharp peak observed at 3 keV
revealed the presence of silver, as it is a characteristic
absorption for AgNPs due to surface plasmon resonance
(Figure 2F). Elemental analysis revealed that silver was present
as the main element with a percentage of 67.7%; however,
other elements were also present at different percentages.
Some weaker peaks corresponding to other elements were
oxygen (24.8%), carbon (7.2%), and nitrogen (0.2%). The
elemental analysis shows a positive correlation with the
findings of FT-IR and XRD spectra that showed the presence
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of oxygen atoms and capping of silver through fungal
metabolites, respectively. In a previous report, SEM analysis
of the endophytic fungus Botryosphaeria rhodina-derived silver
nanoparticles has shown the presence of variable-shaped and
uniformly distributed nanoparticles.”® The endophytic fungus
Cryptosporiopsis ericae PS4-mediated silver nanoparticles
analyzed with SEM showed spherical nanoparticles and the
EDX profile revealed the characteristic signal at approximately
3 keV, which indicated the presence of silver nanoparticles.**
The silver nanoparticles synthesized using Penicillium chrys-
ogenum and Aspergillus oryzae have shown sphere-shaped
particles, analyzed through SEM, and an absorption peak
observed at 3 keV through EDS analysis indicated the presence
of AgNPs."

POAgNPs Significantly Inhibited the Growth of
Pathogenic Bacterial and Fungal Strains. POAgNPs
Showed Significant Antibacterial Activity against Patho-
genic Bacterial Strains. The present study was performed to
examine the potential of POAgNPs to inhibit the growth of
bacterial strains, E. coli and S. aureus, using the agar well
diffusion method. The results showed that the synthesized
POAgNPs inhibited the growth of both bacteria in a
concentration-dependent manner (Figure S1). The antibacte-
rial activity of POAgNPs was observed to be highest against S.
aureus, and it was comparable to that of the positive control,
vancomycin. The inhibitory effect of POAgNPs against
bacterial growth was calculated through measuring zones of
inhibition in mm, represented in Table 1. The minimum
inhibitory concentration (MIC,5, MICs,, MIC,,) of POAgNPs
against bacterial strains was evaluated using the broth dilution
method and is represented in Figure 3A, and MIC values are
shown in Table S2. The MIC,s, MICs,, and MIC, values for
POAgNPs against E. coli were found to be 8.710 + 0.217,
12.369 + 0.099, and 81.857 + 0.453 pg/mL, respectively; for
S. aureus, it was found to be 14.417 + 0.011, 20.975 + 0.008,
and 61.614 + 1.452 ug/mL. The effect of POAgNPs was found
to have more potential against S. aureus. For the positive
control (streptomycin), MIC,s, MICgy, and MIC, values have
been observed to be 22.209 + 0.090, 61.084 + 0.392, and
90.123 + 0.234 ug/mL against E. coli, and against S. aureus, the
MIC,;, MICs,, and MIC;s values for the positive control
(vancomycin) were found to be 14.709 + 0.123, 36.951 =+
0.177, and 90.476 + 0.076 pg/mL, respectively. The negative
control containing nuclease-free water did not show any
inhibition in the bacterial growth.

The emergence of resistant pathogenic bacterial strains is
responsible for causing several diseases such as respiratory,
digestive, skin, and urinary tract infections. The nanosized
particles bestow great advantage in combating the health
conditions caused by these pathogens with reduced toxicity
and side effects, stability, broad-spectrum activity, and most
importantly lack of microbial resistance to them.””*' Due to
the characteristic surface-to-volume ratio of fungal endophyte-
derived silver nanoparticles, they exhibit remarkable anti-
bacterial activity even at low concentrations against a wide
range of pathogenic bacterial strains.”” The antibacterial
activity of silver nanoparticles can be due to their adsorption
on the surface of bacteria.’® The bacterial inner wall is
ruptured, and generation of reactive oxygen species leads to the
dissipation of the proton motive force and cell death.>*
Furthermore, the microscopic characterization of silver nano-
particles using high-resolution techniques such as TEM, SEM,
and AFM has revealed the spherical nature of silver
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Figure 3. Calculation of the minimum inhibitory concentration for POAgNPs against. (A) Pathogenic bacterial strains, E. coli and S. aureus, (B)
Pathogenic fungal strains, Aspergillus flavus and Aspergillus niger and (C) Aspergillus luchuensis and Penicillium albicans. All the experiments were
performed in triplicate. The p-value was calculated by comparing means + SD of percentage growth inhibition against bacteria and fungi in control
and POAgNP-treated groups, using one-way ANOVA followed by Tukey to determine statistical significance values, which are as follows: ***p <

0.001; ** p < 0.002; and * p < 0.033.

nanoparticles, which facilitates adsorption onto the bacterial
surface, piercing of the bacterial cell wall, and ultimately
leading to death of the microbe. The concept is supported by
the previous report that has shown POAgNPs to exhibit
antimicrobial activity against Gram-positive S. aureus and
Gram-negative Shigella dysenteriae and Salmonella typhi.5°
POAgNPs Showed Potential Antifungal Activity against
Pathogenic Fungal Strains. The antifungal activity of
POAgNPs was characterized against a wide range of
pathogenic fungi such as A. flavus, A. niger, A. luchuensis, and
P. albicans, which showed significant inhibition in a dose-
dependent manner (Figure S2). The zone of inhibition was
calculated for all the tested pathogenic fungi (Table 1). The
MIC values for POAgNPs were calculated against the
pathogenic fungal strains A. flavus and A. niger (Figure 3B)
and A. luchuensis and P. albicans (Figure 3C), and the
respective values are shown in Table S2. POAgNPs
significantly inhibited the growth of A. niger with MIC,;,
MICs,, and MIC-; values of 26.964 + 0.021, 37.692 + 0.050,
and 48.421 + 0.079 pg/mL, respectively. Similarly, the MIC,;,
MICs,, and MIC,5 values for A. flavus were 7.729 + 0.032,
67.727 + 0.193, and 186.57 + 0.152 ug/mL, respectively; for
A. luchuensis, they were 13.17 + 0.109, 20.94 + 0.116, and
49.08 + 0.332 pug/mL, and for P albicans, they were 18.092 +
0.050, 34.683 + 0.006, and 18822 + 0.145 ug/mL,
respectively. The MIC,5, MICs,, and MIC,; values for the
positive control for A. niger were observed to be 10.071 +
0.021, 19.293 + 0.006, and 48.437 + 0.107 pug/mL,
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respectively; for A. flavus, they were 16.092 + 0.218, 22.866
+ 0.123, and 45.801 + 0.097 pg/mL; for A. luchuensis, they
were 7.385 =+ 0.009, 9.824 + 0.009, and 12.263 + 0.010 ug/
mL; and for P albicans, they were 16.128 + 0.074, 21.794 +
0.195, and 95.920 + 0.424 pg/mlL, respectively. Our findings
showed that fabrication of silver nanoparticles using the fungal
mycelial extract is an effective approach to generate nanosized
drugs, exhibiting characteristic physiochemical properties that
facilitate the effective delivery of drugs inside the microbial cell,
controlled release of bioactive compounds, and enhanced
stability.

The nature of mycotoxins can have varying effects in
humans such as carcinogenic, mutagenic, teratogenic,
hepatotoxic, nephrotoxic, immunosuppressive, and embryo-
toxic. These pathogenic fungi have been known to adopt
several strategies to evade the host immune system and
therefore cause negative effects and raise major concern for
human health. The limitation of existing antifungal drugs in
treating the pathogenicity caused by fungal strains has been
overcome by the introduction of nanosized drugs. In the
present study, significant results have been obtained for the
POAgNP-mediated inhibition of fungal growth. The small size
and unique intrinsic surface properties of biogenic silver
nanoparticles facilitate easy penetration inside the fungal cell
walls through reacting with the cellular components. The silver
nanoparticles get adhered to the cell membrane and interfere
with the ergosterol or fatty acids and generate reactive oxygen
species and alter membrane fluidity.*® The natural architecture
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Figure 4. Antioxidant activity of POAgNPs against different antioxidant assays. (A) DPPH free radical scavenging activity. (B) Superoxide anion
scavenging activity. (C) Hydroxyl radical scavenging activity. (D) Nitric oxide scavenging activity. All the experiments were performed in triplicate.
The p-value was calculated by comparing means + SD of the free radical scavenging potential (%), using one-way ANOVA followed by Tukey to
determine statistical significance values, which are as follows: ***p < 0.001; **p < 0.002; and *p < 0.033.

Table 2. Antioxidant and Cytotoxic Activity of POAgNPs with the Respective ECy, and IC, Values

cytotoxic activity (ICs, value in

antioxidant activity (ECs, value in pg/mL) pug/mL)
s. DPPH free radical superoxide anion hydroxyl radical nitric oxide MDA-MB-231
no. samples scavenging assay scavenging activity scavenging assay scavenging assay cells MCE-7 cells
POAgNPs 9.034 + 0.449 56.378 + 1.137 34.094 + 1.944 61.219 + 0.69 20.080 + 0.761 40.038 + 1.022
2. ascorbic acid 10.5 £ 0.265 31.67 + 2.867 19.64 + 0.988 22.55 + 0.876

(positive control)

3. tamoxifen (positive
control)

24.572 + 0.249 33.214 + 0.824

of DNA is disrupted due to the silver nanoparticles, as they
interact with DNA bases and form crosslinks and substitute
hydrogen bonds adjoined to nitrogen atoms in purines and
pyrimidines and also inhibit cell division.””*® DNA replication
is inhibited, ATP production is ceased, and therefore, the
biochemical cycle of fungal cells is disrupted.”” The finding of
the present study is in accordance with the previous findings
that revealed P. oxalicum-mediated silver nanoparticles to
exhibit enhanced antifungal activity in combination with
antibiotics.”® Another report has shown that silver nano-
particles derived from Penicillium chrysogenum exhibited
antifungal activity against a wide range of pathogenic strains,
Candida tropicalis, Aspergillus niger, and Fusarium solani.®®
POAgNPs Exhibited Potential Antioxidant against
Synthetically Generated Free Radicals. DPPH Free

46660

Radical Scavenging Activity. The antioxidant activity of
POAgNPs was evaluated against the synthetically generated
DPPH free radicals (Figure 4A). The result showed that
POAgNPs significantly inhibited the free radicals of DPPH
with an EC;, value of 9.034 + 0.449 pug/mL. The
spectrophotometric observation at 517 nm showed a decrease
in the absorbance with increasing concentration of POAgNPs
that is attributed to the scavenging of free radicals. The
observation suggests that POAgNPs exerted potential free
radical scavenging even at a lower concentration. The
scavenging ability of POAgNPs was observed to be very
close to that of the well-established antioxidant agent ascorbic
acid with an ECg, value of 10.5 + 0.265 ug/mL (Table 2).
Superoxide Anion Scavenging Activity. The superoxide
anion scavenging potential was evaluated by determining the
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Figure S. Cytotoxic activity of POAgNPs and positive control (tamoxifen) against breast cancer cell lines. (A) Cytotoxic effect of POAgNPs against
the MDA-MB-231 cancer cell line. (B) Cytotoxic effect of tamoxifen against the MDA-MB-231 cancer cell line. (C) Cytotoxicity of POAgNPs
against the MCF-7 cancer cell line. (D) Cytotoxicity of tamoxifen against the MCF-7 cancer cell line. All the experiments were performed in
triplicate. The p-value was calculated by comparing means + SD of percentage of cell viability of the cancer cell, using one-way ANOVA followed
by Tukey to determine statistical significance values, which are as follows: ***p < 0.001; **p < 0.002; and *p < 0.033.

scavenging ability of POAgNPs against superoxide anion
radicals. POAgNPs exhibited potential superoxide anion
scavenging activity with an ECs, value of 56.378 + 1.137
ug/mL (Table 2). POAgNPs induced the scavenging activity
against synthetically generated free radicals in a dose-
dependent manner (Figure 4B). The positive control ascorbic
acid showed scavenging potential against superoxide anion
radicals with an ECy, value of 31.67 + 2.867 pg/mL, which is
approximately 1.5 time lower than that of POAgNPs. In the
present study, the superoxide anion scavenging activity of
POAgNPs has been demonstrated through the coupled
reaction of PMS/NADH that is measured spectrophotometri-
cally using NBT, which in contact with PMS/NADH forms
purple-colored formazan. The oxidation of NADH in the
NADH/PMS system causes reduction of NBT, which indicates
the scavenging activity of POAgNPs.

Hydroxyl Radical Scavenging Activity. The assay per-
formed in the study showed the significant scavenging
potential of POAgNPs. The chemically driven generation of
hydroxyl radicals was achieved through FeCl;-EDTA-H,0,,
and the scavenging of radicals through POAgNPs was assessed
spectrophotometrically. The scavenging potential of POAgNPs
against hydroxyl radicals was in a concentration-dependent
manner (Figure 4C). The activity was calculated in terms of
percentage free radical scavenging potential, and the ECj,
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value was found to be in the significant range of 34.094 +
1.944 pg/mL (Table 2). The ECq, value calculated for the
positive control was observed to be 19.64 + 0.988 ug/mL.

Nitric Oxide Radical Scavenging Activity. In the present
study, nitric oxide free radical scavenging assay has been
performed to evaluate the potential of mycogenic silver
nanoparticles against synthetically generated free radicals,
and significant results have been obtained. The production
of nitric oxide was reduced through the activity of POAgNPs
against reactive oxygen species that play an important role in
elevating the levels of nitrite ions in the reaction. The
quantification of nitrite ions produced was done using the
Greiss reagent, and the activity of POAgNPs was observed to
be in a concentration-dependent manner (Figure 4D). The
ECj, value was found to be in the significant range of 61.219 +
0.69 pg/mL (Table 2). The ECq, value for the activity of the
positive control against nitric oxide radicals was found to be
22.55 + 0.876 pug/mL.

Reactive species of oxygen and nitrogen produced through
many biological reactions exert deleterious impacts on human
health and contribute to various diseases. The superoxide
anion radical is produced particularly in the electron-rich
aerobic environment and poses serious damage to cellular
components, leading to tissue damage and occurrence of
several diseases such as inflammatory diseases, cancer,

https://doi.org/10.1021/acsomega.2c05605
ACS Omega 2022, 7, 46653—46673


https://pubs.acs.org/doi/10.1021/acsomega.2c05605?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05605?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05605?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05605?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

IC;, » v ICyy 1C4

A Control

MDA-MB-231
12 hours 0 hour

.24 hours

0 hour

12 hours

24 hours

Figure 6. Inhibitory effect of different concentrations of POAgNPs (IC,, IC, and IC;,) on cell migration in breast cancer cell line. (A) MDA-

MB-231 cancer cell line. (B) MCF-7 cancer cell line. Scale bar = 50 ym.

and thereby terminate the chain reaction and protect the vital
organs. Fungal endophytes have been reported to exhibit
pharmaceutically important bioactive compounds belonging to

cardiovascular, atherosclerosis, dementia, and other patholo-
gies. The antioxidants have the ability to neutralize the

detrimental effect of free radicals by donating them electrons
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classes such as polyphenols, flavonoids, terpenoids, alkaloids,
tannins, and steroids.'” Flavonoids belong to the phenolic
group with potential antioxidant activities.”" Phenols have been
reported to exhibit the most effective oxidative properties and
therefore can be related to their antioxidant nature.”” Many
reports are available, which have witnessed the correlation of
the phenolic content and antioxidant property.”*®® Our
previous findings have also suggested the potential antioxidant
activity of P. oxalicum against chemically generated radicals and
therefore validate the antioxidant activity of POAgNPs.®*
Reports have suggested that mycogenic silver nanoparticles
fabricated using the fungi Aspergillus versicolor and Penicillium
citrinum showed potential free radical scavenging activity.®>*®
Biogenically synthesized silver nanoparticles using the
endophytic fungus Alternaria alternata have shown potential
antioxidant activity against DPPH and nitric oxide free
radicals.”” Fungus-mediated green silver nanoparticles have
been reported to show potential antioxidant activity against
superoxide free radicals.’”

POAgNPs Exhibited Antiproliferative Activity against
Breast Cancer Cells. The synthesized green silver nano-
particles have been studied for their antiproliferative activity
against ER-positive MCF-7 and the triple-negative breast
cancer cell line MDA-MB-231. The potential cytotoxic activity
of POAgNPs was observed against both cell lines. The activity
was increased as the concentration increased from S to 200
pug/mL. POAgNPs showed significant cytotoxic potential
against the MDA-MB-231 cell line as compared to that of
the positive control, tamoxifen. The spectrophotometric
analysis was calculated in terms of percentage cell viability,
and the ICy, value against the MDA-MB-231 cell line was
observed to be 20.080 + 0.761 and 24.572 + 0.249 pug/mL for
POAgNPs and tamoxifen, respectively. For MCF-7 cells, the
ICs, value was observed to be 40.038 + 1.022 and 33.214 +
0.824 pug/mL for POAgNPs and tamoxifen, respectively. The
viability of cells was significantly decreased at the higher dose
of POAgNPs, and morphological changes were observed. A
higher number of apoptotic cells were observed at higher
concentrations of the drug, whereas live healthy cells were high
in number at lower concentrations. The respective ICs, values
observed for both cell lines are depicted in Table 2, and
graphical representation for percentage cell viability at different
concentrations of the drug is shown in Figure S. The biological
activity of nanoparticles is based on their shape, morphology,
size, stability, and aggregation. The cytotoxic activity of silver
nanoparticles has been widely studied due to their potential
effects on cellular uptake, penetration, and intracellular
distribution. It has been shown in previous reports that
AgNPs show enhanced activity due to their characteristic
property of large surface-to-volume ratio, which get easily
internalized into the cells and upon interaction with the
cellular constituents negatively affect the cellular signaling
pathways. The assumptions made on the activity of silver
nanoparticles suggest the interaction of AgNPs with
mitochondria and subsequent disruption of the electron
transfer chain and thereby an increase in the ROS level.”””°
The oxidative stress caused by the AgNP-mediated generation
of ROS also induces toxicity against cells. The bioactive
compounds of fungal endophytes and AgNPs show synergistic
effects, as suggested through our previous findings,”* and
therefore show enhanced cytotoxicity. The results obtained
thus validate the enhanced cytotoxic potential of POAgNPs
against MDA-MB-231 cancer cells as compared to that of the

positive control. The altered metabolism of cancer cells and
high proliferation rate make them more vulnerable for cellular
uptake.”" It has been postulated in a report that polyphenols
exhibit cytotoxicity against nonhealthy cells.”” Moreover, the
toxic effects of silver nanoparticles increase with an increase in
the surface charge of nanoparticles. The positively charged
nanoparticles effectively interact with the negatively charged
cell surface and penetrate deeply into the tumor matrix, evenly
distribute, and accumulate in tumor cells and due to their
stability pose higher cytotoxic effects.””””> Fungus-derived
silver nanoparticles have been assessed in previous reports for
their cytotoxic potential against breast cancer cell lines.
Trichoderma atroviride-mediated silver nanoparticles have
been reported to exhibit potential cytotoxicity against MDA-
MB-231 cells.”® The extracellular synthesis of silver nano-
particles using the endophytic fungus Guignardia mangiferae
has revealed significant cytotoxic effects against MCE-7 cells.””
The potential cytotoxic activity of Ganoderma sessiliforme-
mediated silver nanoparticles has been reported against MCF-7
& MDA-MB-231 breast cancer cell lines.”® Syed et al.”’ have
shown in their reports the anticancer activity of mycogenic
AgNPs synthesized using the fungus Humicola sp., against the
MDA-MB-231 cell line.

POAgNPs Suppressed the Cell Migration of Breast
Cancer Cells. The findings showed that POAgNPs exhibit the
potential to hinder cell migration in both the cell lines. The
inhibition of wound healing capacity of cells was achieved in a
concentration-dependent manner. The percentage wound
closure was calculated using Image J software for both the
cell lines at time intervals of 0, 12, and 24 h, and calculation
was done with respect to the control. The cell migration was
observed to be maximum in the control and decreased as the
concentration of POAgNPs increased (Figure 6A,B). The %
wound closure observed for MDA-MB-231 and MCEF-7 cells
(Figure S3) treated with POAgNPs for 12 h at the respective
concentrations IC;,, ICy,, and IC,, was 13.87 + 0.94, 10.56 +
1.07, and 3.1 + 1.49%, and 30.25 + 1.85, 23.51 + 1.13, and
9.10 =+ 2.00%, respectively, as compared to that of the control
group of 24.57 + 2.12% (MDA-MB-231) and 46.04 + 1.85%
(MCE-7). After 24 h of treatment, the % wound closure at
concentrations IC,y, IC, and IC,, was found to be 58.37 +
2.83, 20.18 + 0.8, and 5.16 + 1.53%, respectively for MDA-
MB-231 as compared to the control group with a % wound
closure of 62.28 + 1.06%. For MCF-7 cells, at 24 h, the %
wound closure was observed as 54.185 + 2.19, 35.35 + 1.68,
and 1125 + 1.41% at the respective concentrations of IC;,,
ICs, and IC,, as compared to the control with a value of 72.95
+ 1.03%. Several pathological processes such as metastatic
dissemination, tumor invasion, and neoangiogenesis are related
to the processes of cell migration. The invasive property of
abnormal tumor cell migration involves signaling pathway
activation that controls cytoskeletal dynamics and turnover of
the cell—cell adhesions and cell matrix.*" The plasticity of
cancer cells to switch between different migratory modes turns
cells drug-resistant. The master regulators controlling the
plasticity are targeted by chemotherapeutic drugs so as to
impede tumor dissemination and metastasis. The actomyosin
cytoskeleton has been reported as the minimum machinery
that is required for the migratory plasticity and tumor cell
invasion, obstructing which prevents cell migration and
metastasis.”’ The possible mechanism for achieving the
suppression of cell migration could be the interaction with
microtubules and altering their dynamics as presented in a
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Figure 7. Fluorescence microscopy images of 4’,6-diamidino-2-phenylindole (DAPI)-stained breast cancer cells treated with POAgNPs in a dose-
dependent manner for 24 h. (A) MDA-MB-231 cells. (B) MCF-7 cells. The images represent the morphological changes in the cells treated with
IC;, ICs, and IC,, concentrations of POAgNPs as compared to those of control cells. The cells in the control group are observed to have normal
rounded nuclei with normal blue color; however, the cells in the treated group are bright in color with condensed chromatin material and abnormal
nuclei with an irregular cellular structure (marked through arrows in the figure) that clearly indicates apoptosis of cells. Scale bar = 10 ym.

previous report."” The mechanism can be supported through
previous reports that have reported the alteration in micro-
tubule dynamics posed by chemotherapeutic drugs as a
possible mechanism for inhibiting cell migration.*”** In a
previous report, the human lung carcinoma AS549 cells treated
with silver nanoparticles from the endophytic fungus
Talaromyces purpureogenus have shown decreased ability of
wound closure as compared to that of the control.*’
POAgNPs Induced Alteration of Nuclear Morphology
in Breast Cancer Cells. The assessment of apoptosis and
changes in the nuclear morphology can be performed using
DAPI assay. In the assay, dose-dependent changes in the
nuclear morphology of cancer cells were observed. The breast
cancer cells MCF-7 and MDA-MB-231 were treated with ICy,
ICs, and IC,, concentrations of POAgNPs, and after 24 h of
incubation, significant change in the nuclear morphology was
observed. The apoptotic cells were observed to be higher at the
IC,, concentration of POAgNPs as compared to the ICj,
concentration and control group. The control group showed
an intact cell membrane with evenly shaped cells (Figure 7).
while in the treated groups, a loose cell structure was observed,
which indicates apoptotic events occurring in the cells induced
by the drug. The preferential binding of DAPI to the minor
grooves of adenine—thymine regions of DNA gives a
fluorescence intensity of about 20-fold higher compared to
that of unbound DAPIL The assay provides a low-cost and
facile detection of apoptosis through observing the nuclear
morphology. The successive stages of apoptotic events can be
screened through assessing apoptosis-specific modulations of
nuclear morphology. Different stages of nuclear morphological
changes such as early changes (like chromatin condensation)
and late stages of apoptosis (like nucleus shrinking and
formation of apoptotic bodies) can be detected through DAPI
assay that provides an advantage over apoptotic assays that are
restricted to a single apoptotic stage.*> In one of the reports,

human hepatocellular carcinoma, HCC, and human osteosar-
coma, OS, treated with AgNPs synthesized using Penicillium
shearii have shown morphological alterations that indicated the
occurrence of apoptotic events.”® Another study has revealed
mycosynthesized AgNP-treated MCF-7 cells exhibiting con-
densed or fragmented chromatin when stained with DAPI
stain.®”

POAgNPs Induced Differential Gene Expression in
Breast Cancer Cells. The cytotoxic effect of anticancer drugs
is majorly achieved through the pathway of programmed cell
death (PCD). The apoptotic pathway follows the simultaneous
upregulation and downregulation of several apoptosis-related
genes. The anticancer mechanism of POAgNPs was screened
through the differential gene expression. The present study
showed the upregulation of apoptotic genes, P21, P53, and
BAX, whereas downregulation of the anti-apoptotic gene BCI-2
was observed for both cell lines (Figure 8A,B). The relative
gene expression of the proapoptotic gene BAX in MDA-MB-
231 showed a 1.315 =+ 0.055-fold increase; however, gene
responsible for the cell cycle arrest, P21 was found to be
upregulated by 3.419 + 0.120-fold. The gene expression for the
tumor suppressor gene P53 was found to be in the order of
3.253 + 0.752-fold increase as compared to that of the control.
The relative gene expression for the anti-apoptotic gene BCL-2
revealed downregulation by 0.622 + 0.264-fold as compared to
that of the control. A similar pattern was observed for MCE-7
cells with the fold change of 2.718 + 1.044, 1.725 + 0.795,
2.331 + 0.437, and 0.518 + 0.013 for BAX, P21, P53, and BCL-
2, respectively, as compared to the control. The transcription
factors including pS3 and p21 play a major role in cell cycle
arrest and sequentially regulate the mitochondrial-dependent
apoptotic pathway.*® pS3 is considered as the sequence-
specific and potential transcription factor that causes induction
of cell cycle arrest and apoptosis.”” The transcriptional target
of pS3 is p21 that plays a role in cell cycle inhibition and
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Figure 8. Representation of differential gene expressions and enhanced Caspase-3 activation induced after treatment of breast cancer cells with
POAgNPs. Upregulation of the apoptotic genes BAX, P21, and P53 and downregulation of the anti-apoptotic gene BCL-2 after treatment with the
IC, concentration of POAgNPs (A). MDA-MB-231 cancer cell line (B). MCF-7 cancer cell line. Fold change in Caspase-3 activity after treatment
of breast cancer cells with the IC;, concentration of POAgNPs (C). MDA-MB-231 cancer cell line (D). MCF-7 cancer cell line. All the experiments
were performed in triplicate. The p-value was calculated by comparing means + SD of relative mRNA expression using the unpaired Student t-test
(*p < 0.05, **p < 0.01, ***p < 0.001) and fold change in caspase-3 activity, using one-way ANOVA followed by Tukey to determine statistical
significance values, which are as follows: ***p < 0.001; **p < 0.002; and *p < 0.033.

therefore acts either as a positive or negative regulator of pS3
for inducing apoptosis.”’ p33 on interaction with Bax causes
permeabilization of mitochondria. Bax-induced apoptosis can
be a p53-dependent or pS3-independent pathway. Both the
genes, Bax and p53, cooperatively induce apoptosis in cancer
cells.”" Bax is the proapoptotic member of the Bcl-2 family and
is the key inducer of the mitochondrial-mediated intrinsic
apoptotic pathway.”” Bcl-2 is involved in the suppression of
cytochrome c from mitochondria and blocks caspase activation
that is a core part of the intrinsic apoptotic pathway. The
decreased level of the anti-apoptotic gene BCL-2 thus reveals
the adoption of intrinsic apoptotic activity by POAgNPs
through the suppression of anti-apoptotic gene expression. The
altered gene expression of BCl-2 (downregulated) and BAX
(upregulated) causes the release of cytochrome c from the
mitochondria into the cytosol, promoting caspase activation
(Caspase-3 and -9) and finally cell death. The regulation of
apoptosis through the intrinsic pathways is crucially
determined through the ratio of proapoptotic to anti-apoptotic
Bcl-2 family genes. The present study showed the significant
increase in the P53 expression, which showed its primal role in
the apoptosis pathway. Previous findings show that pS53
induces aminoterminal conformational alteration that indicates
the release of cytochrome c from the mitochondria and

sequentially driven process of mitochondrial-mediated intrinsic
apoptotic pathway’””* The present study thus gained evidence
of the differential gene expression of POAgNP-treated cancer
cells and intrinsic pathway adopted by POAgNPs to induce
apoptosis in cancer cells. In a previous report, mycogenic silver
nanoparticles synthesized using Penicillium aurantiogresium
have been shown to exhibit cytotoxic effects against colon
(HCT) and breast (MCF-7) human cancer cell lines and Vero
(normal cell lines). Caspase-3-induced apoptosis was observed,
which was further evidenced through the upregulation of
Caspase-3 and Bax genes and downregulation of the Bcl-2
gene.”> The apoptotic mechanism adopted by Pleurotus
ostreatu-derived AgNPs has shown a decreased level of Bcl-2
expression and increased levels of pS3, Bax, and cytochrome ¢
expression.96

Expression of Caspase-3 Induced in Breast Cancer
Cells Treated with POAgNPs. The assay performed in the
study shows the significant fold increase in the Caspase-3
activity in both cell lines MDA-MB-231 and MCEF-7 after
treatment with POAgNPs (Figure 8C,D). The fold change
observed was 2.018 + 0.114 and 2.748 + 0.240416 for MDA-
MB-231 and MCEF-7 cells, respectively. Caspase-3 is one of the
effector caspases that execute apoptosis. They are crucial
mediators of programmed cell death that catalyze the specific
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cleavage of many cellular proteins which are responsible for
cell survival and maintenance.”””® Caspase-3 is an intracellular
cysteine protease that occurs as a proenzyme and gets activated
during the cascade of events linked with apoptosis. The
calorimetric assay is based on the cleavage of the substrate in
the presence of Caspase-3, and dissociated pNA gives the
measure of Caspase-3 activity. Previous reports have also
shown similar findings, in which MCF-7 cells treated with
AgNPs derived from the fungus Trichoderma viride showed
Caspase-3 activation.”” The colon cancer cell line HT-29
treated with mycogenic silver nanoparticles synthesized using
Aspergillus niger also showed an increased level of Caspase-3
activity as compared to that of the control.'”® Another report
showed that Penicillium shearii-mediated silver nanoparticles
also triggered an increase in the level of Caspase-3 activity in
human hepatocellular carcinoma, HCC, and human osteosar-
coma, OS, treated with the ICs, concentration of mycogenic
nanoparticles.”® The present study thus supports the Caspase-
3-dependent mitochondrial apoptotic pathway.

B CONCLUSIONS

The novel approach of biogenic synthesis of silver nano-
particles using the fungal endophytes P. oxalicum isolated from
A. rohituka has shown wide-spectrum biological activity of
POAgNPs. UV—vis analysis revealed the characteristic peak in
the range of 400—450 nm obtained for the synthesized
POAgNPs. The microscopic analysis showed the presence of
monodispersed, sphere-shaped, nanosized particles and crys-
talline nature of nanoparticles, as revealed by XRD analysis.
The biologically important active compounds present in the
aqueous extract of P. oxalicum responsible for the reduction of
silver were confirmed through FT-IR analysis. The synthesized
POAgNPs were found to be effective against pathogenic
bacterial and fungal strains and also possessed antioxidant
activity against the free radicals generated through in vitro
antioxidant assays. Furthermore, the in vitro cytotoxic potential
of POAgNPs was also screened against the breast cancer cell
lines MDA-MB-231 and MCF-7, and significant results were
obtained. The inhibition of cell migration in the treated cells as
compared to that in the control cells was observed through
wound healing assay. The anticancer mechanism was
confirmed through visualizing the apoptosis-specific modu-
lations of the nuclear morphology using DAPI staining. The
occurrence of apoptotic events was further confirmed through
gqRT-PCR, which revealed the expression of genes responsible
for apoptosis, tumor suppression, and cell cycle arrest.
Moreover, enhanced Caspase-3 activity in POAgNP-treated
cells as compared to that of the control indicated adoption of a
caspase-3-mediated mitochondrial apoptotic pathway. The
study provided a facile, budget-friendly, and effective means
to fabricate mycogenic silver nanoparticles. The extracellular
synthesis method provides a great opportunity for the large-
scale production of pharmaceutically important silver nano-
particles. The synthesis protocol shows a great prospect for the
formation of potential AgNPs, as the characteristic property of
AgNPs was observed at a AgNO3 concentration of 1 mM,
which is of great interest as a low concentration of silver poses
the least toxic effects to the health and environment. The
synergistic effect of bioactive compounds and silver exhibits
enhanced biological compatibility and potentially targets
tumor cells. In this way, this report evidently shows scalability,
applicability, and biocompatibility of the synthesized silver
nanoparticles, and therefore, mycogenic silver nanoparticles

can serve as nanodrugs and can be explored for their
biomedical applications.

B MATERIALS AND METHODS

Fermentation and Biogenic Synthesis of AgNPs. The
fermentation of the fungal endophyte P. oxalicum was done
using 100 mL of potato dextrose broth and incubated for 7
days at 26 + 2 °C in a shaking incubator at a speed of 100 rpm.
After a week of incubation, the mycelial mat was harvested
through filtration and washed twice with sterile double-distilled
water to remove traces of medium components. Furthermore,
10 g of the fungal biomass was added to 100 mL of SDDW in a
250 mL Erlenmeyer flask and incubated for 24 h at 28 + 4 °C
in a shaking incubator at the speed of 100 rpm. The filtrate
containing a cocktail of fungal bioactive compounds was
filtered using Whatmann No.l filter paper, retaining the
aqueous solution and discarding the mycelial mass. The
aqueous extract was then added to 100 mL of 1 mM silver
nitrate and incubated under dark conditions for 24 h at 28 + 4
°C. The aqueous extract was centrifuged at 15,000 rpm for 15
min twice or thrice followed by washing with nuclease-free
water to separate the synthesized silver nanoparticle in the
form of pellets. The supernatant was discarded, and the pellet
was retained following drying in a hot air oven at 50 °C for 24
h and thereafter crushed for characterization. For subsequent
experiments, nuclease-free water was used as a solvent to
dissolve powdered silver nanoparticles.

Characterization and Evaluation of Physicochemical
Properties of Fungal Endophyte-Mediated Green Silver
Nanoparticles. UV—vis Absorption Spectra. The preliminary
detection for the synthesis of silver nanoparticles was done on
the basis of visible color change from light yellow to dark
brown, which indicated the conversion of Ag" ions into
AgNPs. The synthesized nanoparticles were observed through
an UV—Vis spectrophotometer (Shimadzu-UV—vis spectro-
photometer; Kyoto, Japan) to measure the surface plasmon
resonance of green nanoparticles, with the spectrum recorded
between 200 and 800 nm.

Fourier Transform Infrared Spectroscopy Analysis. Further
Fourier transform infrared spectroscopy (FT-IR) was
performed to detect the functional groups corresponding to
the fungal compounds responsible for the reduction of silver to
fabricate silver nanoparticles. The analysis was performed in
the range of 500—4000 cm™' by the attenuated total
reflectance (ATR) method using an IR spectrophotometer
(PerkinElmer).

X-ray Diffraction Analysis. The crystalline nature of green
nanoparticles was determined using X-Ray diffraction (XRD)
using the model Bruker, Model-D8 Advance (Eco) at a voltage
of 40 keV with Cu-Ka radiation and a wavelength of 1.5418 A.
The diffractograms were recorded over the angle range of 20—
80. The lyophilized sample of silver nanoparticle was placed on
a glass grid containing the silicon substrate for XRD analysis.
The analysis was done using Origin 2022b software, and
diffraction peaks were identified with the miller indices. The
calculation of average size was done using software X’pert
HighScore Plus.

Atomic Force Microscopy. The AFM analysis allows the
determination of particle size, shape, surface morphology, and
also the surface roughness of the synthesized silver nano-
particles. AFM offers 3D characterization of AgNPs with sub-
nanometer resolution. Nanoparticle size distributions and
variable geometry can be analyzed through AFM. To prepare
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a thin film of silver nanoparticles, POAgNPs, for AFM analysis,
a homogeneous solution (diluted in methanol) of POAgNPs
was dropped onto a sterile thin glass slide. The air-dried glass
slides having a thin film were subjected to AFM analysis.
Images were captured at a resolution of 256 X 256 pixels, with
a constant nominal force of 40 N/m at room temperature and
a cantilever frequency of 300 kHz. The surface roughness of
POAgNPs in the 2D and 3D modes was estimated using Nova
Px 3.2.5, NT-MDT spectrum software, whereas the measure-
ment of particle size was done using Image J software.

Transmission Electron Microscopy. The analysis of size,
shape, and morphology of the nanoparticles was done using a
transmission electron microscope (Tecnai G2 20 S-TWIN
TEM), which was operated at an accelerating voltage of 200
kV. The analysis was performed by taking a drop of POAgNP
solution on a carbon grid followed by drying at room
temperature; images were captured, and the size measurement
was done using Image J software.

Field Emission Scanning Electron Microscopy. The surface
morphology, size, and three-dimensional image of the
synthesized silver nanoparticles were analyzed using a scanning
electron microscope (Zeiss). The dried, crystalline nano-
particle was taken over carbon tape, and analysis was done with
an accelerating voltage of 20 kV. The elemental composition of
the mycogenic silver nanoparticle was confirmed through
energy dispersive analysis of X-rays (EDAX).

Antimicrobial Activity. Antibacterial Assay. The myco-
synthesized silver nanoparticles were evaluated for their
antibacterial activity against the bacterial pathogens Escherichia
coli (Gram negative) and Staphylococcus aureus (Gram
positive) using the agar well diffusion method. For the assay,
30 mL of Muller Hinton agar was poured into the sterilized
Petri plates and left for some time. Upon solidification of
media, a bacterial lawn was prepared using 120 uL of freshly
prepared bacterial broth culture. The assay was performed
according to the previous report with some minor
modifications.*” Agar wells of 8 mm diameter were formed,
and 75 uL of different concentrations (25, 50, 100, and 200
ug/ mL) of the synthesized POAgNPs was loaded into the
wells. The antibacterial activity of the synthesized POAgNPs
was compared with streptomycin and vancomycin, positive
controls against E. coli and S. aureus, respectively, and nuclease-
free water as a negative control. After inoculation, the plates
were incubated at 37 °C for 24 h, and the zone of inhibition
was measured in mm.

Antifungal Assay. The antifungal activity of POAgNPs was
assessed usin% methods described earlier with some minor
modifications.”” The panel of pathogenic fungal strains, namely
Aspergillus flavus, Aspergillus niger, Aspergillus luchuensis, and
Penicillium albicans, was tested for the assay. A volume of 30
mL of sterilized potato dextrose agar was poured into the
sterilized Petri plates and left until the medium solidifies. A
volume of 120 uL of fresh broth culture of fungal strains was
spread over the surface of the agar plate, and 8 mm of agar
wells was formed. The wells were then loaded with 75 uL of
mycosynthesized POAgNPs with different concentrations (25,
50, 100, and 200 ug/mL), and plates were then incubated for
24—48 h at 25 °C, and the zone of inhibition was then
measured in mm. Amphotericin B was used as a positive
control, and nuclease-free water was used as a negative control.

Determination of Minimum Inhibitory Concentration
(MIC) of POAgNPs. The MIC value represents the minimum
concentration of drug that inhibits the microbial growth as

compared to that of the control. The MIC determination of
POAgNPs against pathogenic bacterial strains, E. coli and S.
aureus, and pathogenic fungal strains, A. flavus, A. niger, A.
luchuensis, and P. albicans, was done using the broth dilution
method as described in the guidelines of Clinical Laboratory
Standards Institute (CLSI). For the test, an overnight-cultured
bacterial inoculum was adjusted to the concentration of 2 X
10° CFU/mL in phosphate buffer saline (PBS), and for the
fungal inoculum, spore suspension was used to adjust the
concentration at 2 X 10° spores/mL using PBS. Using a 96-
well microtiter plate, 100 uL of the Luria Bertani broth and
potato dextrose broth for bacteria and fungi, respectively, was
transferred to each well, and further 100 uL of the POAgNPs
was added to one of the wells. Consequently, the test sample
was serially diluted up to twofold in media as 100 uL of the
test sample from the previous well was added to the second
well, and then, 100 yL was again transferred from the second
well to the third well, and this was followed for all the wells to
be tested, leaving the last well as a negative control. Thereafter,
100 uL of the bacterial/fungal inoculum was added to each
well with the control group containing media and microbial
inoculum only. Eventually, after adding all the reaction
components, the plate was incubated at 37 °C and 25 °C for
bacteria and fungi, respectively. After incubation, the plates
were observed for the turbidity, and minimum inhibitory
concentrations (MIC,s, MIC,, and MIC,) were calculated
through recording absorbance at 600 nm using a microplate
reader (Thermo Fisher Scientific).

Antioxidant Activity. DPPH Free Radical Scavenging
Assay. The free radical scavenging activity of the synthesized
POAgNPs was determined against stable DPPH® (2,2-
diphenyl—Z—gicrylhydrazyl hydrate, SRL, India) spectrophoto-
metrically.'”" The free radical scavenging assay was performed
using 50 pg/mL concentration of DPPH solution in methanol
using the method described earlier.'”” To the different
concentrations of POAgNPs (10, 20, 30, S0, 7S, and 100
pug/mL), 1 mL of freshly prepared DPPH solution was added.
The reaction samples were incubated in a dark place for 30
min, and absorbance was recorded at 517 nm using an UV
spectrophotometer (Shimadzu-UV—vis spectrophotometer;
Kyoto, Japan). DPPH solution (S0 ug/mL) was used as a
control, and methanol was used as a blank. Different
concentrations of L-ascorbic acid (SRL, India) (10—100 ug/
mL) was used as a positive control. The calculation for the
percentage of radical scavenging activity was measured using
the formula

[1 — (Abs(s;7 ym)of the sample/Abs s, ,..\of the control)]
X 100

Superoxide Anion Scavenging Assay. The potential of
POAgNPs to scavenge synthetically produced superoxide
anions was evaluated using PMS—NADH-NBT. The reaction
mixture containing varied concentrations of POAgNPs (10, 20,
30, 50, 7S, and 100 pg/mL) were added with 1 mL of 150 uM
nitroblue tetrazolium (NBT) solution (SRL, India) (dissolved
in 1X phosphate buffer saline, pH 7.4) and 1 mL of 468 yuM
NADH solution (dissolved in 1X PBS, pH 7.4). The reaction
was initiated with the addition of 100 L of 60mM PMS (SRL,
India) (dissolved in 1x PBS, pH 7.4); furthermore, the
reaction mixture was incubated for 5 min at 25 °C. The activity
of POAgNPs was assayed spectrophotometrically through the
decreased reduction of NBT, inhibiting the formation of violet-
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colored formazan.'”> Absorbance was recorded at 560 nm
taking PMS—NADH-NBT as a control, methanol as a blank,
and L-ascorbic acid at different concentrations (10—100 ug/
mL) as a positive control. The percentage superoxide anion
scavenging potential of POAgNPs was evaluated using the
formula

[1 - (Abs(560 am)Of the sample/Abs 45 ., 0f the control) ]

X 100

Hydroxyl Radical Scavenging Assay. The scavenging
potential of POAgNPs against the generated hydroxyl radicals
was evaluated spectrophotometrically. Briefly, the reaction
mixture was prepared using 3.75SmM 2-deoxyribose (SRL,
India), 1 mM H,0, (Qualigens Fine Chemicals, India), 100
uM FeCl; (Merck), and 100 mM EDTA. Different
concentrations (10, 20, 30, 50, 75, and 100 ug/mL) of
POAgNPs were added to the reaction mixture and incubated
for 1 h at 37 °C. After incubation, 1 mL of 1% thiobarbituric
acid (TBA) (SD Fine Chemicals, India) and 1 mL of 2%
trichloro-acetic acid (TCA) (SRL, India) were added to the
reaction mixture and incubated in a water bath for 20 min at
90 °C. The mixture was then left to cool, and absorbance was
recorded at 417 nm using an UV—vis spectrophotometer
(Shimadzu-UV—vis spectrophotometer; Kyoto, Japan). The
reaction without a sample was used as a control, with methanol
as a blank and vL-ascorbic acid in varied concentrations (10—
100 pug/mL) as a positive control.'”* The calculation for the
hydroxyl radical scavenging of POAgNPs was calculated using
the following formula

[1- (Abs(417 am)Of the sample/Abs ;7 . of the control)]

X 100

Nitric Oxide Scavenging Assay. Briefly, different concen-
trations of POAgNPs (10, 20, 30, 50, 75, and 100 ug/mL)
were added to 150 L of sodium nitroprusside (SRL, India)
(10 mM in 1X PBS, pH 7.4). The mixture was then incubated
for 150 min. After incubation, 200 L of Griess reagent (SRL,
India) was added to the reaction mixture and left for 30 min.
Furthermore, absorbance was measured for the chromophore
that formed during diazotization of nitrite with sulfanilamide,
and further coupling with 1-naphthylethyelenediamine dihy-
drochloride was observed at 546 nm using an UV
spectrophotometer (Shimadzu-UV—vis spectrophotometer;
Kyoto, Japan).'” Methanol was used as a blank, and L-
ascorbic acid in varied concentrations (10—100 pg/mL) was
used as a positive control. The percentage nitric oxide radical
scavenging activity was calculated using the formula

[1 — (Abs(s46 nm)of the sample/Abs s, ,m)of the control)]

X 100

Cell Viability Assay. Cell Growth and Maintenance. The
breast cancer cell lines MDA-MB-231 and MCF-7 were grown
in DMEM (Dulbecco’s modified Eagle medium) containing
10% fetal bovine serum and 1% antibiotic solution (penicillin/
streptomycin) and were maintained at 37 °C in 5% CO,. The
cells were grown until the monolayer adherent cells were
observed with 80—90% confluency.'”

The cell viabilit}f assay was done according to the method
described earlier. ° The monolayer adherent cells were
trypsinized on sub-confluency, and cells were then counted

using trypan blue. An equal number of cells, 5 X 10* cells/well,
were seeded in 96 wells and left overnight at 37 °C in a 5%
CO, incubator (Panasonic, Sakata, Japan) for cell adherence.
Furthermore, treatment with different concentrations of
POAgNPs (S, 10, 25, 50, 75, 100, and 200 ug/mL) was
given to the cells and incubated for 24 h at 37 °C in a 5% CO,
incubator. After incubation, 20 uL of MTT (SRL) (S mg/mL
in 1X PBS, pH 7.4) was added in each well, and after
incubation for 4 h, the plate was centrifuged for 20 min at 3000
rpm. The medium containing MTT was removed from the
well, and the formazan crystals formed were dissolved with 100
uL of DMSO (100%) and mixed properly by pipetting up and
down. Absorbance for the formation of violet-colored
formazan crystals was read using a microplate reader (Thermo
Fisher Scientific) at 570 nm. The cytotoxic effect of medium
control containing only media, vehicle control (nuclease-free
water), and positive control (tamoxifen with the same
concentration as that of POAgNPs) was also checked. The
calculation for the percentage cell viability was done using the
formula

% cell viability = Abs g of treated cells
/Abs(57o) of control cells X 100%

Wound Healing Assay. The wound healing assay is an in
vitro technique for examining the cell migration or wound
healing property of cancer cells. The cell migration assay is
based on the creation of a cell-free area in a confluent
monolayer through physical exclusion. The cell migration is
induced for the exposure of the cell-free area, and the gap is
filled. However, in the presence of an anticancer agent cell,
migration or wound closure is inhibited. Upon 80—90%
confluency, cells were harvested through trypsinization and
were seeded at a density of 2 X 10° cells for MCF-7 and MDA-
MB-231 and incubated for 24 h at 37 °C in a 5% CO,
incubator. Cells were grown to a complete monolayer, and
then, the cell-free area was created with the breadth of the
scratch maintained uniformly. Fresh medium was added to the
well, and treatment with IC;,, ICy,, and IC,, concentration
(Table S3) was given to MDA-MB-231 and MCF-7 cells. The
migration of cells or wound closure was photographed over
several hours, 0, 12, and 24 h. The percentage wound closure
was calculated for the respective cell lines. Experiments were
performed in triplicate, and the data were recorded and
analyzed statistically.

wound closure(%)
cell free areaat 0 h — cell free areaat 12/24 h X 100
cell freeareaat O h

Nuclear Staining with the DAPI Fluorescent Dye. The
altered nuclear morphology of cancer cells treated with
POAgNPs was evaluated using DAPI assay. DAPI is a
fluorescent dye that is used for the quantitation of nuclei
and to assess the gross cell morphology. It is associated with
the minor groove of the dsDNA and preferably binds to the
adenine—thymine cluster. For the assay, breast cancer cells
(MDA-MB-231 and MCF-7) were seeded at a density of 2 X
10° cells/well for the control and treated groups. Once the cells
get confluent, treatment with different concentrations of
POAgNPs, ICy, ICsy, and IC; (Table S3), was provided.
The cells were then incubated for 24 h at 37 °C in a 5% CO,
incubator. After incubation, cells were washed with 4%

https://doi.org/10.1021/acsomega.2c05605
ACS Omega 2022, 7, 46653—46673


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05605/suppl_file/ao2c05605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05605/suppl_file/ao2c05605_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

paraformaldehyde followed by phosphate buffer saline (PBS).
Furthermore, permeabilization was done by adding 70%
methanol to the cells and further incubated in —20 °C for
30 min. Again, the cells were washed with PBS, and staining
was done using 1 sg/mL DAPI and left for 15 min, after which
images were recorded using a fluorescence microscope.

Quantitative Real-Time PCR (qRT-PCR) for Assessing
Differential Gene Expressions. The breast cancer cells,
MDA-MB-231 and MCF-7, were seeded at a density of 2 X 10°
cells per well. On attaining confluency, the cells were treated
with the ICg, concentration of POAgNPs and incubated at 37
°C and 5% CO, concentration for 24 h. After incubation, total
mRNA isolation was done from the cells using the TRIzol
reagent (TRI reagent, Invitrogen) as directed by the
manufacturer’s protocol. The concentration and purity of
isolated RNA was measured using a Nanodrop (Thermo
Scientific). The purified RNA was then subjected to cDNA
synthesis using a cDNA synthesis kit (Thermo Scientific)
following the manufacturer’s protocol with some minor
modifications.'”® Furthermore, qRT-PCR was performed by
following the standard guideline of MIQE'"’ using a Thermo
Fisher Quantstudio S real-time PCR system and PowerUp
SYBR Green Master Mix (Thermo). The gene expression was
determined using different sets of apoptotic and anti-apoptotic
genes, represented in Table S4 with their sequences. Mean C,
values were calculated and normalized to p-actin (internal
control). The analysis was done through the comparison of the
AACT value of the vehicle control with the POAgNP-treated
group, and calculation of relative mRNA was done in terms of
fold change using the 272A°T method. Experiments were
performed in triplicate.

Caspase-3 Activity Assay. Caspase-3 plays a significant
role in the induction of cell apoptosis. During apoptosis,
caspase-3 is cleaved into the active form of caspase-3 and
induces apoptosis through a chain reaction. The caspase
activity assay is a quantitative enzymatic assay that was
performed according to the manufacturer’s protocol (Elabs-
cience). The cancer cells (MDA-MB-231 and MCF-7) grown
in DMEM media were treated with the ICy, concentration of
POAgNPs. After 24 h of incubation, cell lysate was prepared,
and cellular protein was collected after centrifugation at 12,000
rpm for 20 min at 4 °C. The control and treated samples of
MDA-MB-231 and MCEF-7 cells were then analyzed for
caspase-3 activity with DEVD-pNA that acts as a caspase-3-
specific substrate, and absorbance was measured after 24 h
using a microplate reader (Thermo Fisher Scientific) at 405
nm. The reaction mixture without the sample was used as a
blank, and calculation of the caspase activity was done using
the formula

(0.D — 0.Dyy,,)/(OD. 0. Do)

*sample negative control

Statistical Analysis. The experiments of minimum
inhibitory concentration determination, antioxidant activity
cytotoxic activity, and caspase-3 activity were performed in
triplicate (n = 3). Data are presented as mean #+ S.D. in the
histogram. For the statistical significance, one-way ANOVA
(analysis of variance) followed by Tukey was performed using
Graph Pad Prism 8.0.2 software, and mean =+ S.D. values of all
groups were compared. Statistical significance of qRT-PCR
data was evaluated by comparing the means + SEM of both
control and treated groups by unpaired Student t-test (*p <
0.0S, **p < 0.01, ***p < 0.001) using Graph Pad Prism 8.0.2
software.
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