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1. Introduction

Gold nanoparticles synthesized from soil-derived
Streptomyces sp. ASM19: characterization,
antimicrobial, anticancer potency targeted G2/M
phase cell-cycle arrest, and in silico studies

Sultan Aati, 7 Hanan Y. Aati, © +*® Ahmed A. Hamed,® Sherine El-Shamy,®
Shahad H. Aati,® Usama Ramadan Abdelmohsen,@fg Gerhard Bringmann,”
Mostafa N. Taha,’ Hossam M. Hassan & ** and Hebatallah S. Bahr ("

Gold nanoparticles (Au) have attracted considerable attention in the field of biomedicine in recent years. The
present work was designed to investigate gold nanoparticles obtained using a soil-associated actinomycetes,
Streptomyces sp. ASM19. This microorganism was isolated and identified using DNA sequencing. The
chemical profile of the Streptomyces sp. ASM19 extract was analyzed using LC-HRES-MS. Streptomyces sp.
ASM19 extract was utilized to synthesize actinomycetes-based gold nanoparticles (Ac-AuNPs), which were
analyzed using ultraviolet-visible (UV-vis) spectrophotometry, Fourier transform infrared (FTIR)
spectroscopy, and atomic force microscopy (AFM). In addition, the antibacterial, and anti-biofilm, as well as,
the anti-proliferative properties of Ac-AuNPs against seven cancer lines were investigated. LC-HRES-MS
analysis traced a total of 111 peaks, 14 of them are key peaks belonging to the chemical classes, alkaloids,
steroids, and polyketides. Analysis of the synthesized Ac-AuNPs revealed that they exhibited a wine-red
color and a plasmon band appeared at 540 nm, confirming the formation of the Ac-AuNPs. Further, FTIR
confirmed various functional groups present in Ac-AuNPs. The crude extract of Streptomyces sp. ASM19
demonstrated consistent antibacterial activity in contrast to Ac-AuNPs. The anti-proliferative properties of
Ac-AuNPs demonstrated encouraging anticancer properties against SCC9 and SCC25 cell lines with 1Csq
values of 3.77 and 1.56 pg mL~%. Furthermore, Ac-AuNPs had total apoptotic percentages of 26.37% (SCC9)
and 32.08% (SCC25), which are around 25 times higher than the control (0.95%). Additionally, it caused
a notable G2/M phase cell-cycle arrest. On the other hand, molecular docking study carried out for the
annotated compounds; tomaymycin (8) and nocapyrone P (5), showed considerable binding affinities
compared to the co-crystallized inhibitor (fisetin) against the cyclin-dependent kinase 6 active site. Overall,
the present study could be useful for nano drug delivery and may be applied for clinical studies in the future.

apoptosis. Reports revealed that cancer is the second-leading
cause of death globally and it is regrettably anticipated that the

Cancer is a complicated disease characterized by aberrant cell
proliferation, high degree of invasiveness, and resistance to
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incidence of cancer will rise by about 50% in the upcoming
years." On the other hand, cancer patients are suffering from the
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harmful effects of the majority of anticancer medications on the
market on normal cells; they exhibit serious side effects and are
not as effective against certain cancer types. Additionally, medi-
cation resistance was evident in some cancer types.> Therefore,
discovering possible cytotoxic medications that enhance patient
outcomes has long piqued the curiosity of scientists and
researchers. Recently, researchers have investigated chemother-
apeutics that target the signaling pathways that regulate the
tumor cell cycle and its microenvironment, causing cell death,
reducing tumor cell proliferation, or preventing the growth of
tumor masses. Cyclin-dependent kinases (CDKs) are well-
investigated biological targets that control signaling pathways
within cells. The family of serine/threonine protein kinases,
known as CDKs, is involved in many physiological processes,
including the regulation of the cell cycle. Certain CDKs (1-7) are
only active when they are linked to cyclins A-H, which are their
regulator proteins. Since abnormal cell division is a hallmark of
cancer, controlling CDK activity has been shown to be a prom-
ising treatment approach for the pathophysiology of the illness.>

Nanoparticles are the fundamental building blocks of
specific materials in nanoscale structures.’ This distinguishing
property of nanomaterials has fueled intense research into the
synthesis, characterization, and application of functional
nanomaterials for antibacterial, catalytic, pharmacological,
electrochemical, and imaging applications.*

Metal nanoparticles based on silver, gold, iron, platinum,
copper, or zinc have captivated scientists for millennia due to
their numerous applications in nanotechnology.®> Gold nano-
particles have garnered a lot of interest and numerous investi-
gations because of their unique optical, catalytic, and biological
capabilities, as well as their low toxicity and biocompatibility.®”

Physical and chemical methods have been widely investi-
gated for the synthesis of nanoparticles; nevertheless, their use
in therapeutic applications is limited by the employment of
toxic chemicals and solvents, strict synthetic conditions, an
environmentally unfriendly protocol, and greater energy
consumption. As a result, there is an increased demand for the
development of non-toxic, dependable, and environmentally
friendly nanoparticle synthesis for biomedical applications.®®
In recent years, a wide range of microorganisms, including
bacteria, viruses, algae, actinomycetes, and fungi, have been
used to synthesize nanoparticles. Nonetheless, actinomycetes
have garnered significant attention because they are least
investigated and stand as an efficient candidate for the manu-
facture of metal nanoparticles.”"* However, only a small
number of prokaryotic species (bacteria and actinomycetes)
have been assessed for their capacity to generate NPs; hence,
the synthesis must be expanded. Actinomycetes are widely used
to produce antibiotics and other valuable metabolites, but they
have received less attention when it comes to nanoparticle
research. The free amino groups and cysteine residues of the
actinomycete proteins attach to silver or gold nanoparticles and
stabilize the produced particles. Enzymes secreted from cells
may contain proteins that aid in the reduction of silver or
chloroauric ions and cap the metal nanoparticles. On the
surface of metal nanoparticles, several proteins may exist as
a capping and stabilizing substance." It is unclear exactly which
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enzymes are involved in the creation of gold. It has recently
been discovered that phenol oxidase is involved in this
process.” This research aims to synthesize Streptomyces medi-
ated nano-gold, its characterization using different analytical
tools, and the evaluation of its biological activities.

2. Experimental

2.1. Sample collection

The soil samples were obtained in May 2023 from Mansoura,
Egypt. They were photographed with proper photographic
equipment and securely stored at the Microbial Chemistry
Department, National Research Center.

2.2. Actinomycetes isolation from soil

To isolate actinomycetes from soil samples, 1.0 g of the sample
was suspended in water and diluted by serial dilution method
and 100 pL placed on starch nitrate agar media (PDA) medium
supplemented with 100 mg L™' ampicillin and 50 mg L™*
streptomycin. Actinomycetes colonies were allowed to grow on
the plates by incubating them at 25 °C.

2.3. Genetic identification of actinomycetes strains

The actinomycetes strain was sub-cultured in ISP2 for three
days at 25 °C. A 0.5 mL sterile saline solution was used to spread
pure, separate colonies. After that, the suspension was centri-
fuged for 10 minutes at ambient temperature at 10 000 rpm.
Following the manufacturer's instructions, a DNeasy Blood &
Tissue Kit was used to extract the DNA. Two primers were used:
1492R (5’GGTTACCTTGTTACGACTT'3) and 27 F
(5SAGAGTTTGATCCTGGCTCAG-3). Using primers from SolGent
and Macrogen, two commercial sequencing services in South
Korea, the PCR products were run through 35 cycles of 30 s at
94 °C, 30 s at 55 °C, 90 s at 72 °C, and a final step of 5 min at 72 °©
C. The sequencing results were resolved using the automated
DNA-sequencing device from Applied Biosystems, model 3730-
XL.14’15

2.4. Actinomycetes filtrate preparation

The ISP2 broth medium was used to cultivate the actinomycetes.
Following autoclaving, colonies from the starch nitrate plate were
moved into the ISP2 broth using a sterile loop to inoculate the
actinomycetes. After that, the flasks were continuously shaken for
eight days at 31 °C. The filtrate was centrifuged for 10 minutes at
10 000 rpm following 8 days of culture. Additional analysis was
conducted using the resultant supernatant.

2.5. Biosynthesis of AuNPs

The biosynthesis of AuNPs experiment was carried out by
combining 25 mL of actinomycetes supernatant with 25 mL of
1 mM Au solution (prepared in deionized water). The mixture
was then placed in a shaker incubator at 200 rpm in a dark
environment at 37 °C for 24 h and pH 8.0. Two control groups
were simultaneously established under the same conditions:
a positive control where the actinomycetes supernatant was
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incubated with deionized water, and a negative control con-
taining only the Au solution.*®

2.6. Characterization of AuNPs

2.6.1. UV spectroscopy. The UV spectral analysis was
carried out between 200 and 800 nm, using a UV spectropho-
tometer (Shimadzu Corporation, Japan) for UV-visible spectral
analysis.

2.6.2. FTIR. Fourier transform infrared (FT-IR) analysis was
performed using an FT-IR 6100 spectrometer (JASCO, Japan) in
the 4000-400 cm ' range to describe the functional groups
present in AuNPs.

2.6.3. Zeta potential measurements. The stability and
charges of the synthesized nanoparticles were assessed using
a Zetasizer Nano ZS laser diffractometer (Malvern, UK) to
conduct zeta potential measurements.

2.6.4. X-ray diffraction (XRD). To determine the X-ray
diffraction (XRD) pattern of AuNPs over a 26 range of 10-90,
the produced solid materials were submitted to X-ray diffraction
(XRD) examination using a Bruker D8 Advance Diffractometer
(Bruker AXS, Germany) with Cu Ka radiation (k = 1.54).

2.6.5. Transmission electron microscopy. Using a JEOL-
JEM-1011 apparatus (Japan), transmission electron micros-
copy (TEM) was used to analyze the particle size and shape of
the AuNPs. A carbon-covered copper grid was coated with
suspension droplets of nanoparticles, and the solvent was
gradually drained before the transmission electron microscopy
picture was taken.

2.7. Biological assessment

2.7.1. Antibacterial assay. The antibacterial activity of gold
nanoparticles (AuNPs) was assessed against Gram-positive
Staphylococcus aureus ATCC25923 and Gram-negative Escher-
ichia coli ATCC8739 following the technique of Eskander et al.
(2020).

2.7.2. Anti-biofilm activity. The anti-biofilm activity was
evaluated according to reported procedures.’®*® The optical
density of overnight bacterial growth at 600 nm was 0.1 in sterile
nutrient broth. Each well of a 96-well microtiter plate received
a 100 pL aliquot of the bacterial solution. Add 100 pL of the
bacterial culture and serially diluted test chemicals to each well
to attain the appropriate concentrations. Positive controls were
wells with bacterial culture, whereas negative controls were
broth. Incubation at 37 °C for 24 hours resulted in carefully
aspirating the healthy contents and washing the biofilm with
phosphate-buffered saline. For 15 minutes, 0.1% crystal violet
discolored the biofilm. Rewashing the wells with PBS removed
the excess stain, and 95% ethanol solubilized the bound crystal
violet. A microplate reader recorded 595 nm absorbance.
Compare the absorbance readings of treated and positive
control wells to compute biofilm inhibition percentage.

2.7.3. Anticancer activities of the synthesized Au nano-
particles against liver, colon, breast, and oral carcinoma. The
cytotoxic effect of Au nanoparticles generated by Streptomyces sp.
ASM19 culture supernatant and cell filtrate were evaluated
against human (HepG2, Caco2, MCF7, A549, SNB-75, SCC9, and
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SCC25) cancer cell lines using the sulforhodamine B (SRB) assay.
Human tumor cells were seeded in a 96-well tissue culture plate
at 90% confluence, cultured for 24 h, and then treated with the
biosynthesized Au-nanoparticles at various concentrations (0.01,
0.1, 1, 10, and 1000 pug mL'). Untreated cells were used as
a control. Cells were exposed to nanoparticles for 72 h, fixed with
10% trichloroacetic acid for 1 h. at 4 °C, and stained with a 0.4%
SRB solution for 10 min. The extra stain was removed by rinsing
with a 1% solution of glacial acetic acid, after which the cells
stained with SRB were dissolved using Tris-HCl. The color
intensity was measured at 540 nm by a microplate reader.

SigmaPlot 12.0 software was used to analyze the viability
percentages of the cell line at different concentrations of Au-
nanoparticles to calculate the ICs, value, which reflects the
dosage that decreases cell survival by 50%. This study contributed
to our knowledge about the potential of the biosynthesized Au-
nanoparticles as anticancer agents by offering insightful infor-
mation on their possible lethal effects on human tumor cells.*

2.7.4. Cell cycle analysis and apoptosis. In the course of
developing and/or treating cancer, the induction of apoptosis
and the stages of the cell cycle are essential. Therefore, the
impact of Ac-AuNPs on apoptosis and the cell-cycle profile was
studied. The apoptotic power and the cell-cycle profile of Ac-
AuNPs were revealed by using SCC-9 and SCC-25, which were
chosen because of their strong sensitivity towards the evaluated
sample. To determine apoptosis, the propidium iodide (PI)
staining test technique and annexin-V-FITC were used as
described by Hassaballah et al. (2024).>>

2.8. Virtual target identification

Retinol's potential target characterisation was accomplished by
pharmacophore-based virtual screening with PharmMap-
per.”*** According to this platform, any molecule in the PDB
that most closely matches a pharmacophore model that has
been extracted and saved as a library ligand dataset in mol2
format is given a score. An approximately 77 score matrix is
created by this process.”® Following that, each pharmacophore's
fit score is determined when a new molecule is supplied, and
each fit score is compared to the fit score matrix to ascertain the
molecule’s position on the scale of all pharmacophore scores.
The pure fit score that emerges from this process has signifi-
cantly more weight and confidence than random pharmaco-
phore matching. The platform received the query structure in
pdb format, and the results were output as an Excel sheet that
arranged the protein targets based on fit scores.

2.9. Molecular docking study

Utilizing an AutoDock Vina docking machine 25, the docking
analysis was performed utilizing the crystal structures of the
active site of human cyclin-dependent kinase 6 (PDB ID: 1X02).
The docking grid box and binding site were identified using the
co-crystallized ligand fisetin, a naturally occurring flavonol. The
grid box's coordinates were set to be: x = 1.303, y = 37.229,z =
139.064.

The root mean square (RMSD) criterion for ligand to binding
site shape matching was chosen at 2.0 A. CHARRM force field

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(v.1.02) with distance-dependent dielectric and non-bonded cutoff
distance of 10.0 A was used to calculate the interaction energies.
An energy grid that extended from the binding point was then
established at 5.0 A. Retinol, the studied molecule, had the lowest
energy within the chosen binding region. PyMOL software was
used to edit and visualize the generated binding postures.>®

2.10. Molecular dynamics simulation (MDS)

The program utilized to do molecular dynamics simulation
(MDS) was NAMD 3.0.0.>° The Charmm36 force field is applied
by this software. The VMD software's QwikMD toolkit was used
to construct protein systems, and any missing hydrogens in the
protein structure were examined.”” The co-crystallized water
molecules were eliminated, and the protonation states of the
amino acid residues were adjusted to a pH of 7.4. The entire
structure, along with 0.15 M Na' and Cl~ ions in 20 A solvent
buffer, was then immersed in an orthorhombic box of TIP3P
water. After then, the systems were equilibrated for 5 ns and
their energy was decreased. The VMD plugin Force Field Toolkit
(ffTK) was used to generate the ligands' parameters and
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Fig. 1 Constructed phylogenetic tree of Streptomyces sp. ASM19.
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topologies. The produced parameters and topology files were
then put into VMD so that the simulation steps could be carried
out and the protein-ligand complexes could be read easily and
accurately.

2.11. Binding free energy calculations

The MMPBSA incorporates the Molecular Mechanics Poisson-
Boltzmann Surface Area (MM-PBSA). The binding free energy
of the docked complex was determined using the AMBER18 py
module.”® In total, 100 frames were processed from the trajec-
tories, and the net energy of the system was estimated using the
following equation:

AGbinding = AGcomplex - AGreceptor - AGinhibitor

Multiple energy components, such as van der Waals energy,
electrostatic energy, internal energy from molecular mechanics,
and polar contribution to solvation energy, must be calculated
for each of the terms described above.
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Table 1 Metabolites tentatively identified by LC-ESIMS analysis of ASM19 extract
No. RT Mass Molecular formula Dereplication References
1 5.45 210.1364 C11H15N,0, Cyclo(pro-leu) 31
2 7.54 191.0943 C11H3NO, Streptopyrrolidine 32
3 9.83 162.1007 CeH14N,03 L-2-Amino-4-(2-aminoethoxy)-butanoic 33
acid
4 10.81 157.0368 CeH,NO, Clavam-2-carboxylic acid 34
5 13.12 194.0949 C11H1403 Nocapyrone P 35
6 13.78 174.0887 CsH,0,4 Vertimycin 36
7 14.79 390.2776 Cy4H350, 12a-Hydroxy-3-ketocholanic acid 37
8 17.14 304.1428 C16H,0N,04 Tomaymycin 38
9 22.25 314.1626 C1gH»,N,05 Streptomycindole 39
10 24.86 412.2609 Cy6H3604 Janthinopolyenemycin B 40
11 28.47 604.3971 C35H35604 Bafilomycin D 41
12 28.73 622.4075 C35Hs50 Bafilomycin A1 42
13 29.36 287.1527 C17H,1NO; Trichostatic acid 43
14 31.26 316.2619 C18H3604 Aggreceride A 44
3. Results depicted to scale. Thirty-one nucleotide sequences were analyzed.
Included were the first, second, third, and noncoding codon
3.1. Molecular identification of Streptomyces sp. (ASM19)

Sequencing the soil isolate Streptomyces sp. ASM19, which
demonstrated a strong potential to biosynthesize gold nano-
particles," exhibited a high similarity (99.89%) to Streptomyces
sp. (Fig. 1). ASM19, a novel Streptomyces-specific sequence, has
been deposited in Gene Bank under the name Streptomyces sp.
ASM19 (accession number PP946394). The phylogenetic tree of
Streptomyces sp. ASM19, using the neighbor joining technique is
shown in Fig. 1. The evolutionary history was inferred by using
the Maximum Likelihood method and Tamura-Nei model.”® The
tree with the highest log probability (—48601.53) is displayed in
that figure. By applying the Neighbor-Join and BioN]J algorithms
to a matrix of pairwise distances computed using the Tamura-Nei
model, the initial tree or trees for the heuristic search were
automatically generated. The topology with the highest log like-
lihood value was then chosen. Branch lengths are expressed in
terms of the number of substitutions per site, and the tree is

locations. The resulting dataset contained 1504 locations in total.
In MEGA11, evolutionary analyses were performed.*

3.2. LC-HRESIMS-assisted chemical profiling

LC-HRESIMS analysis resulted in tracing a total of 111 peaks
using the positive ionization mode. Out of these, 14 key peaks
were putatively identified (Table 1 and Fig. 2, 3). During the
dereplication procedure, a taxonomic filter was used to choose
only hits that were connected to the strains of actinomycetes
under study. The identified metabolites belonged to different
chemical classes e.g., alkaloids, steroids, and polyketides (Fig. 3).

3.3. Biogenic synthesis of gold nanoparticles

When the Streptomyces sp. ASM19 supernatant was added to the
HAuCl, aqueous solution, the color change made it evident that
AuNPs had formed. After actinomycetes species supernatants
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Fig. 2 LC-HRESIMS-derived total ion chromatogram (TIC) of ASM19 extract.
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Fig. 3 Structures of the identified metabolites of ASM19 extract. Blue-colored structures have previously been reported to have anticancer
properties. Green-colored structures were found to bind inside the human cyclin-dependent kinase 6.

were added, the production of gold nanoparticles (AuNPs) was
mediated at 30 °C in a dark environment. When Streptomyces
sp. ASM19 supernatant was added, the supernatant became
yellow to purple, confirming the production of AuNPs (Fig. 4).

3.4. Biosynthesized AuNPs characterization

In the presence of Streptomyces sp. ASM19 supernatants, AuUNPs
were produced. The 400-550 nm range of the surface plasmon
resonance (SPR) absorption spectra suggests that AuNPs were
produced at various times. The generated AuNPs' surface plas-
mon resonance (SPR) absorption spectrum range was between

© 2025 The Author(s). Published by the Royal Society of Chemistry

450 and 650 nm, and their SPR band was located at 550 nm
(Fig. 4a). The size and shape of the green AuNPs and AuNP
particles were examined using field emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM) (Fig. 4c). According to the TEM micrograph (Fig. 4b), the
AuNPs had a sphere-like form with an average particle size of
6.28 + 0.78 to 100.2 £+ 0.25 nm.

3.5. FTIR and XRD

Additionally, Fig. 5a illustrates the FTIR spectra of AuNPs
synthesized by Streptomyces sp. ASM19. The peaks that appear

RSC Adv, 2025, 15, 3954-3968 | 3959
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at 3000-3450 cm ™! are the characteristic bands for NH, and OH
groups, the peaks at 1112 cm™* are the characteristic bands for
C-0, and the peaks appearing at 800 to 950 cm ' are the
characteristic bands for C=C. Additionally, the XRD examina-
tion of Streptomyces sp. ASM19 gold nanoparticles revealed
a crystalline structure of the biogenic nanoparticles, as evi-
denced by four peaks matching typical Bragg reflections
38(111), 44(200), 64(220), and 77(311) of the face centers cubic
lattice.

3.6. Colloidal and surface properties of as-prepared AuNPs

The produced AuNPs showed colloidal and surface stability.
The AuNPs sample, which included Streptomyces sp. ASM19,
had zeta potentials of —28.35. A study* claims that metal
nanoparticles are more stable when their zeta potential value is
closer to —30 mV; these findings suggest that there was an
electrostatic interaction between the AuNPs and the particles in
the solution (Table 2).

3.7. Biological evaluation

3.7.1. Antibacterial activity. The antibacterial activity of the
biosynthesized AuNPs and the crude extract of actinomycetes

3960 | RSC Adv, 2025, 15, 3954-3968

480 S20 S60 600 610 G680 720 760 800
avelength in nm

(A) UV spectrum; (B) transmission electron micrograph; (C) scanning electron micrograph of biogenic Ac-AuNP.

were tested against two bacterial pathogens, one representing
Gram-positive bacteria and the other representing Gram-
negative bacteria. The findings demonstrated that the crude
extract of the actinomycetes had significant antibacterial
activity against Staph. aureus with an inhibition rate of 75%.
However, it shown limited antibacterial activity against E. coli.
However, no antibacterial activity was seen in the bio-
synthesized gold nanoparticles (Fig. 6).

3.7.2. Anti-biofilm activity. The anti-biofilm efficacy of the
crude extract from actinomycetes and biogenic gold nano-
particles was also assessed against two strains of bacteria,
namely E. coli and Bacillus subtilis (Fig. 7). The results indicated
that the ASM19 crude extract exhibited significant activity
against E. coli and limited activity against B. subtilis. In contrast,
the biogenic AuNPs showed minimal biofilm inhibitory activity
against the tested bacteria, unlike the crude extract of Strepto-
myces sp. ASM19, which demonstrated strong activity (Fig. 7).

3.7.3. Invitro anti-cancer activity. The anticancer potential
of Ac-AuNPs was evaluated in vitro using the MTT assay against
a panel of human cancer cell lines (viz., HepG2, Caco2, MCF7,
A549, SNB-75, SCC-9 and SCC-25). The ICs, values were
compared with staurosporine as a positive control, as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The FTIR (A) and XRD (B) of the biosynthesized gold
nanoparticles.

demonstrated by Fig. 8 and Table 3. As recorded in Table 3, Ac-
AuNPs displayed good anticancer activity against colorectal,
brain, and breast cancer cell lines (Caco2, SNB-75, and MCF7),
with ICs, values of 11.65, 14.0, and 14.31 pg mL ™", respectively.
Interestingly, it showed such promising superior cytotoxic
action against the squamous cell carcinoma cell lines (SCC-9
and SCC-25) with ICs, values 3.77 and 1.56 pg mL™', respec-
tively, over the positive control drug, staurosporine (ICs, values
of 7.93 and 11.85 ug mL ™", respectively).

3.7.4. Apoptosis and cell cycle analysis. Cancer develop-
ment and treatment depend heavily on the phases of the cell
cycle and the process of apoptosis." Consequently, further
analysis was done to determine how Ac-AuNPs extract affected
apoptosis and the cell cycle. To reveal the apoptotic power and
cell-cycle profile of Ac-AuNPs, squamous cell carcinoma (SCC-9
and SCC-25) cell lines were used, given their strong sensitivity
towards the evaluated compounds.

3.7.4.1. Apoptosis analysis. Propidium iodide (PI) and
annexin-V-FITC staining was utilized in flow cytometry assay to
assess the induction of apoptosis in SCC9 and SCC25 cell lines.
Following treatment of SCC9 and SCC25 cell lines with Ac-AuNPs

Table 2 Colloidal and surface properties of as-prepared AuNPs
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extract, Ac-AuNPs/SCC9 showed a significant increase in total
apoptosis, from 1.95% (control SCC9) to 26.37% (approximately
13.5 time higher than the control). Additionally, an increase in
late cellular apoptosis was noted, rising from 0.15% (control
propidium iodide SCC9) to 7.22% (i.e. nearly 50-fold). Further-
more, the percentage of early apoptosis increased from 0.39%
(control SCCY) to 15.13% (i.e. by a factor of nearly 39). On the
other hand, the Ac-AuNPs/SCC25 sample analysis revealed that
late cellular apoptosis increased from 0.13% (control SCC25) to
8.85%, and total apoptosis increased significantly from 2.13%
(control SCC25) to 32.08%. Additionally, early apoptosis
increased from 0.65% (control SCC25) to 19.51% (Fig. 9 and 10).
These findings suggest that the examined extract (Ac-AuNPs)
greatly accelerate the death of cancer cells and induce apoptosis.

3.7.4.2. Cell cycle analysis. As shown in Fig. 9-11, cell cycle
analysis was carried out for the cell lines, SCC9 and SCC25 using
Ac-AuNPs as a treatment. It was disclosed that Ac-AuNPs caused
cell cycle arrest in the G2/M phase for both cancer cell lines at
a value of 24.16% and 38.11%, respectively. On the other hand,
the untreated control SCC9 and SCC25 cell lines showed cell
accumulation in the G2/M phase at values of 10.24% and 8.41,
respectively. Therefore, in comparison to the control cells, one
can conclude that Ac-AuNPs can cause a considerable cell-cycle
arrest in the G2/M phase.

3.8. Virtual screening-based target identification

To investigate the binding interaction and stability of both,
tomaymycin (8) and nocapyrone P (5) inside the active site of
cyclin-dependent kinase 6, the modeled structures of both
compounds were re-docked into the predetermined active site of
the crystal structure of cyclin-dependent kinase 6 (PDB ID: 1X02).

As shown in Fig. 12, both compounds aligned with the co-
crystallized inhibitor fisetin, which was able to form multiple
H-bonds with ILE-19, LYS-43, GLU-61, GLU-99, VAL-101, ASP-
104, GLN-149, and ASP-163, in addition to hydrophobic inter-
actions with VA-27, PHE-98, and LEU-152. Hence, fisetin
showed significant stability inside the active site of human
cyclin-dependent kinase 6, where it deviated from the initial
crystallized binding pose with small values over the course of
100 ns long MD simulation (average RMSD = 0.6 A) (Fig. 12C).
Consequently, its MM-PBSA-calculated absolute binding free
energy (AGping) was —11.56 kcal mol .

Similarly, tomaymycin (8) was able to establish H-bonds with
ILE-19, GLU-99, ASP-104, and GLN-149 together with two
hydrophobic interactions with VA-27 and LEU-152 (Fig. 12A),
while nocapyrone P (5), and due to its lower molecular size in
comparison to both, fisetin and tomaymycin (8), was not able to
establish any H-bond or even hydrophobic interactions except

Colloidal properties

Sample

dynamic light scattering (DLS)

Zeta potential, mV

Streptomyces sp. ASM19 AuNPs
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Fig. 7 The anti-biofilm activity of ASM19 crude extract vs. Ac-CAuNPSs against E. coli and B. subtilis.

for the m-stacking with PHE-98 (Fig. 12B). Accordingly, noca-
pyrone P (5) could not achieve stable binding inside the active
site of the enzyme and dissociated from it shortly after starting
the MD simulation (at 25 ns). Tomaymycin (8), on the other
hand, was much more stable over the course of 100 ns long MD
simulation showing low a RMSD value (~1.8 A) (Fig. 12C) and
AGhping of —9.33 keal mol ™.

4. Discussion

The use and development of nanotechnology has increased
dramatically since its inception to meet the growing need for
healthcare solutions.*® Recently, the movement towards green
industries and sustainable development has become a global

3962 | RSC Adv, 2025, 15, 3954-3968

necessity to protect environmental resources. Thus, it is crucial
for scientists to investigate the toxicity of these nanomaterials.
Consequently, the ecologically friendly and green synthesis of
nanoparticles is a significant way to give lower toxicity levels and
enable unrestricted use in products meant for human
consumption. In this sense, creating biocompatible and
affordable compounds with potential uses in medicine delivery
and healthcare through the production of metal oxide nano-
particles utilizing microorganisms such as, bacteria, fungi,
algae, and plant extracts has significant promise.*” Actinomy-
cetes can be used in the green biogenic synthesis of nano-
particles. They were widely used for producing non-toxic,
ecologically friendly nanoparticles that are quick, cheap, and
simple. Reports revealed that actinomycetes-mediated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Anticancer activity of Ac-AuNPs extract against a panel of human cancer cell lines, namely, hepatocellular carcinoma (HepG2), colorectal
adenocarcinoma (Caco?2), human breast cancer (MCF7), non-small cell lung cancer (A549), human brain tumor (SNB-75), and squamous cell
carcinoma (SCC-9 and SCC-25). Staurosporine was used as a positive control drug.

biosynthesized nanoparticles can be small and stable, with
antimicrobial, antioxidant, and cytotoxic properties that help
them fight a variety of illnesses and infections.*>*** Thermo-
monospora, Rhodococcus, and Streptomyces species are among
the few actinomycetes that have been linked to the creation of
silver and gold nanoparticles.”* Streptomyces is a well-known
fungus that produces a large range of secondary metabolites,
including immunosuppressants, antibiotics, and numerous
other physiologically active substances that are widely used in
the enzyme and pharmaceutical industries.** The synthesis of
Au nanoparticles (NPs) has been reported for Streptomyces cya-
neus,*® Streptomyces hygroscopicus,”* and Streptomycetes viri-
dogens (HM10),>* Streptomycetes monashensis.”

In the present study, it was found that, Streptomyces sp.
strain ASM19 isolated from soil have the ability to synthesize
gold nanoparticles that were characterized using UV-vis spec-
trophotometry, FT-IR spectroscopy, atomic force microscopy
(AFM), as well as, zeta potential analysis that revealed details
regarding the stability of synthesized nanostructures. Further-
more, the biological efficacy including, the antibacterial, anti-
biofilm and cytotoxic activities of the synthesized gold nano-
particles were evaluated.

4.1. Antibacterial activity

Our study results revealed that the biogenic AuNPs showed
minimal antibacterial and biofilm inhibitory action against the
tested bacteria, S. aureus, E. coli, and B. subtilis, unlike the crude
extract of Streptomyces sp. ASM19, which demonstrated higher
antibacterial activity (Fig. 6 and 7). After reviewing the literature,
it was found that many studies support our findings viz. Ram-
amurthy et al. compared between the antibacterial activities of
the silver and gold nanoparticles produced using the aqueous
extract of Solanum torvum fruits and noticed that silver nano-
particles show strong zone of inhibition against Pseudomonas
aeruginosa, Escherichia coli, and Bacillus subtilis whereas, gold
nanoparticles exhibit less zone of inhibition.>* Skladanowski
et al., 2017 evalutaed the antibacterial activities of silver (Ag) and
gold (Au) nanoparticles using Streptomyces sp. strain NH21
against a number of Gram +ve and —ve bacteria, and they found
that while AgNPs exhibited antibacterial activity, AuNPs did not.*
(Hamed & Abdelftah, 2019) antibacterial study showed no anti-
bacterial activity of AuNPs against certain strains such as,
Staphylococcus aureus 25923 and Bacillus cereus.* (Nishanthi &
Palani, 2016) and (Rizvi et al., 2023) declared that AuNPs is better
to be loaded with antibiotic for better antibacterial activity.>>>*

Table 3 Anticancer activity of Ac-AuNPs extract against a panel of human cancer cell lines. The results are expressed as |ICso + SD pg mL~

HepG2 Caco2 MCF7 A549 SNB-75 SCC9 SCC25
Ac-AuNPs 38.809 £ 2.3 11.658 £+ 0.69 14.312 £+ 0.85 70.094 £+ 4.15 14.009 £ 0.83 3.777 £ 0.13 1.566 £ 0.05
Staurosporine 6.330 £ 0.37 5.469 £ 0.32 4.721 £ 0.28 10.027 £+ 0.59 5.698 £ 0.34 7.933 £ 0.27 11.85 £ 0.4

% The data in the table represent mean =+ SD. Samples are significantly different from the positive control (staurosporine) at p < 0.05. Hepatocellular
carcinoma (HepGz2), colorectal adenocarcinoma (Caco2), human breast cancer (MCF7), non-small cell lung cancer (A549), human brain tumor (SNB-
75), and squamous cell carcinoma (SCC-9 and SCC-25).
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Soliman et al., 2023 AgNPs were more effective than AuNPs viridogens shown strong antibacterial action against S. aureus and
against Gram-positive and Gram-negative pathogenic bacteria.’” E. coli, with a 20 mm zone of inhibition for each, according to
However, gold nanoparticles mediated by Streptomycetes astudy by Balagurunathan et al.*> Bindhu et al. have also reported
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Fig. 10 Graphical presentation of apoptosis induced on SCC25 cells by (A) control, (B) Ac-AuNPs extract; and cell cycle profile induced by (C)
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that gold nanoparticles have antibacterial action against both
Gram-positive and Gram-negative bacteria,”® and recently by
Kerdtoob et al, 2024;* those studies presented antibacterial
nature of gold nanoparticles. According to Sktadanowski et al.
(2017), gold nanoparticles are more well-known for their possible
use in medicine as an antiviral or drug delivery system than for
their antibacterial qualities.*” (Nishanthi & Palani, 2016) and
(Rizvi et al., 2023) revealed that the antibacterial action of gold
nanoparticles is better in the presence of antibiotics.*»*® There-
fore, we can concluded that the antibacterial action of some
AuNPs is due to the presence of antibiotic or antibacterial
metabolites within. The chemical profile of gold nanoparticles
generated from Streptomyces and their antibacterial properties
need to be further investigated.

4.2. Cytotoxic activity

The results of the cytotoxic investigation demonstrated that
Streptomyces ASM19 mediated gold nanoparticles showed
greater cytotoxicity against squamous cell carcinoma, SCC-9
and SCC-25 cell lines, better than staurosporine, the positive
control medication, with ICs, values of 3.77 and 1.56 pg mL ™,
respectively. These results encouraged us to conduct further
analysis regarding apoptosis and cell cycle analysis because the
capacity of cancerous cells to avoid apoptosis is a defining
characteristic of the disease. Thus, inducing cancer cell death
by activating apoptotic signaling pathways is the main mecha-
nism of many anticancer medicines.*® Results revealed that the
examined extract (ASM19) greatly accelerate the death of cancer
cells and induce apoptosis. As well as, can cause a considerable
cell-cycle arrest in the G2/M phase. In order to determine the
key metabolites in ASM19 extract that are responsible for this
observed anticancer activity, the identified compounds from
LC-HRESMS-assisted chemical profiling were literally reviewed.
According to the previously reported literature, bafilomycin A1
(12) and trichostatic acid (13) acid have been found to exert anti-
cancer and cytotoxic activities via different mechanisms e.g.,
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DNA binding, induction of autophagy, and epigenetic modula-
tion, respectively.®*-*>

Since the identified metabolites from LC-HRESMS-assisted
chemical profiling might contribute to the observed anti-
cancer properties of ASM19 extract. Therefore, they were
submitted to a comprehensive in silico analysis as illustrated in

the following section.

4.3. Virtual screening-based target identification

Identification of the biological target of a molecule is difficult.
Meanwhile, the success rate of finding suitable molecular
targets has been greatly enhanced by the ongoing development
of in silico tools like molecular modeling and virtual screening.

Structure-based and ligand-based virtual screening protocols
are used by many of the currently available online target iden-
tification platforms. PharmMapper is one such platform, it uses
the pharmacophore model of a query molecule to screen for and
recommends the most likely protein targets.”>** The central
tenet of pharmacophore-based screening is that the spatial
arrangements of structural features (i.e., the pharmacophore
maps) are largely responsible for the binding of specific mole-
cules to their protein targets. Therefore, the likelihood of
chemicals binding to the same protein target is highest when
their forms correspond to these pharmacophore maps. In light
of this, PharmMapper was utilized to recommend a potential
protein target or targets for the metabolites found in the ASM19
extract. Fit ratings were used to order the results that were
retrieved. Only targets linked to cancer were eliminated. As
a result, human cyclin-dependent kinase 6 (PDB ID: 1X02)% was
found to be among the top-scoring (Fit scores = 8.51 and 7.45)
cancer-relevant hits for tomaymycin (8) and nocapyrone P (5),
respectively, and hence, it was suggested to be a probable target.

Interestingly, cyclin-dependent kinase 6 has been reported
as a key oncoprotein in squamous cell cancers, and this
matches well with the in vitro testing illustrated above in Table
3,%¢ indicating that both tomaymycin (8) and nocapyrone P (5)

3
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cycle ‘-------------

Fig. 11 Diagram illustrating the anticancer action mechanism of Ac-AuNPs.
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of the 100 ns long MD simulation.

play a major role in the ASM19 anticancer activity besides that
of the previously reported ones (bafilomycin A1 and trichostatic
acid).

5. Conclusion

The current study outlined a simple, cost-effective, and envi-
ronmentally friendly method for the biofabrication of AuNPs
using the extract of the actinomycetes Streptomyces species
ASM19. The successful AuNP synthesis was confirmed by the
UV-vis spectra, which showed a characteristic peak at 540 nm.
The significant zeta potential value indicated the stability of the
Ac-AuNPs. The synthesized Ac-AuNPs demonstrated a notable
cytotoxic capability against the squamous cell cancer cell lines,
SCC9 and SCC25, outperforming the usual medication, staur-
osporine. Furthermore, the flow cytometry technique was
employed to evaluate the rates of neoplastic cell apoptosis and
necrosis. The acquired results showed a considerable cell pop-
ulation undergoing early apoptosis (15.13% and 19.51%) and
late apoptosis (7.22% and 8.85%) towards the SCC9 and SCC25
cell lines, respectively. Additionally, they caused a notable G2/M
phase cell-cycle arrest. The observable functions demonstrated
by Ac-AuNPs are crucial for the development of new therapeutic
drugs for the management of cancer. Because actinomycetes-
mediated synthesis reduces metal ions more quickly and
steadily than other approaches, it is considered to be more
beneficial. In biomedical applications, including drug/gene

3966 | RSC Adv, 2025, 15, 3954-3968

delivery and multifunctional therapy, gold nanoparticles are
thus promising new tools. In light of recent studies, such as the
review by Yao et al.,*” which examined over 20 clinical trials
involving gold nanoparticles (GNPs) and found no major safety
concerns, our findings contribute to the growing body of
evidence supporting the safe application of Streptomyces-
derived nanoparticles. However, as Yao et al. emphasized the
necessity for multi-dose, multi-center masked trials to deepen
understanding of GNPs in clinical settings, we similarly advo-
cate for comprehensive toxicological evaluations and large-scale
studies to fully ascertain the safety and efficacy of Streptomyces-
derived nanoparticles across various applications.®”
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