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Nanotechnology is a cutting-edge field with diverse applications, particularly in the utilization of gold

nanoparticles (AuNPs) due to their stability and biocompatibility. AuNPs serve as pivotal components in

medical applications, with a specific emphasis on their significant antibacterial efficacy. This study

focuses on synthesizing AuNPs using the cell-free supernatant of Streptomyces monashensis MSK03,

isolated from terrestrial soil in Thailand. The biosynthesis process involved utilizing the cell-free

supernatant of S. monashensis MSK03 and hydrogen tetrachloroauric acid (HAuCl4) under controlled

conditions of 37 °C and 200 rpm agitation. Characterization studies revealed spherical AuNPs with sizes

ranging from 7.1 to 40.0 nm (average size: 23.2 ± 10.7 nm), as confirmed by TEM. UV-Vis spectroscopy

indicated a localized surface plasmon resonance (LSPR) band at 545 nm, while XRD analysis confirmed

a crystalline structure with characteristics of cubic lattice surfaces. The capping molecules on the surface

of AuNPs carry a negative charge, indicated by a Zeta potential of −26.35 mV, and FTIR analysis

identified functional groups involved in reduction and stabilization. XANES spectra further confirmed the

successful reduction of Au3+ to Au0. Moreover, the synthesized AuNPs demonstrated antibacterial

activity against drug-resistant strains of Pseudomonas aeruginosa and Acinetobacter baumannii.

Interestingly, the AuNPs showed non-toxicity to Vero cell lines. These significant antibacterial properties

of the produced nanoparticles mean they hold great promise as new antimicrobial treatments for

tackling the increasing issue of antibiotic resistance.
Introduction

In recent years, there has been a surge of interest in nano-
technology for the production of metal nanoparticles (NPs).1,2

This eld involves manipulating nanosized materials (1–100
nm) to generate novel features such as chemical, biological,
electrical, and catalytic qualities that bulk materials cannot
attain.3,4 Metal nanoparticles nd wide-ranging applications in
medicine and materials engineering.2,3,5–8 For instance, gold
nanoparticles synthesized using a combination of ve cow-
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derived products (urine, dung, milk, curd, ghee) showed anti-
microbial activity against human pathogens, Klebsiella pneu-
moniae and Bacillus subtilis. Copper iodide nanoparticles were
used for monitoring of dopamine, aiding in the early diagnosis
of neurodegenerative disorders.9 Additionally, the determina-
tion of vitamin B12 (VB12) was achieved by developing an
electrochemical sensor prepared through the electrophoretic
deposition of tin dioxide nanoparticles.6 Furthermore, titanium
carbide–MXene nanoparticles were produced using plastic and
applied in a self-charging device.7

Among NPs, gold nanoparticles (AuNPs) have been studied
extensively by many researchers due to their unique properties,
such as antimicrobial activity, low toxicity, ease of production,
and precision targeting.2,10,11 Recently, there has been a lot of
research focused on antibacterial properties of AuNPs making
them a promising candidate for antibiotic supplementation.
The antibacterial activity of AuNPs is determined by several
factors, including size, dose, and the type of bacteria.2,3 Previous
studies by Shamaila and colleagues demonstrated that chemi-
cally synthesized AuNPs exhibit antibacterial action against
Staphylococcus aureus, Escherichia coli, K. pneumoniae, and B.
subtilis, with the activity being size and dose-dependent.2
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, different types of bacteria showed distinct
responses to AuNPs. For example, the antibacterial activity of
biologically synthesized PG-AuNPs by panchagavya (PG) was
found to be strong against Gram-negative bacteria and
moderate against Gram-positive bacteria.3

The synthesis of AuNPs can be achieved through chemical,
physical, and biological methods.1 However, chemical and
physical approaches, which oen involve the use of toxic agents,
raise concerns for both the environment and human health. In
contrast, biological synthesis is considered a safe, non-toxic,
and environmentally friendly alternative.1,3,12,13 This approach
entails the utilization of bacteria, fungi, plants, and other
natural raw materials for the synthesis of nanoparticles.3

Microorganisms, especially Streptomyces species, are effective in
producing AuNPs due to their ability to grow in a low-cost
medium and facilitate controlled reduction of metal ions.14

Streptomycetes, Gram-positive lamentous bacteria that serve as
a valuable source of antibiotics, have proven the potential to
synthesize AuNPs.15 Previous reports highlight various Strepto-
myces species, such as Streptomyces cyaneus Alex-SK121, Strep-
tomyces sp. NH21, Streptomyces hygroscopicus BDUS49,
Streptomyces griseus M8, Streptomyces misionensis PYA9, Strep-
tomyces sp. U30, and Streptomyces viridogens HM10, in the
synthesis of AuNPs with antimicrobial activity against various
bacteria.16–22

In this study, we synthesized AuNPs using the cell-free
supernatant of Streptomyces monashensis MSK03, isolated
from terrestrial soil in Thailand. The biosynthesis of AuNPs was
characterized using various techniques, including UV–visible
spectroscopy, X-ray diffraction (XRD) spectroscopy, energy-
dispersive X-ray (EDX) spectroscopy, transmission electron
microscopy (TEM), Fourier transform infrared (FTIR) spectros-
copy, and X-ray absorption near edge structure (XANES) spec-
troscopy. Additionally, we explored the antibacterial potential of
these nanoparticles against clinical drug-resistant pathogens
and assessed their cytotoxicity proles. To our knowledge, this
is the rst report on the utilization of S. monashensis for
synthesizing AuNPs. Our ndings signicantly contribute to
understanding the potential of Streptomyces species in the eld
of nanoparticle biosynthesis, paving the way for future research
and applications.
Experimental
Microorganisms

Streptomyces sp. MSK03 was isolated from terrestrial soil at
Sakaerat Environmental Research Station (SERS), Nakhon
Ratchasima, Thailand. To assess the antimicrobial activity,
drug-resistant strains of Pseudomonas aeruginosa and Acineto-
bacter baumannii were used. These pathogenic bacteria were
obtained from clinical samples at Suranaree University of
Technology Hospital (SUTH), Thailand.
Isolation of Streptomyces sp. MSK03

Soil samples were randomly collected randomly from the upper
surface of the soil at a depth of 10–15 cm using a sterile
© 2024 The Author(s). Published by the Royal Society of Chemistry
technique. A total of 1 g of soil was suspended in 99mL of sterile
water and incubated at room temperature with shaking at
200 rpm for 30 minutes. Aer incubation, the soil suspension
was allowed to settle, and then it was subjected to 10-fold serial
dilution up to 10−6. The Streptomyces strain was isolated using
the actinomycete isolation agar (AIA, Himedia, India) medium
through a serial dilution procedure. The agar plates were
incubated at 37 °C for a duration of 7 days or until the colonies
appeared. The streptomycetes colonies were further puried on
International Streptomyces Project 2 (ISP2) agar medium (4 g L−1

of yeast extract, 10 g L−1 of malt extract, 4 g L−1 of glucose, 15 g
L−1 of agar, and pH 7.2).

Identication of Streptomyces sp. MSK03

For molecular identication of Streptomyces sp. strain MSK03,
genomic DNA was extracted using the modied method for
fungal DNA extraction.23 The 16S ribosomal RNA (rRNA) gene
was amplied using polymerase chain reaction (PCR) with
universal 16S rRNA primers, 27F 50 AGAGTTTGATCCTGGCT-
CAG 30 and 1525R 50 AAGGAGGTGWTCCARCC 30.24 The PCR
product was then puried using the Gel/PCR Purication Mini
Kit (Favorgen™, Taiwan), and the puried PCR products were
sent for sequencing at Macrogen, Korea. The sequence of the
16S rRNA gene was compared to the EzBioCloud 16S rRNA
database (http://www.ezbiocloud.net) for identication
purposes.

Preparation of cell-free supernatant

Streptomyces sp. MSK03 was cultured in a 500 mL Erlenmeyer
ask with 100 mL of Starch Casein Broth (SCB) (10 g L−1 of
soluble starch, 0.3 g L−1 of casein, 2 g L−1 of KNO3, 2 g L−1 of
NaCl, 2 g L−1 of K2HPO4, 0.05 g L−1 of MgSO4, 0.02 g L−1 of
CaCO3, 0.01 g L−1 of FeSO4, and pH 7.2) and incubated at 37 °C
under shaking conditions at 200 rpm for 5 days. Aer the
incubation period, the culture was centrifuged at 4 °C and
8000 rpm for 5 minutes. The resulting cell-free supernatant was
carefully collected and utilized for the biosynthesis of AuNPs.

Biosynthesis of AuNPs

Biosynthesis of AuNPs was carried out by following the methods
outlined by Khadivi et al.,12 Soltani et al.,25 and Balagurunathan
et al.22 with minor modication. In brief, 1 mM Hydrogen tetra
chloroauric acid (HAuCl4$3H2O; Sigma-Aldrich, USA.) was
combined with the cell-free supernatant of Streptomyces sp.
MSK03 at a 1 : 1 volume-to-volume ratio. The reaction mixture
underwent an incubation period at 37 °C with continuous
shaking at 200 rpm for 72 hours, and the pH was adjusted to 7.
As a control experiment, the cell-free supernatant and HAuCl4
solution was used. Aer the incubation period, the synthesis of
AuNPs was visually monitored as the mixture transitioned from
a pale yellow hue to a pale pink or purple color. This distinctive
color change served as a visible marker for the successful
reduction of Au3+ to Au0, a key milestone in the biosynthesis
process. The entire mixture was centrifuged at 4 °C, 8000 rpm
for 5 minutes, and the AuNPs were washed with sterile DI water,
then collected for further studies.
RSC Adv., 2024, 14, 4778–4787 | 4779
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Characterization of MSK03-AuNPs

UV-vis spectroscopy analysis. The biosynthesized AuNPs
were subjected to characterization using a UV-visible spectro-
photometer (Thermo Scientic Multiscan GO, Finland). The
absorbance of colloidal AuNPs was measured, and the absorp-
tion spectra were recorded within the wavelength range of
approximately 300–800 nm.12,16,18,22,25–28 This analysis allowed for
the evaluation of the optical properties of the AuNPs and the
determination of their absorbance characteristics.

X-ray diffraction (XRD) analysis. The crystallinity and the X-
ray diffractive pattern of the MSK03-AuNPs were determined by
XRD analysis using an X-ray diffractometer (D8 Advance,
Bruker, Germany) employing nickel-ltered Cu Ka radiation (l
= 1.5406 E; 40 kV, 30 mA) in the 2q range of 20–80° at 25 °C,
with a scan speed of 10° min−1. The diffraction peaks of the
AuNPs were compared to a standard XRD pattern for the
structure of AuNPs, which is referenced as Joint Committee on
Powder Diffraction Standards (JCPDS) no. 04-0784. This stan-
dard is part of a database of XRD patterns maintained by the
International Center for Diffraction Data. By comparing the
obtained diffraction peaks with this reference, the crystalline
structure and identity of the synthesized AuNPs were
determined.12,16,18,22,25–28

Zeta potential and hydrodynamic size distribution analysis.
Zeta potential measurement and hydrodynamic particle size
distribution analysis of the MSK03-AuNPs were conducted
using a Zeta-sizer instrument (Malvern Instrument Ltd, USA).
The zeta potential analyzer was utilized to measure the zeta
potential, indicating the surface charge of the AuNPs.27,28 On the
other hand, the dynamic light scattering (DLS) technique was
employed to measure the average particle size distribution of
the biosynthesized AuNPs.16,28,29

Transmittance electron microscopy (TEM) and energy
dispersive X-ray uorescence (EDX) spectrometry analysis. TEM
(Talos F200X, Thermo Scientic, Netherlands) was utilized to
examine the size and morphology of the biosynthesized
AuNPs. Additionally, Transmission Electron Microscopy
(TEM) was employed to investigate Selected Area Electron
Diffraction (SAED).6,17,30 Moreover, the elemental composition
and chemical characterization of the synthesized AuNPs were
determined through EDX spectroscopy analysis using an X-
ray Fluorescence Energy Dispersive Spectrometer (Model
XGT-5200).18,25,28,31,32

Fourier transform infrared (FTIR) spectroscopy analysis.
FTIR spectroscopy was employed to identify potential biological
molecules involved in the reduction of Au3+ to Au0 during the
biosynthesis of AuNPs.16,28,33 The FTIR spectrophotometer used
for this analysis was the FT-IR microscope (Tensor 27, Bruker,
Germany). The spectra were scanned in the range of 400–
4000 cm−1, allowing for the detection of functional groups of
organic molecules that may be attached to the surface of AuNPs.
Additionally, other surface chemical residues were also identi-
ed through FTIR analysis. The obtained spectral data were
compared with an online database to aid in the characterization
and identication of the chemical compounds present in the
biosynthesized AuNPs.
4780 | RSC Adv., 2024, 14, 4778–4787
X-ray absorption near-edge spectroscopy (XANES) analysis.
XANES analysis was conducted to investigate the local geometry
and structure of gold in the synthesized MSK03-AuNPs.34,35 The
photon energy was calibrated using the L3 edge of Au (foil) at 11
919 eV. The obtained XANES data was averaged and normalized
using the Demeter package, version 8.9.26.32. This XANES
analysis was carried out at the XANES beamline (beamline 8) at
the Synchrotron Light Research Institute (SLRI), Thailand.

Determination of the antimicrobial activity of AuNPs

The antimicrobial activity of MSK03-AuNPs against drug-
resistant pathogens P. aeruginosa and A. baumannii was
assessed using the agar well diffusion method. The Mueller–
Hinton agar (Himedia™, India) was inoculated with mid-log
phase (5 × 105 CFU mL−1) test pathogens using the spread
plate technique. Subsequently, a 6 mm diameter hole was
aseptically punched in the agar using a sterile cork borer. One
hundred microliters of the MSK03-AuNPs (56.55 mg) were then
added into the well and allowed to diffuse into the agar at room
temperature for 1 hour. The culture broth of MSK03 and HAuCl4
were used as control substances. Following this, all plates were
incubated at 37 °C for 24 hours. The formation of a clear zone
around the well was observed and measured to determine the
antimicrobial activity of MSK03-AuNPs against the drug-
resistant pathogens.

Cytotoxicity assay

The MTT assay was performed to analyze the inhibitory
concentration (IC50) of synthesized AuNPs.36–38 The Vero cell
line (kidney tissue of an African green monkey) was cultured in
Dulbecco's Modied Eagle Medium (DMEM) supplemented
with 10% Fetal Bovine Serum (FBS). A total of 104 cells per well
were seeded in 96-well plates and incubated at 37 °C with 5%
CO2 for 24 hours. Aer 24 hours, the cells were treated with
different concentrations of MSK03-AuNPs (ranging from 32 to
512 mg mL−1) in serum-free media and incubated for an addi-
tional 24 hours. Subsequently, the cells were treated with MTT
(0.5 mg mL−1) and incubated for 4 hours to allow the formation
of formazan crystals. The formed formazan crystals were solu-
bilized by removing the MTT solution and adding 100 mL of
100% DMSO : 10% SDS (9 : 1) to each well. The absorbance of
the purple-blue formazan dye was then measured at 570 nm
using a spectrophotometer. The percentage cytotoxicity of each
concentration was calculated and utilized for IC50 determina-
tion using the GraphPad Prism 5.0 program.

Results and discussion
Isolation and identication of Streptomyces sp. MSK03

Streptomyces is the genus of the actinomycetales order with
more than 500 members, including those industrially signi-
cant for their unrivaled ability to produce a wide range of
bioactive secondary metabolites with interesting biological
activities.15 The present study attempted to eco-friendly
synthesizes AuNPs using the soil bacterium Streptomyces sp.
MSK03 and investigated their biological properties, particularly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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antibacterial and cytotoxic effects. The strain MSK03 was iso-
lated from forest soil at SERS, Nakhon Ratchasima province,
Thailand. The identication of Streptomyces sp. MSK03 was
based on its physiological and morphological properties, as
depicted in Fig. 1. The strain exhibited leathery growth with
white aerial mycelium and dark yellow substrate mycelium on
ISP2 medium, and its colony released light yellow soluble
pigments visible as exudates aer incubation at 37 °C for 10
days.

Molecular techniques based on 16S rRNA gene sequences
were employed to identify the species level of bacterial strain.39

The 16S rRNA gene sequence of strain MSK03 was amplied
using 27F and 1525R primers.24 The 16S rRNA gene sequence of
MSK03 was submitted to GenBank with the accession number
ON159854. The 16S rRNA of MSK03 showed a high similarity of
99.79% to Streptomyces monashensis MUSC 1JT (KP998432).
Organisms are typically identied at the species level when their
16S rRNA gene sequences exhibit more than 99% identity.39

Thus, we propose that strain MSK03 belongs to the S. mona-
shensis species, which, to our knowledge, has not been previ-
ously employed in metal nanoparticle synthesis.

Biosynthesis of MSK03-AuNPs

The use of streptomycetes in gold nanoparticle (AuNP) biosyn-
thesis offers a versatile and advantageous approach.14,15,40 With
inherent biocompatibility and low toxicity, streptomycetes are
well-suited for biomedical applications.14,15 Their enzymatic
activity serves as eco-friendly reducing and stabilizing agents,
while their metal-tolerant nature facilitates efficient nano-
particle reduction.14,41 The controlled synthesis allows for ne-
tuning of AuNPs size and shape.42–44 Streptomycetes' abun-
dance and diversity in natural environments provide a rich
resource for strain optimization, ensuring economic viability
and environmental friendliness in large-scale production.14,15

Furthermore, the potential for nanoparticle functionalization
and antibacterial properties further underscores the diverse
benets of employing streptomycetes in AuNP biosyn-
thesis.42,43,45 In this study, AuNPs were synthesized using the
extracellular cell-free supernatant of S. monashensis MSK03,
which acted as reducing and stabilizing agents. The synthesis
process involvedmixing the cell-free supernatant of MSK03 with
1 mMHAuCl4 in a 1 : 1 ratio, followed by incubation at 37 °C for
Fig. 1 Colony morphology of soil-isolated S. monashensis MSK03 on
ISP2 agar after 10 days of incubation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
72 hours. The initial light yellow mixture changed noticeably
during incubation into a purple color, demonstrating the
formation of surface plasmon resonance (SPR), characteristic of
AuNPs (Fig. 2). The color of the solution changed from light
yellow to purple upon the formation of AuNPs, indicating that
Au3+ was reduced to Au0.22,29,46–50 Thus, S. monashensis MSK03
demonstrated successful biosynthesis of AuNPs, a capability
not shared by all Streptomyces strains. This study leads the
recognition of S. monashensis as a novel candidate for the eco-
friendly synthesis of AuNPs, marking an unexplored avenue in
nanoparticle biosynthesis research.

Characterization of gold nanoparticles

To conrm the formation of AuNPs, UV-Vis spectrophotometry
techniques were employed to determine the position of the
localized surface plasmon resonance (LSPR) bands of the
synthesized AuNPs.22,29,48,51 The LSPR band of MSK03-AuNPs
exhibited a wavelength of maximum absorbance at 545 nm,
falling within the absorption range typically observed for
spherical AuNPs (500–580 nm).43,52,53 In contrast, no absorption
spectrum corresponding to AuNPs was observed in the cell-free
supernatants or HAuCl4 solutions, as depicted in Fig. 3. This
conrmed that the characteristic absorption peak at 545 nm
was indeed due to the presence of the synthesized AuNPs,
conrming the existence of spherical AuNPs produced by S.
monashensis MSK03.

In this study, multiple analyses were performed to demon-
strate the formation of AuNPs, including EDXRF, XRD, and
XANES.25,33,54 The elemental mapping obtained from TEM-
EDXRF and XRD techniques conrmed the presence of Au
elements in the sample. The EDXRF spectra indicated strong
optical absorption peaks corresponding to metallic Au at 2.2,
9.7, and 11.5 keV, with the Au element detected at 8.08% in the
MSK03-AuNPs (Fig. 4). The crystal structure of MSK03-AuNPs
was elucidated through XRD analysis, as shown in Fig. 5. The
XRD pattern exhibited four distinct diffraction peaks at 2q
values of 38.3°, 44.5°, 64.9°, and 77.8°, corresponding to the
(111), (200), (220), and (311) crystallographic planes, respec-
tively, of the face-centered cubic (fcc) structure of metallic gold.
This unequivocally conrmed that the crystal structure of
MSK03-AuNPs exhibited the characteristic features of a cubic
lattice surface.
Fig. 2 Visual observation of the color change of biosynthesized AuNPs
by S. monashensis MSK03.

RSC Adv., 2024, 14, 4778–4787 | 4781
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Fig. 3 UV-Vis spectra of MSK-AuNPs after incubation at 37 °C,
200 rpm for 72 h.

Fig. 4 Energy dispersive spectra of biosynthesized MSK03-AuNPs.

Fig. 5 The X-ray diffraction pattern of biosynthesized MSK03-AuNPs.

Fig. 6 XANES spectra of HAuCl4, Au foil, and MSK03-AuNPs.

Fig. 7 FTIR spectra of (A) cell-free supernatant of Streptomyces sp.
MSK03 and (B) MSK03-AuNPs.
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Additionally, XANES analysis was employed to investigate
the local geometry and structure of gold in the synthesized
AuNPs. Fig. 6 illustrates a comparison between the XANES
spectra proles of MSK03-AuNPs and a standard material. The
spectra of MSK03-AuNPs exhibited a similar energy prole to
that of Au metal foil, indicating a partial reduction of Au3+ to
Au0 during the biosynthesis process.

Based on the EDXRF, XRD, and XANES analyses, it can be
concluded that S. monashensisMSK03 cell-free supernatants can
effectively reduce Au3+ into Au0. The detailed mechanism of the
reduction process of Au3+ to Au0 remains unclear. Several
researchers have proposed the reducing agents for bio-
synthesized AuNPs, including lipids, carbohydrates, nucleic
acids, or proteins.26 For the biosynthesized AuNPs using Strep-
tomyces spp., cell wall reductive enzymes and enzymes on the
4782 | RSC Adv., 2024, 14, 4778–4787
cytoplasmic membrane have been suggested as potential
reducing agents.28,55

To identify the possible organic functional groups acting as
capping, stabilizing, and reducing agents in the synthesized
AuNPs, FTIR analysis was employed. The functional groups of
biomolecules attached to the surface of AuNPs could play a role
in the reduction of Au3+ to Au0, making FTIR analysis crucial in
identifying these biomolecules.56,57 Fig. 7 presents the FTIR
spectra of the cell-free supernatant of S. monashensis MSK03
and MSK03-AuNPs, each showing ve major peaks. A shi in
peak positions was observed from 3354, 1625, 1364, 1052, and
514 cm−1 in the cell-free supernatant of MSK03 to 3270, 1644,
1354, 1017, and 524 cm−1 in the MSK03-AuNPs, corresponding
to N–H or O–H stretching, C]O stretching or N–H bending,
C–N stretching or N–H bending, C–H stretching, and C–H
© 2024 The Author(s). Published by the Royal Society of Chemistry
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bending or metal–ligand stretching, respectively. The absorp-
tion peaks at 3270, 1644, and 1354 cm−1 are indicative of
functional groups associated with carbohydrates, amines, and
amides, respectively, while the remaining peaks at 1017 and
524 cm−1 correspond to the amine functional groups of the
protein. Changes in peak intensity or shis in wavenumbers of
functional groups from the cell-free supernatant to AuNPs can
provide insights into the specic functional groups involved in
the interaction with AuNPs.58 For example, Kumar and Rao
(2016) reported that proteins containing functional groups such
as amide, carboxyl, and hydroxyl from Streptomyces coelicoavus
SRBVIT13 were attached to the surface of AuNPs, acting as
stabilizing agents.59 In our study, the FTIR results of the bio-
synthesized AuNPs using the extracellular cell-free supernatant
of S. monashensisMSK03 indicated that proteins with functional
groups like carboxyl, hydroxyl, amine, and amide groups from
S. monashensis MSK03 are bound to AuNPs, serving as capping,
reducing, and stabilizing agents.

TEM and DLS analyses were employed to evaluate the
morphological properties (size and shape) of nanoparticles. The
TEM technique typically focuses solely on the size of the core
particle, excluding capping agents or other linked molecules.60,61

The obtained images revealed that MSK03-AuNPs exhibited spher-
ical forms (Fig. 8A). To conrm AuNPs formation and crystalline
structure, SAED analysis revealed distinct diffraction rings, con-
rming the face-centered cubic (fcc) structure of gold (JCPDS: 04-
0784), as indicated by (111), (200), (220), and (311) lattice planes
(Fig. 8B).30,62 The TEM/SAED results were consistent with the XRD
results. The average particle size of MSK03-AuNPs was measured to
be 23.2 ± 10.7 nm, with a size range varying from 7.1 to 40.0 nm
(Fig. 8C). On the other hand, DLSmeasures the hydrodynamic size,
which includes the core, capping agents, and other absorbed
molecules on the nanoparticle's surface.63,64 The analysis revealed
Fig. 8 TEM micrograph (A) and SAED pattern (B) and Particle size
distribution (C) of MSK03-AuNPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
that the MSK03-AuNPs exhibited an average size of 46.34 nm, with
a polydispersity index (PDI) of 0.268 (Fig. 9). Previous reports have
indicated that the particle size observed in TEM images is generally
smaller than that measured by the DLS analyzer.29,64–67 In our study,
TEM analysis revealed the spherical shape of gold nanoparticles
synthesized by MSK03, with an average particle size of 23.2 nm,
which was smaller than the hydrodynamic size (46.34 nm) of the
particles. The size of the nanomaterial is important because it
affects its physical properties, cell penetration, and interactions
with living cell molecules. Smaller particles have a larger surface
area than larger particles for the same amount of material, and
surface activity of AuNPs is also higher.68

Zeta potential analysis has been instrumental in under-
standing the stability of the synthesized nanostructures. This
analytical technique is widely employed to describe the surface
charge, stability, and aggregation conditions of colloidal parti-
cles, including AuNPs.63,64,69 Large positive or negative zeta
potential values indicate strong physical stability due to elec-
trostatic repulsion among individual particles. Conversely, zeta
potential values below −25 mV or above +25 mV typically indi-
cate high stability.70–75 Furthermore, studies have suggested that
zeta potential values closer to −30 mV indicate higher stability
for metal nanoparticles.76,77 In our study, the zeta potential
value of MSK03-AuNPs was determined to be −26.35
(±1.29) mV, indicating the presence of negative charge and
potential repulsion among the AuNPs. This negative charge on
the MSK03-AuNPs is attributed to the presence of biological
molecules in the cell-free supernatant, which act as colloidal
stabilizers for the MSK03-AuNPs. Consequently, our ndings
validate the high level of stability exhibited by MSK03-AuNPs.
Antimicrobial activity of MSK03-AuNPs

Due to the rise of microbial infections and increased drug-
resistant rates, novel antimicrobials are being investigated.
The World Health Organization (WHO) has prioritized patho-
gens under the acronym ESKAPE (Enterococcus faecium, Staph-
ylococcus aureus, K. pneumoniae, A. baumannii, P. aeruginosa,
and Enterobacter species) due to their profound threat to human
health.78 These antibiotic-resistant microorganisms can lead to
severe and oen fatal infectious diseases, such as bloodstream
infections and pneumonia.79 In this context, biosynthesized
nanoparticles (NPs) have emerged as promising agents for
addressing antibiotic-resistant infections, offering potential
alternatives to conventional antibiotics.80
Fig. 9 The particle size distribution of biosynthesized MSK03-AuNPs.
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Despite these advancements, there remains a dearth of
studies on antibacterial gold nanoparticles (AuNPs) synthesized
from actinomycetes.27 This study addresses this gap by evalu-
ating the antibacterial activity of MSK03-AuNPs against drug-
resistant Gram-negative bacteria, specically P. aeruginosa and
A. baumannii, both recognized by the WHO as signicant global
threats. Multidrug-resistant strains of these bacteria present
formidable challenges in treatment due to their extensive
antimicrobial resistance, potential for outbreaks, and associa-
tion with adverse outcomes such as increased mortality rates
and treatment failure.81–85 A systematic review identied that A.
baumannii and P. aeruginosa infections had mortality rates of
47% and 23%, respectively.83,85

The antibacterial activity of MSK03-AuNPs, with an average
particle size of 23.2 (±10.7) nm, was assessed using the agar well
diffusion method. The inhibition zones for P. aeruginosa and A.
baumannii were measured at 11.20 (±0.67) and 9.44 (±0.80)
mm, respectively. Importantly, control substances, including
HAuCl4 and cell-free supernatant, exhibited no inhibitory effect
(Table 1). Similarly, El-Batal and Tamie (2015) observed the
sensitivity of the pathogen P. aeruginosa to AuNPs synthesized
from the marine bacterium Streptomyces cyaneus Alex-SK121.16

The AuNPs synthesized by strain Alex-SK121, with an average
particle size of 12.63 nm, exhibited an inhibition zone of 26 ±

2 mm against P. aeruginosa when tested using the agar well
diffusion method. Based on the information above, it has been
demonstrated that smaller nanoparticles exhibit higher activity
against pathogens compared to larger ones.

The mechanisms underlying the antimicrobial activity of
AuNPs have been reported.86 These nanoparticles operate in two
stages: rstly, they alter the membrane potential and decrease
adenosine triphosphate (ATP) synthase activity, thereby slowing
down the metabolic process; secondly, they inhibit the ribo-
some's subunit for tRNA binding, effectively disrupting its
biological process.86,87 Remarkably, these actions are achieved
while demonstrating lower toxicity to mammalian cells. In
addition, the certain mechanisms of antimicrobial activity are
required for further research.86

The antimicrobial activity of AuNPs synthesized by Strepto-
myces spp. against several Gram-positive and Gram-negative
bacteria has been reported.16–22 However, there has no report
of antibacterial activity of AuNPs on A. baumannii (Table 1).
Hence, our study marks the rst investigation of the inhibitory
effects of AuNPs, synthesized by Streptomyces, on the growth of
Table 1 Antimicrobial activity of MSK03-AuNPs and AuNPs synthesized

Tested
pathogens

Inhibition zone (mm)

HAuCl4

S. monashensis MSK03
Streptomyces cyaneus Alex
SK121 (ref. 16)Supernatant AuNPs

P. aeruginosa 0 0 11.20 � 0.67 26 � 2
A. baumanii 0 0 9.44 � 0.80 ND

a Each value represents the mean ± SD of three independent experiment

4784 | RSC Adv., 2024, 14, 4778–4787
A. baumannii. The ndings from this study might be led the way
for the development of new strategies to solving the problems
caused by infections that are resistant to antibiotics. Future
studies could explore the mechanistic details of MSK03-AuNPs'
antimicrobial action, assess their possible clinical utility.
Cytotoxicity of MSK03-AuNPs

Cytotoxicity testing is a crucial approach to determining the
safety of nanomaterials for potential biomedical use. Gold
nanoparticles are commonly favored for biomedical applica-
tions due to their remarkable compatibility with human cells.38

In this study, we evaluated the cytotoxicity of MSK03-AuNPs on
Vero cell line using the MTT assay. MSK03-AuNPs at different
concentration ranging from 32 to 512 mg mL−1 were tested for
cytotoxicity. The IC50 of MSK03-AuNPs was greater than 512 mg
mL−1, indicating that the nanoparticles exhibited non-
cytotoxicity on the Vero cell line. The viability of the Vero cell
was greater than 92.5% aer 24 hours of exposure to MSK03-
AuNPs at a concentration of 512 mg mL−1. It has been demon-
strated that when cell viability remains above 80% following
exposure to a test substance, the substance is considered non-
toxic.88,89 AuNPs synthesized from various natural sources,
including plants and fungi, were evaluated for cytotoxicity using
Vero cells, revealing no toxicity.90–94 However, to the best of our
knowledge, there have been no previous reports on the cyto-
toxicity of AuNPs synthesized by Streptomyces in Vero cells.
Therefore, our study represents the rst report of the cytotoxic
effects of Streptomyces-synthesized AuNPs on Vero cells.

Our ndings hold signicance, as they indicate that AuNPs
synthesized by S. monashensis MSK03 have the potential to act
as effective antimicrobial agents against drug-resistant patho-
gens. The potential of AuNPs to interact with bacterial cells
makes it feasible to conjugate antibiotics onto them. Thus, the
AuNPs not only facilitate antibiotic penetration into bacteria
but also have a synergistic effect.95 Green synthesis AuNPs have
been reported to have a synergistic effect with antibiotics. For
instance, Garcinia mangostana extract was employed in one
study to bio-synthesize AuNPs, which were then conjugated
with streptomycin and azithromycin. The conjugated AuNPs
had higher bactericidal efficiency against Staphylococcus spp.
compared to free streptomycin and azithromycin.96 Therefore,
this synergistic effect could be used as an alternative to treat
multidrug-resistant bacterial infections. Overall, the biocom-
patibility of AuNPs with human cells, as demonstrated by their
by Streptomyces spp.a

- Streptomyces sp. NH21
(ref. 17)

Streptomyces griseus
M8 (ref. 19)

Streptomyces sp. U30
(ref. 21)

0 20 23
ND ND ND

s; ND = not detect.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lack of cytotoxicity, makes them promising candidates for
various biomedical applications. This is especially signicant in
the context of therapeutic medical treatments and drug delivery
systems.

Conclusions

The ndings of this study underscore the potential of actino-
mycetes as a valuable biological source for synthesizing gold
nanoparticles. Our results demonstrate that a mixture of the
cell-free supernatant from the actinomycetes strain S. mona-
shensis MSK03 and 1 mM HAuCl4 is favorable for the formation
of AuNPs. The AuNPs, biosynthesized through the mediation of
actinobacteria, were characterized using standard procedures,
including UV-vis spectroscopy, XRD patterns, and XANES
spectra, conrming the successful synthesis of AuNPs. FTIR
results revealed that biological molecules, such as carboxyl,
hydroxyl, amine, and amide groups, contributed to the reduc-
tion and stabilization of MSK03-AuNPs. The synthesized
nanoparticles were spherical, with an average particle size of
23.2 nm and a surface charge of−26.35 mV. Gold nanoparticles
derived from S. monashensis MSK03 exhibited activity against
drug-resistant pathogens (A. baumannii and P. aeruginosa) while
being non-toxic to the Vero cell line. Consequently, this study
not only introduces a novel avenue for the biosynthesis of
AuNPs but also highlights the signicant potential of MSK03-
derived gold nanoparticles as effective agents for future
medical therapies.
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