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ARTICLE INFO ABSTRACT

Article history: Background: Eco-friendly synthesis of silver nanoparticles (AgNPs) using biological systems offers a sus-
Received 12 June 2025 tainable alternative to conventional physicochemical methods. In this study, we employed cell-free
Accepted 26 August 2025 extracts from three thermotolerant bacterial strains, Bacillus haynesii CamB6, Pseudomonas alcaligenes
Available online 23 November 2025 Med1, and Staphylococcus sp. BSP3 for the biosynthesis of AgNPs, aiming to explore their antioxidant
and antibacterial properties.
Keywords: Results: The biosynthesized AgNPs were characterized through UV-Vis spectroscopy, FTIR, TEM, and DLS
QEEE;C;E;‘:] analyses, which revealed distinct physicochemical profiles among the nanoparticles. Notably, AgNP2 and
Bacillus haynesii AgNP3 exhibited smaller particle sizes, enhanced colloidal stability, and superior biological activities
compared to AgNP1. Antioxidant evaluation demonstrated significant free radical scavenging potential,
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with AgNP2 showing the highest DPPH activity (65.18% at 5 mg mL™"). Antibacterial activity, assessed
via agar well diffusion and cell viability assays against Bacillus cereus and Pseudomonas putida revealed
that AgNP2 achieved the lowest bacterial viability (0.74%) for P. putida at 1 mg mL™' concentration.
Conclusions: The study highlights the potential of biosynthesized AgNPs, particularly AgNP2, as sustain-
able for biomedical applications. Their antioxidant and antibacterial activities suggest valuable applica-
tions in managing oxidative stress and combating antimicrobial resistance.
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1. Introduction

Nanotechnology has transformed numerous scientific disci-
plines with significant improvements in healthcare [1], environ-
mental sciences [2,3,4], and material engineering. Among the
various nanoparticles [5,6,7], silver nanoparticles (AgNPs) stand
out for their unique physicochemical properties, including antimi-
crobial, antioxidant, and catalytic activities [8,9]. These properties
make AgNPs indispensable in biomedical applications, such as drug
delivery systems, wound dressings, biosensors, and potential
weapons in combating antimicrobial resistance [10,11]. The tradi-
tional synthesis of AgNPs often involves energy-intensive physical
and chemical methods that generate hazardous by-products, pos-
ing environmental concerns. As an alternative, green synthesis
methods employing biological systems such as plants, fungi, and
bacteria have gained attention [12]. These methods are cost-
effective and environmentally sustainable, leveraging natural
reducing agents to produce nanoparticles with enhanced biocom-
patibility [13,14]. Despite growing interest in biosynthesized
AgNPs, limited studies have systematically compared the influence
of thermotolerant bacterial extracts on nanoparticle stability and
biological function. Most prior work has focused on plant- or meso-
philic bacteria-derived nanoparticles, often without detailed
physicochemical-biological correlation. This study addresses this
gap by employing thermotolerant strains with known bioactive
compound production to explore the strain-specific impact on
AgNP morphology, stability, and activity. Among the biological
sources, thermotolerant bacteria are particularly advantageous
due to their ability to thrive under extreme environmental condi-
tions, making their metabolic products stable and efficient in
nanoparticle synthesis [15,16].

AgNPs synthesized through green methods have demonstrated
significant antioxidant potential by scavenging reactive oxygen
species (ROS) and inhibiting oxidative stress pathways [9,17]. This
property addresses oxidative stress-related diseases like neurode-
generative disorders, cardiovascular diseases, and cancer. Addi-
tionally, the antioxidant properties of AgNPs enhance their
stability, reducing aggregation and maintaining their functional
integrity in biomedical applications [8,18]. Additionally, the rising
threat of antimicrobial resistance (AMR) underscores the need for
novel therapeutic strategies. AgNPs exhibit broad-spectrum
antimicrobial activity by disrupting bacterial membranes, denatur-
ing proteins, and generating ROS, leading to bacterial cell death
[19,20]. These mechanisms make AgNPs effective against gram-
positive and gram-negative bacteria [21], including multidrug-
resistant strains [11,22]. Furthermore, the integration of AgNPs in
combination therapies has shown promise in enhancing the effi-
cacy of traditional antibiotics while mitigating resistance develop-
ment [23,24]. Our group has previously demonstrated similar
applications of biopolymer-mediated nanoparticle synthesis for
biomedical and environmental uses [12,25,26].

In the present study, we focused on the biosynthesis of AgNPs
using cell-free extracts from thermotolerant bacterial strains Bacil-
lus haynesii CamB6 [27], Pseudomonas alcaligenes Med1 [28], and
Staphylococcus sp. BSP3 [29]. These bacteria were chosen for their
ability to produce thermostable compounds with robust enzymatic

systems and peptide or exopolysaccharide production. These
bioactive compounds can retain their functionality at elevated
temperatures (>55°C). In the cell-free extracts, these biopolymers
can efficiently reduce Ag" ions to Ag® and simultaneously also help
in capping the formed nanoparticles that promote colloidal
stability enhancement without the need for chemical additives
[25,27,28,30,31]. In previous report by Nas et al. [32] revealed
key secondary metabolites of crude extracts from halotolerant
Bacillus sp. such as Hexadecanoic acid, 2,4-Di-tert-butyl-phenol,
2,4,6-Tri-tert-butylphenol, 3,5-Di-tert-butyl-4-hydroxybenzalde-
hyde, 7-Acetyl-6-ethyl-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaph
thalene, etc. Phenolic compounds are widely known as reducing
and stabilizing agents in green AgNP synthesis. Previously, dihy-
droxybenzene derivatives have been experimentally demonstrated
to reduce Ag* to Ag® and form stable AgNPs through electron trans-
fer pathways [33]. Furthermore, n-hexadecanoic acid (palmitic
acid), oleic acid, and other long-chain fatty acids have been identi-
fied as effective capping agents, enhancing colloidal stability and
preventing particle aggregation in biofabricated AgNPs [34].
Recently, Ashrafi-Saiedlou et al. [35] reported a similar set of
metabolites, such as alcoholic, phenolic or amino compounds,
present in the bacterial cell-free supernatant of Pseudomonas
fluorescens that also contribute to the reduction and stabilization
of nanoparticles by promoting electrostatic interactions and
hydrogen bond formation with nanoparticle surfaces. In 2022,
Fedorova et al. [36] reported cell-free supernatant of Staphylococ-
cus aureus culture is abundant with antimicrobial peptides. These
antimicrobial peptides often contain multiple cysteine residues
that form disulfide bridges (-S-S-) which stabilizes the peptide’s
3D structure. Thiol (-=SH) groups can also donate electrons to silver
ions (Ag") which can reduce them to metallic silver (Ag®) [37].
Furthermore, thermotolerant strains offer a more robust, cleaner,
and reproducible green synthesis platform for AgNPs with desir-
able physicochemical and biological properties as conducting the
synthesis and bacterial culture under elevated temperature helps
suppress the growth of unwanted mesophilic contaminants [38].
The biosynthesized AgNPs were characterized by their size, mor-
phology, and surface charge. Their biological activities, including
antibacterial and antioxidant properties, were systematically eval-
uated to explore their potential in addressing antibacterial poten-
tial and oxidative stress-related challenges. By utilizing green
synthesis methods using bacterial cell-free supernatants, this
study aims to provide a sustainable and effective approach to AgNP
production, with implications for their application in biotechnol-
ogy, nanobiomedicine and beyond. The results highlight the poten-
tial of biosynthesized AgNPs as a versatile platform for developing
next-generation biomedical solutions.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Three thermotolerant bacterial strains B. haynesii CamB6, Pseu-
domonas alcaligenes Med, and Staphylococcus sp. BSP3, which were

selected for the biosynthesis of AgNPs, were previously isolated by
our research group from hot spring environments in the Maule
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region of Chile, such as Campanario (35°56'23” S 70°36'22” W),
Medano (35°57'33”S 70°77'85"W) and San Pedro hot spring
(35°08’ 12" S, 70°28’ 36” W), respectively. These strains were cul-
tivated in nutrient broth (NB, HiMedia, India) at their optimal
growth temperatures 37°C for P. alcaligenes and Staphylococcus
sp., and 50°C for B. haynesii) as previously reported [27,28,29].
Cultures were maintained under aerobic conditions, under
continuous agitation at 150 rpm for 24 h.

2.2. Preparation of bacterial cell-free extracts

After the incubation period to obtain stationary phase growth,
the bacterial cultures were centrifuged (Orto Alresa SKU ECE110,
Spain) at 5000 rpm for 15 min at 4°C to separate the cells. Then,
the supernatants were filtered through a 0.22 pm membrane fil-
ter to ensure the removal of residual cells and debris, as men-
tioned previously by Focardi et al. [39]. The resulting cell-free
extracts were stored at 4°C until further use in nanoparticle
synthesis.

2.3. Biogenic synthesis of AgNPs

Bacterial cell-free extracts as substrate and silver nitrate
(AgNOs, HiMedia, India) as precursor were used to biosynthesize
the AgNPs. For this, a 10 mM AgNOsz aqueous solution was pre-
pared and added to the bacterial cell-free extracts in 1:1 (v/v)
under sterile conditions. Each reaction mixture was prepared sep-
arately and incubated at 30°C (Labwit ZWY - 2102C, Australia) in
the dark with continuous shaking at 150 rpm for 48 h. The synthe-
sis of AgNPs was monitored by observing a color change from pale
yellow to brown, indicating nanoparticle formation. These AgNPs
were used to evaluate the effect of silver ion concentration and sta-
bility. Further, the colloidal AgNP suspension was centrifuged
(8000 rpm, 15 min, 4°C), washed, and lyophilized for further usage.

2.4. Characterization of AgNPs

2.4.1. Spectroscopic analysis

The formation of AgNPs was confirmed using a UV-vis spec-
trophotometer (Shimadzu UV-1800, Japan) by scanning the
reaction mixture in the wavelength range of 300-500 nm. The
characteristic surface plasmon resonance (SPR) peak of AgNPs
was observed, indicating successful nanoparticle synthesis. A
baseline correction was performed using distilled water as a
reference to ensure accuracy. All the studies were performed
in triplicates. The Fourier Transform Infrared (FTIR) spectra of
the biosynthesized AgNPs were obtained using a Jasco spec-
trometer (FT-IR 4600) equipped with an ATR accessory (ATR
550 S, Jasco) for enhanced surface sensitivity. A 100 pL aliquot
of the colloidal AgNPs suspension was carefully deposited onto
the ATR crystal, ensuring even coverage for accurate analysis.
The spectra were recorded over a wavenumber range of
400-4000 cm™!.

2.4.2. Transmission electron microscopic (TEM) analysis

The size and morphology of the synthesized AgNPs were
analyzed using Transmission Electron Microscopy (TEM) (JEOL
JSM 1200EX-II, Japan). For this, the lyophilized AgNPs were re-
suspended in distilled water to prepare a suspension. One drop
of this suspension was placed on a copper electron microscope grid
pre-coated with a carbon film, air-dried overnight and observed.
High-resolution images were captured to assess the particle size
distribution, shape uniformity, and surface morphology of the
AgNPs. The mean sizes were calculated from multiple fields of
view. All the studies were performed in triplicates.
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2.4.3. Dynamic light scattering (DLS)

The particle size distribution, polydispersity index (PDI), and
zeta potential of the synthesized AgNPs were measured using a
DLS analyzer (Malvern Zetasizer Nano ZS, UK) with backscattering
detection (173°). Measurements were conducted at 25°C with a
scattering angle of 173° using disposable cuvettes for particle size
and zeta potential analysis (DTS1070, Malvern, UK). Each sample
was measured in triplicate, and the average values with standard
deviations were reported to ensure reproducibility and accuracy.

2.5. Antioxidant activity of the AgNPs

2.5.1. DPPH radical scavenging activity

The radical scavenging activity (RSA) of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) was determined following the methods
given by Shimada et al. [40] with some modifications. In summary,
different concentrations of 200 pL of NPs aqueous solution (0.5, 1,
2, and 5 mg mL™!) were mixed with 20 pL (0.2 mM) ethanolic
DPPH solution. The mixture was then kept in the dark at 30°C for
1 h and subsequently centrifuged at 5000 rpm for 10 min. The
absorbance of the supernatant was measured at 517 nm using a
microplate reader (Allsheng, Flex A-200, China). [Equation 1] was
used to calculate the DPPH scavenging activity:

{(A%g)} % 100 (1)

where A is the absorbance of the control supernatant and B is the
absorbance of the sample, respectively.

2.5.2. Hydrogen peroxide scavenging activity

The H,0, scavenging activity of the AgNPs was assessed using a
modified version of the method described by Ruch et al. [41]. In a
96-well microplate, 50 pL of AgNP sample was mixed with 120 pL
of phosphate buffer (0.1 mM, pH 7.4) and 30 pL of H,0, solution.
The mixture was incubated at 30°C in the dark for 10 min. Positive
and negative controls were prepared using 100 pL of 10 mM AgNO;
aqueous solution and 100 pL of NB medium, respectively. Addi-
tionally, samples without H,0, were used to measure baseline
absorbance. After incubation, absorbance was measured at approx-
imately 230 nm using a UV-Vis microplate reader (Allsheng,
FlexA-200, China). The antioxidant activity was calculated using
the following formula [Equation 2]:

{1 (A1-A2)

o ] % 100 2)

where Ag is the absorbance of the control, A; is the absorbance of
the reaction sample, and A; is the sample without H,0,.

2.6. Antibacterial activity of the AgNPs

2.6.1. Agar well diffusion assay

For the qualitative agar well diffusion assay, according to
Chavez-Esquivel et al. [42], with a little modification, gram-
negative Pseudomonas putida (ATCC 12633) and gram-positive
Bacillus cereus (ATCC 14579) cultures were used. Mueller-Hinton
agar (MH, HiMedia, India) plates were prepared, and each plate
was inoculated with 100 pL of fresh bacterial suspension
(ODsgo = 0.1, corresponding to approximately 1 x 108 CFU mL™!
cells) evenly spread using a sterile L-shaped spreader. Once the
inoculum dried, wells in triplicate were created in the agar using
a sterile cork borer. Control plates were prepared without agar
well. AgNP samples were added to the wells at volumes of
100 pL, 200 pL, and 300 pL, respectively. A 20 pL of the third-
generation cephalosporin antibiotic Cefotaxime was used as a pos-
itive control because of its broad-spectrum activity against both
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Gram-negative and some Gram-positive bacteria. 20 puL AgNOs;
which is the precursor salt of AgNPs was used as a negative control
to distinguish the effect of ionic silver from that of the nanopartic-
ulate form. The procedure was repeated in triplicates. The plates
were sealed and incubated (BJPX-Wichita, China) at 30°C for
16 h. Growth inhibition was determined by measuring the halo
diameter around the wells.

2.6.2. Bacterial cell viability assay

For quantitative expression of the antibacterial property of the
biosynthesized AgNPs, the viability of the studied gram-positive
and gram-negative bacterial cells treated with AgNPs was evalu-
ated. Fresh overnight stationary phase (~1 x 108 CFU mL™') P.
putida and B. cereus cultures were prepared in NB medium. Steril-
ized Falcon tubes (50 mL) were filled with 10 mL of autoclaved LB
medium, to which 500 pL of each bacterial suspension was added.
AgNPs were added to the tubes at four final concentrations:
0.5mgmL™!,1mgmL~!,5mgmL™!, and 10 mg mL™. Each concen-
tration was tested in triplicate for both bacterial strains alongside
the positive and negative controls. The treatments were incubated
at 30°C, 150 rpm, shaking in a BJPX-Wichita incubator (Biobase,
China) for 24 h. The viability of the bacterial cells was observed
via staining with LIVE/DEAD™ BacLight™ (Thermo Fisher Scientific,
USA). SYTO 9 green stains live cells in a fresh sample, whereas pro-
pidium iodide (PI) red only stains dead cells and extracellular DNA
(eDNA). The stained cells were observed with a Leica Stellaris 5
confocal microscope (Leica Microsystems, Germany) with excita-
tion/emission for SYTO 9 of 485 nm/498 nm and PI of
535 nm/617 nm. Quantifying live and dead cells was performed
using Image] software [43], and the results were expressed as a
percentage of viable bacteria relative to untreated controls.

2.7. Statistical analysis

Graphpad Prism version 9.5, Biorender and OriginPro 2018 have
been used for graphical representations. All of the studies were
performed in replicates, and all data were represented with
mean + SD. Graphpad Prism version 9.5 was utilized to perform
pairwise comparison of DPPH and H,0, scavenging activity in each
concentration of AgNPs and ascorbic acid through one-way ANOVA
with Sidak’s multiple comparisons test, where the threshold signif-
icance level was 0.05. Heteroscedasticity was checked using the
Brown-Forsythe test.

3. Results and discussion
3.1. Characterization of AgNPs

3.1.1. Spectroscopic analysis

The formation of biosynthesized AgNPs was confirmed using
UV-vis spectroscopy, a standard technique for analyzing the opti-
cal properties of nanoparticles. The spectra were recorded in the
300-500 nm wavelength range using a UV-vis microplate reader
(FlexA-200, China). All three AgNP samples exhibited a characteris-
tic surface plasmon resonance (SPR) peak centered around 450 nm
(Fig. S1). This is indicative of the successful formation of AgNPs, as
previously reported. The appearance of absorption peaks in this
region corresponds to the wavelength of the SPR phenomenon,
confirming nanoparticle synthesis [44,45]. Interestingly, variations
in the intensity of the SPR peaks were observed among the AgNPs
synthesized by the cell-free supernatant of three different bacterial
strains. The SPR peak intensity for Staphylococcus sp. BSP3 AgNP3
was the highest, followed by P. alcaligenes Med1 AgNP2, and the
lowest intensity was observed for B. haynesii CamB6 AgNP1. This
difference in peak intensity suggests variability in the nanoparticle
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concentration, size distribution, or stabilization efficiency among
the bacterial strains, as previously reported in studies examining
the influence of these factors on the surface plasmon resonance
properties of AgNPs [3,22]. The absorbance values near the SPR
peaks were nearly around 0.8 A.U. Similar absorbance values of
SPR peaks were observed in a previous report by Gusrizal et al.
[46], where AgNPs were produced by the reduction of AgNO3; with
m-hydroxybenzoic acid. Nevertheless, they reported the intensity
of similar SPR peaks at 66 and 50 times lesser concentrations of
AgNO3; where they have used m-hydroxybenzoic acid in pH 11 at
1.0 x 10 M and 1.0 x 102 M concentrations, respectively. That
may be due to the lower availability of silver ions (Ag") in the cul-
ture media, as these ions were reported to form complexes with
chloride (CI") and phosphate (PO3) ions in the media. Silver
entrapped in those highly insoluble (pKS = 9.8) complexes also
exhibits a very limited ability to bind with bacterial membranes
and cell walls [47,48]. Furthermore, Hydroxybenzoic acid, particu-
larly 4-hydroxybenzoic acid (4-HBA), is naturally produced by
some bacteria through the shikimate pathway, which functions
as a crucial metabolic route for the synthesis of aromatic amino
acids like phenylalanine, tyrosine, and tryptophan by converting
phosphoenolpyruvate (PEP) and erythrose 4-phosphate into cho-
rismate [49,50]. The color change of the reaction mixtures from
pale yellow to reddish-brown further validated the reduction of
Ag* to elemental silver (Ag®). Control samples lacking nanoparti-
cles did not exhibit any SPR peaks, confirming that the absorption
peaks observed were explicitly due to the biosynthesized AgNPs.

FTIR spectroscopy of the biosynthesized silver nanoparticles
(AgNP1, AgNP2, and AgNP3) revealed distinct functional groups
of the bacterial cell-free supernatant, possibly involved in the
reduction, stabilization, and capping processes (Fig. 1). The pres-
ence of hydroxyl, amide, polysaccharide, and other biomolecular
groups from the bacterial supernatants provided insight into the
role of bacterial strain characteristics in determining the stability
and properties of the nanoparticles. In the case of AgNPs, the
O—H/N—H stretching at ~3410-3420 cm™! is due to the hydroxyl
and amine groups indicative of alcohols, phenols, and proteins.
Hydroxyl groups have been reported to play a crucial role earlier
in reducing silver ions and stabilizing nanoparticles [9,11,22].
The C=0 stretching at ~1630-1640 cm™! probably indicates the
carbonyl groups from proteins or amides acting as capping agents,
as previously reported by Karthik et al. [51] and Sidhu et al. [52].
The C—O stretching around ~1060-1100 cm™' is the presence of
possible polysaccharides, represented by C—O stretching vibra-
tions, which are known to form steric barriers around nanoparti-
cles [9]. For AgNP2, the C—H/N—O bending around ~1380 cm™!
can be due to the secondary metabolites or nitrates enhancing
nanoparticle stability, as reported by Ravindran et al. [13]. Finally,
for AgNP3, aromatic/halide deformation around ~620 cm™! indi-
cates unique aromatic or halide groups produced by the bacteria,
suggesting bacterial strain-specific biomolecular interactions that
enhance green nanoparticle stabilization [22].

These findings highlight the significant role of biomolecules
produced by the bacteria, such as hydroxyl, amide, and polysaccha-
ride groups, in the reduction, stabilization, and capping processes
during the green synthesis of AgNPs. The observed differences in
functional group composition among AgNP1, AgNP2, and AgNP3
emphasize the influence of bacterial strain-specific biochemical
profiles on nanoparticle properties, including size, stability, and
dispersion. Notably, the unique contributions of aromatic or halide
groups in AgNP3 suggest a possible enhanced stabilization mecha-
nism, potentially leading to superior colloidal stability and func-
tionality. This study underscores the potential of tailoring
nanoparticle properties by selecting specific bacterial strains and
their associated biomolecules, paving the way for advanced appli-
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Fig. 1. FTIR spectra showing the biosynthesized AgNP1 (A), AgNP2 (B), and AgNP3 (C) having distinct functional groups than those of the bacterial cell-free supernatant,

possibly involved in the reduction, stabilization, and capping processes.

cations in biomedicine, environmental and

nanotechnology.

remediation,

3.1.2. Transmission electron microscopic (TEM) analysis

The size, morphology, and distribution of the biosynthesized AgNPs
were further analyzed using TEM (JEOL JSM 1200EX-II, Japan). The
TEM images revealed that the nanoparticles were predominantly
spherical with a relatively uniform size distribution (Fig. 2A-C). The
average particle sizes were determined based on manually annotated
measurements within the TEM images: Staphylococcus sp. BSP3
AgNP3: Mean size = 8.40 + 5.21 nm, P. alcaligenes Med1 AgNP2: Mean
size = 10.78 £ 6.40 nm, and B. haynesii CamB6 AgNP1: Mean size = 20.
82 + 12.56 nm. The smallest particles were observed in AgNP3 synthe-
sized using the cell-free supernatant of Staphylococcus sp. BSP3 also
exhibited the highest SPR peak intensity, correlating nanoparticle size
with optical properties. In contrast, AgNP1 produced by B. haynesii
CamB6 showed larger particles, consistent with the lower SPR inten-
sity observed in the UV-Vis analysis.

The TEM images confirmed the relatively monodispersed nature
of the nanoparticles, with minimal aggregation observed, indicat-
ing effective stabilization by biomolecules present in the bacterial
cell-free supernatants. Going into further detail after studying the
morphology of the NPs synthesized by cell-free supernatants of
different bacteria, it is observable that AgNP1 had spherical parti-
cles along with noticeable triangular and rod-like NPs. In the case
of AgNP2, nanoparticles were primarily spherical, but occasional
irregular shapes were observed. Finally, for AgNP3, NPs were pre-
dominantly spherical. It may be highlighted that AgNP3 was syn-
thesized using Staphylococcus sp. BSP3 demonstrated the most
uniform size distribution and shape, which may account for its
higher SPR peak intensity observed in the UV-Vis analysis. Regard-
ing heterogeneity, AgNP1 exhibited the highest variability in shape
and size, with spherical, triangular, and rod-like particles observed.
A clear and smooth surface morphology suggests a uniform reduc-
tion and capping process [13]. These findings highlight the influ-
ence of bacterial strain characteristics on the size and
morphology of the synthesized AgNPs, which directly impact their
physical and biological properties. Previously, Saeed et al. [53]
reported biosynthesis of AgNPs from soil-origin Escherichia coli,
Exiguobacterium aurantiacum, and Brevundimonas diminuta, where
the sizes ranged from 5 to 50 nm, indicating how different bacterial
strains may influence the synthesis and characteristics of AgNPs.

3.1.3. Dynamic light scattering (DLS)

The size distribution, polydispersity index (PDI), and zeta
potential of the biosynthesized AgNPs were determined using
DLS analysis (Malvern Zetasizer Nano ZS, UK). This analysis pro-

vided insights into the hydrodynamic diameter and colloidal sta-
bility of the nanoparticles [54,55]. The hydrodynamic diameter
typically includes the nanoparticle core and the biomolecular cap-
ping layer, leading to slightly larger sizes compared to TEM mea-
surement [54,56]. AgNP1 had a hydrodynamic diameter of 56.
73 + 0.44 nm with a PDI of 0.237 + 0.003 and a Zeta potential of
-37.0 £ 1.4 mV, while the hydrodynamic diameter of AgNP2 is
55.4 + 2.29 nm with a PDI of 0.50 * 0.1 and a Zeta potential —43.
3 + 2.9 mV. Finally, the hydrodynamic diameter of AgNP3 is
observed to be 44.43 + 0.41 nm, along with a PDI of 0.29 + 0.007
and -26.2 + 1.4 mV Zeta potential (Fig. 2D-L).

The results indicate that AgNP3 was synthesized using the cell-free
extract of Staphylococcus sp. BSP3 exhibited the most minor hydrody-
namic diameter and the lowest PDI. This shows a more monodispersed
and stable nanoparticle suspension, as previously mentioned by Danaei
et al. [57]. This is attributed to the diverse functional groups that syn-
ergistically provide strong electrostatic and steric stabilization, as may
be observed from the FTIR characterization. In contrast, AgNP1 showed
the largest hydrodynamic diameter and the highest PDI. This suggests
more significant heterogeneity and aggregation potential [57]. The sta-
bilization of AgNP1 may be attributed to electrostatic interactions from
carbonyl and hydroxyl groups and steric stabilization by polysaccha-
rides, as observed before from the spectroscopic characterization. How-
ever, its larger particle size and higher polydispersity index suggest less
efficient stabilization compared to AgNP2 and AgNP3. This may result
from lower concentrations or reduced diversity of biomolecules pro-
duced by B. haynesii CamB6 in its supernatant. AgNP2 displayed inter-
mediate values, reflecting a balance between particle size and stability.
This trend was previously observed in the TEM analysis, too, which is
further confirmed with the DLS study. The zeta potential values for all
samples were negative, confirming the presence of surface charges that
contribute to the electrostatic stabilization of the nanoparticles [58].
AgNP2 additionally exhibited the highest negative zeta potential of
—43.3 mV, which correlates with its improved colloidal stability and
relative monodispersity. These findings also align with the results from
TEM analysis, highlighting the influence of bacterial strain characteris-
tics on the colloidal properties of biosynthesized AgNPs. DLS, along
with TEM analyses, has already been suggested to be the roadmap
for the correct characterization of AgNPs [56], which can be observed
in our study, too.

3.2. Antioxidant activity of the AgNPs

3.2.1. DPPH radical scavenging activity

The antioxidant activity of the biosynthesized silver nanoparti-
cles (AgNP1, AgNP2, and AgNP3) was evaluated using the DPPH
radical scavenging assay and compared with ascorbic acid as a


move_f0010

A. Banerjee, I. Herrera-Vargas, M.E. Flores et al.

A.

Electronic Journal of Biotechnology 79 (2026) 100698

50 nm
1. %8 F
£ 10 < 10- < 104
£ 54 £ 5- £ 5
0 0 N 0 A\
T T T T 1 T T T f 1 T T T T 1
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Size (d. nm) Size (d. nm) Size (d. nm)
= 1.0 = 1.0 I& 1.0
= 08 = 08 =08
2 " 2
= 'U [>]
£ 06 £ 0.6 £ 0.6
3 ¥ Y
=] e ]
1> < <
.E 0.4 5 0.4 E 0.4
< 02 S 0.2 < 02
22 o~ e
~ 0.0 ~ 0.0 ~ 0.0
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Time (uS) Time (uS) Time (uS)
600000 =
J. 350000 - K. L.mm
300000 360000 250000 -
£ 250000 £ 400000 - < 200000
§ 200000 - § é
= 7.3 300000 + = 150000
S 150000 kS £
= = 200000 - = 100000 -
100000 -
50000 - 1089081 50000 -
0 T T T 1 0 T T T 1 0 T T T 1
-100 S0 0 50 100 -100 -50 0 50 100 -100 50 0 50 100

Zeta potential (mV)

Zeta potential (mV)

) Zeta potential (mV)

Fig. 2. Characterization of biosynthesized silver nanoparticles (AgNPs) using Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS), and Zeta potential
analysis. (A-C) TEM micrographs of AgNP1 (A), AgNP2 (B), and AgNP3 (C). Nanoparticles are mostly spherical; AgNP1 (A) shows shape heterogeneity with triangular (blue
arrow), rod-like (red arrow), and spherical forms, while AgNP2 (B) includes irregular shapes (magenta arrow), and AgNP3 (C) displays highly uniform spherical morphology.
Scale bars represent 50 nm. (D-F) DLS particle size distribution by intensity for AgNP1 (D), AgNP2 (E), and AgNP3 (F), showing relative hydrodynamic diameter profiles. (G-I)
Autocorrelation function plots for AgNP1 (G), AgNP2 (H), and AgNP3 (I), representing light scattering decay curves used to derive nanoparticle diffusion coefficients and size.
(J-L) Zeta potential measurements of AgNP1 (J), AgNP2 (K), and AgNP3 (L), indicating surface charge distributions. Negative zeta potentials reflect electrostatic stability in
colloidal suspension. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

standard antioxidant. The scavenging activity was assessed at 0.5,
1, 2, and 5 mg mL™! concentrations. Among the tested samples,
ascorbic acid exhibited the highest DPPH radical scavenging activ-
ity across all concentrations (adjusted p-value < 0.0001 for almost
all AgNP vs. all tested concentrations of ascorbic acid comparisons),
with a maximum activity of 92.89 + 0.01% at 1 mg mL™! concentra-
tion and a slight decrease at 5 mg mL™! (82.5 + 0.05%). For the
AgNPs, the scavenging activity followed the

AgNP2 > AgNP1 > AgNP3 trend at all tested concentrations
(Fig. 3A-C). At 0.5 mg mL~!, AgNP1 and AgNP2 showed nearly sim-
ilar scavenging activities of ~60%, while AgNP3 exhibited a lower
activity of 49.41 £ 0.19%. A similar pattern was observed at higher
concentrations, with AgNP2 reaching its highest activity of 65.18
+0.11% at 5 mg mL™!, followed by AgNP1 at 56.09 + 0.10% and
AgNP3 at 46.72 + 0.18%. Pairwise comparison of DPPH scavenging
activity in each concentration of AgNPs and ascorbic acid through
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Fig. 3. Antioxidant activity of biosynthesized AgNPs, where A, B and C represent DPPH (2,2-diphenyl-1-picrylhydrazyl)-mediated free radical scavenging activity of AgNP1,
AgNP2, and AgNP3 at different concentrations (0.5-5 mg mL™!) where standard antioxidant ascorbic acid was taken as control. D, E, and F represent Hydrogen peroxide
(H»0,) mediated hydroxyl (eOH) radical scavenging activity of AgNP1, AgNP2, and AgNP3 at identical concentrations. Results are presented as mean + standard deviation
(n = 3). Statistical significance compared to the control was evaluated by one-way ANOVA.

one-way ANOVA using Sidak’s multiple comparisons tests is
detailed in Table S1, Table S2, and Table S3, respectively. This is
comparable to other studies of AgNP green synthesis. For instance,
Allophylus cobbe-mediated AgNPs reported by Gurunathan et al.
[11] demonstrated scavenging activities in a similar range (~60-
70%) but only at higher concentrations (>10 mg mL™"), highlight-
ing the efficiency of AgNPs synthesized in this study at lower con-
centrations. Interestingly, the antioxidant performance of AgNP3
synthesized by Staphylococcus sp. BSP3 aligns with findings by Sad-
owski et al. [59], who observed similar scavenging activities for
AgNPs synthesized using bacterial cell-free extracts, suggesting
that the exopolysaccharides (EPSs) produced by the bacteria in
the cell-free extracts may enhance the stability and activity of
the NPs. However, ascorbic acid remained the most potent antiox-
idant in all cases, consistent with prior studies, such as Ahmed
et al. [9], where synthetic antioxidants generally outperform natu-
ral NP-based systems in scavenging activities.

Overall, the results demonstrate that AgNP2, synthesized by the
cell-free extract of thermotolerant P. alcaligenes Med1, exhibited
the highest DPPH radical scavenging activity among the biosynthe-

sized AgNPs even at very low concentrations, potentially due to its
smaller size, optimum heterogeneity, and enhanced stability, as
indicated in the TEM and DLS analyses. However, all AgNPs showed
lower scavenging activity than ascorbic acid, which acted as the
positive control.

3.2.2. Hydrogen peroxide scavenging activity

The OH radical (*OH) scavenging activity of the biosynthesized
silver nanoparticles (AgNP1, AgNP2, and AgNP3) was assessed
and compared with ascorbic acid as the standard antioxidant.
The assay was performed at various concentrations of 0.5, 1, 2,
and 5 mg mL~!. Among the tested samples, ascorbic acid demon-
strated the highest scavenging activity, consistently reaching
100% across all tested concentrations, serving as the positive con-
trol (Fig. 3D-F). For the AgNPs, all samples showed excellent scav-
enging activities, with values above 92% at all concentrations.
Notably, the scavenging activity varied slightly among the AgNPs.
At 0.5 mg mL™!, AgNP1 exhibited the highest scavenging activity
(98.83 + 0.04%), followed by AgNP2 (97.99 + 0.07%) and AgNP3
(97.76 + 0.02%). At 1 mg mL™", all AgNPs showed enhanced scav-
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enging activity, with AgNP1 achieving the maximum (99.88 + 0.0
8%), followed by AgNP3 (99.59 + 0.04%) and AgNP2 (99.06 + 0.05
%). Interestingly, at higher concentrations (2 and 5 mg mL™!), the
scavenging activity of AgNP2 and AgNP3 remained consistently
high, with AgNP3 maintaining superior activity (99.42 + 0.03% at
2 mg mL™! and 99.35 # 0.07% at 5 mg mL™!). AgNP1, however,
exhibited a slight decrease in activity at these concentrations (93.
61 + 0.12% and 92.48 + 0.17%, respectively).

Overall, the results suggest that AgNP3, synthesized by the cell-
free extracts of thermotolerant Staphylococcus sp. BSP3, displayed
superior *OH scavenging activity at higher concentrations, closely
followed by AgNP2 synthesized by P. alcaligenes Med1. The H,0,
scavenging activity of AgNP3 synthesized by Staphylococcus sp.
BSP3 (99.42 + 0.03% at 2 mg mL™!) was particularly noteworthy,
surpassing the activity of AgNPs synthesized by Streptomyces sp.
as reported by Karthik et al. [34], where scavenging efficiencies
peaked at ~85% under similar assay conditions. Similarly, AgNP2
synthesized by P. alcaligenes Med1 demonstrated excellent activity
at 5 mg mL™' (97.76 * 0.07%), outperforming AgNPs produced
using B. amyloliquefaciens in earlier studies [60]. Pairwise compar-
ison of H,0, scavenging activity in each concentration of AgNPs
and ascorbic acid through one-way ANOVA is detailed in
Table S4, Table S5, and Table S6, respectively. It is also observed
from the statistical analysis using one-way ANOVA with Sidak’s
multiple comparisons that AgNP2 and AgNP3 had H,0, scavenging
activities not significantly different from ascorbic acid at most con-
centrations (p > 0.05). Only AgNP1 at 5 mg mL~! exhibited a signif-
icant reduction when compared to ascorbic acid (adjusted p-value
0.0033). It is consistent with its slightly reduced performance.
These results support the comparable antioxidant potential of
AgNP2 and AgNP3 to the positive control.

The slight decrease in the activity of AgNP1 at higher concentra-
tions may be attributed to particle aggregation, as supported by
previous studies like Ravindran et al. [13], where larger particle
sizes and higher polydispersity indices correlated with reduced
antioxidant performance. The consistency in scavenging activity
for AgNP2 and AgNP3 suggests that their smaller sizes and higher
zeta potentials (as observed in DLS and TEM analyses) contribute
to enhanced reactivity and stability. Despite the slight differences
among the AgNPs, all samples exhibited significant antioxidant
potential, comparable to the control ascorbic acid. The enhanced
performances of AgNP2 and AgNP3 at higher concentrations could
be attributed to the unique reducing and capping agents secreted
by the cell-free extracts of the hot spring origin bacteria P. alcalige-
nes Med1 and Staphylococcus sp. BSP3, which may impact superior
electron-donating capability. This aligns with the recent study by
Ansari et al. [61], where bacterial EPS and proteins were found to
enhance the activity and stability of biosynthesized AgNPs.

3.2.3. Agar well diffusion assay

The antibacterial activity of the biosynthesized silver nanopar-
ticles (AgNP1, AgNP2, and AgNP3) was evaluated using the agar
well diffusion assay. P. putida (gram-negative) and B. cereus
(gram-positive) were used as test organisms. Zones of inhibition
(ZOI) were measured to assess the antibacterial efficacy of the
unpurified nanoparticles at various concentrations (100 plL,
200 pL, and 300 pL per well), with cefotaxime and AgNOs3 serving
as positive and negative controls, respectively. In common bacte-
rial infections like urinary tract infections, pneumonia, sepsis or
central nervous system (CNS) infections, Cefotaxime is used widely
in clinical practice. Furthermore, in previous reports for evaluation
of antibacterial performance of novel nanoformulations, Cefo-
taxime is frequently used as positive controls [62] due to its
well-known inhibition of bacterial cell wall synthesis by binding
to penicillin-binding proteins (PBPs) [63,64]. The results demon-
strated that all AgNP samples exhibited significant antibacterial
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activity, with a clear ZOI observed around the wells. The efficacy
of the AgNPs varied depending on the bacterial strain, nanoparticle
type, and concentration. For P. putida, AgNP3 was synthesized
using Staphylococcus sp. BSP3 exhibited the largest zone of inhibi-
tion (ZOI) across all tested concentrations, indicating the highest
antibacterial potential. At 300 pL, AgNP3 produced a ZOI of approx-
imately 18 + 0.5 mm, followed by AgNP2 with 16 + 0.4 mm and
AgNP1 with 14 + 0.3 mm. For B. cereus, a similar trend was
observed, with AgNP3 showing the highest activity (19 + 0.6 mm
at 300 pL), followed by AgNP2 (17 + 0.4 mm) and AgNP1 (15 +
0.4 mm).

The enhanced antibacterial activity of AgNP3 can be attributed
to its smaller particle size (8.4 + 5.2 nm), higher colloidal stability
(as indicated by its zeta potential of —25.7 mV), and less hetero-
geneity. The increased surface area of smaller nanoparticles likely
enhances their interaction with bacterial cell walls, leading to
more effective antibacterial activity. These findings align with pre-
vious studies, such as those by Babayevska et al. [65] on facile
AgNP synthesis and Mohammed et al. [66] on green synthesized
AgNPs from Acinetobacter calcoaceticus, which reported that smal-
ler, well-dispersed AgNPs exhibit superior antibacterial efficacy.
Cefotaxime, a third-generation cephalosporin wide-range antibi-
otic [67] used as a positive control, produced the largest ZOlIs
against both bacteria, averaging 20 + 0.2 mm. AgNOs3 used as a neg-
ative control exhibited negligible antibacterial activity, confirming
that the observed effects were due to the biosynthesized AgNPs.
The initial results from the agar well diffusion assay highlight the
effectiveness of biosynthesized AgNPs as antibacterial agents, par-
ticularly AgNP3 synthesized using Staphylococcus sp. BSP3. The
observed differences in antibacterial activity among the AgNPs
suggest that bacterial strain characteristics play a crucial role in
determining the physicochemical properties of the nanoparticles
because of the different bioactive enzymes or EPS that they pro-
duce, which affect their biological activities [68]. These findings
emphasize the potential of biosynthesized AgNPs in addressing
antimicrobial resistance, as previously discussed by Parmar et al.
[69].

3.2.4. Bacterial cell viability assay

The antibacterial activity of the biosynthesized silver nanopar-
ticles (AgNP1, AgNP2, and AgNP3) and the standard antibiotic cefo-
taxime was evaluated against B. cereus and P. putida through cell
viability assays. The results demonstrated a concentration-
dependent reduction in bacterial cell viability for all tested agents,
with significant variations in efficacy between the nanoparticles
and the control. Among the silver nanoparticles, AgNP2 exhibited
the highest antibacterial activity against both bacterial strains, par-
ticularly at 1 mg mL™!, where P. putida showed near-complete cell
death (0.74%), and B. cereus exhibited 26.32% viability. At
10 mg mL™!, the cell viability for both strains was reduced to
3.40% (B. cereus) and 1.08% (P. putida), showcasing its potent bacte-
ricidal effects. AgNP3 demonstrated moderate antibacterial activ-
ity, with P. putida showing higher sensitivity than B. cereus,
particularly at lower concentrations. At 10 mg mL™!, P. putida
exhibited 11.66% viability, while B. cereus showed 5.98%. AgNP1
was the least effective among the nanoparticles, with B. cereus
showing 1.53% viability and P. putida 32.83% viability at
10 mg mL7!, indicating reduced efficacy against the Gram-
negative strain. In comparison, the control cefotaxime exhibited
moderate antibacterial activity but was less effective than the
biosynthesized nanoparticles. At 0.5 mg mL™!, B. cereus and P.
putida showed viabilities of 27.94% and 49.22%, respectively. Even
at higher concentrations (10 mg mL™"), B. cereus exhibited 35.61%
viability (Fig. 4), reflecting its resistance to cefotaxime compared
to the nanoparticles. P. putida showed 19.35% viability at the same
concentration, indicating moderate sensitivity (Fig. 5).
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Fig. 4. LIVE/DEAD BacLight cell viability assay confocal microscopy images showing the action of the AgNP1, AgNP2, and AgNP3 on gram-positive B. cereus compared to
standard antibiotic Cefotaxime. The merged images of SYTO 9/PI emit green fluorescence for viable cells and red fluorescence for damaged/ dead cells. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

The observed antibacterial efficacy of the biosynthesized AgNPs
in the cell viability assay correlates with their physicochemical
properties, as revealed in the TEM, DLS, and FTIR analyses. Among
the tested nanoparticles, AgNP2 exhibited the highest antibacterial
activity, which may be attributed to its optimal size (10.78 +
6.40 nm), moderate heterogeneity, and relatively high zeta poten-
tial (-=22.3 mV), indicating enhanced colloidal stability. These
properties likely facilitated effective interactions with bacterial cell
walls, disrupting their integrity and promoting ROS generation.
Similarly, AgNP3 demonstrated considerable activity, particularly
against gram-negative P. putida, which may be linked to its smaller
size (8.40 £ 5.21 nm) and the presence of stabilizing biomolecules
such as hydroxyl and amide groups, as confirmed by FTIR. This
smaller size may enhance its penetration into bacterial mem-
branes, contributing to its bactericidal effects. On the other hand,
AgNP1, with the largest size (20.82 + 12.56 nm) and higher poly-
dispersity, showed lower antibacterial activity, especially against
P. putida. The increased size and heterogeneity of AgNP1 might
hinder its ability to interact with bacterial cells, reducing its effi-
cacy effectively. Additionally, the FTIR data revealed the role of
polysaccharides and proteins in nanoparticle stabilization, which

©o

may have influenced their biological activity. The superior perfor-
mance of AgNP2 and AgNP3 compared to AgNP1 emphasizes the
critical influence of nanoparticle size, shape, and surface properties
on their antibacterial potential, highlighting the importance of
controlled synthesis to optimize their efficacy against pathogenic
bacteria. These findings suggest that smaller, monodispersed
nanoparticles with strong electrostatic stabilization, such as AgNP2
and AgNP3, are better suited for antibacterial applications.
Recently, Yalcinoz et al. [70] reported biosynthesis of AgNPs pro-
duced by a thermotolerant strain Anoxybacillus sp. D401a, where
TEM analysis revealed the nanoparticle size of 24-57 nm of spher-
ical AgNPs produced. Recently, Srimathi et al. [71] demonstrated
the biogenic synthesis of AgNPs with culture supernatant of
multidrug-resistant bacterial strains like P. aeruginosa ATCC
27853, Acinetobacter baumannii ATCC17978, and Escherichia coli
ATCC 25922. All these strains are reported to produce spherical
AgNPs within the range of 159.9 + 12.8 nm to 168.4 + 10.3 nm size.
Cell-free supernatant of Haematococcus pluvialis is also reported to
produce quasi-spherical AgNPs within the range of 30-50 nm [72].
In the present study, TEM analysis displayed a narrow size distri-
bution of AgNPs which are substantially more homogeneously
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uniform than those previously reported studies. Uniformity in
nanoparticle size enhances colloidal stability by minimizing aggre-
gation potential. That also ensures consistent physicochemical and
biological behavior of nanoparticles. Previous works have already
demonstrated that homogeneous nanoparticle size leads to
improved cellular uptake, reproducible optical properties, and reli-
able pharmacokinetics in biomedical systems [73,74,75].

Overall, the biosynthesized AgNPs, particularly AgNP2 and
AgNP3, outperformed cefotaxime in reducing bacterial cell viabil-
ity, showcasing their potential as effective alternatives to tradi-
tional antibiotics (Fig. 6). The superior activity of AgNP2
highlights its promising application in combating bacterial infec-
tions, including those caused by Gram negative strains, which are
generally more resistant to conventional antibiotics. AgNP2
demonstrating superior antibacterial activity may be attributed
to its optimal size and surface properties. This observation aligns
with findings by Loo et al. [76], who reported that green-
synthesized AgNPs with an average size of approximately
4.06 nm exhibited significant antibacterial activity against gram-
negative foodborne pathogens, suggesting that smaller nanoparti-
cles possess enhanced antimicrobial properties. Furthermore,
specific functional groups on the nanoparticle surface play a crucial

role in their stability and interaction with bacterial cells. Our FTIR
analysis revealed hydroxyl and amide groups contributing to
nanoparticle stabilization, consistent with the work of Ahmed
et al. [9], who identified similar functional groups in biogenic
AgNPs synthesized using plant extracts, correlating these groups
with enhanced antibacterial efficacy. Additionally, the zeta poten-
tial of the AgNPs significantly impacted their antibacterial poten-
tial. AgNP2 and AgNP3, with higher negative zeta potentials,
exhibited better colloidal stability and stronger interactions with
bacterial membranes, as supported by the findings of Bogdanova
et al. [77], who emphasized the importance of surface charge in
nanoparticle stability and antibacterial activity. AgNP1 showed rel-
atively lower antibacterial activity, likely due to its larger size and
higher heterogeneity, which might hinder its ability to effectively
disrupt bacterial membranes. Similar observations were reported
by Menichetti et al. [78], where AgNPs with larger diameters dis-
played reduced bactericidal activity compared to their smaller
counterparts. The differences in efficacy between gram-positive
B. cereus and gram-negative P. putida observed in our study are also
consistent with prior studies, which attribute the higher resistance
of gram-positive bacteria to their thick peptidoglycan layer, reduc-
ing nanoparticle penetration. Furthermore, P. putida displayed
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Fig. 6. Viability percentages of B. cereus and P. putida following treatment with biosynthesized AgNPs and control antibiotic. (A-C) Histogram showing the percentage of
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cefotaxime treatment. Data represent means + SD from three independent experiments. Live and dead cell populations were quantified via confocal microscopy and Image]

analysis.

higher sensitivity to the nanoparticles than the control cefotaxime,
highlighting the potential of biosynthesized AgNPs in addressing
Gram negative bacterial infections, which are often more resistant
to conventional antibiotics [79]. The enhanced efficacy of AgNP2
and AgNP3, particularly against P. putida, underscores the signifi-
cance of controlled synthesis methods to optimize nanoparticle
size, surface properties, and stability. These properties collectively
influence the ability of AgNPs to generate ROS and disrupt bacterial
membranes, as reported by Reidy et al. [22].

However, one limitation of the present study is the lack of cyto-
toxicity assessment on mammalian cell lines, which is essential for
evaluating the safety and translational applicability of the synthe-
sized nanoparticles. Future studies should incorporate comprehen-
sive in vitro and in vivo toxicity evaluations to validate the
biomedical potential of these AgNPs. In conclusion, the findings
from this study reinforce the potential of biosynthesized AgNPs
as effective antimicrobial agents, particularly against drug-
resistant bacterial strains.

4. Conclusions

In this study, AgNPs were biosynthesized using cell-free
extracts from thermotolerant bacterial strains B. haynesii CamB6,
Pseudomonas alcaligenes Med1, and Staphylococcus sp. BSP3. The
nanoparticles were characterized using UV-Vis, FTIR, TEM, DLS,
and zeta potential analyses, revealing that AgNP2 possessed the
smallest size, highest colloidal stability, and most uniform spheri-
cal morphology. FTIR spectra confirmed the presence of functional
groups such as hydroxyl and amide, supporting the involvement of
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bacterial biomolecules like proteins, phenolics, and polysaccha-
rides in nanoparticle reduction and stabilization. Biological evalu-
ations demonstrated that all three AgNPs exhibited antioxidant
activity, with AgNP2 and AgNP3 showing stronger free radical
scavenging capacity. In antibacterial assays, AgNP2 and AgNP3 sig-
nificantly reduced bacterial viability and outperformed cefotaxime
against both P. putida and B. cereus. AgNP2 showed the highest
antibacterial activity, likely due to its smaller particle size, uniform
shape, and higher surface charge, which collectively enhance inter-
action with bacterial membranes and promote ROS-mediated
damage. This study demonstrates that thermotolerant bacterial
strains provide a robust and eco-friendly platform for synthesizing
biologically active AgNPs with promising antioxidant and antibac-
terial properties. While these findings highlight their biomedical
potential, the lack of cytotoxicity assessment on mammalian cells
remains a limitation. Future work will focus on evaluating biocom-
patibility and exploring therapeutic applications.
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