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Abstract
Background  Silver nanoparticles (AgNPs) have attracted considerable interest for their distinctive physicochemical 
properties and wide-ranging applications in nanomedicine, environmental catalysis, and antimicrobial applications. 
However, sustainable and robust biosynthesis methods remain a challenge.

Results  In this study, we report the biosynthesis of thermostable AgNPs using the secretome of Geobacillus 
stearothermophilus GF16, a thermophilic and metal-resistant bacterium isolated from the hydrothermal volcanic 
area of Pisciarelli, Italy. The synthesis was performed without specialized growth media, relying solely on the cell-
free bacterial supernatant, and was systematically optimized by varying precursor concentration, temperature, pH, 
and reaction time. The nanoparticles were characterized by UV-Vis spectroscopy, dynamic light scattering, Fourier-
transform infrared spectroscopy, scanning (SEM) and transmission (TEM) electron microscopy. Morphological analysis 
showed predominantly subspherical nanoparticles with average diameters of 17 ± 5 nm (SEM) and 16 ± 5–7 nm (TEM), 
depending on precursor concentration. Thermogravimetric analysis demonstrated excellent thermal stability with 
retention of structural integrity up to 120 °C, an exceptional feature among biogenic AgNPs. The obtained AgNPs 
exhibited remarkable radical scavenging activity, reaching up to 79% in DPPH and 75% in ABTS assays at 100 µg/mL, 
highlighting a level of antioxidant performance rarely observed in AgNPs of bacterial origin. In addition to their redox 
properties, the nanoparticles demonstrated efficient catalytic activity as evidenced by the complete degradation of 
Congo Red in 20 min and 4-nitrophenol in 35 min. Time-kill assays and minimum inhibitory concentration (MIC) also 
showed a broad-spectrum antimicrobial potential with complete inhibition of Staphylococcus aureus, Pseudomonas 
aeruginosa, and Salmonella Typhimurium at 100 µg/mL. Interestingly, MIC values were significantly lower than those 
reported for comparable AgNPs. Notably, the nanoparticles also displayed hemocompatibility, validated by hemolysis 
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Background
Nanotechnology, which enables the manipulation of mat-
ter at the atomic and molecular scale, is emerging as an 
increasingly promising alternative to traditional technol-
ogies [1]. However, conventional nanomaterial synthe-
sis methods, based on chemical and physical processes, 
have significant sustainability limitations, requiring high 
energy consumption and generating toxic byproducts [2].

In this context, biosynthesis of nanomaterials through 
living organisms is gaining recognition as a green alterna-
tive, utilizing plant extracts, bacteria, fungi, and algae to 
produce nanoparticles under milder conditions and with-
out harmful reagents. This approach not only minimizes 
environmental impact but also enhances biocompatibility 
and stability, expanding applications in biomedical, envi-
ronmental, and industrial fields. Moreover, biosynthesis 
contributes to reducing hazardous chemicals, aligning 
with the United Nations Sustainable Development Goals 
(SDGs), particularly in health (SDG 3.9), water quality 
(SDG 6.3), and ecological waste management (SDG 12.4) 
[3, 4].

Due to their extremely small size, ranging 
between 1 and 100  nm, nanoparticles exhibit a high 

surface-to-volume ratio, which enhances their chemi-
cal, physical, and biological reactivity compared to mac-
roscopic materials [5, 6]. These unique properties make 
nanoparticles suitable for numerous applications, includ-
ing medicine, electronics, and environmental sustainabil-
ity [7–9].

Among the various types of nanoparticles, metal 
nanoparticles (such as gold, platinum, and silver) have 
demonstrated their ability to interact with biological sys-
tems and catalyze chemical reactions [10–13]. For exam-
ple, a recent study by Kajani et al. [14] highlighted that 
gold nanoparticles exhibited strong anticancer activity 
against breast, ovarian, and cervical cancer cells, with low 
toxicity to healthy cells, making them promising thera-
peutic agents for targeted cancer treatments. Another 
recent study by Dang et al. [15] demonstrated the poten-
tial of AuNPs as colorimetric probes for detecting Fe³⁺ 
ions, marking an important step towards developing 
innovative sensors capable of rapidly and accurately 
detecting toxic contaminants in water. A recent study 
demonstrated that AgNPs conjugated with herbicides 
like imazapic and imazapyr, can function as innova-
tive nanopesticides; these systems enable the controlled 

assays performed on both healthy and β-thalassemic erythrocytes, with hemolysis rates consistently below the 2% 
safety threshold.

Conclusions  Overall, this study presents the first comprehensive characterization of AgNPs biosynthesized by a 
thermophilic bacterium, highlighting their multifunctional potential. The use of a thermophilic bacterium as a robust 
and flexible microbial nanofactory offers a novel eco-friendly and scalable strategy for AgNP production. The resulting 
nanoparticles exhibit unique thermal stability, broad-spectrum bioactivity, and clinically relevant hemocompatibility, 
underscoring their promising applicability in nanomedicine, green catalysis, and environmental remediation.

Keywords  Silver nanoparticles, Extremophiles, Nanofactory, Antimicrobial activity, Catalytic efficiency, 
Biocompatibility
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release of active ingredients, making them more effective 
and environmentally friendly compared to conventional 
pesticides [16]. In a study conducted by Jeyaraj et al. [17], 
it was observed that platinum nanoparticles (PtNPs) 
have significant potential as therapeutic and diagnostic 
agents in the biomedical field. PtNPs have shown effec-
tiveness as nanocarriers and nanosensors for diagnosis, 
in addition to displaying synergistic effects when used 
in combination with anticancer drugs at low concentra-
tions. Compared to other types of nanoparticles, such 
as ceramic, carbon-based, or polymeric nanoparticles, 
metal nanoparticles offer significant advantages in terms 
of electrical conductivity, making them also particularly 
suitable for electronic applications and the production of 
conductive materials [18, 19].

Their use has also been reported in the development 
of advanced sensors, imaging techniques, and medical 
therapies, owing to their plasmonic properties and their 
ability to be easily functionalized with various chemical 
groups. This functionalization enhances their therapeutic 
targeting capacity and biocompatibility [20, 21].

Among metal nanoparticles, AgNPs have proven to 
be highly versatile, finding applications in a wide range 
of fields, including antimicrobial coatings for medical 
devices, water purification technologies [22], and the 
production of biosensors for electronics and bioimaging 
[23]. Recent studies, such as the one conducted by Jangid 
et al. [24], have demonstrated that AgNPs synthesized via 
biological methods can enhance antimicrobial efficacy in 
wound treatment, while Biswas et al. explored their use 
in chemical catalysis for environmental purification [25].

Nanoparticle synthesis can primarily be achieved 
through two approaches: the “Top-Down” method, which 
involves breaking down larger materials into nanoscale 
sizes, and the “Bottom-Up” method, which utilizes the 
aggregation of elemental units such as atoms or mol-
ecules. The latter is often preferred due to the greater 
control it offers over particle morphology and can be per-
formed through chemical and biological techniques [26]. 
However, while chemical techniques may require the use 
of toxic reagents, biological techniques represent a more 
sustainable alternative, as synthesis occurs using living 
organisms like bacteria, algae, fungi, and plant extracts 
[5, 27, 28]. For instance, in a study conducted by Hos-
sain et al., biogenic AgNPs were successfully synthesized 
using Phyllanthus emblica pulp extract, which conferred 
excellent antibacterial activity against both pathogenic 
and non-pathogenic strains. The biogenic AgNPs dem-
onstrated hemocompatibility and biocompatibility, with 
no significant toxic effects on the liver and kidneys, high-
lighting their great potential as safe and versatile antimi-
crobial agents for the treatment of bacterial infections 
[29–31].

While plants and fungi have long been studied for their 
ability to synthesize AgNPs, the potential of bacteria in 
this context has gained significant attention in more 
recent years. Their ease of cultivation, rapid growth, and 
dual role as reducing and stabilizing agents make them 
highly suitable for efficient and scalable nanoparticle syn-
thesis [33–35]. Moreover, bacterial biosynthesis often 
results in AgNPs with superior physicochemical proper-
ties compared to those obtained through conventional 
chemical methods. These nanoparticles typically exhibit 
more uniform and controlled size, greater colloidal sta-
bility due to natural biomolecular capping, and enhanced 
surface reactivity. AgNPs synthesized from extracellular 
bacterial secretomes are frequently coated with proteins, 
peptides, and other organic compounds that prevent 
aggregation and enhance biological and catalytic per-
formance. These natural surface decorations also help 
mitigate the cytotoxicity of silver ions, promoting safer 
interactions with biological systems. In contrast, chemi-
cally synthesized AgNPs tend to be less stable and often 
lack biofunctional properties [32].

Even more recently, extremophilic bacteria have 
attracted attention as promising platforms for nanopar-
ticle biosynthesis, owing to their unique metabolic 
pathways and ability to thrive in harsh environments, 
allowing the synthesis of nanoparticles across a wide 
range of parameters that are often inaccessible with tra-
ditional techniques and potentially offering advantages 
such as improved nanoparticle stability and functionality 
[33]. Microorganisms inhabiting habitats characterized 
by high metal concentrations have developed specific 
survival strategies, including enhanced metal tolerance 
and efficient detoxification systems such as the enzymatic 
or redox-mediated reduction of metal ions into less toxic, 
stable nanoparticles [34, 35].

Among extremophiles, the synthesis of silver nanopar-
ticles (AgNPs) by Geobacillus spp has already been 
reported in the literature [36]. However, to the best of 
our knowledge, optimal production conditions have not 
yet been defined, nor has a comprehensive investigation 
of the biological properties of the resulting nanoparticles 
been conducted.

The aim of this study was to optimize the extracellular 
synthesis of AgNPs and to perform an in depth charac-
terization of their physicochemical features, stability, and 
functional properties, using Geobacillus stearothermoph-
ilus GF16; it is a thermophilic and metal-resistant strain 
isolated by our group from the hydrothermal volcanic 
area of Pisciarelli (Naples, Italy), an extreme environment 
characterized by high temperatures and elevated con-
centrations of toxic metals such as cadmium and arse-
nic [37]. Its ecological origin and physiological features 
suggest an intrinsic capacity of metal biotransformation, 
which, combined with its fully sequenced genome, makes 
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it an excellent candidate for further molecular and func-
tional studies [38]. Furthermore, despite prior investiga-
tions on other Geobacillus strains, G. stearothermophilus 
GF16 remains largely unexplored for nanoparticle pro-
duction [36].

By establishing a tunable, efficient and scalable biosyn-
thesis protocol, this study contributes to the development 
of robust and environmentally sustainable microbial cell 
factories to produce multifunctional nanomaterials.

Methods
Source of microorganism
In this study, the thermophilic bacterium G. stearother-
mophilus  GF16, was used to synthesize AgNPs. The 
microorganism was initially isolated from the hydro-
thermal volcanic area of Pisciarelli, near Naples, Italy, 
identified and phenotypically characterized [37] and 
its genome was later sequenced and annotated (NCBI 
Accession: NZ_RCTI01000001) [38].

Growth and secretome production
A cryopreserved stock of G. stearothermophilus GF16 
was thawed from storage at -80  °C and streaked onto 
Lysogeny Broth (LB) agar plates. The LB agar was made 
by using 10 g/L tryptone, 10 g/L sodium chloride, 5 g/L 
yeast extract, and 15  g/L agar. Plates were incubated at 
60  °C for 16 h. A single colony was then picked up and 
transferred into liquid LB medium, incubated at 60  °C 
and shaken at 180  rpm for an additional 16  h. An ali-
quot of this culture was used to inoculate the main cul-
ture, adjusted to an initial optical density (A600) of 0.1. 
The main culture was shaken at 180 rpm and 60 °C in an 
orbital shaker (New Brunswick™ Innova® 42 Series). After 
24  h of incubation, cells were harvested by centrifuga-
tion at 2,500 g for 10 min. The supernatant was further 
centrifuged at 37,500 g for 40 min at 4 °C using a Beck-
man centrifuge with a JA25-50 rotor (Beckman Coulter, 
Avanti™ JA25-50) to remove any remaining cell debris, 
thus obtaining the cell-free secretome.

AgNP production, isolation, and purification
For the synthesis of AgNPs, aliquots of 7 mL of the col-
lected secretome were transferred into tubes and treated 
with AgNO3 (Sigma Aldrich) at concentrations of 0.25 
mM, 0.5 mM, 1 mM and 2.0 mM. A cell-free secretome 
without AgNO₃ was used as a control, and a solution of 
AgNO₃ alone was used as an additional control. To deter-
mine the optimal synthesis conditions to obtain high 
yield and controlled nanoparticle size, key parameters 
were systematically evaluated in a stepwise approach. 
The evaluated parameters were the following: tempera-
ture (25, 37, 60, 70, and 80  °C), pH (5.0, 8.0, 12.0) and 
reaction time (24 and 48 h).

After synthesis, the secretomes were centrifuged at 
37,500  g for 35  min, and the pellets were washed twice 
with deionized water, followed by centrifugation at 
2.500  g for 15  min to eliminate unreacted silver ions. 
The AgNP pellet was then resuspended in 1 mL of dis-
tilled water and stored at 4 °C. Subsequently, before fur-
ther analyses, the suspensions were lyophilized using a 
freeze-dryer (Heto PowerDry PL6000 Thermo Scientific) 
and subjected to ultrasonic treatment for 30 min (Digital 
ultrasonic DU 32- ARGOLAB).

From this point onward, the purified AgNPs obtained 
by incubating the secretomes at 60 °C and pH 8 for 24 h 
with 0.5 mM AgNO₃ are referred to as AgNP0.5, while 
those obtained under the same conditions using 2 mM 
AgNO₃ are referred to as AgNP2.0.

UV-Vis spectroscopy
The synthesis of AgNPs was monitored using UV-Vis 
spectroscopy. Absorption spectra of cell-free secre-
tomes treated with AgNO₃ at all the tested conditions 
described above were recorded over a wavelength range 
of 200–800 nm using a UV-Vis spectrophotometer (Agi-
lent Varian Cary 50) with 0.5 ml quartz cuvettes (Hellma 
Analytics, 10  mm path length). Spectra of cell-free sec-
retome without AgNO₃ and a solution of AgNO₃ alone 
were used as controls.

Dynamic light scattering (DLS) and zeta potential 
measurements
The hydrodynamic diameter of the produced nanopar-
ticles, the polydispersivity index (−D) and zeta potential (ζ) 
were measured by DLS technique using a Zetasizer Nano 
ZS instrument (Malvern Instruments Ltd). All the sam-
ples were prepared in an identical manner. AgNPs were 
resuspended in distilled water (≃1 mg/ml) and placed in 
1  ml cuvette. Each analysis was performed in duplicate 
and an average of three measurements is reported along 
with the standard deviation (SD).

For measuring the zeta potential of the produced 
nanoparticles, the latter were resuspended with distilled 
water in 1 ml final volume (≃1 mg/ml). The samples were 
filled in the capillary cells (DTS1070) and placed in the 
instrument sample holder. Each analysis was performed 
in duplicate and an average of three measurements is 
reported along with SD.

Fourier transform infrared spectroscopy (FTIR)
FTIR analysis was performed using a Perkin-Elmer 
Model GX spectrometer, with a resolution of 2 cm−1 and 
60 scans across a frequency range of 400 to 4000  cm−1. 
Prior to the analysis, KBr disks were prepared by mix-
ing 3.00  mg of AgNP0.5 and AgNP2.0, with 197.00  mg 
of KBr. FTIR spectra were recorded and analyzed with 



Page 5 of 22Di Fraia et al. Microbial Cell Factories          (2025) 24:189 

Origin software (v.2022b, Origin Lab Corporation, 
Northampton, MA, USA).

Thermogravimetric analysis (TGA)
To assess nanoparticle stability, TGA was performed 
using a Perkin-Elmer Pyris Diamond TGA/DTA analyzer 
(Milan, Italy) equipped with a gas control station. Prior to 
analysis, each sample was dried overnight under reduced 
pressure with desiccant salts to eliminate residual mois-
ture. The dried samples (≃ 3–4 mg) were then placed in 
open ceramic crucibles and subjected to an isothermal 
treatment. The temperature gradually increased from 25 
to 120 °C at a rate of 10 °C/min under a nitrogen flow of 
30 mL/min. Once at 120 °C, the temperature was main-
tained for 30 min to simulate autoclave sterilization con-
ditions. All measurements were performed in duplicate 
to ensure reproducibility.

TEM and SEM analysis of AgNPs
The size and morphology of AgNP0.5 and AgNP2.0 were 
examined by scanning electron microscopy (FeSEM) and 
TEM.

An Electron Microscope Field emission Zeiss Merlin 
VP Compact with camera Gemini equipped with a charge 
compensation system and with Oxford Instruments 
Microanalysis EDS (Energy Dispersive X-ray Spectros-
copy) X- max 50, was used for morphological analyses 
of the samples. Data imaging processing was performed 
using the dedicated software SmartSem. The samples 
were metalized with gold and palladium using a sput-
ter coater. A TEM using an EI TECNAI G2 microscope 
operating at 200  kV (Fei Company, Drive, Hillsboro, 
CA, USA). For TEM imaging, 3 µL of dispersed AgNPs 
aqueous solution were dropped on a carbon-coated cop-
per grid and air-dryed before imaging. The size of the 
nanoparticles was measured using NIS-Elements D 3.1 
software (Nikon Instruments Inc., Tokyo, Japan). For the 
statistical analyses related to sample sizes, 100 nanoparti-
cles were measured for either AgNP0.5 and AgNP2.0 and 
for each technique (FeSEM and TEM).

Antioxidant activity
The antioxidant activity of AgNP0.5, AgNP2.0 and the 
secretome was assessed using two well-established anti-
oxidant assays: DPPH and ABTS, described in previous 
studies [17, 39, 40]. Lyophilized AgNPs at concentrations 
of 25, 50, 75, and 100 µg/mL, were subjected to ultrasonic 
treatment for 30 min and tested in the antioxidant assays. 
The scavenging activity (%) was calculated for all the 
samples using the following formula:

	
Scavenging activity (%)

[
Acontrol − Asample

Acontrol

]
× 100� (1)

DPPH assay
The DPPH assay evaluates the ability of samples to neu-
tralize the DPPH radical (2,2-diphenyl-1-picrylhydrazyl), 
which changes color from purple to yellow upon reduc-
tion. This assay was performed following the method by 
Chu and Chen [41]. 25 µL of AgNPs or secretome solu-
tion and 225 µL of DPPH solution (200 µM) prepared 
in methanol were added in a 96-well microtiter plate; 
the plates were incubated in the dark at room tempera-
ture for 30 min before measuring absorbance at 517 nm 
in a multiplate reader (BioTek Synergy HTX Multimode 
Reader). Methanol served as the blank, while DPPH solu-
tion without AgNPs or secretome, was used as the con-
trol. The scavenging capacity was calculated using the 
formula (1). Trolox was used as a standard at concentra-
tions ranging from 5 to 100 µM.

ABTS assay
The ABTS radical scavenging activity was also evalu-
ated following the method described by Xiao et al. [42], 
with slight modifications. In water, ABTS absorbs light 
at 734 nm, but absorbance decreases in the presence of 
antioxidants, as the ABTS radical cation is terminated. 
200 µL of ABTS+ solution and 10 µL of each sample were 
mixed in a 96-well microtiter plate and incubated in the 
dark for 7  min at room temperature, before measuring 
the absorbance at 734  nm wavelength (BioTek Synergy 
HTX Multimode Reader). Trolox was used as a standard 
reference at concentrations ranging from 0.2 to 0.8  µg/
mL, while distilled water served as the blank control. The 
samples were appropriately diluted to ensure that the 
absorbance values fell within the specified range.

Hemolytic activity of AgNPs
The hemolytic activity of AgNPs was evaluated using 
human erythrocytes and monitoring hemoglobin release 
during the incubation under simulated physiological 
conditions [43, 44]. Blood samples were collected from 
healthy volunteers and from individuals with Mediter-
ranean anemia (beta-thalassemia) and stored in sterile 
containers containing the anticoagulant ethylenediami-
netetraacetic acid (EDTA) at a concentration of 1.8 mg/
mL of whole blood. The blood was then centrifuged at 
2.500 g for 10 min to isolate the erythrocytes, which were 
subsequently washed three times with phosphate-buff-
ered saline (PBS, pH 7.4).

For the hemolytic evaluation, 1 mL of AgNP0.5, 
AgNP2.0, at concentrations of 25, 50, 75, and 100 µg/mL 
were mixed with 1 mL of a 5% erythrocyte suspension 
in PBS; as negative and positive controls, PBS and 1% 
sodium dodecyl sulfate (SDS) solution were used in place 
of the nanoparticle solution, respectively. All the samples 
were incubated at 37 °C for 2 h and after centrifugated at 
2.500 g for 10 min. Hemoglobin release was quantified by 
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measuring the A540 nm of the supernatant using the fol-
lowing formula (2).

	
Hemolysis (%) =

[
AAgNP s − A0

ASDS − Ak

]
× 100� (2)

where AAgNPs is the absorbance of samples containing 
AgNPs, A0 is the absorbance of the corresponding AgNP 
concentration in PBS, ASDS ​is the absorbance of the posi-
tive control with SDS, and Ak is the absorbance of the 
negative control.

Antimicrobial activity assays
Time-kill evaluations
The bactericidal and antibacterial activity of AgNP0.5 and 
AgNP2.0 was initially evaluated against selected microor-
ganisms: Staphylococcus aureus ATCC® 6538, Pseudomo-
nas aeruginosa ATCC® 9027, Salmonella enterica serovar 
Typhimurium ATCC® 14028, and Listeria monocytogenes 
ATCC® 19115. The fungicidal and antifungal activity 
was assessed against Candida albicans ATCC® 14053. 
According to microorganism-specific requirements, 
single cultures of the five strains were grown under the 
following conditions: S. aureus ATCC® 6538: 24–48 h at 
37 °C ; P. aeruginosa ATCC® 9027: 24 h at 37 ± 1 °C [45]; 
S. enterica serovar Typhimurium ATCC® 14028: 24  h at 
37 ± 1  °C [46]; L. monocytogenes ATCC® 19115: 24  h at 
37 ± 1 °C [47]; C. albicans ATCC® 14053: 48 h at 22 ± 1 °C 
[48]. Microbial inocula were maintained under constant 
shaking conditions at 200 rpm in 30 mL tryptic soy broth 
(TSB, Thermo Fisher Scientific, USA) for bacteria and 30 
mL Sabouraud dextrose broth (SAB, Thermo Fisher Sci-
entific, USA) for yeast in sterile tubes with a total volume 
of 50 mL. To obtain an equal concentration of 108 cells/
mL of all organisms, the absorbance was measured at 
560 nm (bacteria) and 600 nm wavelength (yeast) using 
a spectrophotometer (Hach Lange DR6000, Hach, USA): 
an optical density of 1.125 was used as an indicator of 
109 cells/mL. Inocula were serially diluted to target 107 
CFU/mL in 10 mL. AgNP0.5 and AgNP2.0 were tested at 
100 µg/mL as reported in literature [49]. The experimen-
tal protocol was set up according to [50], using the time-
kill test [51] to determine the bactericidal or fungicidal 
effect of the samples to be analysed. The contact time was 
3 h (t1) and 20 h (t2). The selected concentrations of the 
two samples were added to 6-well plates designed to test 
0.9% NaCl suspensions of 10 mL of bacteria or yeast, at 
a microbial load of 106 CFU/mL, maintained under con-
stant shaking and at the optimum temperature (37 ± 1 °C 
for bacteria, 22 ± 1  °C for yeast) for the contact time. 
Negative controls were prepared using the sole bacterial 
or yeast inocula without adding AgNPs. Positive con-
trols were prepared by adding AgNO3 at 0.5 mM and 
2.0 mM to the bacterial suspension and yeast inoculum. 

Aliquots were taken shortly after inoculation (t0) and 
after the two contact times (t1 = 3 h, t2 = 20 h). Antibacte-
rial activity was assessed by determining the number of 
surviving bacteria in each sample. The residual microbial 
rate was calculated as CFU/mL measured at two con-
tact times, multiplied by 100, and divided by the micro-
bial concentration (CFU/mL) of the negative control at 
the corresponding time point. The die-off rate was then 
determined as follows: 100 - Residual Rate. Microbiologi-
cal analyses were performed according to ISO guidelines, 
specific to each microorganism indicated. Selective and 
specific agar media were used for S. aureus (Baird Parker 
agar base, Thermo Fisher Scientific, USA [52], ; P. aerugi-
nosa (Pseudomonas agar base, Thermo Fisher Scientific, 
USA, UNI EN ISO 13720:2010); S. Typhimurium (Chro-
mogenic Salmonella agar base, Biolife Italiana, ITALY, 
ISTISAN 05/27); L. monocytogenes (O.A. Listeria agar, 
Liofilchem, Italy [47]; C. albicans (dichloran rose bengal 
chloramphenicol agar base, Thermo Fisher Scientific, 
USA [48]. To ensure results reliability, all experiments 
were performed in independent triplicates. Samples were 
collected immediately after inoculation (t0), at 3  h (t1), 
and 20 h (t2) to determine bacteria survival and calculate 
microbial reduction. Results are reported as mean val-
ues ± standard error of the mean (SE) for each nanopar-
ticle tested. ANOVA analysis (GraphPad Prism Software 
v9, GraphPad Software, La Jolla, CA, USA) was used 
to determine statistical significance between samples 
at t1-t2 and the negative control at the corresponding 
time points. p values < 0.05 were considered statistically 
significant and are indicated in the figures as *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001.

MIC determination
MIC of AgNPs was determined using the broth micro-
dilution method, following the guidelines of the Clini-
cal and Laboratory Standards Institute (CLSI) (Zimmer, 
2024). The assays were performed in 96-well microplates 
(Thermo Scientific) with a final volume of 200 µL per 
well. AgNPs were serially diluted to achieve final con-
centrations ranging from 100 to 25  µg/mL. Each dilu-
tion was mixed with an inoculum containing ~ 2 × 106 
CFU/mL of the same target microorganisms used in the 
time-kill test. As positive and negative controls, AgNO3 
and inocula without AgNPs were used. The microplates 
were incubated for 20 h at 37  °C with continuous shak-
ing (600 rpm). OD measurements were performed using 
a Thermo Scientific™ Varioskan™ LUX multimode micro-
plate reader. Turbidity readings were taken at 560 nm for 
bacteria and 590 nm for yeast at t0 and t1 = 20 h. All tests 
were conducted in triplicate. The percentage inhibition 
of microbial growth was calculated using the following 
formula:
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% Growth inhibition

= 100 ×
(

1 − A 560 nm of test sample

A 560 nm of CTR

)

An ANOVA analysis was conducted (GraphPad Prism 
Software version 9 for Windows, GraphPad Software, La 
Jolla, California, USA, www.graphpad.com) to identify 
the statistical significance between the sample and Posi-
tive Control. P-values < 0.05 were considered statistically 
significant and are indicated in the graphs as *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

Catalytic activity of AgNPs
The catalytic activity of synthesized AgNPs was evaluated 
in the degradation of toxic compounds, including Congo 
Red (CR) and 4-nitrophenol (4-NP), following the pro-
tocols described by Umamaheswari et al. [53] and Desai 
et al. [54], with minor modifications. For the degradation 
of CR, the reaction system consisted of 1 mL of AgNP0.5 
and AgNP2.0 (at a concentration of 0,05 mg/mL), 1.5 mL 
of 50 mM NaBH₄, and 5 mL of Congo Red (9.4 × 10−5 
mM). The progress of the reaction was monitored by 
measuring changes in the spectra of the reaction mixture 
over the wavelength range of 600 –300  nm at 5-minute 
intervals, for a total duration of 20  min, in an Agilent 
Cary UV-Vis spectrophotometer.

For the degradation of 4-NP, 0.5 mL of AgNP0.5 and 
AgNP2.0 (at a concentration of 0.4  mg/mL) was mixed 
with 0.5 mL of NaBH₄ (1.3 mM) and 5 mL of 4-nitrophe-
nol (7.2 × 10−5 M). Similarly, spectra were recorded in the 
wavelength range 500 –250 nm wavelength at room tem-
perature over 20 min using the same spectrophotometer. 

Control experiments were conducted in the absence of 
AgNPs to evaluate the exclusive catalytic effect of NaBH₄.

Results and discussion
Factors affecting AgNP formation
Silver nanoparticles (AgNPs) were synthesized using cell-
free supernatants of G. stearothermophilus GF16, with 
the secretome acting as a biological matrix to reduce sil-
ver ions (Ag⁺) and determining nanoparticle formation 
[55]. Several synthesis parameters such as temperature, 
pH, incubation time, and AgNO₃ concentration-were 
systematically tested to identify the optimal conditions 
for an efficient AgNP production. As first step, the for-
mation of AgNPs can be verified by observing a color 
change in the reaction solution, progressing from yellow 
to increasingly intense brown shades (Fig.  1), which is 
indicative of nanoparticle formation due to surface plas-
mon resonance (SPR).

To better investigate the optical properties of the 
AgNPs, UV-Vis spectra were recorded across the 300–
800  nm wavelength range. The spectra revealed SPR 
peaks with absorption maxima between 410 and 470 nm; 
SPR peaks located at or below ~ 430  nm are generally 
associated with small, spherical silver nanoparticles, 
whereas peaks above 430  nm suggest the presence of 
larger particles, anisotropic morphologies, or aggrega-
tion phenomena [56]. Peaks extending up to 500 nm fur-
ther support the formation of irregular or non-spherical 
nanoparticles. These wavelength shifts are indicative of 
changes in nanoparticle size, shape, and aggregation state. 
It is important to note that SPR peak positions are typi-
cally referenced for uncoated or stabilized nanoparticles 

Fig. 1  Colorimetric evidence of AgNP biosynthesis from bacterial secretome. Cuvettes containing the secretome of G. stearothermophilus GF16, showing 
the control (left) and AgNP samples with progressive color changes depending on AgNO₃ concentration and incubation time
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[57]. In biologically synthesized AgNPs, however, the 
organic shell derived from the secretome—composed of 
proteins, peptides, and other biomolecules—can slightly 
alter the spectral features by modifying the local refrac-
tive index at the nanoparticle surface, leading to minor 
peak shifts or broadening [58]. Similar SPR profiles have 
been reported by Al-asbahi et al. [59] who synthesized 
AgNPs using a mixture of Lactobacillus sp and Bacillus 
sp. and observed SPR absorption bands between 410 and 
430  nm. Likewise, in another study the production of 
spherical AgNP mediated by Bacillus amyloliquefaciens 
was confirmed by a peak at 415 nm [60].

To determine the optimal conditions for nanoparticle 
formation, the effects of various parameters (AgNO3, 
concentration, T, pH and reaction time) were evalu-
ated. Initially, the secretome was incubated for 24 h with 
AgNO₃ at concentrations of 0.25, 0.5, 1, and 2 mM at 
temperatures of 25, 37, 50, 60, 70, and 80  °C, and pH 8. 
After this period, nanoparticle synthesis at 60 °C proved 
to be the most efficient, as indicated by the higher absor-
bance between 420 and 470 nm compared to lower tem-
peratures (Fig. 2). At 25 and 37 °C, the synthesis efficiency 
was lower, as indicated by decreased absorbance values 

and the nanoparticles formed were smaller, as indicated 
by a blue-shift in the spectra (Figure S1). At 80  °C 
nanoparticle synthesis increased (Fig. 2), likely due to the 
enhanced solubility of AgNO3 and the greater availabil-
ity of Ag⁺ ions in solution; however, the temperature of 
60 °C was chosen for subsequent experiments, to reduce 
energy consumption and improve the sustainability of 
AgNP synthesis from G. stearothermophilus secretomes.

The effect of pH on nanoparticle synthesis was also 
evaluated. Reactions were conducted for 24  h at pH 
5.0 (acidic conditions), 8.0 (the natural pH of the sec-
retome), and 12.0 (basic conditions), at the constant 
temperature of 60 °C. At each pH level, four AgNO₃ con-
centrations (0.25, 0.5, 1.0 and 2.0) were tested. At pH 5 
(Fig.  3), absorption peaks were observed at 435  nm for 
0.25 and 0.5 mM AgNO₃, and at 490 nm for 1.0 and 2.0 
mM AgNO₃. At pH 8 (Fig.  3), the observed absorption 
peaks appeared at 417 nm for lower precursor concentra-
tions (0.25 and 0.5 mM) and around 460 nm for higher 
concentrations (1.0 and 2.0 mM). At pH 12.0 (Fig.  3), 
absorption peaks were different for each tested concen-
tration and the absorbance values were always lower than 
those at pH 8.0, suggesting a less efficient synthesis. We 

Fig. 3  Effect of pH on AgNP biosynthesis and plasmonic response. UV–Vis absorption spectra of AgNPs synthesized at pH 5 (a), 8 (b), and 12 (c), with 
AgNO₃ concentrations ranging from 0.25 to 2.0 mM after 24 h at 60 °C

 

Fig. 2  Effect of temperature on AgNP biosynthesis and plasmonic response. UV–Vis spectra of AgNPs synthesized at 50 °C (a), 60 °C (b), and 80 °C (c) with 
varying AgNO₃ concentrations (0.25–2.0 mM) after 24 h of incubation
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hypothesized that at this pH value, Ag⁺ ions may react 
with OH− ions, forming silver hydroxide (AgOH) pre-
cipitates, which could subsequently oxidize into silver 
oxide (Ag₂O), reducing the availability of silver ions for 
nanoparticle formation. Based on these experiments and 
considering that lower maximum absorbance values indi-
cate reduced nucleation efficiency, while a redshift in the 
spectra suggests the formation of larger nanoparticles, 
pH 8 appeared to offer the most suitable conditions; 
therefore, it was selected for further characterization.

To investigate the influence of reaction time on 
nanoparticle formation, similar experiments were con-
ducted using four AgNO₃ concentrations (0.25, 0.5, 1.0, 
and 2.0 mM) at 60 °C, pH 8.0 for 24 and 48 h. As shown 
in Fig. 4, longer reaction times led to higher absorbance 
values across all concentrations, indicating an increased 
nanoparticle yield. Importantly, no significant variations 
were observed in the absorption maxima, suggesting that 
the nanoparticle morphology remained unchanged.

Overall, the results demonstrated that, in general, 
higher temperatures and higher precursor concentrations 
led to the formation of larger nanoparticles, as evidenced 
by a redshift in the absorption peak. For example, at 
60 °C and pH 8.0 (Fig. 2), higher AgNO₃ concentrations 
(1.0 and 2.0 mM) produced distinct peaks around 470 nm 
wavelength, indicative of larger nanoparticles, while 
lower concentrations (0.25 and 0.5 mM) exhibited peaks 
around 417 nm, corresponding to smaller nanoparticles. 
Interestingly, at the highest concentrations (1.0–2.0 mM), 
a distinct shoulder was observed around 417  nm in the 
UV-Vis spectra, overlapping with the main SPR peak of 
AgNPs produced at lower concentrations. This suggests 
the coexistence of two distinct nanoparticle populations 

with different sizes or morphologies. The broader, red-
shifted main peak is consistent with partial aggregation 
or anisotropy. Moreover, biomolecular capping from the 
secretome may contribute to these spectral features. The 
presence of a surface coating can modify the local dielec-
tric environment, leading to further SPR broadening or 
composite peak profiles.

Characterization by DLS
The colloidal properties of AgNPs synthesized under 
different conditions were analyzed using DLS, with the 
results presented in Table 1.

As shown in Table 1, an increase in silver molarity dur-
ing AgNP synthesis leads to a decrease in zeta potential, 
resulting in more stable nanoparticles [61]. Regarding 
the hydrodynamic diameter of the synthesized AgNPs, 
size distribution decreases as silver molarity increases, as 
expected by corresponding zeta potential values. More-
over, as silver molarity increased, the particle size also 
grew, reaching up to 128 nm. It is important to note that 
the size measured through DLS is generally considered 
larger than the actual nanoparticle size, as DLS measures 
the hydrodynamic volume of the particle in solution [62] 
Representative distribution plots of sample AgNP0.5 and 
AgNP2.0is reported in Fig. 5.

Table 1  Colloidal properties (size and ζ) of synthesized AgNPs
Sample Size (d. nm) −D ζ (mV)
AgNP0.25 52.2 ± 8.2 0.55 ± 0.03 -10.7 ± 1.3
AgNP0.5 66.0 ± 5.4 0.39 ± 0.05 -18.2 ± 3.1
AgNP2.0 128.4 ± 3.7 0.24 ± 0.05 -24.4 ± 2.1

Fig. 4  Effect of reaction time on AgNP biosynthesis. UV–Vis spectra comparing AgNPs synthesized at 60 °C for 24 and 48 h, using AgNO₃ at 0.25 and 0.5 
mM (a), and 1.0 and 2.0 mM (b)
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Characterization of nanoparticle cappings
FTIR analysis was performed to highlight the impact of 
precursor concentration (0.5 and 2.0 mM AgNO₃) on 
the surface chemistry and interactions in AgNP0.5 and 
AgNP2. Figure  6 shows differences in the position and 
intensity of key peaks highlighting that the precursor 
concentration directly influences the chemical environ-
ment and stabilization mechanisms of the nanoparticles 
[54].

In the aliphatic C-H stretching region, peaks at 2918 
and 2850  cm−1 (for AgNP0.5) and 2924 and 2856  cm−1 
(for AgNP2) indicated variations in the organic mole-
cules adsorbed on the nanoparticle surface [63, 64]. The 
sharper and better-defined peaks of AgNP0.5 suggest a 

more ordered and structured organic coating, whereas 
broader and less resolved peaks of AgNP2.0 point to more 
complex interactions or aggregated molecular layers. 
Shifts in the fingerprint region, particularly from 1541 to 
1533 cm−1 and potentially from 1241 to lower wavenum-
bers, reflect the impact of precursor concentration on 
the molecular organization at the nanoparticle surface. 
The band at ~ 1541  cm−1 is attributed to C = C stretch-
ing (aromatic rings) and Amide II bending (N–H), while 
the band at ~ 1241 cm−1 corresponds to C–N stretching 
from amine or amide groups. These downshifts, moving 
toward lower frequencies, indicate a reduction in bond 
vibrational energy, typically resulting from enhanced 
hydrogen bonding, electrostatic interactions, as well as 

Fig. 6  FTIR analysis. FTIR spectra of AgNP0.5 (a) and AgNP2.0 (b). Panel (c) overlays both spectra to highlight concentration-dependent differences

 

Fig. 5  DLS analysis. Dynamic light scattering (DLS) results showing size distribution by intensity for AgNP0.5 (red) and AgNP2.0 (green)
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denser molecular packing on the nanoparticle surface or 
coordination with Ag⁺ ions [65–67]. At lower precursor 
concentrations, biomolecules are less densely packed on 
the nanoparticle surface, allowing functional groups such 
as C = O, N–H, and C–N to vibrate more freely and main-
tain higher-energy signals. In contrast, AgNP2.0, show a 
denser molecular interface promoting hydrogen bond-
ing and stronger interactions with silver ions, restrict-
ing bond motion and causing redshifts. Additionally, the 
emergence of a distinct peak at ~ 1511  cm−1, attributed 
to N–H bending (Amide II), exclusively in the AgNP2.0 
spectrum, supports increased interaction with nitrogen-
containing biomolecules [67]. Enhanced intensities of the 
Amide I band (~ 1627 cm−1, C = O stretching) and C = C 
aromatic bands (~ 1541 and 1533 cm−1) suggest a greater 
abundance of proteinaceous or aromatic components 
adsorbed at higher precursor levels [67, 68]. Finally, low-
wavenumber bands at 540 and 584 cm−1, corresponding 
to Ag–O stretching vibrations, were more pronounced, 
indicating stronger silver–oxygen interact ions between 
AgNP2.0 and oxygenated functional groups such as car-
boxylates or hydroxyls [69]. Altogether, these spectral 
differences indicate that increasing precursor concen-
tration leads to a more chemically complex and densely 
coated nanoparticle surface, characterized by stronger 
molecular binding, lower bond vibrational energies, and 
enhanced structural stability, features that can be lever-
aged for improved reactivity and specific surface func-
tionalization [70].

The differences in the FTIR spectra between AgNP0.5 
and AgNP2.0 clearly demonstrate the critical role of pre-
cursor concentration in determining the surface inter-
actions and chemical environment of AgNPs. At lower 
precursor concentration, the nanoparticles are charac-
terized by a more defined and ordered organic coating, 
reflecting simpler surface interactions. This may result in 
a more predictable and uniform nanoparticle behavior, 
which therefore might be more suitable for applications 
requiring precise control of surface properties. In con-
trast, AgNP2.0 mM exhibits a denser and more complex 
biomolecular layer, with stronger interactions involving 
hydroxyl, aromatic, and nitrogenous compounds. This 
difference either introduces variability in surface proper-
ties and could influence colloidal stability and interaction 
with the surrounding medium; these properties could be 

advantageous for applications requiring enhanced func-
tionalization or surface activity.

Taken together, the observed variations in surface 
chemistry suggest that different precursor concentra-
tions can be used to tailor the properties of AgNPs for 
specific applications. Lower concentrations may be ideal 
for achieving nanoparticles with well-defined surface 
interactions, while higher concentrations could be advan-
tageous for generating nanoparticles with enhanced 
stability and functionalization potential. These findings 
provide valuable insights into the design and optimiza-
tion of nanoparticle synthesis protocols for diverse appli-
cations, ranging from catalysis to biomedicine.

Morphological analysis
The analysis using Electron microscopy, both SEM and 
TEM, was conducted to examine the morphology of 
AgNP0.5 and AgNP2.0, and the collected data are in per-
fect agreement. The analysis confirmed that both samples 
exhibit a subspherical shape, with slight differences in 
size (Table 2), while textural differences are clear.

AgNP0.5 exhibits a subspherical shape with an aver-
age diameter of 17 nm (Fig. 7A). They are uniformly dis-
tributed, and although they form aggregates, they do not 
overlap. These characteristics could be attributed to a 
controlled growth process and effective interactions with 
functional groups on the surface.

AgNP2.0 generally has a subspherical shape too, 
although in some cases, irregularly shaped particles 
are observed (Table  2). The irregular morphology is 
clearly highlighted by the TEM data, which show larger 
nanoparticle sizes and a higher standard deviation 
(Table  2). Their average size, 15  nm, is very similar to 
that of AgNP0.5. However, a significant difference com-
pared to the previous samples lies in their texture: in this 
case, the nanoparticles are found both isolated, in regular 
non-overlapping aggregates, and in irregular aggregates. 
The latter are the most prevalent and show a marked 
tendency toward particle overlap (Fig.  7B). The greater 
heterogeneity of this sample, both morphologically and 
texturally, could be attributed to a less controlled growth 
process at higher precursor concentration, which may 
lead to variations in particle shape and distribution. The 
samples observed under SEM were properly fixed and 
coated with an Au-Pd alloy, making the resulting images 
representative not only of the inorganic structures, but 
also of the organic components potentially present on 
the particle surfaces. Therefore, the difference between 
the particle sizes measured by TEM and SEM, which are 
significantly smaller than those obtained by DLS, is likely 
due to the sensitivity of the DLS technique to the pres-
ence of impurities and aggregates.

Consistent with this interpretation, the SEM and TEM 
results align with those of FTIR analysis, which suggest 

Table 2  Average size of nanoparticles obtained from different 
concentrations of AgNO3. The values in the table represent 
the average size of 100 measured particles, with the standard 
deviation in parentheses

SEM TEM
AgNP0.5 17(± 5) 16(± 5)
AgNP2.0 15(± 5) 16(± 7)
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that AgNP0.5 possess a well-defined organic coating 
which helps to stabilize and disperse the nanoparticles, 
thereby reducing aggregation. In contrast, the less struc-
tured biomolecular layer, indicated by FTIR for AgNP2.0, 
could account for the increased aggregation and morpho-
logical variability observed.

Thermal stability of biosynthesized AgNPs
The thermal stability of AgNP0.5 and AgNP2.0 was eval-
uated using isothermal TGA to measure their weight loss 
profile under autoclave-mimicking conditions, as shown 
in Fig.  8. The TGA thermograms show that, during the 
initial heating phase (0–15 min), both samples exhibited 
a minor weight loss (< 3%), primarily due to the evapora-
tion of residual moisture and weakly bound volatile com-
ponents [71]. This phenomenon is commonly observed 
in nanoparticles synthesized in aqueous media, as they 
tend to retain surface-adsorbed water. Upon reaching 
the isothermal phase at 120  °C, the weight loss stabi-
lizes, suggesting the absence of further thermal degrada-
tion or significant mass loss. These results confirm that 
both nanoparticle formulations maintain their structural 

integrity under elevated temperature conditions, dem-
onstrating their thermal stability. A slight variation 
is observed between the two samples, with AgNP2.0 
exhibiting a marginally higher initial weight loss com-
pared to AgNP0.5. This discrepancy may be attributed 
to the differences already observed in surface chemis-
try. Moreover, in comparison to other AgNPs derived 
from plant/mesophilic bacteria, they demonstrated 
higher thermal stability, possibly due to the presence of 
heat-resistant biomolecules from G. stearothermophi-
lus. These findings highlight the role of biological coat-
ing in improving the thermal robustness of AgNPs, which 
may be advantageous for applications requiring stability 
at high temperatures. Previous studies have shown that 
nanoparticles synthesized using plant extracts or meso-
philic bacteria often suffer from lower thermal stability 
due to the degradation of organic molecules involved in 
their synthesis. Plant-derived nanoparticles, for instance, 
rely on phytochemicals such as flavonoids, polyphenols, 
and alkaloids as reducing and stabilizing agents. While 
these compounds facilitate nanoparticle formation, they 
may lack the structural resilience required to withstand 

Fig. 7  Morphological characterization via TEM and SEM. Electron micrographs of AgNP0.5 and AgNP2.0, showing changes in aggregation and particle 
morphology
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elevated temperatures, leading to nanoparticle aggrega-
tion and loss of function over time. Similarly, mesophilic 
bacteria synthesize AgNPs through enzymatic pathways 
that involve proteins and extracellular polymeric sub-
stances, which may be susceptible to denaturation under 
high-temperature conditions [72–74]. In contrast, AgNPs 
synthesized using thermophilic bacteria, such as G. 
stearothermophilus, exhibit superior stability due to the 
presence of thermostable biomolecules, including heat-
resistant proteins and extracellular enzymes that can act 
as robust capping agents, preventing particle agglomera-
tion and degradation, even under extreme thermal condi-
tions. For example, metallic AgNPs produced using spore 
extracts from G. stearothermophilus, had sizes ranging 
from 15 to 50 nm and exhibited significant high thermal 
stability and antimicrobial activity against opportunistic 
pathogens, indicating their potential application in bio-
medical and antimicrobial coatings [75].

AgNP antioxidant activity
The antioxidant activity of the cell-free secretome and 
AgNPs were evaluated assessing their free radical neu-
tralizing capacity in DPPH and ABTS assays. The assays 
were performed using three different secretome or AgNP 
concentrations and AgNP0.5 and AgNP2.0 (Fig.  9). As 

expected, the scavenging activity displayed by the sec-
retome resulted to be concentration dependent with 
values of 18.0, 8.3, and 3.0% (DPPH) and 18.0, 8.3, and 
2.7% (ABTS) at 100, 50, and 25 µg/mL, respectively. The 
nanoparticles also showed a concentration-dependent 
scavenging activity, with the highest values observed for 
AgNP2.0. These reached 79% and 75% scavenging activity 
in the DPPH and ABTS assays, respectively, in compari-
son to Trolox, used as the reference antioxidant, which 
achieved values close to 90% in both assays.

AgNP0.5 exhibited lower antioxidant activity across all 
tested concentrations, confirming that a higher precur-
sor concentration determines an increased antioxidant 
capacity. However, when normalized to the silver con-
tent, they demonstrated greater efficiency per unit of 
silver. This means that, although AgNP2.0 show greater 
absolute antioxidant activity, those produced with 0.5 
mM AgNO₃ may achieve a comparable effect using a 
lower precursor concentration. Therefore, in view of 
large-scale applications the use of lower precursor con-
centrations not only would reduce material costs but also 
minimize environmental impact.

These results suggest that bioactive compounds in 
the secretome, such as polyphenols, along with biomol-
ecules like peptides and proteins may contribute to the 

Fig. 8  TGA-based assessment of AgNP thermal stability. Isothermal thermogravimetric analysis showing thermal stability of AgNP0.5 (light pink) and 
AgNP2.0 (dark purple)
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nanoparticle decoration, enhancing their radical scav-
enging and metal-chelating properties. Their high sur-
face-to-volume ratio could facilitate interactions with 
free radicals. Additionally, the biofunctional coating may 
stabilize reactive intermediates or participate in electron 
transfer processes, further extending the functionality of 
the AgNPs [43].

Biosynthesized AgNPs, whether derived from plant 
extracts [76] or bacterial sources, are increasingly rec-
ognized for their significant antioxidant potential [40]. 
Plant-derived AgNPs, often enriched with polyphenols, 
have been shown to exhibit superior antioxidant activ-
ity compared to their chemically synthesized counter-
parts [77]. However, bacterial-derived nanoparticles 
also possess remarkable properties, largely due to their 
enrichment with other bioactive compounds [78, 79]. 
In this study, we show for the first time that AgNPs syn-
thesized using G. stearothermophilus displayed antioxi-
dant potential comparable to, or even exceeding, that of 
lactobacillus derived nanoparticles [80]. This is particu-
larly noteworthy, as we also demonstrated that G. stea-
rothermophilus nanoparticles possess enhanced thermal 
stability, attributed to the presence of heat-resistant 
biomolecules.

These findings underscore the dual advantage of AgNPs 
synthesized with G. stearothermophilus, combining high 
antioxidant activity with enhanced stability making them 
a promising alternative to plant- or lactobacilli- derived 
nanoparticles. Furthermore, AgNP0.5 demonstrated 
higher efficiency per unit of silver used, highlighting 
their potential as a more sustainable option for biomedi-
cal and environmental applications. Overall, these results 
emphasize the need to balance antioxidant activity with 
silver utilization efficiency, paving the way for further 
studies to optimize synthesis parameters and improve the 
efficacy of biosynthesized nanoparticles.

Effect of AgNPs on hemolysis rate
To assess the cytotoxicity of the nanoparticles, AgNP0.5 
and AgNP2.0, were evaluated in a hemolysis assay per-
formed using both human red blood cells and eryth-
rocytes from individuals with beta-thalassemia. In this 
assay, erythrocytes were incubated with varying concen-
trations of nanoparticles (25, 50, 75, and 100 µg/mL) and 
hemolysis was quantified by measuring the absorbance of 
hemoglobin at 540 nm after 2 h of incubation at 37 °C. As 
shown in Fig. 10, the hemolysis increased with nanopar-
ticle concentration but remained below 1% for both cell 
types; interestingly, these values always remained below 
the clinical safety threshold of 2% (Table 3), indicating 
that all the AgNP concentrations tested can be consid-
ered safe. However, thalassemic red blood cells showed 
greater susceptibility to AgNP exposure than healthy 
cells, likely due to their inherent structural fragility [43, 
81].

Overall, the hemolysis data confirms that both AgNP 
exhibit good hemocompatibility for either healthy or 
thalassemic cells after 2  h of incubation at 37  °C, high-
lighting their safety profile. The observed hemolysis 
rates were lower than those reported for pure metallic 
nanoparticles [44] which are known to induce cytotoxic-
ity and oxidative stress depending on their size, surface 
charge, and silver ions release. This improved biocom-
patibility can be attributed to the natural biomolecular 
coating of biological AgNPs able to enhance their safety; 
moreover, this feature makes them a promising candidate 
for biomedical applications without the need for addi-
tional surface interventions. Indeed, a common strategy 
to improve hemocompatibility and reduce hemolysis 
involves the functionalization of the nanoparticle sur-
face with organic molecules or polymers, which can also 
enhance other biological properties, such as the anti-
oxidant potential [82]. Combined with their potential 
as drug delivery systems, these findings underscore the 
effectiveness of AgNPs to maintain biological safety even 

Fig. 9  Antioxidant activity of AgNPs using DPPH and ABTS assays. Antioxidant activity of AgNP0.5 and AgNP2.0 evaluated using (a) DPPH and (b) ABTS 
assays, compared to secretome and Trolox as reference controls
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in diseased red blood cells, confirming their suitability 
for biomedical applications (Table 3).

Antibacterial efficacy of AgNPs
Bacteria and yeast viability assay
The bacterial viability assay was performed using the bac-
terial strains of S. aureus, P. aeruginosa, S. Typhimurium, 
L. monocytogens and C. albicans after 3- and 20-hours 
exposure with the AgNP0.5 and AgNP2.0. The bacteria 
without addition of AgNPs served as the control. Table 4 

Table 3  Hemolytic activity of healthy red blood cells (RBCs) and 
thalassemic red blood cells exposed to AgNP0.5 and AgNP2.0. 
Hemolysis percentages were measured at AgNP concentrations 
of 25, 50, 75, and 100 µg/mL, along with positive and negative 
controls. Data are presented as mean ± standard deviation, with 
experiments performed in triplicate. The table highlights the 
comparative hemolytic responses of healthy and thalassemic 
RBCs to varying AgNP concentrations

HEMOLYTIC ACTIVITY
Red Blood Cells Thalassae-

mic Red 
Blood Cells

Positive control 97.000 ± 0.500 98.2 ± 1.000
Negative control 0.130 ± 0.003 0.36 ± 0.005
25 µg/mL AgNP0.5 0.334 ± 0.005 0.467 ± 0.003
25 µg/mL AgNP2.0 0.381 ± 0.001 0.468 ± 0.010
50 µg/mL AgNP0.5 0.564 ± 0.004 0.672 ± 0.070
50 µg/mL AgNP2.0 0.556 ± 0.005 0.673 ± 0.007
75 µg/mL AgNP0.5 0.669 ± 0.003 0.801 ± 0.010
75 µg/mL AgNP2.0 0.570 ± 0.009 0.811 ± 0.090
100 µg/mL AgNP0.5 0.779 ± 0.100 0.91 ± 0.011
100 µg/mL AgNP2.0 0.782 ± 0.004 0.971 ± 0.007

Table 4  Die-off rate [%] of microorganisms tested at 3 and 20 h 
with AgNP0.5 and AgNP2.0.5 at 100 ug/ml
Die-off Rate [%]
Microorganism t1 (3 h) t2 (20 h)

AgNP0.5 AgNP2.0 AgNP0.5 AgNP2.0
Staphylococcus aureus 
ATCC® 6538

34.60 61.48 99.60 100.00

Pseudomonas aerugi-
nosa ATCC® 9027

100.00 96.02 100.00 100.00

Salmonella typhimuri-
um ATCC® 14,028

85.99 26.61 100.00 100.00

Listeria monocytogenes 
ATCC® 19,115

12.84 2.94 87.19 86.89

Candida albicans ATCC® 
14,053

36.78 36.48 85.75 95.58

Fig. 10  Hemocompatibility of AgNPs on normal and thalassemic RBCs. Hemolytic activity of AgNP0.5 and AgNP2.0 at concentrations of 25, 50, 75, and 
100 µg/mL on normal and β-thalassemic RBCs. Includes positive and negative controls. Mean ± SD from triplicates
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summarizes the data on the die-off rate at 3 and 20  h, 
while Fig.  11 shows the microbial concentrations at t1 
and t2 for the different microorganisms tested. The data 
show that after 3  h of contact, AgNP0.5 and AgNP2.0 
(applied at a nanoparticle concentration of 100  µg/

ml) do not affect microbial viability, except for P. aeru-
ginosa, which shows a 1-log reduction with AgNP2.0 
and a complete reduction with AgNP0.5. (Fig. 11 - (b)), 
and S. Typhimurium, which shows a 1-log reduc-
tion with AgNP0.5 (Fig. 11 - (c)). After 20 h of contact, 

Fig. 11  Antimicrobial activity of AgNPs against bacterial and yeast strains. Effect of AgNP0.5 and AgNP2.0 (100 µg/mL) on pathogens: (a) S. aureus, (b) P. 
aeruginosa, (c) S. Typhimurium, (d) L. monocytogenes, and (e) C. albicans. Data expressed as mean ± SE, with statistical significance
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complete elimination of S. aureus, P. aeruginosa and S. 
Typhimurium is observed, while the microbial load of L. 
monocytogenes and C. albicans is reduced by 1 log.

MIC of AgNPs
Based on the promising results obtained in in vitro tests 
on various microorganisms, the compounds were fur-
ther analyzed using the MIC test. The MIC test evaluates 

microbial viability as a function of the optical density 
detected. In order to determine the lowest concentra-
tion at which antimicrobial activity is still present, the 
compounds were tested at 50 and 25 µg/mL in addition 
to the 100 µg/mL concentration. Complete (100%) inhi-
bition was confirmed at 100  µg/mL for both AgNP0.5 
and AgNP2.0 against S. aureus (Fig.  12 - (a)). However, 
the lower the concentration of AgNP0.5 the weaker the 

Fig. 12  Dose-dependent antimicrobial activity of AgNPs. Antimicrobial activity of AgNP0.5 and AgNP2.0 (25, 50, and 100 µg/mL) against pathogens: 
(a) S. aureus, (b) P. aeruginosa, (c) S. Typhimurium, (d) L. monocytogenes, and (e) C. albicans. Significance levels indicated: *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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antimicrobial effect. The kill rate is 30% at 50 µg/mL and 
15% at 25  µg/mL. Conversely, AgNP2.0 retained high 
antimicrobial activity at 50 µg/mL, but the mortality rate 
decreased to 25% at 25 µg/mL. For P. aeruginosa (Fig. 12 
- (b)), the mortality rate decreased significantly at a con-
centration of 25 µg/mL, reaching 16% with AgNP0.5 and 
85% with AgNP2.0. A similar behaviour was observed 
for S. Typhimurium (Fig.  12 - (c)), where at a concen-
tration of 25  µg/mL the mortality rate was 50% for 
AgNP0.5 and 71% for AgNP2.0. In the case of L. mono-
cytogenes (Fig. 12 - (d)), AgNP0.5 were already ineffective 
at 50 µg/ml, whereas AgNP2.0 retained an antimicrobial 
effect with a die-off rate of 50% at 50 µg/ml and 16% at 
25 µg/ml. Finally, in the case of C. albicans (Fig. 12 - (e)), 
AgNP0.5 appeared to have a greater effect than AgNP2.0, 
with a die-off rate of around 80%. This is higher than 
that observed for the positive control AgNO3, which is 
around 50%. Overall, the results of the MIC and bacterial 
viability assays confirmed the strong antimicrobial and 
antifungal potential of AgNPs across the different micro-
organisms, highlighting variations in efficacy depending 
on concentration, exposure time, and microbial species. 
AgNPs showed the highest activity against P. aeruginosa, 
whereas L. monocytogenes was the most resistant. How-
ever, even L. monocytogenes and C. albicans, which dis-
played higher resilience, showed a significant reduction 
in microbial load, indicating that AgNPs remain effec-
tive against more resistant strains. In general, AgNP2.0 
exhibited greater antimicrobial activity compared to 
those synthesized with 0.5 mM, suggesting a dose-depen-
dent response. The only exception was observed for C. 
albicans, which showed unexpected higher sensitivity 
to AgNPs synthesized with the lowest precursor con-
centration. This result suggests that additional factors, 
such as specific interactions between the nanoparticles 
and microbial cells, may influence antimicrobial perfor-
mance. Importantly, when compared with data available 
in the literature, the AgNPs in this study demonstrate 
comparable or superior antimicrobial activity. For exam-
ple, Parvekar et al. [83], reported a MIC value of 625 µg/
ml for AgNPs against Staphylococcus aureus, whereas in 
our study, the MIC for this strain was 100 µg/mL. Simi-
lar comparisons can be drawn in another study, in which 
MIC values for spherical AgNPs ranged from 400 to 
800  µg/mL for pathogens such as E. coli and S. aureus 
[84]. In contrast, in this work AgNPs consistently exhib-
ited lower MIC values against the same strains, confirm-
ing their stronger antimicrobial potential. These findings 
align with the well-documented shape- and size-depen-
dent antimicrobial mechanisms of AgNPs and suggest 
that the physicochemical properties combined with the 
biological capping provided by the extremophilic secre-
tome may enhance interactions with microbial cells and 
promote membrane disruption.

Taken together, these results not only reinforce the 
broad-spectrum antimicrobial efficacy of silver nanopar-
ticles, but also highlight their potential applications in 
clinical, pharmaceutical, and environmental fields. Fur-
ther studies are necessary to enhance their selectivity and 
optimize treatment parameters, to ultimately support 
the development of targeted AgNP-based antimicrobial 
formulations.

Catalytic efficiency of AgNPs
Nanoparticle technology has emerged as a promis-
ing pre-treatment approach for wastewater treatment, 
facilitating the degradation of organic contaminants and 
improving their biodegradability for further downstream 
processing. Among the various nanocatalysts explored, 
biogenic nanoparticles synthesized using bacteria have 
demonstrated significant potential in environmental 
remediation.​ To address this issue, the catalytic efficiency 
of AgNPs was evaluated in the degradation of toxic com-
pounds, specifically Congo Red (CR) and 4-nitrophenol 
(4-NP) and the results are shown in Fig.  13. Without 
the addition of AgNPs, the degradation of both com-
pounds in the presence of the reducing agent NaBH₄ was 
extremely slow (Fig.  13a, d). This indicates that NaBH₄ 
alone is not sufficient to drive the reduction reaction effi-
ciently. Conversely, the addition of synthesized AgNP0.5 
and AgNP2.0 significantly accelerated the degradation 
of both CR and 4-NP, as evidenced by the rapid decline 
in the absorbance of their characteristic UV-Vis peaks 
(Fig.  13b-c, and 13e-f ) confirming their high catalytic 
activity.

In particular, the CR solution exhibited a strong ini-
tial absorbance between 400 and 500 nm, corresponding 
to the characteristic π-π transitions of the azo (-N = N-) 
bonds. Upon the addition of AgNPs, the reduction reac-
tion was markedly accelerated, leading to a gradual dis-
appearance of the absorbance peak and a visible color 
change from red to colorless within 20 min. This trans-
formation is attributed to the electron transfer from the 
borohydride ion (BH₄−), dissociated from NaBH₄, to the 
azo group of CR, a process facilitated by AgNPs acting as 
electron mediators.

Similarly, in the case of 4-NP, a strong absorbance peak 
at ~ 400  nm, characteristic of the nitro group (-NO₂), 
progressively decreased over time in the presence of 
AgNPs indicating the reduction of 4-NP to 4-aminophe-
nol (4-AP), whose absorption shifts towards lower wave-
lengths (~ 300 nm).

A study reported that copper oxide nanoparticles 
derived from Escherichia sp. were effective in treating 
textile wastewater, achieving 97.07% degradation of CR 
within 5  h under direct sunlight exposure [85]. In con-
trast, this study demonstrates that AgNPs catalyze the 
almost complete degradation of CR in much less time 
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i.e. within 20  min, showing their higher catalytic activ-
ity. The rapid electron transfer from NaBH₄ to the azo 
(-N = N-) bonds of CR, facilitated by AgNPs, led to an 
accelerated reduction reaction, making them a highly 
effective alternative for more rapid wastewater treat-
ment.​ Gold nanoparticles (AuNPs) derived from Pseu-
domonas lipolytica have also been investigated for their 
role in the decolorization of CR through an electron 
transfer mechanism mediated by NaBH₄. These studies 
indicated that AuNPs exhibited high catalytic efficiency 
for CR degradation compared to AgNPs, likely due to 
their superior electron transfer properties and surface 
stability [86]. However, our findings revealed that AgNPs 
successfully catalyzed the rapid reduction of CR within 
20  min, demonstrating comparable catalytic properties 
at a significantly lower cost. Several other nanocatalysts 
have been also investigated for 4-NP reduction, including 
AuNPs and palladium nanoparticles. AuNPs have been 
widely studied for their stability and efficiency in mediat-
ing electron transfer during 4-NP reduction. Also in this 
case, the high cost of gold limits its practical application 
[87].

To better understand the degradation mechanism, 
the reaction kinetics for CR and 4-NP were analyzed as 
a function of time, maintaining a constant temperature 
of 25  °C and using NaBH₄ in excess to prevent it from 
being the limiting factor. The role of AgNPs is impor-
tant in facilitating the transfer of electrons from BH₄− to 
the substrates promoting their reduction. Experimen-
tal data were fitted to three kinetic models: zero-, first-, 
and second-order. The analysis and the derived correla-
tion coefficient (R², Table S2) revealed that in both cases, 

the pseudo-zero-order model best describes the mecha-
nism and rate of catalytic degradation and is consistent 
with previous studies on the use of metal nanoparticles 
in the degradation of synthetic dyes. The results obtained 
underscore the tremendous potential of AgNP0.5 and 
AgNP2.0 in treating toxic compounds resistant to bio-
degradation. Their ability to accelerate reduction reac-
tions and transform hazardous molecules into less 
harmful products represents a significant step forward in 
the development of sustainable nanocatalysts.

Conclusions
This study presents the first complete physicochemical 
characterization of AgNPs biosynthesized using the cell-
free secretome of G. stearothermophilus GF16, a thermo-
philic and cadmium-resistant bacterium isolated from a 
hydrothermal volcanic area. By optimizing key synthe-
sis parameters such as silver nitrate concentration, tem-
perature, pH, and reaction time we demonstrated that 
G. stearothermophilus GF16 acts as a dynamic, flexible 
and efficient microbial chassis for the green production 
of AgNPs with controlled size, morphology, and surface 
properties.

A key strength of this system lies in its cost-effective-
ness and simplicity: nanoparticles were synthesized using 
only a basic, non-specialized growth medium, without 
the need for expensive inducers, complex additives, or 
nitrate supplementation. The secretome alone was suf-
ficient to drive reduction and stabilization, making the 
process highly sustainable and reproducible.

The resulting AgNPs exhibited an exceptional combi-
nation of functional properties: up to 79% DPPH and 75% 

Fig. 13  Catalytic degradation of CR and 4-NP by AgNPs. UV–Vis spectra showing CR (a, b, c) or 4-NP (d, e, f ) degradation in presence of NaBH₄: (a, d) con-
trol, (b, e) AgNP0.5 AgNP2.0, (c, f ) AgNP2.0. CR degradation was monitored over 20 min, while 4-NP degradation was monitored over 35 min
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ABTS scavenging activity, thermal stability up to 120 °C, 
and broad-spectrum antimicrobial efficacy, including 
complete inhibition of Staphylococcus aureus, Pseudomo-
nas aeruginosa, and Salmonella Typhimurium at 100 µg/
mL. In addition, catalytic degradation of Congo Red 
and 4-nitrophenol was achieved within 20 and 35  min, 
respectively. Notably, the AgNPs also demonstrated 
excellent hemocompatibility, with hemolysis rates below 
1%, even in β-thalassemic erythrocytes.

Altogether, our results confirm the scientific novelty 
and applied potential of using thermophilic secretomes 
as dual reducing and capping agents in nanomaterial syn-
thesis. G. stearothermophilus GF16 emerges as a robust, 
flexible, and eco-sustainable nanofactory, capable of pro-
ducing multifunctional AgNPs with superior antioxidant, 
antimicrobial, and catalytic performance compared to 
literature benchmarks. This platform paves the way for 
scalable applications in precision nanomedicine, green 
catalysis, and antimicrobial technologies, while con-
tributing to sustainable and low-impact innovation in 
nanobiotechnology. Future work will focus on cytotox-
icity evaluations in human cell lines to further establish 
the biocompatibility of these nanoparticles and sup-
port their advancement toward clinical and biomedical 
applications.
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