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Abstract

The evolution and rapid spread of multidrug-resistant (MDR) bacterial pathogens have become a major concern for human
health and demand the development of alternative antimicrobial agents to combat this emergent threat. Conventional intracel-
lular methods for producing metal nanoparticles (NPs) using whole-cell microorganisms have limitations, including binding
of NPs to cellular components, potential product loss, and environmental contamination. In contrast, this study introduces a
green, extracellular, and sustainable methodology for the bio-materialization of silver NPs (AgNPs) using renewable resource
cell-free yeast extract. These extracts serve as a sustainable, biogenic route for both reducing the metal precursor and stabiliz-
ing the surface of AgNPs. This method offers several advantages such as cost-effectiveness, environment-friendliness, ease
of synthesis, and scalability. HR-TEM imaging of the biosynthesized AgNPs revealed an isotropic growth route, resulting
in an average size of about~ 18 nm and shapes ranging from spherical to oval. Further characterization by FTIR and XPS
results revealed various functional groups, including carboxyl, hydroxyl, and amide contribute to enhanced colloidal stability.
AgNPs exhibited potent antibacterial activity against tested MDR strains, showing particularly high efficacy against Gram-
negative bacteria. These findings suggest their potential role in developing alternative treatments to address the growing
threat of antimicrobial resistance. Additionally, seed priming experiments demonstrated that pre-sowing treatment with
AgNPs improves both the germination rate and survival of Sorghum jowar and Zea mays seedlings.

Key points

e Yeast extract enables efficient, cost-effective, and eco-friendly AgNP synthesis.

e Biosynthesized AgNPs showed strong antibacterial activity against MDR bacteria.
e AgNPs boost seed germination and protect against seed-borne diseases.
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Introduction

From a historical perspective, antibiotics have served as
powerful tools in the fight against bacterial and fungal
pathogens (Torky et al. 2022). Although the rise of MDR
pathogens is a global phenomenon affecting humans, ani-
mals, and the environment, it is particularly prevalent in
response to conventional antibiotics (Sheikh et al. 2022).
Regrettably, the widespread availability of antibiotics has
led to their misuse and overuse, both in human healthcare
and veterinary medicine (Adebisi 2023). The inappropri-
ate use of antibiotics and their traces in environmental
settings accelerates the evolutionary pressures of selecting
antibiotic-resistant strains of bacteria, contributing to a
growing public health crisis (Agreles et al. 2022). In anti-
microbial resistance (AMR), bacterial pathogens evolve
different mechanisms that effectively neutralize antibiot-
ics, rendering standard treatments ineffective and leading
to prolonged, potentially fatal infections. Thus, AMR has
emerged as one of the most pressing public health crises,
leading to increased mortality and morbidity on a global
scale (Kumar et al. 2023b). Alarmingly, if current mitiga-
tion strategies fail, the death toll could rise to an estimated
10 million per year by 2050 (Ali et al. 2020). In addi-
tion, the development of new antibiotics has not kept pace
with the emergence of superbugs, due to a combination of
complex regulatory policies, lengthy clinical trials, and
fluctuating demand (Altarac et al. 2021). Failure to address
the growing threat of AMR could result in severe conse-
quences, including excessive burden on healthcare sys-
tems, extended hospital stays, increased treatment costs,
and threatened lives worldwide (Ayukekbong et al. 2017,
Dadgostar 2019). To confront this challenge and secure a
healthier future, there is an urgent need to accelerate the
discovery of new antibiotics, preserve the effectiveness of
existing ones, and innovate new classes of antibacterial
agents.

To counter the growing threat of AMR, nanomateri-
als have rapidly emerged as potential antibacterial agents,
with a surge in research and development activity (Hoch-
valdova et al. 2022). The field of antibacterial nanomateri-
als has seen a series of exciting advancements (Garg et al.
2022), as various nanomaterials have been validated for
their potent antibacterial properties against MDR bacte-
rial pathogens (Noorafsha et al. 2022). Nanoantibiotics,
including metal nanoparticles (Zheng et al. 2022) and
their nanocomposites (Chakraborty et al. 2022), exhibit
inherent antibacterial capabilities, positioning them as
promising alternatives to traditional antibiotics. Among
these, silver nanoparticles (AgNPs) have found applica-
tions in a variety of commercial products (Potter et al.
2019), water purification (Ghodake et al. 2020b), medical
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device disinfection (Deshmukh et al. 2019), and the fight
against MDR bacteria (Bano et al. 2023). The scope for
AgNPs in developing antibacterial applications continues
to expand in biomedical research (Pallavicini and Dacarro
2018), and prioritizing their safety becomes paramount,
especially when tackling the MDR issue.

In nanosynthesis, principles of “green chemistry” have
been established, aiming for bio-inspired designs that mini-
mize negative impacts on human health and the environment
(Shukla et al. 2008; Varjovi et al. 2023). By avoiding hazard-
ous chemicals and solvents, safer synthesis protocols can be
implemented, reducing the cytotoxicity of nanomedicines
(Ali et al. 2020; Iravani et al. 2014). Therefore, it is essential
to assess safer protocols for synthesizing AgNPs and pave
the way for innovative and effective antibacterial strategies,
addressing the urgent need to mitigate AMR. In addition,
improving the physicochemical properties and enhancing
the production of AgNPs through bio-materialization remain
areas of active research (Arif and Uddin 2021; Lethong-
kam et al. 2023). Currently, the microbial synthesis of metal
NPs, either through intracellular or extracellular methods,
has gained significant attention in the scientific community
(Ghosh et al. 2021). This involves a range of biosynthesis
methods that utilize microorganisms—such as bacteria,
fungi, yeast, and algae—as well as their extracts, which act
as reducing and passivating agents (Vidyasagar et al. 2023).

In particular, intracellular synthesis using whole-cell
microorganisms leads to the accumulation of metal ions
within the cytoplasm. This is typically followed by the
reduction of metal precursors, resulting in the formation of
zero-valent NPs or the uptake of existing NPs (Augustine
et al. 2020). This approach often leads to strong binding of
NPs to cellular components (Arif and Uddin 2021), needing
extensive downstream processing like ultrasonication or the
use of detergents for purification (Bahrulolum et al. 2021).
Such methods can potentially result in the loss of nanoprod-
ucts and environmental contamination (Hulkoti and Taranath
2014). Among the various biological methods, extracellular
biosynthesis using cell-free extracts has received consider-
able attention, as it aligns more closely with green chemistry
principles (Shukla et al. 2008). Furthermore, extracellular
biosynthesis generally follows facile, cost-effective, energy-
efficient, and safer protocols, facilitating ease of synthesis
and purification with minimal downstream processing (Sara-
vana Kumar et al. 2015).

This biosynthesis method relies on the reduction capabili-
ties of biomolecules present in the cell-free yeast extracts,
which collectively contribute to the effective conversion
of Ag salts into AgNPs. By utilizing renewable and natu-
ral food-grade, cell-free yeast extracts, this method aligns
with the principles of green chemistry. To obtain a safe and
potent antibacterial agent, the impact of various synthesis
parameters was evaluated systematically, including pH,
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concentration of AgNO;, and the amount of yeast extract, on
the yield and optical properties of the AgNPs. The colloidal
dispersions of AgNPs prepared using yeast extract remain
stable due to multiple biomolecules that serve as excel-
lent passivating agents, providing robust protection against
undesirable aggregation. The biomolecules involved in cap-
ping the AgNPs possess nutritional content that is thought
to potentially attract bacterial pathogens, thereby offering
the possibility of addressing the challenges posed by AMR.
Implementing AgNP-based seed priming provides a sustain-
able alternative to chemical treatments, reduces dependence
on synthetic or hazardous agrochemicals, and supports envi-
ronment-friendly seed treatment agents.

Materials and methods
Materials

Silver nitrate, Gram’s iodine solution, poly-L-lysine, glu-
taraldehyde, and crystal violet reagent were procured from
Sigma-Aldrich Chemicals. A standard solution of sodium
hydroxide (NaOH, 1 M) and phosphate buffer was acquired
from Bio-sensing Chemicals in Daejeon, Korea. Analytical-
grade dried powder of nutrient broth, cell-free yeast extracts,
and agar powder were obtained from Becton Dickinson
Chemicals. MDR bacterial strains, including gram-positive
Staphylococcus aureus [KCCM 11335] and gram-negative
Escherichia coli [KCCM 11234], were purchased from the
Korean Culture Center of Microorganisms (Seoul, Korea).
Nanopure distilled water (DI) was sourced from a Thermo
Scientific apparatus and was used for reagent preparation
and AgNP biosynthesis.

Biosynthesis of AgNPs

Cell-free yeast extract (Saccharomyces cerevisiae) is a
hydrolysate of the water-soluble fraction of biomolecules,
which include partially degraded nucleic acids, proteins,
and peptides (Tao et al. 2023). This mixture of nutrients is
commonly used as a nitrogen source in microbial growth
media because it contains nucleic acids, peptides, amino
acids, carbohydrates, vitamins, and minerals (Tomé 2021).
In this study, we propose using yeast extract—rich in diverse
biomolecules with functional groups such as carboxyl,
hydroxyl, amino, and thiol—to advance the biosynthesis
of AgNPs (Heuer-Jungemann et al. 2019). A stock solu-
tion of yeast extract, with a concentration of about 0.4%
(wt/v), was dissolved in DI water. This solution was gen-
tly mixed and used freshly in the AgNP synthesis experi-
ments. The effects of various biosynthesis parameters were
examined in a 10 mL reaction mixture at 65 °C for 24 h.
This includes examining the influence of pH, yeast extract

concentration, and the metal precursor AgNO; to achieve
desired optical and structural properties, enhance yield, and
improve the stability of colloidal dispersions. The influence
of alkaline pH was assessed by formulating reaction solu-
tions with increasing NaOH concentration range from 0.5 to
6 mM while keeping the cell-free yeast extract concentration
(0.05% wt/v) and AgNO; (0.5 mM) constant. To investigate
the influence of cell-free yeast extract, we systematically
increased its initial concentration in a range from 0.004 to
0.16% (w/v), while maintaining constant concentrations
of NaOH (2 mM) and AgNO; (0.5 mM). Furthermore,
the kinetics of AgNP production and the efficiency of the
method were assessed using initial AgNO; concentration
ranging from 0.5 mM to 3.0 mM, while keeping the con-
centrations of NaOH and yeast extract constant at 2 mM and
0.05% w/v, respectively. Finally, biosynthesis of AgNPs was
conducted using the optimized reaction conditions (NaOH
(2 mM), yeast extract (0.05% w/v), and AgNO; (0.5 mM)),
adhering to the principles of green chemistry. The biosyn-
thesized AgNPs under optimal conditions were systemati-
cally characterized and used to evaluate their antibacterial
and seed-priming applications.

Characterization of AgNPs

UV-Vis absorbance spectroscopy of AgNP samples was
examined using a UV-Vis spectrophotometer (Optizen
2120, Mecasys, South Korea). Samples with varying con-
centrations of AgNO; were carefully diluted with DI water
at a ratio of about 0.2:0.8 (AgNPs to DI water) before
measurements. Imaging of AgNPs and their selected area
electron diffraction (SAED) pattern was performed using
a high-resolution transmission electron microscope (HR-
TEM) Technai G2 instrument (Ames Laboratory, Ames,
Iowa). For HR-TEM analysis, 20 puL suspension of AgNPs
was carefully drop-cast onto Formvar carbon-coated copper
grids (Ted Pella Inc.) to prepare the samples. X-ray photo-
electron spectroscopy (XPS) was carried out using a Thermo
Fisher Scientific instrument to examine the oxidation state
and surface chemistry of the AgNPs. Survey spectra and
core-level XPS spectra for Ag (3d), O (1 s), and N (1 s) were
recorded on the Theta Probe Angle-Resolved-XPS System.
The C (1 s) line with a binding energy of 284.5 eV served as
an internal reference for calibration purposes. Fourier-trans-
form infrared spectroscopy (FTIR) of cell-free yeast extract
powder and AgNP samples was recorded using attenuated
total reflectance equipment from Thermo Fisher Scientific.
X-ray diffraction (XRD) investigation was performed on
thin films of AgNPs with a PANalytical X’Pert Pro diffrac-
tometer. These characterization techniques allowed for a
comprehensive analysis of the AgNPs, including their size,
morphology, crystal structure, chemical composition, and
surface chemistry.
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Bacterial cell culture

The antibacterial efficacy of AgNPs was assessed using
MDR strains using various microbiology methods, includ-
ing cell viability assays, colony-forming unit (CFU) counts,
disk diffusion tests, and morphological imaging. To begin
the experiments, bacterial strains were plated on nutrient
agar and incubated at 37 °C for a period of 24 h. Subse-
quently, cells harvested from these cultures were introduced
into a nutrient broth. The resulting bacterial cultures were
allowed to grow in a shaking incubator at 120 rpm and 37 °C
until reaching the early stationary growth phase. Cultures
were then separated by centrifuging at a speed of 7000 rpm
for 5 min. The resulting bacterial pellet was then carefully
resuspended in a sterile phosphate buffer (50 mM, pH 7.2).
This suspension was immediately used to prepare an inocu-
lum with a cell concentration of about 2 x 10° CFU/mL.

Bacterial cell viability assay

Cell viability assays were conducted to examine the effects
of AgNPs on the viability of the bacterial strains being
tested. AgNPs were added to sterile LB broth for S. aureus
and NB broth for E. coli at varying concentrations—from
1 to 20 ppm for a narrow concentration range, and 20 to
200 ppm for a broad concentration range. Fresh cultures of
the bacterial pathogens under study were inoculated into
their respective treatment samples. These treated bacte-
rial cells were then incubated under shaking conditions at
120 rpm and 37 °C. Turbidity measurements were conducted
three times at a 600-nm wavelength utilizing an ELISA
reader from Tecan, Minnedorf, Switzerland. Statistical
analysis of the collected data was carried out via one-way
ANOVA. The lowest concentration of AgNPs that inhibited
bacterial growth was identified as the minimal inhibitory
concentration (MIC). The turbidity assay allowed for the
measurement of cell density and provided an estimate of
bacterial growth and viability. The assay was performed
using sterile cell-free yeast extracts under identical culture
conditions to serve as a negative control. No turbidity in the
treated samples indicated diminished bacterial cell viability,
likely due to the inhibitory effects of AgNPs on bacterial
growth.

Colony count assay

The antibacterial efficiency of the AgNPs was measured
using the colony count method. Bacterial cultures in the
early stationary phase were separately incubated with
AgNPs at concentrations ranging from 30 to 100 ppm for
4 h at 37 °C. After the bacterial cultures underwent treat-
ment, 150 pL samples were uniformly applied to nutrient
agar surfaces and subjected to a 24-h incubation period at
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a temperature of 37 °C in a static environment. To evaluate
antibacterial effects, the visible bacterial CFUs on the nutri-
ent agar plates were counted. The colony count provides an
estimate of viable bacterial cells that were able to grow and
form visible colonies on the agar surface. Bacterial cells
seeded onto sterile nutrient agar plates without any antibac-
terial agents served as negative controls. The relative CFU
reduction (%) was calculated using an equation previously
reported by Shao et al. to quantify the decrease in CFU rela-
tive to the negative control group (Shao et al. 2015).

Relative CFU killing (%)= (1 — number of colonies
on AgNP-treated plates/number of colonies on control
plates) x 100.

Disc diffusion assay

The inhibitory effects of the biosynthesized AgNPs on bac-
terial growth were evaluated using the zone of inhibition
method. Paper discs were prepared and loaded with 50 uL
of aqueous AgNP dispersions at varying concentrations (10,
20, 30, 50, 100, and 200 ppm). These discs were then dried
and sterilized under a UV lamp for 45 min. To begin the
assay, nutrient agar plates were inoculated with test bacteria
at a cell density of about 1x 10° CFU per plate by evenly
spreading the inoculum. AgNP-treated and sterilized discs
were carefully inoculated, while sterile water-treated paper
discs served as negative controls. The discs were placed
carefully and ensured direct contact between the AgNPs and
the bacterial culture. The nutrient agar plates, with the discs
in place, were incubated under static conditions for 24 h at
37 °C. After this period, the inhibitory effects of the biosyn-
thesized AgNPs on bacterial growth became evident as clear
zones around the discs. These clear zones represent areas
where bacterial growth was inhibited due to the antimicro-
bial properties of the AgNPs. The diameters of these zones
of inhibition around each disc were recorded to evaluate the
antimicrobial effectiveness of the AgNPs against bacterial
pathogens.

Bacterial cells imaging

Optical microscopy and FE-SEM techniques were used to
examine the morphological changes in bacterial cells fol-
lowing treatment with AgNPs. Bacterial cells in the early
stationary growth phase were treated with AgNPs at below
minimum inhibitory concentration of about 30 ppm and then
subjected to gram staining according to established protocols
(Ghodake et al. 2020a). Images of the AgNP-treated and
gram-stained bacterial cells were captured using an optical
microscope. This allowed for the assessment of any changes
in cell morphology and shape induced by AgNP treatment.
The gram staining procedure enabled optical visualization of
morphological changes caused by the AgNPs. Bacterial cells
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grown in a sterile culture medium without any antibacterial
agents served as negative controls. Additionally, FE-SEM
was employed to further investigate the morphological alter-
ations in the tested bacteria. To prepare the samples, treated
bacterial cells were fixed in a 2.5% glutaraldehyde solution
and mounted on poly-L-lysine-coated coverslips. The fixed
bacterial samples underwent a dehydration process using
progressively higher concentrations of analytical-grade etha-
nol (ranging from 20 to 100%). Following drying, the speci-
mens were coated with a thin layer of platinum and then sub-
jected to imaging at multiple points using an FE-SEM from
Hitachi S-4700, Tokyo, Japan. Both optical microscopy and
FE-SEM were utilized to assess the morphological altera-
tions in bacterial cells caused by AgNP treatment.

Seed priming studies

Two types of seeds, Sorghum jowar and Zea mays, were
subjected to seed priming using various concentrations of
AgNPs as the nano-priming agent. The priming process
involved soaking the seeds in 10 mL of AgNP (10, 20, 30,
40, 50, 60, or 70 ppm) solution under dark conditions for
12 h at 24 °C. After priming, the treated seeds were care-
fully rinsed with DI water and dried at room temperature.
To assess the effects of nano-priming on seed germination,
germination assays were conducted in an incubator under
alternating dark/light cycles of 12 h each at a temperature
of 30 °C. Both control (unprimed) seeds and AgNP-primed
seeds were included in the study. Petri dishes were prepared,
each containing 20 seeds, and each variable was replicated
at least four times. A seed with an emerged radicle measur-
ing about 1.5 mm or more was considered fully germinated.
The count of visibly germinated seeds was recorded over a
72-h period. To evaluate the impact of nano-priming, sev-
eral germination parameters were examined, including the
time taken for 50% germination, germination percentage,
and mean germination time, as previously reported (Acha-
rya et al. 2020). These parameters provided insights into
the effects of AgNP-based nano-priming on the germina-
tion performance of the treated seeds. Overall, seed priming

Fig. 1 Effect of pH. a UV-Vis

with AgNPs offers a promising strategy for improving seed
germination rates, seedling vigor, and management of seed-
borne diseases in agriculture. This approach aligns with the
goals of sustainable and environment-friendly practices,
while also providing cost-effective solutions to farmers.

Results
Biosynthesis of AgNPs

This study, established a safer and more sustainable method
for producing AgNPs, exploiting cell-free yeast extract
as a benign and renewable resource to effectively reduce
the silver precursor and stabilize the AgNPs. Initially, we
attempted to synthesize AgNPs under alkaline and low-tem-
perature conditions (25 to 45 °C). While these temperature
conditions did yield AgNPs, the reaction rate was slow, and
there was a propensity for producing mixed- or large-sized
AgNPs. To address this challenge, we improved the reaction
rate and tuned isotropic growth by elevating the tempera-
ture conditions to about 65 °C, while maintaining an alka-
line environment. This strategic adjustment facilitated the
classical nucleation and growth route, resulting in the more
consistent and uniform formation of AgNPs. The effect of
synthesis parameters—such as pH, cell-free yeast extract,
and AgNOj; concentration—were systematically evaluated
under temperature conditions of about 65 °C. The optical
properties and yield analysis of the resulting AgNPs were
characterized by monitoring UV—vis spectrums.

When the synthesis process proceeded without NaOH, no
evidence of AgNP formation was observed. UV-vis spec-
tra of the AgNPs were examined by changes in the plas-
mon wavelength (Amax) and plasmon bandwidth (A4) as a
function of NaOH concentration. Typically, characteristic
surface plasmon resonance (SPR) peaks emerged around
420 nm, with minor redshift at elevated NaOH concentra-
tions (Fig. 1a). This observation highlights the crucial role
of an alkaline pH in enhancing the yield of AgNPs effec-
tively. The slight shift in the UV—vis spectra toward a larger
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wavelength can be linked to a minor increase in the size or
change in density of the AgNPs (Peng et al. 2010). Among
the increasing molar ratios of NaOH evaluated, 2 mM NaOH
was found to be the optimal concentration, producing the
highest yield without compromising the physiochemical
properties of the AgNPs—even with an excess of NaOH up
to 6 mM (Fig. 1b). These findings underscore the significant
role that the presence of a dilute NaOH solution plays in
the biosynthetic process. This enables deprotonation of the
functional groups in the biomolecules of the cell-free yeast
extract, which in turn efficiently reduces AgNO; and stabi-
lizes the AgNP surfaces, as described by (Jian et al. 2016).
The effect of dilute NaOH in the synthesis of AgNPs using
this method reveals it is advantageous in tuning the desired
classical nucleation and growth route, as reported by (Thanh
et al. 2014).

The influence of cell-free yeast extract on the control-
ling optical properties and yield of AgNPs was explored, as
shown in Fig. 2. It displays a single, narrow, and character-
istic SPR band with minor shifts, observed at an absorbance
wavelength of 420 nm for tested cell-free yeast extract con-
centrations (Fig. 2a). Notably, the SPR band showed mini-
mal broadening or shifting, which suggests that the optical
properties were consistent and that the newly formed AgNPs
were in a stable colloidal dispersion. The consistency in the
optical properties of AgNPs indicates that cell-free yeast
extract plays a vital role in increasing the yield of AgNPs.

The yield of AgNPs showed a linear increase as the con-
centration of cell-free yeast extract increased. Interestingly,
even at higher concentrations of cell-free yeast extract, no
adverse effects were observed on either the optical proper-
ties or the dispersion of AgNPs. Figure 2b demonstrates an
improvement in the absorbance intensity of AgNPs as the
cell-free yeast extract concentration ranges from 0.004 to
0.04% (w/v). The highest yield of AgNPs was attained at a
relatively low concentration of 0.04% (w/v) of cell-free yeast
extract. These results highlight the crucial role of optimal
concentration cell-free yeast extract in influencing both the
optical properties and the yield of AgNPs. This observa-
tion also provides valuable insights into the importance of
optimizing reaction parameters for the given biosynthesis
process. Such optimization helps in minimizing the genera-
tion of byproducts and aligns with the principles of green
chemistry (Kim et al. 2017).

Production kinetics of the biosynthesis process was also
conducted spectrophotometrically as a function of the metal
precursor, AgNO;. Figure 3 displays the minor changes
in UV-vis spectra and yield of AgNPs across a range of
AgNO; concentrations. These changes were observed after
diluting the reaction sample with DI water in 0.2:0.8 mL. In
the concentration spectrum from 0.5 to 1.5 mM of AgNO;, a
narrow and characteristic SPR peak appeared at 420 nm (as
seen in Fig. 3a). At elevated initial concentrations of AgNO,
between 2 and 3 mM, the SPR band showed a noticeable
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shift toward the larger wavelength of about 440 nm. This
redshift of 20 nm for the 2 to 3 mM AgNOj; concentrations
suggests that an excess of metal precursor results in changes
in the size and density of the AgNPs. Absorbance inten-
sity monitored at 420 nm exhibited a linear increase with
increasing initial AgNO; concentration, ranging from 0.5
to 2 mM (Fig. 3b). This linear correlation in the change in
absorbance was noted after substantial dilution, indicating
successfully achieving high-density suspensions of colloidal
AgNPs. Overall, these observations suggest that the AgNPs
formed are free from undesirable aggregates as demonstrates
isotropic and stable characteristics. These findings offer val-
uable insights into the efficiency of the developed method for
bio-materializing higher initial concentrations of AgNO3,
without compromising the desired physicochemical proper-
ties of the resulting AgNPs.

Characterization of AgNPs

Adhering to the principles of green chemistry, biosynthe-
sis of AgNPs was conducted using the optimized reaction
conditions (NaOH (2 mM), yeast extract (0.05% w/v), and
AgNO; (0.5 mM)). The biosynthesized AgNPs under these

Fig.4 Characterization of a
HR-TEM image of the bio-
synthesized AgNPs, b Lattice
fringe image of the biosynthe-
sized AgNPs, ¢ SAED pattern
of biosynthesized AgNPs, and d
XRD spectra of biosynthesized
AgNPs

optimal conditions were systematically characterized and
used for evaluating their antibacterial and seed-priming
applications. HR-TEM was employed to investigate the
size, shape, and dispersity of the synthesized AgNPs. HR-
TEM images revealed that the NPs were nanoscale and
exhibited high dispersity, indicating that the synthesis
process was well-controlled and yielded uniform AgNPs.
As shown in Fig. 4a, the AgNPs predominantly appear
in spherical to oval shapes with sizes ranging from 5 to
30 nm. The average size was found to be about~ 18 nm.
Moreover, the HR-TEM images showcased a high degree
of crystallinity within the AgNPs, as evidenced by the
presence of well-defined lattice fringes (Fig. 4b). These
lattice fringes correspond to the crystallographic planes
within the AgNPs structure, further confirming the crystal-
line nature of the AgNPs. SAED pattern was used to cor-
roborate the crystalline structure of the AgNPs (Fig. 4c).
The SAED pattern featured distinct diffraction spots,
indicative of the complete reduction of Ag(+) ions to
form crystalline Ag(0) NPs. The diffraction pattern also
displayed well-defined concentric rings, each corresponds
to different sets of crystallographic planes in the AgNPs.
In particular, the inner circle is associated with the (111)
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crystallographic orientation, and the external circle aligns
with the (311) orientation. The spacing between these
concentric rings in the SAED pattern provides important
insights into the interatomic distances within the crystal
lattice structure of the AgNPs (Fig. 4b, c). These results
were further substantiated by XRD spectral analysis,
which reinforces the findings from HR-TEM and SAED
patterns.

XRD spectral analysis provided valuable insights into the
crystal structures and phase composition of the biosynthe-
sized AgNPs. The XRD pattern displayed a series of distinct
and well-defined peaks corresponding to specific diffrac-
tion angles (20). These angles, specifically 38.06°, 44.51°,
64.57°, and 77.28° (as seen in Fig. 4d) were identified from
the crystallographic planes as of (111), (200), (220), and
(311), respectively. The correlation between the diffraction
angles and crystallographic planes is based on their unique
positions and intensities within the pattern. One of the strik-
ing features of the XRD spectrum was the presence of sharp
and well-defined peaks, revealing a high degree of crystal-
linity within the AgNPs. These results suggest that the high
crystallinity of the obtained AgNPs can be a critical factor in
determining their physicochemical properties and potential
applications. To further look into the characteristics of the
biosynthesized AgNPs, the crystallite size was determined
using Scherrer’s formula for the most prominent peak in the
XRD pattern, which corresponds to the (111) plane, yields
an estimated crystallite size of about~28 nm. Interestingly,
this result correlates with the average particle size (~ 18 nm)
revealed from the HR-TEM images (Fig. 4a).

FTIR spectra serve to identify and analyze the functional
groups that participate in both the formation and stabiliza-
tion of AgNPs. In the spectra obtained from the cell-free
yeast extract, distinct signature peaks were evident. Specifi-
cally, a peak at 3380 cm™' corresponds to the hydroxyl func-
tional groups, while a peak at 1640 was attributed to amide
functional groups (as seen in Fig. S1a). However, upon the
capping of cell-free yeast extract to the AgNPs, notable
changes were observed in the FTIR spectra. One of the most
prominent changes was the disappearance of the amide peak
at 1640 cm™!, which usually reveals peptide involvement
(Kim et al. 2023). The peak in the amide region is gener-
ally associated with the vibrations arising from the C=0
(carbonyl) symmetric stretching and — NH (amine) asym-
metric bending in peptides or proteins (Pérez et al. 2011).
The appearance of a prominent peak at 1420 cm™' signi-
fies deprotonation events and suggests enhanced bonding
interactions between the peptides from cell-free yeast extract
and the surface of AgNPs. Essentially, the shift in this peak
could suggest that the yeast extract facilitates the reduc-
tion of AgNO; and stabilizes the AgNPs through surface
modification. Additionally, minor changes were observed
in the fingerprint region, specifically in the range of 1200
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to 800 cm™~!. Changes in peak intensities within this region
could suggest the involvement of amino acid side chains in
stabilizing and interacting with the AgNPs.

The XPS evaluation offered a detailed insight into the con-
stituent elements and their respective chemical states, which
include Ag(3d), N(1 s), O(1 s), and C(1 s). Characteristic
peaks at distinct electron binding energies were identified as
follows: C(1 s) at 284.70 eV, Ag(3d) at 373.39/367.25 eV,
N(1 s) at 399.3 eV, and O(1 s) at 531.12 eV (as shown in
Fig. S1b). The data relates to Ag3d;,, and Ag3ds,,, show-
ing a spin—orbit separation of around 6.14 eV, verifying the
successful generation of zero-valent AgNPs (Fig. 5a). The
dominant peak for O(1 s) at 531.12 eV, is attributed to the
oxygen atoms of deprotonated carbonyl groups (C=0) from
the yeast extract that capped the AgNPs (Fig. 5b). A minor
peak was noticed at 535.5 eV, which is likely due to the oxy-
gen atoms from hydroxyl groups (—OH) in the side chains
of peptides or other biomolecules. Strong peaks for N(1 s)
at399.3 eV and C(1 s) at 284.70 eV further demonstrate the
presence of functional groups in peptides that effectively
stabilize the AgNP surfaces (refer to Fig. Sc and d).

Antibacterial activity

Herein, we investigated the antibacterial properties of
AgNPs against MDR pathogens, specifically E. coli (KCCM
11234) and S. aureus (KCCM 11335). Turbidity assays were
employed to monitor bacterial growth following incubation
with AgNPs at varying concentrations ranging from 1 to
20 ppm for preliminary testing and then extending to 20
to 200 ppm for extensive assays, conducted at 37 °C. The
data revealed interesting patterns in the antibacterial effi-
cacy of the AgNPs. For S. aureus, the results indicated a
modest suppression of bacterial growth as the concentra-
tion of AgNPs increased within a narrow range (Fig. 6a).
A more pronounced reduction in S. aureus growth was
observed when the concentration reached 50 ppm (50 ug/
mL) of AgNPs (Fig. 6b). In contrast, E. coli exhibited a
stronger sensitivity to AgNPs within identical narrow con-
centration range (Fig. 6¢). Remarkably, complete inhibition
of E. coli growth was achieved at a concentration of 50 ppm
of AgNPs (Fig. 6d). The MIC, the lowest concentration of
AgNPs required to inhibit visible bacterial growth, was esti-
mated to be 30 ppm and 50 ppm for E. coli and S. aureus,
respectively. However, negative control exhibited high tur-
bidity, confirming the presence of biosynthesized AgNPs
effectively inhibits bacterial growth.

The antibacterial capabilities of AgNPs were examined
using the disc diffusion technique. In this method, filter
paper discs soaked with varying concentrations of AgNPs
were placed onto nutrient agar plates seeded with the target
bacteria—either E. coli or S. aureus. To evaluate the degree
of bacterial growth suppression, the plates were incubated
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at 37 °C and for a 24-h period under static conditions. The
absence of visible bacterial growth surrounding the AgNP-
impregnated discs served as a clear indicator of the antibac-
terial efficacy of AgNPs. Figures S2a and b visually compare
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200 30 50
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the zones of inhibition (ZOI) against both tested bacterial
strains at different AgNP concentrations, ranging from 10
to 200 ppm. Notably, a trend was observed where the size
of the ZOI increased in a concentration-dependent manner.
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Among the tested strains, S. aureus exhibited a marginally
smaller ZOI at each tested dosage of AgNPs when compared
to E. coli. This could potentially suggest that E. coli is more
sensitive to AgNPs, possibly due to a mode of action that
is particularly effective against gram-negative bacteria. The
effectiveness of the tested concentrations of AgNPs in inhib-
iting bacterial growth was further supported by the findings
from the colony count assays.

To further examine the antibacterial efficacy of AgNPs,
additional experiments were performed using the colony
count assay at varying concentrations of AgNPs. The
resulting data, shown in Fig. S3a demonstrate colony count
results. Notably, around 65% of S. aureus colonies were
inhibited at a concentration of 50 ppm of AgNPs, whereas
AgNPs reached 100 ppm, and bactericidal efficiency reached
near-complete inhibition. In the case of E. coli, as shown in
Fig. S3b, the bacteria exhibited a very high sensitivity to
AgNPs; a 100% killing efficiency was observed at a rela-
tively low concentration of 50 ppm. This sharp decline in
bacterial viability suggests that E. coli is more susceptible to
AgNP treatment at lower concentrations. From the findings,
the least amount of AgNPs needed to fully halt bacterial
proliferation was determined, referred to as the minimum
bactericidal concentration (MBC). For E. coli, the MBC was
determined to be 50 ppm, whereas for S. aureus, it was found
to be 100 ppm. These findings are crucial for understanding
the optimal concentrations needed for effective antibacte-
rial applications involving AgNPs. These results serve as a
standard for comparing the sensitivities of various other bac-
terial strains to the AgNP treatment, thereby offering valu-
able insights for both future research and potential clinical
applications.

Imaging bacterial morphology

To gain deeper insights into the impact of AgNPs on bacte-
rial morphology, both the S. aureus and E. coli cells were
treated with a 30 ppm concentration of AgNPs and then sub-
jected to Gram staining and microscopic examination. In the
untreated control groups, both bacterial species maintained
their typical morphologies; S. aureus cells appeared dark
violet, indicative of an intact, gram-positive cell wall, while
E. coli cells appeared pink, suggesting an intact, gram-neg-
ative cell membrane (Fig. S4a and b). However, upon treat-
ment with AgNPs, morphological changes were observed in
both bacterial types. For S. aureus, cells treated with AgNPs
showed substantial aggregates, likely indicating cell death.
Moreover, the cellular debris scattered around aggregates
appeared in shades of pale yellow and blue, contrasting the
sharp dark violet color of healthy, untreated cells (Fig. S4c).
On the other hand, the E. coli cells presented a different set
of morphological changes upon AgNP treatment. Unlike the
dark pink color of the untreated cells, which is indicative
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of healthy, gram-negative membranes, the AgNP-treated E.
coli cells, showed a much pale coloration. This suggests that
in the presence of AgNPs, bacterial cells experience com-
promised membrane integrity, which could potentially lead
to cell death or significant cellular stress (Fig. S4b and d).

The use of FESEM offered a more clear perspective
on the bactericidal action of AgNPs at the cellular level.
In the control samples, S. aureus cells exhibited their typi-
cal, spherical morphology, complete with smooth, intact
cell walls (Fig. 7a). These images served as baselines for
assessing the extent of cell damage post-AgNPs exposure. In
contrast, the S. aureus cells treated with 30 ppm of AgNPs
showed severely compromised cell walls, irregular broken
cell membranes, and other forms of damage (Fig. 7b). This
led to a noticeable change in the size and shape of cells, with
apparent cytoplasm leakage, suggesting the likely collapse
internal osmotic balance of the bacterial cells. E. coli cells
in the control group also presented their characteristic rod-
like shape and healthy cell walls (Fig. 7c). FESEM images
of E. coli exposed to AgNPs were evident of damaged and
fractured cell walls (Fig. 7d). Like S. aureus, these cells
also displayed severe membrane damage and deformities.
The formerly smooth and rod-shaped E. coli cells transform
into physically disrupted structures, suggesting that AgNPs
exert their antibacterial effects by compromising cell mem-
brane integrity, which leads to either bacterial cell death or
significant cellular stress.

Seed priming results

The study further extended its focus to explore the appli-
cations of AgNPs beyond their antibacterial properties,
particularly investigating their potential as nano-priming
agents in agriculture. Two model crops were chosen for the
investigation—Sorghum jowar and Zea mays. The goal was
to assess whether AgNPs could enhance seed germination
rates and seedling vigor. Compared to the control group
(unprimed seeds), seeds primed with AgNPs (10 to 70 ppm)
displayed a higher mean germination time and germination
rate for both crop types. This highlights the effectiveness of
AgNPs as nano-priming agents in enhancing the germination
process. Specifically, in Sorghum jowar, seeds treated with
30 ppm of AgNPs showed a substantial improvement in ger-
mination performance. As indicated in Fig. 8a, these seeds
germinated faster than those in the control group. When the
concentration of AgNPs was increased to 40 ppm, the seeds
achieved a 50% germination rate in a significantly shorter
period and maximum seed germination percentage com-
pared to the control group (Fig. 8a). The average seed ger-
mination percentages for Sorghum jowar seeds treated with
50 ppm, 60 ppm, and 70 ppm of AgNPs were 95%, 94%, and
96%, respectively. These rates are comparatively positive to
a germination rate of about 63% observed in the non-primed
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seeds. These results demonstrate the effectiveness of AgNPs
as nano-priming agents in the range of the tested concentra-
tions. Firstly, AgNPs, at relatively low concentrations, can
act as effective seed priming agents, enhancing the overall
efficiency of seed germination. Secondly, the data indicates
that even a slight increase in the AgNP concentration (from
30 to 40 ppm in this case) can make a noticeable difference
in the speed and percentage of germination, pointing to a
concentration-dependent effect.

The investigation into the potential of AgNPs as seed
priming agents also involved experiments with Zea mays.
Similar to the findings in Sorghum jowar, the study found
that the germination of Zea mays seeds was also enhanced
through AgNP priming. A concentration-dependent effect
was not observed, confirming that the AgNPs play a pivotal
role in influencing seed germination rates. Specifically, when
the Zea mays seeds were treated with 60 ppm and 70 ppm

concentrations of AgNPs, the germination percentage
reached the maximum. This is a significant boost, especially
when compared to the germination percentage of non-treated
seeds, which was only around 60% (as indicated in Fig. 8b).
It is worth noting that while the overall seedling growth was
comparable between the primed and unprimed seeds, the
germination percentage was improved in the AgNP-primed
group. One of the critical outcomes of this study was the
absence of any observable toxicity at the tested concentra-
tions of AgNPs. This suggests that the use of AgNPs as
nano-priming agents is likely to be a safe practice under
the tested concentrations. The results suggest nano-priming
technique has the potential to act as a protective measure
against seed-borne pathogens and diseases, thereby serv-
ing as a two-fold benefit—improved germination and crop
protection. Further research and real-world application of
NP-based seed priming approaches are advised to maximize
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the benefits of promising nanotechnological innovations in
modern agricultural practices.

Discussion

The optimization of reaction parameters—such as pH, yeast
extract concentration, and the AgNO; precursor ratio—was
systematically investigated using UV—vis spectroscopy. This
optimization aimed to identify the most favorable conditions
that would maximize the yield of AgNPs while minimizing
the formation of undesirable by-products. Implementation of
green chemistry principles and careful selection of the reac-
tion parameters successfully achieved efficient biosynthesis
of AgNPs with improved physicochemical characteristics
(Liaqat et al. 2022). The decision to employ elevated tem-
perature and alkaline conditions was driven by the goal of
following the classical nucleation and growth route, which
has been proven beneficial in previous studies (Naik et al.
2019; Thanh et al. 2014). This strategy eases the production
of desired AgNPs minimizes waste generation and avoids the
need for solvent-intensive purification steps. These results
are consistent with the principles of safer and more sustain-
able methods for synthesizing antibacterial AgNPs, as sug-
gested by other research (Ajitha et al. 2019). The successful
adoption of eco-friendly synthesis strategies highlights the
potential of our method as a greener alternative for produc-
ing both antibacterial and seed priming agents.

The influence of alkaline conditions on the biosynthesis
of AgNPs was examined by varying NaOH concentrations
between 0.5 and 6 mM. The data revealed a clear depend-
ency of AgNP synthesis on the addition of dilute NaOH
(Fig. 1a). Importantly, even at elevated NaOH concentra-
tions ranging from 3 to 6 mM, only minor reductions in
absorbance intensities were observed. This suggests that
the physicochemical properties of the AgNPs remained
largely unaffected (Fig. 1b). These findings indicate that
dilute NaOH plays a vital role in facilitating AgNP synthe-
sis by promoting the deprotonation of functional groups in
the yeast extract biomolecules. Such deprotonation enables
the enhanced reduction of Ag ions and stabilizes the newly
formed AgNPs, as documented by a previous study (Axson
et al. 2015). The deprotonated states of amine, hydroxyl, and
carboxyl acid groups under neutral or alkaline conditions
are known to enhance AgNP surface passivation, leading to
the formation of a stable colloidal dispersion through elec-
trostatic repulsion (Kim et al. 2018; Yang et al. 2016). Our
qualitative and quantitative results regarding the addition of
dilute NaOH align well with literature findings (Darroudi
et al. 2010), further supporting the critical role of NaOH in
the successful synthesis of AgNPs.

The influence of yeast extract concentration in the bio-
synthesis of AgNPs was methodically investigated. In these
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tests, the ratio of AgNO; to NaOH was held constant to iden-
tify the effects of the yeast extract. Utilizing absorbance data
from UV-visible spectroscopy, the yield of AgNPs is strictly
dependent on the amount of yeast extract used in the reac-
tion (refer to Fig. 2a and b). Interestingly, the data revealed
that achieving a high yield of AgNPs does not demand an
excessive amount of yeast extract. In particular, it was found
that the maximum yield can be achieved at a substantially
low concentration range of yeast extract (as seen in Fig. 2b).
This noteworthy finding suggests that the developed green
method is an economical and efficient route for metal NP
synthesis as it suits to implement atom economy principle of
green chemistry (Soltys et al. 2021). Moreover, the consist-
ency in the SPR bands for various yeast extract concentra-
tions indicates a high degree of uniformity in the AgNPs
synthesized, including various parameters such as size,
shape, and morphological characteristics, as well as dielec-
tric environment and elemental composition (Liaqat et al.
2022). This is a significant observation, suggesting that the
cell-free extract yeast allows for finding a reliable system for
the production of high-quality AgNPs. UV-visible spectra
as an analytical tool can be instrumental for both qualitative
and quantitative assessments of metal NP synthesis under
different reaction parameters (Kim et al. 2016). This param-
eter assisted in identifying the optimal concentration of yeast
extract for AgNP synthesis and highlighted the potential
for achieving high-quality, uniform AgNPs efficiently and
sustainably.

The production kinetics of AgNPs using this method were
evaluated at varying initial concentrations of the AgNO,
metal precursor. The data showed that the highest yield of
AgNPs occurred at a concentration of 2 mM AgNO; (see
Fig. 3a and b). This result suggests that the biosynthetic
approach is highly suitable for establishing high-concentra-
tion suspensions of AgNPs, indicating its substantial poten-
tial for scaled-up manufacturing. The intensity of the absorb-
ance for the AgNPs solution at its SPR peak was found to be
proportional to the concentration of the AgNPs (Abkhalimov
et al. 2022). This parameter is highly relevant as it aligns
with fundamental tenets of green chemistry and engineer-
ing, including the use of eco-friendly solvents, renewable
raw materials, safer chemical processes, and efficient use of
resources (Dahl et al. 2007). Therefore, optimizing synthe-
sis parameters for a given method is vital for establishing
commercial manufacturing processes that maximize the con-
version of precursor reagents into the desired nanoproducts
(Freund et al. 2018).

After synthesizing the AgNPs, various characterization
techniques were employed to examine their physicochemical
properties, including HR-TEM, XRD, FTIR, and XPS. HR-
TEM imaging revealed that the AgNPs exhibit shapes rang-
ing from spherical to oval, and their formation follows clas-
sical nucleation and isotropic growth route. The AgNPs were
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found to have a size range between 5 and 30 nm, which is
known for conferring unique physicochemical properties like
a higher surface-to-volume ratio. These characteristics make
them valuable for applications in sensing, catalysis, and the
biomedical field (Riaz et al. 2022). SAED pattern displayed
in the HR-TEM images indicated the presence of different
orientations and crystal planes, suggesting that the synthe-
sized AgNPs have a face-centered cubic (fcc) structure (see
Fig. 4c). The size range and morphologies of the AgNPs
observed in this study align well with previous reports on
the biosynthesis of AgNPs (Rodriguez-Serrano et al. 2020;
Tekin et al. 2019), further validating the significance of our
biosynthetic method.

The XRD spectra of biosynthesized AgNPs were found
to be in accord with the standard (JCPDS file no. 03—0921)
and found to agree with the face-centered cubic (FCC) crys-
talline structures of Ag(0) (Zaman et al. 2023). XRD find-
ings of the AgNPs show the presence of diffraction planes
corresponding to the (111), (200), (220), and (311) planes.
This XRD analysis provides evidence that the cell-free yeast
extract effectively reduces Ag(+) ions to Ag(0) and stabi-
lizes the newly formed crystalline AgNPs. Additionally, the
pattern included some unassigned peaks with minor inten-
sity, suggesting the presence of bioorganic compounds on
the AgNP surfaces (Anandalakshmi et al. 2016). These find-
ings are consistent with a referenced report (Khanal et al.
2022), further validating the effectiveness of the biosynthe-
sis method.

FTIR analysis was used to investigate the functional
groups and interactions between cell-free yeast extract
molecules and AgNPs. The presence of intense peaks in
the FTIR spectra is associated with carboxylate (COO —)
groups indicating that these surface functional groups bond
to the AgNPs (Fig. S1a), and contribute to the excellent sta-
bility of the AgNP dispersion. The FTIR results indicate
that cell-free yeast extract contains a variety of functional
groups. Changes observed in the spectra upon interaction
with AgNPs suggest that these functional groups undergo
modifications and interactions, highlighting their role in sta-
bilizing the AgNPs (Piotrowska and Masek 2015).

Additionally, XPS was employed to examine the sur-
face chemistry and elemental composition of yeast extract-
AgNPs. The core-level XPS spectra for Ag(3d) showed two
distinct peaks at 373.39 eV for Ag3d;,, and 367.25 eV for
Ag3ds,, with the spin—orbit split of about 6.14 eV (Fig. 5a),
reveals the formation of zero-valent silver (Shu et al.
2020). The core-level XPS spectra of C(1 s) displayed an
intense peak (Fig. 5d), indicating the effective capping of
AgNPs through the carboxyl functional groups of the pep-
tides present in yeast extract (Nguyen et al. 2005). FTIR
and XPS results together suggest the likely formation of
molecular interactions and robust functionalization of the
AgNPs. These findings support the potential application of

biosynthesized AgNPs in various fields, including biomedi-
cine, antibacterial, and seed priming.

After the biosynthesis and characterization of AgNPs, it
is confirmed that this method is appropriate for producing
high-density suspensions of the desired AgNPs. The antibac-
terial properties of the AgNPs were assessed using different
assays, to identify potent antibacterial efficacy, particularly
against MDR bacteria. The assessment of bacterial viability
and bactericidal activity assessed by turbidity and colony
count assays supported the strong antibacterial activity of
AgNPs. Our findings align with previous reports showing
that AgNPs exhibit higher sensitivity against gram-negative
than gram-positive owing to differences in their cell wall
components and membrane structures (Dakal et al. 2016).
The observed antibacterial efficacy is attributed to the unique
characteristics of biosynthesized AgNPs, including narrow
size distribution, high dispersity, and enhanced colloidal sta-
bility (Ferreira et al. 2023). Such intrinsic properties of the
biosynthesized AgNPs make them excellent candidates as
potent antibacterial agents, with great potential for various
biomedical applications (Shao et al. 2015).

The combination of gram staining and FE-SEM was
used for visualizing the morphological changes induced by
AgNPs, providing clear evidence of their potential as effec-
tive antibacterial agents. The gram staining results revealed
the formation of cellular debris, highlighting the potential
use of AgNPs in eradicating biofilms and in the development
of alternative antibacterial agents to MDR bacterial patho-
gens (Kumar et al. 2023a). Utilizing gram staining and opti-
cal microscopy, morphological changes were observed and
confirmed the antibacterial efficacy of the biosynthesized
AgNPs against the tested bacteria (Ghodake et al. 2020a).
The nanoscale alterations to the integrity of bacterial cell
walls and membranes after treatment with AgNPs were fur-
ther validated by FE-SEM. Through FE-SEM, mechanis-
tic insights were gained into the mode of action of AgNPs
by imaging the morphological changes in AgNP-treated S.
aureus and E. coli cells. The results suggest that AgNPs
exert a strong influence on the cell walls of bacterial patho-
gens, leading to the collapse of their integrity and the forma-
tion of cell debris aggregates (Qing et al. 2018).

The irreversible structural damage inflicted by AgNPs on
bacterial cells is likely responsible for inducing apoptosis,
as evidenced by the observed physical damage phenomena
(Rasool et al. 2016). This kind of mechanism of action could
contribute to the development of alternative antibacterial
agents that effectively combat MDR pathogens. The pro-
posed antibacterial mechanism of AgNPs involves several
steps. First, yeast extract nutrients and the excellent colloidal
dispersion of AgNPs allows bacterial cells to attract toward
the AgNPs’ surface and form electrostatic interactions with
components in bacterial cell walls (Joshi et al. 2020). Sub-
sequently, the AgNPs, along with released Ag ions, cause
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physical damage to the bacterial cells (Lépez-Heras et al.
2015), leading to the excessive generation of reactive oxygen
species (Mammari et al. 2022), loss of cellular integrity (Su
et al. 2009), and cytoplasmic leakage (Qing et al. 2018).
This multifaceted mode of action highlights the potential of
AgNPs as efficient antibacterial agents and demands advanc-
ing investigation in the development of novel strategies to
combat antibiotic resistance and infectious diseases (Ribeiro
et al. 2022).

The application of biosynthesized AgNPs in seed prim-
ing for Sorghum jowar and Zea mays seeds has been dem-
onstrated to enhance seed germination, seedling vigor, and
disease resistance. This finding suggests that AgNP-based
seed priming holds considerable potential for practical use
by farmers, as it improves crop performance and reduces
the time and costs associated with fertilizers, re-sowing,
and substituting weak plantlets (Sundaria et al. 2019). Our
previous work has shown that nano-priming technology is
emerging as a more effective practice compared to conven-
tional agrochemical-based seed priming methods (Nile et al.
2022). Various types of metal nanoparticles, such as gold
NPs (Venzhik et al. 2022), copper NPs (Faraz et al. 2023),
iron NPs (Panyuta et al. 2016), TiO, NPs (Shah et al. 2021),
zinc NPs (Taran et al. 2017), and carbon-based nanomateri-
als (Krumova et al. 2023), have been explored as potential
seed treatment or priming agents. These agents have been
applied to enhance the germination rate, seedling growth,
and stress tolerance in a wide range of crops. Therefore,
nanotechnology-based seed priming offers an improvement
in current agricultural practices by providing farmers with
low-cost, reliable, and efficient tools for establishing healthy
and robust crops. The observed germination results in this
study seem in agreement with a previous report that has
demonstrated enhanced germination rates for crops such as
Citrullus lanatus, Cucurbita zucchini, and Zea mays at dif-
ferent AgNP concentrations (Almutairi and Alharbi 2015).
Similarly, the priming of aged rice seeds with phytosyn-
thesized AgNPs showed a significant improvement in ger-
mination rate, disease-free roots, and better seedling vigor
compared to the non-primed control group (Mahakham et al.
2017). In conclusion, the use of AgNPs seed priming agent
presents a promising and sustainable approach to enhanc-
ing agricultural productivity. Further research and imple-
mentation of AgNP-based antibacterial and seed priming
agents hold great potential for positively impacting global
agriculture and ensuring food security in the face of chang-
ing environmental challenges.
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