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Abstract

The emergence of antibiotic-resistant Vibrio parahaemolyticus poses a challenge to sustain-
able shrimp aquaculture and highlights the need for effective antibacterial alternatives.
In this study, silver nanoparticles were biosynthesized using Eri silk fibroin (ESF) as both
a reducing and stabilizing biopolymer. Eri silkworms can be reared on cassava leaves,
an abundant agricultural by-product in Thailand, thereby supporting waste valoriza-
tion and the circular bioeconomy. Optimal synthesis was achieved at an AgNOs-to-ESF
weight ratio of 1:4, 60 °C, and 4 h, yielding 82.8% ESF-AgNPs with a particle size of
10.8 & 2.3 nm and a polydispersity index of 0.19 & 0.01. TEM, XRD, and XPS confirmed
the formation of well-dispersed metallic Ag’. The particles remained colloidally stable for
at least four weeks. ESF-AgNPs exhibited minimum inhibitory and bactericidal concen-
trations of 12.5 and 25 pg/mL, respectively; inhibited biofilm formation by 52.45-99.98%;
and increased intracellular reactive oxygen species generation. After 72 h, silver release
reached 5.70% in deionized water and 9.30% in TSB containing 3% NaCl. Artemia franciscana
survival remained 96.2% after 24 h at the MBC. These findings support ESF as a sustainable
platform for producing antibacterial and antibiofilm AgNPs with a preliminary safety
margin, although further in vivo efficacy and chronic-toxicity studies are required before
practical application.

Keywords: Eri silk fibroin; silver nanoparticles; green synthesis; Vibrio parahaemolyticus;
antibacterial activity; antibiofilm activity; shrimp

1. Introduction

Shrimp is a nutritionally valuable and economically important food source. The
shrimp aquaculture industry has expanded rapidly worldwide, particularly in Thailand,
and is recognized as one of the most valuable sectors of global aquaculture [1,2]. How-
ever, the intensification of shrimp farming, together with high stocking densities and
suboptimal management practices, has increased the incidence and severity of infectious
diseases. Among these diseases, acute hepatopancreatic necrosis disease (AHPND), caused
by pathogenic Vibrio parahaemolyticus, is one of the most devastating diseases affecting
cultured shrimp [3]. V. parahaemolyticus is a halophilic Gram-negative bacterium belonging
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to the family Vibrionaceae and is commonly found in marine and aquaculture environ-
ments [4]. Pathogenic strains carrying the pirA and pirB toxin genes are responsible for
AHPND, which causes severe hepatopancreatic damage, high mortality, and substantial
economic losses in shrimp farming. Since its first emergence, AHPND has spread rapidly
across many Asian countries and remains a major constraint to the sustainable development
of the shrimp aquaculture industry [5,6]. Beyond aquaculture, V. parahaemolyticus is also an
important foodborne pathogen that can cause acute gastroenteritis in humans and is recog-
nized as one of the major enteric bacterial pathogens worldwide [7]. Moreover, resistance
to multiple antibiotics, including ampicillin, rifampicin, and streptomycin, has been widely
reported in V. parahaemolyticus [8-10]. The overuse and misuse of antibiotics in aquaculture
have accelerated the emergence of resistant bacterial strains, posing serious risks to aquatic
animals, consumers, and public health [11]. Therefore, the rapid rise of antibiotic-resistant
bacteria highlights the urgent need for alternative antibacterial strategies that can overcome
the limitations of conventional antibiotics.

Silver nanoparticles (AgNPs), a representative class of metal-based nanomaterials,
have attracted considerable attention because of their potent and broad-spectrum antimi-
crobial properties [12]. Their antibacterial activity is mainly associated with their large
surface area, redox reactivity, ability to generate oxidative stress, and capacity to disrupt
microbial cell membranes [13]. AgNPs have demonstrated antimicrobial efficacy against
a wide range of microorganisms, including viruses, bacteria, and fungi. In shrimp aqua-
culture, AgNPs have also shown effectiveness against Vibrio species in several shrimp
species, including Fenneropenaeus indicus, Penaeus monodon, and Litopenaeus vannamei [14].
Nevertheless, conventional chemical synthesis methods for AgNPs often involve hazardous
reagents, which may generate harmful byproducts and limit their practical application
in environmentally sensitive systems such as aquaculture [15]. Therefore, the develop-
ment of green, biocompatible, and sustainable methods for AgNP synthesis has become
increasingly important.

In Asia and the Pacific region, the Eri silkworm (Samia ricini) can be cultivated sus-
tainably because of its high productivity and good adaptation to tropical climates [16].
Unlike the mulberry silkworm (Bombyx mori), which relies primarily on mulberry leaves,
Eri silkworms can be reared on cassava leaves, an abundant agricultural residue gener-
ated from cassava cultivation. The use of cassava leaves as a low-cost feed resource can
reduce production costs, promote agricultural waste valorization, and support the circular
bioeconomy. This advantage is particularly relevant to Thailand, one of the world’s ma-
jor cassava-producing countries and a leading exporter of tapioca starch. Silk fibers are
composed primarily of two proteins: fibroin and sericin [17]. Fibroin is the main structural
protein and consists of repetitive amino acid sequences flanked by N- and C-terminal
domains, whereas sericin acts as an adhesive protein that surrounds and binds the fibroin
fibers. Among these proteins, silk fibroin (SF) has attracted considerable interest as a
sustainable biopolymer for nanoparticle fabrication because of its excellent mechanical
properties, tunable biodegradability, high thermal stability, low immunogenicity, and bio-
compatibility. SF also contains hydroxyl, carboxyl, and amino functional groups that enable
it to function as both a reducing template and a stabilizing matrix during nanoparticle
synthesis [18]. Its 3-sheet-rich secondary structure contributes to its mechanical strength
and structural integrity and, based on previous studies, may provide a stable framework
that limits nanoparticle aggregation.

Previous studies have demonstrated the successful biosynthesis of AgNPs using SF
derived mainly from B. mori [19,20]. SF contains 18 amino acids and abundant polar
functional groups that can provide reactive sites for nanoparticle nucleation, surface coordi-
nation, and stabilization. In particular, tyrosine residues have been identified as important
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reducing sites that facilitate the conversion of Ag* ions into metallic Ag0 atoms, followed
by nanoparticle nucleation and growth, as illustrated in Figure 1. The fibroin matrix may
subsequently stabilize the formed nanoparticles, limit their aggregation and oxidation, and
influence Ag* ion release, thereby improving nanoparticle stability and functionality [21].
Consequently, SF has been widely investigated as a protein-based biotemplate for con-
trolling the size, morphology, and colloidal stability of AgNPs. Despite these advances,
most previous studies have focused on fibroin derived from B. mori, whereas the use of
Eri silk fibroin (ESF) remains comparatively limited. ESF has been reported to contain
a higher tyrosine content than B. mori fibroin, with values of approximately 5.63% and
4.59%, respectively [19]. Because tyrosine residues can participate in Ag* reduction, this
compositional difference provides an additional functional rationale for selecting ESF as a
biotemplate for AgNP synthesis. Moreover, its relatively well-defined protein composition
and abundant polar functional groups allow ESF to function as both a reducing and stabi-
lizing matrix. Compared with plant extracts [22], which may exhibit considerable variation
in phytochemical composition, ESF may provide a more consistent protein-based platform.
In addition, the use of Eri silk obtained from silkworms reared on locally available cassava
leaves supports the sustainable and value-added utilization of regional biological resources.
Although ESF-mediated AgNP biosynthesis has previously been reported [23], earlier work
primarily focused on nanoparticle synthesis, broad-spectrum antibacterial activity, and
photocatalytic dye degradation. Our study extends this research through the systematic
optimization of ESF-mediated AgNP biosynthesis and the first targeted evaluation of the
resulting nanoparticles against V. parahaemolyticus. This evaluation included MIC and MBC
determination, antibiofilm activity, reactive oxygen species (ROS) generation, silver-release
behavior, and preliminary aquatic toxicity toward Artemia franciscana, thereby providing a
more comprehensive assessment of the physicochemical properties, antibacterial activity,
and preliminary biosafety of ESF-AgNPs.
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Figure 1. Proposed schematic mechanism of tyrosine-reducing silver ions.

This study focused on the biosynthesis and physicochemical characterization of ESF-
AgNPs, together with a preliminary in vitro evaluation of their antibacterial and antibiofilm
activities against V. parahaemolyticus. Silver-release analysis and an acute toxicity assay
using A. franciscana were also conducted to provide preliminary information on silver
behavior and short-term biosafety. However, these assessments were not intended to con-
stitute a comprehensive ecological risk evaluation or to establish the environmental safety
of ESF-AgNPs for practical aquaculture use. Further studies addressing chronic toxicity,
bioaccumulation, environmental fate, trophic transfer, shrimp safety, and potential effects
on other non-target aquatic organisms are therefore required before practical application
can be considered.
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2. Materials and Methods
2.1. Materials

The Eri silk cocoons were procured from the Nong Ya Plong Community, Mancha Khiri,
Khon Kaen Province, Thailand. Silver nitrate (AgNO3, 99.8% purity), sodium carbonate
(NapCO3), and calcium nitrate (Ca(NOs);) were purchased from Carlo Erba Reagents
(Bangkok, Thailand). All other chemicals applied throughout this work were analytical
quality and obtained from Sigma-Aldrich (Bangkok, Thailand).

2.2. Extraction of Eri Silk Fibroin (ESF)

Eri silk cocoons were first cut into small pieces and subjected to a degumming process
to remove the sericin coating from the SF fibers. Degumming was performed by boiling
the cocoon pieces in 0.02 M NayCOs solution for 1 h. The resulting degummed SF was
thoroughly rinsed twice with distilled water to remove residual sericin and Nay;COj3, fol-
lowed by air drying at room temperature. The extraction of ESF was then carried out using
a dissolution method adapted from a previously reported ESF extraction procedure [24].
Briefly, the dried degummed Eri silk was dissolved in a ternary solvent system composed
of Ca(NO3),, ethanol, and deionized water at a ratio of 1:4:1.5. The dissolution process was
conducted at 100 °C for 8 h using an infrared dyeing machine (Starlet DL-6000, Daelim
Starlet Co., Ltd., Gyeonggi-do, Siheung-si, South Korea). After dissolution, the obtained
ESF solution was transferred into a dialysis membrane and dialyzed against DI water
for 3 days to remove residual salts and solvent components. The dialysis water was re-
placed every 24 h. The dialyzed ESF solution was subsequently centrifuged at 5000 rpm
for 10 min to eliminate undissolved silk residues. Finally, the purified ESF solution was
lyophilized into powder form using an Alpha 3-4 LSCbasic freeze-dryer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).

2.3. Biosynthesis of ESF-AgNPs

ESF-AgNPs were prepared using ESF extract, which functioned as both the reducing
and stabilizing agent. Effects of key reaction parameters, including the AgNOs-to-ESF
weight ratio, reaction temperature, and reaction time, were systematically investigated.
AgNOj3 and ESF extract powder were mixed at varied weight ratios (1:2, 1:4, and 1:8) in
200 mL of deionized (DI) water and stirred vigorously. A noticeable color change from
light green to yellowish-brown signified the successful formation of ESF-AgNPs. The
synthesis procedure was further conducted at different temperatures (30, 45, and 60 °C)
and reaction times (2, 4, and 6 h) to evaluate their influence on nanoparticle formation. The
obtained ESF-AgNPs were characterized using a UV-visible spectrophotometer (Shimadzu
UV-1800, Shimadzu Corporation, Kyoto, Japan) over a wavelength range of 325-700 nm to
determine the optimal synthesis conditions. In addition, the hydrodynamic particle size
and zeta potential of the biosynthesized AgNPs were measured using a Zetasizer Nano ZS
(ZEN 3600, Malvern Instruments Ltd., Malvern, Worcestershire, UK) to evaluate their size
distribution and colloidal stability. Before analysis, the ESF-AgNP suspension was diluted
25-fold (1:25, v/v) with DI water. Zeta-potential measurements were conducted at neutral
pH. All measurements were performed in triplicate at 25 °C.

Subsequently, the AgNP yield was calculated as the ratio of the mass of elemental
silver recovered in the nanoparticle fraction to the initial mass of silver added as AgNO;
during the synthesis reaction. The AgNP yield was determined using a method adapted
from Agnihotri et al. [25]. Briefly, the AgNP suspensions were centrifuged at 14,000 rpm for
20 min to separate the nanoparticles from soluble and unreacted reaction components. The
collected AgNP pellets were completely digested in HNOj3, and the total mass of elemental
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silver in the nanoparticle fraction was quantified using inductively coupled plasma mass
spectrometry (ICP-MS; NexION 2000, PerkinElmer Inc., Shelton, CT, USA).

2.4. Characterization of AGQNPs

The morphological characteristics of the biosynthesized AgNPs were examined using
transmission electron microscopy (TEM; JEM-2100, JEOL Ltd., Akishima, Tokyo, Japan)
operated at an accelerating voltage of 200 kV. A drop of the AgNP suspension was de-
posited onto carbon-coated copper grids and allowed to dry under ambient conditions
prior to analysis. Particle size distribution was determined by measuring approximately
230 NPs using Image] software (version 1.54p, National Institutes of Health, Bethesda, MD,
USA). The crystalline structure of the NPs was investigated by X-ray diffraction (XRD;
D8 DISCOVER, Bruker AXS GmbH, Karlsruhe, Germany) over a 20 range of 25-80°, em-
ploying Cu Ka radiation at 40 kV and 40 mA, with a scanning rate of 6°/min. Average
crystallite size was estimated via the Scherrer equation [26]:

o
~ PBcosO

1)

where D is the crystallite size (nm), k is the shape factor (0.9), A is the X-ray wavelength
(nm), B is the full width at half maximum (FWHM), and 0 is the Bragg angle.

The surface elemental composition and chemical states were further examined by X-ray
photoelectron spectroscopy (XPS; AXIS Ultra DLD, Kratos Analytical Ltd., Manchester,
UK), and the obtained spectra were processed using Vision II software (version 2.2.6, Kratos
Analytical Ltd., Manchester, UK).

2.5. Assessment of Antibacterial Activity
2.5.1. Determination of the Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) was defined as the lowest concentra-
tion of ESF-AgNPs that completely inhibited visible bacterial growth. The MIC against
V. parahaemolyticus was determined using the broth microdilution method based on the
CLSI guidelines (2014) [27], with minor modifications. An AHPND-associated isolate of
V. parahaemolyticus was obtained from the Aquaculture Business Research Center (ABRC),
Faculty of Fisheries, Kasetsart University, Thailand. The isolate was identified as V. para-
haemolyticus by the providing laboratory. However, the strain-level molecular identification
and detection of the pirA and pirB toxin genes were not independently performed in the
present study. Before the assay, the isolate was subcultured twice on Tryptic Soy Agar
(TSA) supplemented with 1.5% (w/v) NaCl and incubated at 37 °C for 24 h. Bacterial
cells were collected by centrifugation at 1000 rpm for 15 min, resuspended in sterile 1.5%
(w/v) NaCl solution, and adjusted to an optical density of 0.1 at 625 nm, corresponding
to approximately 108 CFU/mL CFU/mL. Two-fold serial dilutions of ESF-AgNPs were
prepared in Tryptic Soy Broth (TSB) supplemented with 3% (w/v) NaCl in sterile 96-well
microplates. After inoculation, the final ESF-AgNP concentrations ranged from 0.78 to
400 pg/mL, and the final bacterial density was adjusted to 10° CFU/mL. The plates were
incubated aerobically at 37 °C for 24 h. The MIC was recorded as the lowest ESF-AgNP
concentration showing no visible turbidity. Inoculated medium without ESF-AgNPs served
as the growth control, whereas chloramphenicol at 30 ug/mL was used as the reference
antibiotic control. The assay was performed using five replicate wells.

2.5.2. Determination of the Minimum Bactericidal Concentration

The minimum bactericidal concentration (MBC) was defined as the lowest ESF-AgNP
concentration producing a >99.9% reduction in the viable bacterial population relative to
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the initial inoculum. Following the MIC assay, aliquots were collected from wells containing
ESF-AgNPs at the MIC and higher concentrations. The samples were serially diluted in
sterile 1.5% (w/v) NaCl, and 100 uL of each appropriate dilution was spread onto TSA
supplemented with 1.5% (w/v) NaCl. After aerobic incubation at 37 °C for 24 h, countable
colonies were enumerated, and viable-cell populations were expressed as CFU/mL. Two
relevant equations are shown below:

Log reduction = log;, No — log;, N;

% Reduction = <N°_Nf> x 100
No

where (Nj) is the initial viable count and (Nj) is the viable count after 24 h of treatment.
The MBC was identified as the lowest concentration producing a reduction of at least
3logio CFU/mL, equivalent to >99.9% bacterial killing. When no colonies were detected,
viable counts were reported as below the detection limit rather than as zero CFU/mL. The
MBC assay was performed in three independent experiments.

2.6. Antibiofilm Activity

The antibiofilm activity was assessed using a crystal violet microtiter plate assay
adapted from Yuan et al. [28]. Briefly, 200 uL of V. parahaemolyticus suspension containing
ESF-AgNPs at final concentrations equivalent to 0.25 MIC, 0.5 MIC, 1 MIC, and 2 MIC was
transferred into individual wells of a sterile 96-well polystyrene microplate. The plate was
incubated at 37 °C for 24 h to allow biofilm formation. After incubation, the culture medium
was carefully removed, and each well was rinsed three times with phosphate-buffered
saline (PBS) to eliminate non-adherent and planktonic cells. The remaining attached biofilm
was fixed with 200 pL of methanol for 15 min, after which the methanol was discarded. The
fixed biofilms were stained with 0.3% crystal violet for 15 min and subsequently rinsed with
sterile distilled water until the unbound dye was completely removed. After air-drying,
the retained crystal violet was solubilized using 33% acetic acid. Biofilm biomass was
quantified by measuring the absorbance at 590 nm using a microplate reader (Cytation 3,
BioTek Instruments, Inc., Winooski, VT, USA). Wells containing the bacterial suspension
without ESF-AgNPs served as the untreated controls. The percentage inhibition of biofilm
formation was calculated using the following equation:

A.
% Biofilm inhibition = 1 — A—l x 100
0

where A; and Ay are the absorbance values with and without ESF-AgNPs, respectively.

2.7. Reactive Oxygen Species (ROS) Assay

Intracellular ROS generation was evaluated using the 2',7’-dichlorofluorescein diac-
etate (DCFH-DA) assay [29]. V. parahaemolyticus cells were washed twice and resuspended
in salt-adjusted PBS at approximately 1 x 10® CFU/mL. The bacterial suspension was
incubated with 10 uM DCFH-DA at 37 °C for 2 h and subsequently washed twice to
remove excess dye. The stained bacterial cells were then treated with ESF-AgNPs at
0, 0.5 MIC, 1 MIC, and 1 MBC, corresponding to 0, 6.25, 12.5, and 25 ug/mL, respec-
tively. Fluorescence intensity was measured using a Synergy HTX multimode microplate
reader (BioTek Instruments, Winooski, VT, USA) at excitation and emission wavelengths of
485 and 528 nm, respectively. All experiments were performed in triplicate.
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2.8. Assessment of Silver Release from ESF-AgNPs

Silver release from ESF-AgNPs was quantified using centrifugal ultrafiltration fol-
lowed by ICP-MS analysis, according to a method adapted from [30]. The ESF-AgNP
suspension was centrifuged at 10,000 for 30 min and washed three times with DI water.
An aliquot of the purified suspension was completely digested with HNO3 and analyzed
by ICP-MS to determine the initial total elemental silver concentration. The purified ESF-
AgNPs at 25 pg/mlL, corresponding to the MBCs, were dispersed in DI water and sterile
TSB supplemented with 3% NaCl. Triplicate sacrificial tubes were incubated at 37 °C in
the dark with shaking at 100 rpm and collected at 0, 1, 2, 4, 8, 12, 24, 48, and 72 h. Samples
were filtered and the filtrates were acidified and analyzed by ICP-MS. Silver release was

calculated as M
released, t % 100

total, 0

% Silver release =

where M,jessed, ¢ is the silver mass in the filtrate and My, ¢ is the initial total silver mass.
The results were expressed as mean £ SD of three replicates.

2.9. Toxicity Assay

The acute toxicity of ESF-AgNPs toward Artemia franciscana nauplii was evaluated
using a method adapted from ISO/TS 20787 [31,32]. Approximately 25 nauplii were
transferred into each well of a sterile six-well culture plate. Each well contained 4.5 mL
of sterile artificial seawater, 1.0 mL of nauplius suspension, and 0.5 mL of ESF-AgNP
treatment suspension, resulting in a final volume of 6.0 mL. ESF-AgNPs were tested at
final concentrations of 6.25, 12.5, 25, 50, and 100 ng/mL, corresponding to 0.5 MIC, 1 MIC,
1 MBC, 2 MBC, and 4 MBC, respectively. All treatments were performed in triplicate. Wells
containing nauplii in artificial seawater without ESF-AgNPs served as the negative control.
An ESF-only treatment was included to evaluate the potential toxicity of the fibroin matrix,
while potassium dichromate was used as the positive control. During the 24 h exposure
period, the nauplii were maintained without feeding or aeration and examined every 6 h
using a stereomicroscope. Nauplii showing active swimming or appendage movement
were considered alive, whereas those exhibiting no movement after gentle agitation were
recorded as dead. The survival percentage was calculated using the following equation:

% Survival = Ne x 100
No
where N; and Ny is the number of live nauplii at time t and at the beginning of the
experiment.

2.10. Statistical Examination

Statistical analyses were performed using IBM SPSS Statistics version 20 (IBM Corp.,
Armonk, NY, USA). Data are presented as the mean =+ standard deviation (SD) of three
in-dependent replicates (n = 3). Differences among groups were analyzed using one-
way analysis of variance (ANOVA). Differences were considered statistically significant
atp <0.05.

3. Results and Discussion

3.1. Effect of Synthesis Conditions on the Optical and Physicochemical Properties of ESF-AgNPs
The effects of reaction temperature, reaction time, and the AgNO;-to-ESF weight ratio

on ESF-AgNP formation were evaluated using UV-visible spectroscopy together with

yield, particle size, zeta potential, and the polydispersity index (PDI). As shown in Figure 2,
all samples exhibited characteristic localized surface plasmon resonance (LSPR) bands at
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approximately 404-415 nm, confirming AgNP formation [33]. The color change in the
reaction mixtures to yellowish-brown or dark brown further indicated the reduction of
Ag" ions to metallic Ag®. Therefore, the spectroscopic results were consistent with the
physicochemical properties presented in Table 1.
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Figure 2. UV-vis absorption spectra of AgNPs synthesized using ESF extract under varied synthesis
parameters: (a) temperature, (b) time, and (c) the AgNOs-to-ESF extract weight ratio.

Table 1. Synthesis conditions and properties of ESF-AgNPs.

AgNO;:ESF Temperature . . o Particle Zeta
Sample ngght Ratio })OC) Time (h) Yield (%) Size (nm) Potential PDI
1 1:4 30 3 59.4 126 £ 4.1 —284+£26 0.39 + 0.06
2 1:4 45 3 62.2 11.6 £29 —304 £27 0.31 +0.05
3 1:4 60 3 66.9 109 £2.7 —34.5+20 0.28 +0.03
4 1:4 60 2 63.9 102 +3.8 —321+£23 0.29 £+ 0.04
5 1:4 60 4 82.8 10.8 £2.3 —38.1+24 0.19 £ 0.01
6 1:4 60 6 80.1 114+25 —37.0+24 0.21 £ 0.02
7 1:2 60 4 70.6 129 £3.1 —292+£23 0.28 + 0.04
8 1:4 60 4 82.0 11.0 £ 2.1 —389 +26 0.18 £+ 0.01
9 1:8 60 4 73.3 14.7 £ 45 —-302+19 0.36 &+ 0.05

At a fixed AgNOs-to-ESF weight ratio of 1:4 and a reaction time of 3 h, increasing the
temperature from 30 to 60 °C progressively shifted the LSPR peak from 415 to 408 nm. This
blue shift was consistent with the decrease in particle size from 12.6 £ 4.1 nm at 30 °C to
10.9 + 2.7 nm at 60 °C. The nanoparticle yields simultaneously increased from 59.4% to
66.9%. These findings suggest that higher temperatures enhanced the interaction between
Ag* ions and the reducing functional groups of ESF, thereby accelerating nucleation. At
lower temperatures, slower reduction may generate fewer nuclei, allowing greater particle
growth, whereas higher temperatures promote rapid nucleation and consequently produce
smaller nanoparticles [34]. Increasing the temperature also improved particle uniformity
and colloidal stability. The PDI decreased from 0.39 £ 0.06 at 30 °C to 0.28 + 0.03 at
60 °C, indicating a narrower particle-size distribution. Meanwhile, the zeta potential
became more negative, changing from —28.4 & 2.6 to —34.5 &= 2.0 mV. The greater negative
surface charge may result from more effective adsorption or exposure of negatively charged
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ESF functional groups on the AgNP surfaces. Our findings are in agreement with those
reported by Gwada et al. [35]. Therefore, synthesis at 60 °C favored the formation of smaller,
more uniform, and more stable nanoparticles. The effect of reaction time was examined
at 60 °C using an AgNOs-to-ESF weight ratio of 1:4. LSPR peaks were detected at 406,
406, and 412 nm after 2, 4, and 6 h, respectively. Although the peak positions at 2 and 4 h
were similar, the absorbance increased after 4 h, consistent with the increase in yield from
63.9% to 82.8%. The zeta potential also became more negative, changing from —32.1 + 2.3
to —38.1 4+ 2.4 mV, while the PDI decreased from 0.29 4 0.04 to 0.19 £ 0.01. These
results indicate that 4 h provided sufficient time for efficient Ag* reduction and effective
stabilization of the newly formed nanoparticles by ESF. Further extension of the reaction
time to 6 h caused the LSPR peak to shift from 406 to 412 nm and increased the particle
size slightly from 10.8 £ 2.3 to 11.4 & 2.5 nm. The gradual red shift suggests an increase
in particle size, attributable to Ostwald ripening, wherein larger particles expand at the
expense of smaller ones over time [36]. The yield decreased slightly to 80.1%, while the PDI
increased to 0.21 & 0.02. These changes suggest that nanoparticle formation was largely
completed within 4 h and that prolonged heating promoted limited particle growth or
aggregation. The AgNOs-to-ESF weight ratio also influenced nanoparticle formation. At
60 °C for 4 h, samples prepared at ratios of 1:2, 1:4, and 1:8 exhibited LSPR peaks at 404, 407,
and 406 nm, with absorbance values of approximately 0.65, 0.90, and 0.85 a.u., respectively.
The 1:4 ratio produced the highest absorbance and yield of approximately 82%, compared
with 70.6% at 1:2 and 73.3% at 1:8. At the 1:2 ratio, the lower ESF content may have provided
insufficient reducing and capping functional groups, resulting in a larger particle size of
12.9 £ 3.1 nm, a less negative zeta potential of —29.2 + 2.3 mV, and a PDI of 0.28 + 0.04.
Increasing the ESF proportion to 1:4 produced particles of approximately 11 nm, with a
zeta potential of about —38 mV and a low PDI of 0.18-0.19, indicating a suitable balance
between Ag* reduction and nanoparticle stabilization. In contrast, the 1:8 ratio produced
larger and more polydisperse particles (14.7 & 4.5 nm; PDI 0.36 & 0.05), possibly because
excess ESF increased medium viscosity, limited mass transfer, or promoted inter-molecular
bridging. Based on the combined UV-visible and physicochemical results, the optimal
synthesis conditions were an AgNOsz-to-ESF weight ratio of 1:4 at 60 °C for 4 h, providing
high yield, small and uniformly distributed particles, and good colloidal stability.

3.2. Characterization of ESF-AgNPs

The FTIR spectra of ESF and ESF-AgNPs provide evidence for the involvement of SF
functional groups in the biosynthesis and stabilization of AgNPs. As shown in Figure 3,
the broad absorption band centered at approximately 3279 cm~! in the ESF spectrum is
assigned to the amide A band, which primarily originates from N-H stretching vibrations
with partial overlap from the O-H stretching vibrations of the phenolic hydroxyl groups of
tyrosine residues in the ESF chain [23]. Following AgNP synthesis, this band shifted from
3279 to 3284 cm !, exhibiting a blue shift that indicates interactions between SF functional
groups and the nanoparticle surface. The FTIR spectrum of ESF also displayed three
characteristic amide bands at approximately 1227, 1513, and 1618 cm ™!, corresponding to
amide III, amide II, and amide I, respectively [18]. These bands are characteristic of the
(3-sheet-rich secondary structure of ESF [37]. After AgNP formation, the corresponding
bands shifted to approximately 1233, 1519, and 1625 cm !, respectively, indicating blue
shifts relative to pristine ESF. In addition, the absorption peak at 1160 cm !, assigned to
the C-O stretching vibration of the phenolic hydroxyl group of tyrosine residues, shifted to
1165 cm ™! after AgNP synthesis. The blue shifts observed for the amide A-, amide I-, amide
II-, amide III-, and tyrosine-associated C-O stretching bands indicate that both the hydroxyl
and amide functional groups of ESF participate in the formation of AgNPs. In particular, the
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shift of the tyrosine-associated band suggests that the phenolic hydroxyl groups of tyrosine
residues are involved in the reduction of Ag™ ions and/or the stabilization of the resulting
NPs. These findings indicate that ESF functions as both a reducing agent, facilitating the
conversion of Ag* to Ag’, and a stabilizing agent by coordinating its functional groups
with the nanoparticle surface, thereby suppressing nanoparticle aggregation. Furthermore,
the preservation of the characteristic 3-sheet-associated amide bands after AgNP synthesis
indicates that the (3-sheet-rich secondary structure of silk fibroin remained intact throughout
the biosynthesis process.

(=2 ® o [—3
8 <& 8 2
ESF & .
ESF-AgNPs
g " w
e e &%
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm!)
Figure 3. FTIR spectrum of ESF and biosynthesized ESF-AgNPs.

Figure 4 illustrates the XRD patterns of the biosynthesized ESF-AgNPs, which were
analyzed to evaluate their crystallinity and crystallite size. The diffraction pattern exhibits
characteristic peaks at approximately 38.97°, 46.45°, 64.25°, and 77.53° (20), correlated
to the (111), (200), (220), and (311) planes of the crystalline structure, respectively. These
reflections are indicative of the face-centered cubic (fcc) crystal structure of metallic Ag
and are consistent with the standard JCPDS file No. 04-0783. The obtained results are in
good agreement with those of a previously reported study [22]. In addition to the main
diffraction peaks, minor peaks observed in the spectrum may be attributed to residual
biomolecules from the ESF extract or the presence of amorphous phases. The average
crystallite size of the AgNPs, calculated using the Debye—Scherrer equation (Equation (1)),
was determined to be 13.9 nm.

The oxidation state of silver in the synthesized ESF-AgNPs was further examined using
XPS. The high-resolution Ag 3d XPS spectrum is presented in Figure 5. Two prominent
peaks were observed at binding energies of 368.5 eV and 374.5 eV, corresponding to Ag
3ds5/, and Ag 3ds/;, respectively, with a spin—orbit splitting of 6.0 eV. These values are
characteristic of metallic silver (Ag®), confirming the successful reduction of Ag* ions
during the biosynthesis process [37]. For comparison, the standard binding energies of
pure metallic silver are typically reported at approximately 368.1 eV and 374.1 eV [38].
The slight shift of the Ag 3d peaks toward lower binding energies in ESF-AgNPs may be
attributed to electronic interactions between the nanoparticle surface and biomolecules
present in the SF extract, leading to charge transfer effects. Similar shifts in binding
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energy have been reported in previous studies on biosynthesized AgNPs, including those
mediated by protein-based systems such as peptone (Pep) [39] and soy protein [40], thereby
supporting the proposed interaction mechanism.

(100)

—ESF-AgNPs
—ESF

g X (200)

g (220)

5 (311)

n

=

3

5

T T T T T T T T T T

25 30 35 40 45 50 55 60 65 70 75 80
26 (degree)

Figure 4. XRD patterns of biosynthesized ESF-AgNPs.
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Figure 5. Deconvoluted Ag 3d XPS spectrum of ESF-AgNPs, showing Ag 3ds5/, peak (blue) and Ag
3d3/; peak (red).

The morphology and particle size of the biosynthesized ESF-AgNPs, as revealed by
TEM analysis, are shown in Figure 6. The nanoparticles were predominantly spherical
and well dispersed, with a mean particle size of 10.3 £ 3.8 nm (Figure 6c). This value was
consistent with the crystallite size estimated from XRD analysis, confirming the successful
formation of AgNPs using ESF extract.
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Figure 6. (a,b) TEM micrographs of biosynthesized AgNPs recorded at 250,000 x and 500,000 x
magnifications, respectively, and (c) particle size distribution.

The colloidal stability of the ESF-AgNPs was evaluated over four weeks by monitoring
zeta potential, hydrodynamic particle size, and polydispersity index (PDI), as summarized
in Table 2. After 24 h, the nanoparticles exhibited a zeta potential of —35.2 & 1.3 mV,
an average hydrodynamic size of 12.1 & 2.8 nm, and a PDI of 0.23 & 0.02. The slightly
larger size measured by dynamic light scattering than by TEM can be attributed to the
hydrodynamic layer surrounding the nanoparticles, including adsorbed ESF molecules
and associated water, whereas TEM measures the dried metallic particle core. During
storage, the zeta potential gradually became less negative, reaching —30.1 & 1.8 mV
after four weeks. This change was accompanied by an increase in hydrodynamic size
from 12.1 + 2.8 to 15.2 &+ 3.0 nm and in PDI from 0.23 £ 0.02 to 0.30 & 0.08. These
trends suggest limited particle association or gradual rearrangement of surface-bound
ESF molecules. Nevertheless, the slightly increase in particle size and the absence of
a pronounced increase in PDI indicate that extensive aggregation did not occur. Zeta
potential values approaching zero are associated with weaker electrostatic repulsion and a
greater tendency toward agglomeration, whereas absolute values of approximately 30 mV
or greater generally indicate good colloidal stability [26,41]. In this study, the zeta potential
remained approximately —30 mV or lower throughout the four-week period, while the PDI
remained <0.30, indicating that the ESF-AgNP suspension retained good colloidal stability
for at least one month. This result agrees with Chitichotpanya et al. [42], who reported the
stabilizing role of sericin in AgNP synthesis. Similarly, ESF likely acts as both a reducing
and capping agent, with its negatively charged functional groups providing electrostatic
repulsion and steric stabilization that limit nanoparticle aggregation.
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Table 2. Zeta potential, hydrodynamic particle size, and polydispersity index of biosynthesized
ESF-AgNPs over a four-week period.

Duration Average Zeta Potential (mV) Average Size (nm) PDI
24h —-352+£13 121 £28 0.23 +£0.02
1 week —334+£12 134 £34 0.25 +0.03
2 weeks —-316+14 13.8 +3.8 0.26 £ 0.03
4 weeks -30.1+1.8 152 +3.0 0.30 £ 0.08

3.3. Assessment of Antibacterial Activity of ESF-AgNPs

The antibacterial activity of the biosynthesized ESF-AgNPs against V. parahaemolyti-
cus was evaluated using the broth microdilution and viable-count methods. As shown in
Figure 7, visible bacterial growth was observed at ESF-AgNP concentrations of 0.78-6.25 ug/mL,
whereas no visible turbidity was detected at concentrations of 12.5 pg/mL or higher. Therefore,
the MIC was determined to be 12.5 ng/mL. The clear appearance of the wells at and above the
MIC indicates the inhibition of detectable bacterial proliferation; however, it does not necessarily
indicate complete bacterial killing. This distinction was confirmed by the viable-count results
shown in Table 3 and Figure 8. At the MIC of 12.5 pg/mL, the viable bacterial count decreased
from the initial inoculum of approximately 1.0 x 10° CFU/mL to 2.34 x 10* CFU/mL. Thus,
although no visible growth was detected in the broth, viable cells could still be recovered by
agar plating, indicating that this concentration primarily inhibited bacterial multiplication. At
25 pg/mlL, the viable count decreased further to 4.82 x 102 CFU/mL, corresponding to a reduc-
tion of more than 3 log units and greater than 99.9% bacterial killing. Consequently, 25 pug/mL
was identified as the MBC. The MBC-to-MIC ratio of 2 further indicates that the ESF-AgNPs
exhibited bactericidal rather than merely bacteriostatic activity against V. parahaemolyticus.
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Figure 7. MIC determination of ESF-AgNPs using two-fold serial dilutions (400-0.78 pg/mL):
+ = Presence of bacterial growth; — = Absence of bacterial growth. The arrow indicates the MIC value
(12.5 ug/mL).
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Table 3. Antibacterial activity of ESF-AgNPs against V. parahaemolyticus.
ESF-AgNPs Visible Growth Viable Count Log Reduction Relative Reduction Interpretation
(ug/mL) in Broth (CFU/mL) to Initial Inoculum (%) P
_ Initial - 1.0 x 10° - - Baseline
inoculum
0 ¥ 816 x 10° - - Negative
control
0.78 + ND ND ND Below MIC
1.56 + ND ND ND Below MIC
3.125 + ND ND ND Below MIC
6.25 + ND ND ND Below MIC
12.5 — 2.34 x 10* 1.60 97.66 MIC
25 - 4.82 x 107 3.30 99.95 MBC
50 — 8.22 x 10! 4.10 99.992 Bactericidal
Below
100 - <10 >5.00 >99.999 detection limit
Below
200 - <10 >5.00 >99.999 detection limit
Chloramphenicol — <10 >5.00 >99.999 Positive control
Values are presented as mean + SD from three independent MBC experiments. MIC determination
was conducted in five replicate wells: + = visible bacterial growth; — = no visible bacterial growth;

=

Negative
control

3.125 pg/ml

ND = not determined.

Negative
control

Positive

control 50 pg/ml

-

12.5'ng/ml 25 pg/ml

J
100 pg/ml 200 pg/ml /’
..7’ .

Figure 8. MBC determination of ESF-AgNPs against V. parahaemolyticus.

A clear concentration-dependent reduction in bacterial viability was observed. Abun-
dant colonies were present in the untreated control and samples exposed to concentra-
tions below the MIC, consistent with the visible growth observed in the microdilution
plate. In contrast, colony recovery markedly decreased at concentrations of 12.5 ug/mL
and higher. Increasing the ESF-AgNP concentration to 50 pg/mL reduced the viable
count to 8.22 x 10" CFU/mL, representing an approximately 4-log reduction. At 100 and
200 pg/mL, the viable counts were below the detection limit of 10 CFU/mL, comparable to
the chloramphenicol-treated positive control. These findings demonstrate progressively
enhanced bacterial killing with increasing ESF-AgNP concentration. The antibacterial
action of AgNPs against Vibrio species is commonly associated with their interaction with
the bacterial cell envelope and the release of Ag* ions. Silver species can bind to membrane
proteins and sulfur-containing cellular components, disrupt membrane permeability, inter-
fere with essential enzymes, and ultimately lead to loss of cellular function and bacterial
death [43]. The strong antibacterial activity observed in this study may also be related to
the small size and high colloidal stability of the ESF-AgNPs. Their well-dispersed state
and limited aggregation maintain a high effective surface area, facilitating contact with
bacterial cells and potentially improving the availability of surface-released silver ions.
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ESF-derived amino acid residues and functional groups may contribute to this performance
by acting as capping and stabilizing components during nanoparticle formation. The
electrostatic and steric stabilization provided by the ESF matrix limits particle aggregation
and preserves nanoparticle dispersion. Previous studies have similarly suggested that
the 3-sheet-rich silk fibroin matrix can provide a stabilizing framework for AgNPs [19,23].
The MIC and MBC values obtained in this study were lower than those reported for bio-
genic AgNPs synthesized using Camellia sinensis [43] and Spirulina platensis [44] against
V. parahaemolyticus, but slightly higher than those reported for AgNPs synthesized using
Lysinibacillus xylanilyticus [45]. Such differences may arise from variations in nanoparticle
size, surface chemistry, capping biomolecules, bacterial strains, inoculum concentrations,
and experimental conditions. Therefore, the low MIC and MBC values, together with
the concentration-dependent reduction in viable cells, demonstrate the strong inhibitory
and bactericidal activity of ESF-AgNPs against V. parahaemolyticus. Beyond biogenic Ag-
NPs, Ag-based hybrid materials have been developed to enhance antibacterial activity
through complementary mechanisms and potentially reduce silver usage. Ag-TiO,/ZIF-§,
Ag-7Zn0, and Ag—CuO systems have shown improved activity through combined metal-
ion release, ROS generation, and membrane disruption [46,47]. Nguyen et al. [48] also
reported that OEO-Ag-ZIF-8-HA exhibited MIC and MBC values of 125 and 375 pg/mL,
respectively, against Listeria monocytogenes, with enhanced activity attributed to the
combined effects of Ag*, Zn?*, and oregano-derived phenolic compounds. In comparison,
ESF-AgNPs showed MIC and MBC values of 12.5 and 25 pg/mlL, respectively, against
V. parahaemolyticus, indicating strong antibacterial activity without the incorporation of
additional inorganic or organic antibacterial components.”

3.4. Antibiofilm Activity of ESF-AgNPs Against V. parahaemolyticus

ESE-AgNPs inhibited biofilm formation by V. parahaemolyticus in a concentration-
dependent manner. Biofilm inhibition increased from 52.45 £ 3.75% at 0.25 MIC to
78.22 + 2.41%, 91.68 £ 1.94%, and 99.98 + 0.51% at 0.5 MIC, 1 MIC, and 2 MIC, re-
spectively, as shown in Figure 9. Based on an MIC of 12.5 ug/mL, these concentrations
corresponded to 3.125, 6.25, 12.5, and 25 pg/mL, respectively. Substantial inhibition at
0.25 MIC and 0.5 MIC is particularly notable because these concentrations were below that
required to completely inhibit planktonic growth. This finding suggests that ESF-AgNPs
may interfere with early biofilm-development processes, such as bacterial attachment, cell
aggregation, or extracellular-matrix accumulation. Similar concentration-dependent inhibi-
tion has been reported for biopolymer-stabilized AgNPs against V. parahaemolyticus [28]. At
1 MIC, ESF-AgNPs reduced biofilm biomass by more than 90%, whereas treatment at 2 MIC
resulted in nearly complete inhibition. At these concentrations, however, the decrease in
crystal-violet staining likely reflects the combined effects of impaired biofilm development
and reduced bacterial growth or viability. Therefore, the inhibition measured at MIC and
2 MIC should not be interpreted exclusively as a biofilm-specific response. The antibiofilm
effect may be associated with the small size and stable dispersion of ESF-AgNPs, which
facilitate interactions with bacterial cells and interfere with surface colonization and biofilm
maturation. Therefore, the strong activity at both sub-MIC and inhibitory concentrations
demonstrates that ESF-AgNDPs effectively suppress V. parahaemolyticus biofilm formation.
In particular, the marked inhibition at sub-MICs supports an antibiofilm effect that is not
solely attributable to the complete inhibition of planktonic growth.
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Figure 9. % Biofilm inhibition of ESF-AgNPs against V. parahaemolyticus.

3.5. Reactive Oxygen Species (ROS) Generation

Intracellular ROS generation in V. parahaemolyticus increased in a concentration-
dependent manner following exposure to ESF-AgNPs. The untreated control was normal-
ized to 100 & 3%. Treatment with ESF-AgNPs at 6.25, 12.5, and 25 ug/mL, corresponding
to 0.5 MIC, 1 MIC, and 1 MBC, respectively, increased the relative ROS levels to 141 + 4%,
198 £ 7%, and 264 & 8%, respectively (Figure 10). These values corresponded to approxi-
mately 1.41-, 1.98-, and 2.64-fold increases relative to the control, indicating that ESF-AgNPs
progressively induced intracellular oxidative stress as their concentration increased. No-
tably, ROS production increased by 41% even at the sub-MIC of 6.25 pug/mL, suggesting
that oxidative stress occurred before the complete inhibition of bacterial growth. At the MIC
of 12.5 pg/mL, the ROS level was approximately twice that of the control, while exposure
at the MBC of 25 ug/mL produced the highest ROS level. The enhanced ROS generation at
the MIC and MBC suggests that oxidative stress may contribute to the antibacterial and
bactericidal effects of ESE-AgNPs. Excessive ROS can disrupt cellular redox homeostasis
and damage bacterial membranes, proteins, and nucleic acids, ultimately impairing es-
sential cellular functions and promoting cell death [43]. Therefore, these findings support
ROS generation as one of the possible antibacterial mechanisms of ESF-AgNPs against V.
parahaemolyticus. However, because the DCFH-DA assay provides a general measure of
intracellular oxidative activity, additional analyses of membrane integrity, cellular leakage,
or specific ROS would be required to confirm the precise mechanism.

300

264+8
250
198 +7
32 200
n
) 1414
2 150
2 100+3
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g 100
50
0
0 0.5MIC IMIC 1MBC

ESF-AgNP concentration relative to MIC and MBC

Figure 10. Intracellular reactive oxygen species (ROS) generation.
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3.6. Silver Release Behavior of ESF-AgNPs

As shown in Figure 11, silver release from ESF-AgNPs increased progressively with
incubation time in both DI water and TSB containing 3% NaCl. At 0 h, only 0.20 £ 0.02%
and 0.40 £ 0.04% silver release was detected in DI water and TSB, respectively, which may
represent weakly bound or readily desorbed silver species remaining on the nanoparticle
surfaces after purification. Release increased relatively rapidly during the first 24 h, reaching
4.00 £ 0.20% in DI water and 6.50 £ 0.35% in TSB, followed by a slower increase to
5.70 £ 0.28% and 9.30 £ 0.50%, respectively, at 72 h. This profile suggests an initial release of
surface-associated silver followed by slower oxidative dissolution or diffusion from the ESF-
stabilized nanoparticles [49]. Silver release was consistently higher in TSB containing 3%
NaCl than in DI water. The complex ionic and organic composition of the culture medium
may alter nanoparticle surface interactions, colloidal behavior, and silver dissolution [50].
Our results are consistent with previous studies [51,52] which suggested that chloride ions
can react with released silver to form soluble silver—chloride complexes. Because ICP-
MS quantifies total silver without distinguishing among its chemical forms, the detected
fraction was described as released or dissolved silver rather than exclusively as free Ag*.
Based on the initial concentration of 25 ug Ag/mL, the released silver concentrations after
72 h were approximately 1.43 ug/mL in DI water and 2.33 pg/mL in TSB containing
3% NaCl. Thus, most of the silver remained associated with the nanoparticle fraction
throughout the experiment. The limited but sustained release suggests that the ESF capping
restricted rapid silver dissolution while permitting gradual release under biologically
relevant conditions. This interpretation is consistent with previous findings showing
that surface capping biomolecules can substantially modify or reduce AgNP dissolution
rates [53]. In summary, ESF-AgNPs exhibited a time-dependent and medium-dependent
silver-release profile, demonstrating that silver release measurements in DI water alone
may underestimate silver transformation under antibacterial assay conditions.
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Figure 11. Time-dependent silver release from ESF-AgNPs in DI water and TSB with 3% NaCl.

3.7. Acute Toxicity of ESF-AgNPs Toward A. franciscana Nauplii

The acute toxicity assay demonstrated that ESF-AgNPs affected the survival of A.
franciscana nauplii in a concentration- and exposure-time-dependent manner (Table 4,
Figure 12). The untreated control maintained 100% survival throughout the 24 h exposure,
confirming that the experimental conditions were suitable for nauplius viability. The ESF-
only treatment also showed high survival of 98.5 & 2.1% after 24 h, indicating that the
ESF matrix itself caused negligible acute toxicity. At concentrations corresponding to the
antibacterial range, ESF-AgNPs had only minor effects on nauplius survival. The 24 h
survival rates at 6.25 and 12.5 pug/mL, equivalent to 0.5 MIC and 1 MIC, were 98.2 & 1.1%
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and 98.1 £ 1.4%, respectively. At 25 pg/mlL, corresponding to 1 MBC, survival remained
high at 96.2 + 1.3%. Even at 50 ng/mL, or 2 MBC, survival was 91.9 £ 2.2%. These results
suggest that the concentrations required to inhibit or kill V. parahaemolyticus caused limited
acute toxicity toward A. franciscana nauplii. A more pronounced toxic effect was observed
at 100 pg/mL, corresponding to 4 MBC. Survival decreased from 93.6 £+ 1.9% at 6 h to
86.4 £+ 1.2% at 12 h and 74.5 £ 1.0% at 24 h. This time-dependent decline may reflect
cumulative nanoparticle exposure, the gradual release of Ag* ions, nanoparticle uptake, or
interactions of silver species with the nauplius cuticle. The relatively low toxicity at the MIC
and MBC values may be partly associated with stabilization of the nanoparticles by the ESF
capping, which could reduce immediate silver bioavailability. In conclusion, ESF-AgNPs
exhibited low acute toxicity at their MIC and MBC values, suggesting a preliminary safety
margin between their antibacterial activity and acute toxicity toward A. franciscana.

Table 4. Survival of A. franciscana nauplii following acute exposure to different concentrations of
ESF-AgNPs for 6,12, and 24 h.

ESF-AgNPs Relative Survival at6 h Survival at Survival at
(ug/mL) Concentration (%) 12 h (%) 24 h (%)
0 control 100 £ 0 100+ 0 100 £0
ESF only Matrix control 100 +0 100 £ 0 98.5 +2.1
6.25 0.5 MIC 100 £ 0 99.1 £0.6 982+ 1.1
12.5 1 MIC 99.0£2.6 98.7 £ 1.4 98.1+1.4
25 1 MBC 973 £25 96.0 £2.2 962 £1.3
50 2 MBC 972 +£238 94.0£21 919 £22
100 4 MBC 93.6+1.9 864+ 12 745+ 1.0

Survival (%)
oy —
L (= o] o n
o {1 o (=] o
)

n
(=]

6h 12h 24h

M control ™ ESF m 0.5MIC IMIC = IMBC m2MBC wm4MBC

Figure 12. Survival of A. franciscana nauplii following exposure to ESF-AgNPs at different concentra-
tions for 6, 12, and 24 h.

3.8. Study Limitations and Future Perspectives

Several limitations should be acknowledged. First, the cytotoxicity of ESF-AgNPs
toward shrimp-derived cells, tissues, or whole organisms was not evaluated. Although
the acute toxicity assay using A. franciscana provided preliminary short-term biosafety
information, Artemia is not a direct surrogate for shrimp. Therefore, further studies using
shrimp-derived cells and in vivo exposure models are required to establish appropriate
safety margins and tissue-specific effects. Second, the silver-release and acute-toxicity
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tests do not constitute a comprehensive environmental risk assessment. Further studies
on chronic toxicity, environmental transformation, persistence, bioaccumulation, trophic
transfer, and effects on non-target aquatic organisms are required before practical applica-
tion. Finally, antibacterial activity was evaluated using a single AHPND-associated Vibrio
parahaemolyticus isolate. Because the pirA and pirB toxin genes were not confirmed, the
isolate cannot be conclusively classified as a toxigenic AHPND-causing strain. Future
studies should confirm its genotype, test multiple well-characterized isolates, and conduct
in vivo shrimp challenge experiments.

4. Conclusions

ESF successfully served as both a reducing and stabilizing biopolymer for AgNP
biosynthesis. The optimal conditions, comprising an AgNOs3-to-ESF weight ratio of 1:4,
a reaction temperature of 60 °C, and a reaction time of 4 h, produced a high yield of
small, uniformly distributed nanoparticles with a strongly negative zeta potential and
low PDI. FTIR analysis indicated the involvement of hydroxyl-, amide-, and tyrosine-
associated groups in Ag* reduction and nanoparticle stabilization. TEM, XRD, and XPS
confirmed the formation of predominantly spherical, crystalline Ag’ nanoparticles. The
ESF-AgNPs remained colloidally stable for at least four weeks. The ESF-AgNPs showed
potent concentration-dependent activity against V. parahaemolyticus, with MIC and MBC
values of 12.5 and 25 pug/mlL, respectively. They also strongly suppressed biofilm formation,
including substantial inhibition at sub-MICs, and induced concentration-dependent intra-
cellular ROS generation, supporting oxidative stress as a possible antibacterial mechanism.
Silver release occurred gradually and was greater in TSB containing 3% NaCl than in DI wa-
ter, demonstrating that the composition of the antibacterial-test medium influenced silver
transformation and availability. Importantly, ESF alone exhibited negligible acute toxicity
toward A. franciscana, and nauplius survival remained high at the MIC and MBC, indicating
a preliminary safety margin between antibacterial efficacy and acute aquatic toxicity. These
findings demonstrate that ESF provides a sustainable platform for producing AgNPs with
potent antibacterial and antibiofilm activities against V. parahaemolyticus, while exhibiting a
preliminary safety margin at effective antibacterial concentrations. Nevertheless, further
studies on in vivo efficacy, chronic toxicity, and environmental-fate are required before
their practical application in aquaculture can be established.
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