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Abstract

Antimicrobial resistance is an escalating global concern. Bacteriocins are promising antimicrobial peptides but
are limited by proteolytic degradation and a narrow spectrum of activity. Conjugation of bacteriocins with silver
nanoparticles (SNPs) can protect peptides and provide synergistic antimicrobial activity. This study reports the
biosynthesis, optimization, physicochemical characterization and antibacterial evaluation of crude bacteriocin
from Lactiplantibacillus plantarum strains T4 and B2, and commercially purified nisin, used to cap silver
nanoparticles (Bac-SNPs and Nisin-SNPs). Optimal Bac-SNPs synthesis was achieved at Bacteriocin:AgNO; =
1:9 (v/v), 65°C and pH 11. UV-Vis spectroscopy showed surface plasmon resonance peaks between 400—500 nm,
confirming SNPs formation. FTIR spectra indicated hydroxyl and carboxyl functional groups involved in capping.
Dynamic light scattering revealed Z-average sizes of 63.14 nm (T4Bac-SNPs) and 80.65 nm (B2Bac-SNPs) with
low polydispersity (PDI 0.260 and 0.263), whereas Nisin-SNPs exhibited larger hydrodynamic size (=458 nm)
and higher PDI (0.434), consistent with different capping behaviour. Antimicrobial evaluation demonstrated that
Nisin-SNPs enhanced the activity of purified nisin against all tested pathogens (Listeria monocytogenes, Bacillus
cereus and Escherichia coli), with the most prominent inhibition observed against E. coli (18.00 + 0.00 mm). In
contrast, Bac-SNPs derived from strains T4 and B2 showed lower or comparable inhibition zones relative to their
corresponding crude bacteriocins, indicating that nanoparticles conjugation did not uniformly enhance
antibacterial activity. Overall, the findings demonstrate that bacteriocin type and synthesis conditions critically
influence the physicochemical properties and antibacterial performance of bacteriocin-capped silver
nanoparticles.
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1. Introduction

Antimicrobial resistance (AMR) is a growing global concern that threatens public health, food safety, and
clinical treatment efficacy. The widespread and often indiscriminate use of antibiotics has accelerated the
emergence of resistant bacterial strains, reducing the effectiveness of conventional antimicrobial therapies. As a
result, there is an urgent need to develop alternative antimicrobial strategies that are effective, sustainable, and
less prone to resistance development [1].

Bacteriocins are ribosomally synthesized antimicrobial peptides produced by bacteria, particularly lactic acid
bacteria (LAB). These peptides exhibit strong antimicrobial activity, primarily against closely related bacterial
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species, and are generally recognized as safe due to their proteinaceous nature and biodegradability. Bacteriocins
exert their antimicrobial effects through diverse mechanisms, such as forming pores in the cytoplasmic membrane,
causing leakage of cellular contents and eventual cell death, or interfering with essential cellular processes like
cell wall synthesis or protein synthesis [2,3]. Among bacteriocins, nisin produced by Lactococcus lactis is one of
the most extensively studied and commercially applied bacteriocins, widely used as a food preservative [4,5].

Despite their advantages, bacteriocins have limitations that restrict their broader application. These include
susceptibility to enzymatic degradation, reduced stability under extreme pH or temperature conditions, limited
antimicrobial spectrum, and reduced efficacy against Gram-negative bacteria due to the presence of an outer
membrane [6]. Consequently, strategies to enhance the stability, spectrum, and antimicrobial efficacy of
bacteriocins are actively being explored.

Nanotechnology has emerged as a promising approach to address these limitations. Metallic nanomaterials
such as silver nanoparticles (SNPs) and gold nanoparticles (AuNPs) exhibit unique surface plasmon resonance
(SPR), high surface-are-to-volume ratios, and tuneable surface chemistry [7]. However, several key differences
in reactivity, oxidation behaviour, biocidal activity and economic viability distinguish AgNPs from AuNPs and
make AgNPs preferable for certain practical applications. The sustained release of bioactive silver ions contributes
to the broad-spectrum antimicrobial activity of AgNPs, whereas intact AuNPs generally require external
functionalization or high dosages to achieve comparable biocidal activity [8]. AgNPs also exhibit stronger and
sharper SPR absorption bands, resulting in more pronounced visual colour transitions than those of AuNPs [9].
Their high molar extinction coefficient makes AgNPs highly sensitive for colorimetric detection, making them
potentially suitable for smart or indicator packaging applications. In addition, AgNPs provide greater
electromagnetic field enhancement than AuNPs, making them more suitable for surface-enhanced Raman
scattering (SERS)-based sensor platforms for the sensitive detection of foodborne pathogens, mycotoxins and
pesticide residues [10]. Furthermore, silver is substantially less expensive than gold as a raw material, thereby
facilitating scalable commercial production of AgNP-based technologies [11].

SNPs are of particular interest due to their broad-spectrum antimicrobial activity and multiple mechanisms of
action, including disruption of bacterial cell membranes, generation of reactive oxygen species, interference with
DNA replication, and inhibition of essential enzymes [12]. These multiple modes of action reduce the likelihood
of resistance development and make SNPs effective against both Gram-positive and Gram-negative bacteria. The
conjugation of bacteriocins with silver nanoparticles represents a synergistic antimicrobial strategy that combines
the specificity of bacteriocins with the broad-spectrum activity of SNPs. Bacteriocins can act as reducing and
stabilizing agents during nanoparticle synthesis, enabling environmentally friendly biosynthesis while potentially
improving peptide stability and bioavailability. Numerous studies have demonstrated the efficacy of Bac-SNPs
against a wide range of multidrug-resistant bacterial pathogens, including methicillin-resistant Staphylococcus
aureus [13]. However, the extent of enhancement depends on bacteriocin purity, synthesis conditions, and
nanoparticle characteristics.

In this study, Bac-SNPs were biosynthesized using crude bacteriocin produced by L. plantarum strains T4 and
B2, as well as commercially purified nisin. The synthesis conditions were optimized, and the nanoparticles were
characterized using UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), and dynamic light
scattering (DLS). To evaluate the broad-spectrum antibacterial potential of Bac-SNPs and Nisin-SNPs,
L. monocytogenes and B. cereus were selected as representative Gram-positive foodborne pathogens, while E. coli
was chosen as a representative Gram-negative pathogen due to their high prevalence in fresh produce
contamination and major importance to food safety and public health [14]. Furthermore, Sidhu and Nehra [6]
reported that Bac-SNPs synthesised using the bacteriocins Bac4463 and Bac22 exhibited significant inhibitory
activity against L. monocytogenes, E. coli, and B. cereus, among others. The antimicrobial activity of these
nanoconjugates was found to be superior to that of their individual components, suggesting a synergistic effect.
This work provides insight into the comparative performance of crude bacteriocin-based and purified bacteriocin-
based nanoparticle systems and their potential applications as alternative antimicrobial agents.

2. Materials and Methods
2.1 Microorganisms and culture conditions

L. plantarum strains T4 and B2 were used as bacteriocin-producing strains. The strains were maintained on de
Man, Rogosa and Sharpe (MRS) agar and cultured in MRS broth (Oxoid LTD, Basingstoke, Hampshire, GB) at
37°C with agitation at 150 rpm (Lab Companion IS-971R Incubated Laboratory Shaker, JEIO TECH, Korea).
Indicator pathogenic bacteria like L. monocytogenes, B.cereus, and E. coli (obtained from Microbial Culture
Collection Unit (UNiCC) at UPM) were maintained on nutrient agar and cultured in nutrient broth (Oxoid LTD,
Basingstoke, Hampshire, GB) under aerobic conditions at 37°C (Memmert INE600 Incubator, Memmert GmbH,
Germany) prior to use.



2.2 Production and preparation of bacteriocin

Active cultures of both L. plantarum T4 and B2 were inoculated into the MRS broth and incubated at 37°C at
150 rpm for 14 hours. After incubation, the supernatants were collected by centrifuging the grown cultures at
10,000 rpm for 15 minutes at 4°C (Microfuge 16, Benchtop Centrifuge, Beckman Coulter, USA). To neutralize
the effect of organic acids in the collected supernatants, the pH was adjusted to 6.0 (Eutech™ pH 700 Meter,
Thermo Scientific Eutech, Singapore) using a IN sodium hydroxide (NaOH) (R&M Chemicals, Malaysia)
solution, and the neutralized supernatants were then filtered using a 0.22 pm membrane filter.

2.3 Biosynthesis of bacteriocin-capped silver nanoparticles (Bac-SNPs)

Silver nanoparticles were synthesized using bacteriocin as both reducing and stabilizing agents according to
the method described by Sidhu and Nehra with slight modifications [6]. A2 mM solution of silver nitrate (AgNO3)
(System Chemicals, Malaysia) was prepared with continuous stirring for 5—6 hours on a magnetic stirrer at room
temperature (Stirring hotplate FAVORIT ®, PLT Scientific, Malaysia). An aliquot of 5 mL of the crude bacteriocin
obtained from L. plantarum T4 and B2 was separately added to 45 mL of freshly prepared 2 mM AgNOs solution.
The resultant mixed solution was incubated under UV light for 50—-60 minutes at room temperature (ERLA CFM-
4 Laminar Air Flow, ERLA Technologies, Malaysia). A change in colour from light yellow to reddish-brown
indicated the formation of SNPs. The obtained suspension was then centrifuged at 15,000 rpm for 20 minutes
(Avanti J-26 XPI High-Performance Centrifuge, Beckman Coulter, USA) to pellet the Bac-SNPs, which were
subsequently washed three times with distilled water to remove unbound AgNO:s and free bacteriocins.

2.4 Biosynthesis of nisin-capped silver nanoparticles (Nisin-SNPs)

For Nisin-SNPs synthesis, 10 mg of commercial nisin (Glentham Life Sciences, UK) was dissolved and mixed
with 10 mL of 1 mM AgNOs solution [15]. The mixture was incubated at room temperature in the dark under
constant stirring at 150 rpm for 24 hours. The resulting suspension was centrifuged at 3,500 rpm for 20 minutes,
and the pellet was washed twice with phosphate-buffered saline (PBS) (1®* BASE, Singapore) to remove excess
reagents. The final suspension was stored at 4°C.

2.5 Optimization of synthesis parameters

Optimization of Bac-SNPs synthesis was conducted by varying Bacteriocin:AgNOs ratios (0.5:9.5, 1:9,
1.5:8.5, and 2:8 v/v), temperature (35-75°C), and pH (3—13). Optimal conditions were selected based on intensity
of surface plasmon resonance (SPR) peaks, stability of the nanoparticle suspension, and preliminary antimicrobial
activity.

2.6 Characterization of nanoparticles

UV-Vis spectroscopy (SP-V1000 Spectrophotometer, DLAB Scientific, China) was used to confirm
nanoparticle formation by scanning samples between 300—700 nm. Functional groups involved in nanoparticle
capping were identified using Fourier-transform infrared spectroscopy (FTIR) (Spectrum 3 Tri-Range FT-IR
Spectrometer, PerkinElmer, USA) in the range of 4000—400 cm™!. Particle size distribution and polydispersity
index (PDI) were measured using dynamic light scattering (DLS) (Zetasizer Nano S ZEN1600, Malvern
Panalytical, UK).

2.7 Antibacterial activity assay

The antibacterial activity of crude bacteriocin (T4 and B2), Bac-SNPs (T4Bac-SNPs and B2Bac-SNPs), Nisin,
and Nisin-SNPs against L. monocytogenes, B. cereus, and E. coli was evaluated by using agar well diffusion
method. Overnight grown pathogen cultures were prepared and adjusted to a turbidity equivalent to the
0.5 McFarland (1.5 x 103 CFU/mL). Subsequently, 100 pL of the bacterial suspension was evenly spread onto the
surface of Mueller-Hinton agar (MHA) (Oxoid LTD, Basingstoke, Hamsphire, UK). The test sample and control
sample (positive control, 10 pg ampicillin and negative control, MRS broth without cell) were placed on the
separated well (8§mm) prepared priorly on lawned cultured MHA and incubated at 37°C for 24 h. A clear zone
around the well indicates a positive result, in which the diameter of the inhibition zone was measured in
millimeters (mm).



2.8 Statistical Analysis

All assays were performed in triplicate, and results were expressed as mean + standard deviation. Statistical
significance was evaluated using the Student’s t-test, with a significance threshold set at P > 0.05.

3. Results
3.1 Visual observation and optimization of nanoparticle synthesis

Bacteriocin-mediated synthesis of silver nanoparticles was confirmed by a colour change from pale yellow to
reddish-brown after UV exposure (Figure 1). Reaction mixtures containing crude bacteriocin from L. plantarum
T4 and B2 (T4Bac-SNPs and B2Bac-SNPs) developed the characteristic brown coloration, indicating reduction
of Ag* to Ag® and formation of silver nanoparticles due to SPR [16]. The consistent colour intensity suggests the
nanoparticles were stable and predominantly spherical.

(A) B

Figure 1 Colour observation of the synthesised of Bac-SNPs. Images (A) Crude bacteriocin of L.plantarum T4
and (C) Crude bacteriocin of L. plantarum B2 show the pale-yellow coloration of the reaction mixtures prior to
UV light exposure. Images (B) and (D) display the distinct reddish-brown coloration of the mixtures after UV
exposure for Crude bacteriocin of L. plantarum T4 and B2, respectively.

3.2 Optimisation of Bac-SNPs under Different Synthesis Conditions

Optimization of Bac-SNPs synthesis was evaluated by UV—Vis spectroscopy based on SPR within 400—
500 nm. Nanoparticle formation was observed under all tested bacteriocin concentrations, temperatures, and pH
conditions, but SPR intensity and peak sharpness varied. The optimal Bacteriocin-to-AgNOs ratio was 1:9,
producing the highest and sharpest SPR peaks (420—430 nm) for both T4Bac-SNPs and B2Bac-SNPs, while lower
or higher ratios resulted in reduced absorbance or peak broadening (Figure 2). Temperature strongly influenced
synthesis, with maximal SPR intensity at 65°C (420 nm) for both strains, whereas lower temperatures produced
weak or broad peaks and 75°C caused slight declines in absorbance (Figure 3).
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Figure 2 Absorbance spectra from UV-Vis Spectroscopy for Bac-SNPs samples synthesised at different
bacteriocin concentration (0.5:9.5, 1:9, 1.5:8.5, and 2:8), in mL, using: (A) Crude bacteriocin of L. plantarum T4;
and (B) Crude bacteriocin of L. plantarum B2, at room temperature, pH 6 for 24 hours.
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Figure 3 Absorbance spectra from UV-Vis Spectroscopy for Bac-SNPs samples synthesised at different
temperature (25°C, 35°C, 45°C, 55°C, 65°C, and 75°C), using: (A) Crude bacteriocin of L. plantarum T4; and
(B) Crude bacteriocin of L. plantarum B2, with the concentration ratio of 1:9 (mL) and neutral pH for 24 hours.

Similarly, pH strongly influenced synthesis, with no distinct SPR peaks at pH 3, indicating poor reduction
under acidic conditions (Figure 4). While progressively sharper and more intense peaks were observed from pH
5 to alkaline conditions (pH 9—13), demonstrating enhanced nanoparticle formation and stability. Alkaline pH also
favoured more uniform nanoparticle morphology compared to acidic conditions [17]. Overall, a bacteriocin ratio
of 1:9, temperature of 65°C, and alkaline pH provided the most efficient Bac-SNPs synthesis.
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Figure 4 Absorbance spectra from UV-Vis Spectroscopy for Bac-SNPs samples synthesised at different pH
(pH 3, pH 5, pH 7, pH 9, pH 11, and pH 13), using: (A) Crude bacteriocin of L. plantarum T4; and (B) Crude
bacteriocin of L. plantarum B2, with the concentration ratio of 1:9 (mL) at 65°C for 24 hours.

3.3 Screening of Optimal Conditions for Bac-SNPs Activity

The optimization process for Bac-SNPs was conducted under controlled conditions, focusing on the three
critical factors: bacteriocin concentration (1:9 mL), temperature (65°C), and pH. For bacteriocin concentration



and temperature, visual observation during the synthesis showed a characteristic reddish-brown coloration (Table
1), indicating successful SNPs formation.

Upon observation, SNPs at pH 13 appeared darker in colour compared to those synthesized at lower pH levels
(Figure 5). Therefore, to evaluate whether high pH influences the antimicrobial activity, SNPs synthesized at pH
13 were subjected to agar well diffusion assays alongside those prepared at pH 11 as a preliminary step. The
results showed that SNPs at pH 13 showed no inhibition zones for both T4Bac-SNPs and B2Bac-SNPs,
highlighting a significant reduction in antimicrobial efficacy compared to the observable inhibition zones at pH
11 (Table 2).

Table 1 The colour observation of the synthesised Bac-SNPs (T4Bac-SNPs and B2Bac-SNPs) (A) at different
temperature and (B) different concentration.
A) (B)

Before reaction After reaction Before reaction After reaction

T4-SNPs

T4-SNPs

B2-SNPs B2-SNPs B2-SNPs
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Figure 5 Colour observation of Bac-SNPs under varying pH conditions (pH 3, 5, 7, 9, 11, and 13) at an optimized
concentration ratio of 1:9 (mL) and a temperature of 65°C. Images illustrate the colour of Bac-SNPs solutions:
(A) T4Bac-SNPs before reaction; (B) T4Bac-SNPs after reaction; (C) B2Bac-SNPs before reaction; and (D)
B2Bac-SNPs after reaction.

Table 2 Effect of pH conditions on the antibacterial activity of T4Bac-SNPs and B2Bac-SNPs against

L. monocytogenes
Sample Mean zone of inhibition (mm) + SD
pH 11 pH 13
T4Bac-SNPs 11.00 £ 0.00 0
B2Bac-SNPs 12.00 + 0.00 0




To address this limitation, pH 11 was evaluated as a more suitable condition for antimicrobial testing. The
SNPs synthesized at pH 11 retained their colloidal stability and exhibited observable inhibition zones, measuring
11.00 mm for T4Bac-SNPs and 12.00 mm for B2Bac-SNPs against L. monocytogenes. The lighter colour of SNPs
solutions at pH 11 corroborates the absence of significant aggregation, thereby confirming the formation of stable
SNPs suspensions. Based on these findings, pH 11 was selected as the optimized pH condition, alongside a
Bacteriocin: AgNO:s ratio of 1:9 and a synthesis temperature of 65°C. These optimized parameters were then used
for subsequent characterization studies.

3.4 Characterization of Bac-SNPs

Bac-SNPs synthesized under optimized conditions (Bacteriocin:AgNOs 1:9, 65 °C, pH 11) was characterized
by UV-Vis, FTIR, and DLS. UV-Vis spectroscopy revealed characteristic surface plasmon resonance (SPR) peaks
between 415 and 416 nm for both Bac-SNPs, confirming silver nanoparticle formation (Figure 6). Variations in
peak intensity and width were observed depending on synthesis conditions, suggesting differences in particle size
distribution and aggregation behaviour.

FTIR spectra of T4Bac-SNPs and B2Bac-SNPs exhibited absorption bands corresponding to O—H and N-H
stretching vibrations, amide I and II bands, and C=O stretching (Figure 7). These functional groups indicate the
involvement of peptide bonds and hydroxyl groups in the reduction and stabilization of silver nanoparticles (Table
3). DLS analysis showed that Bac-SNPs synthesized from L. plantarum T4 and B2 had Z-average diameters of
63.14 nm and 80.65 nm, respectively, with low polydispersity indices (<0.30) (Figure 8).
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Figure 6 Absorbance spectra from UV-Vis Spectroscopy for Bac-SNPs synthesised at optimised condition
(concentration ratio of 1:9 mL, 65°C, and pH 11): (A) T4Bac-SNPs and (B) B2Bac-SNPs.
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Figure 7 FTIR spectra peak for: (A) Crude bacteriocin T4; (B) T4Bac-SNPs; (C) Crude bacteriocin B2;
(D) B2Bac-SNPs within the range of 4000 cm™ to 400 cm ™.



Table 3 The peak number and their respective positions of wavenumber (cm-1) for FTIR spectroscopy of T4Bac-
SNPs, B2Bac-SNPs, and SNPs (from published reports).

Peak no. Functional groups FTIR wavenumber (cm™)
T4Bac-SNPs B2Bac-SNPs *SNPs °SNPs “SNPs
1 Fingerprint region 579.08 581.34 - - -
2 C-O/C-N - - 1212.28 1217.03 1255.67
3 C-H - - 1366.08 1365.57 1434.23
4 Amide I 1636.73 1636.77 1639.04 1638.64 1636.95
5 C=C/C=N 2116.72 2147.52 2134.19 2140.14 2159.00
6 O-H/N-H 3321.54 3327.34 3354.84 3354.07 3339.49
. b c
Notes: [18], ° [ 6], °[19]
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Figure 8 DLS analysis for the determination of the Z-average and PDI of: (A) Crude bacteriocin T4; (B) T4Bac-
SNPs; (C) Crude bacteriocin B2; (D) B2Bac-SNPs.

3.5 Antibacterial activity

The antibacterial activity of crude bacteriocin (T4 and B2), Bac-SNPs (T4Bac-SNPs and B2Bac-SNPs), Nisin,

and Nisin-SNPs against L. monocytogenes, B. cereus, and E. coli was evaluated by the measurement of the
inhibition zones. The results show distinct patterns of antibacterial efficacy influenced by the molecular
composition, synthesis method, and potential synergistic effects. The inhibition zones for crude bacteriocin T4
and B2 were notably larger compared to their respective SNP-conjugated forms (T4Bac-SNPs and B2Bac-SNPs)
as shown in Table 4. Against L. monocytogenes, the inhibition zones were 12.67 + 0.58 mm (T4) and 13.33 +
0.58 mm (B2), compared to the reduced zones of 11.00 +£ 0 mm and 12.00 = 0 mm for T4Bac-SNPs and B2Bac-
SNPs, respectively. A similar trend was observed against B. cereus and E. coli.

In contrast, Nisin-SNPs exhibited significantly greater antibacterial activity compared to pure nisin (Table 5),
showing inhibition zones of 15.00 = 0 mm (L. monocytogenes), 14.5 £ 0.71 mm (B. cereus), and 18.00 = 0 mm
(E. coli), as opposed to 11.33 + 0.58 mm, 10.00 = 0 mm, and 11.00 = 0 mm for nisin alone.



Table 4 Antibacterial activity analysis for crude bacteriocin (T4 and B2) and Bac-SNPs (T4Bac-SNPs and B2Bac-
SNPs) against three pathogenic bacterial strains

Mean of inhibition zone (mm) + SD

Bacterial strains i —

%rtude bacteriocin T4Bac-SNPs g;ude bacteriocin B2Bac-SNPs
L. monocytogenes 12.67*+0.58 11.00° £ 0.00 13.33*+£0.58 12.00° £ 0.00
B. cereus 16.00* + 0.00 11.00° £ 0.00 16.67* £ 0.58 11.00° £ 0.00
E. coli 16.33*+0.58 11.00° + 0.00 16.67*+£0.58 11.00° +0.00

Notes: Different letters (a and b) in the same row (Crude bacteriocin T4 and T4Bac-SNPs; Crude bacteriocin B2 and B2Bac-SNPs) are
significantly different (p <0.5).

Table 5 Antibacterial activity analysis for pure nisin and Nisin-SNPs against three pathogenic bacterial strains
Mean of inhibition zone (mm) + SD

Bacterial strains

Nisin Nisin-SNPs
L. monocytogenes 11.33°+£0.58 15.00* £ 0.00
B. cereus 10.00° & 0.00 14.50*+0.71
E. coli 11.00° = 0.00 18.00* + 0.00

Notes: Different letters (a and b) in the same row are significantly different (p <0.5)
4. Discussion

The biosynthesis of Bac-SNPs represents an innovative approach to harnessing the antimicrobial potential of
silver nanoparticles stabilized and reduced by bacteriocin. This process leverages the dual functionality
of bacteriocin molecules as both reducing agents for silver ions (Ag") and capping agents for stabilizing
nanoparticles [20]. The synthesis of Bac-SNPs was systematically optimized by evaluating the effects of
bacteriocin concentration, temperature, and pH, with nanoparticle formation verified through UV—Vis detection
of surface plasmon resonance (SPR) within 400-500 nm [2,21]. Variation in bacteriocin concentration
demonstrated that a Bacteriocin:AgNOs ratio of 1:9 produced the most intense and well-defined SPR peak,
indicating an optimal balance between Ag* reduction and nanoparticle stabilization, whereas higher concentrations
reduced spectral intensity and peak sharpness, suggesting oversaturation and particle aggregation [22,23,24].
Temperature significantly influenced reaction kinetics, with weak and broad SPR peaks observed at lower
temperatures due to limited reduction efficiency, while synthesis at 65 °C yielded the highest absorbance and
sharpest SPR signals, reflecting enhanced nanoparticle yield and uniformity; further temperature increase led to a
slight decline in intensity, likely due to partial degradation of bacteriocin biomolecules [17]. Similarly, pH strongly
affected nanoparticle formation, as acidic conditions suppressed SPR development, whereas alkaline
environments (pH 9-13) produced the most pronounced and narrow SPR peaks, consistent with improved
reduction kinetics, stronger electrostatic stabilization, and formation of predominantly uniform nanoparticles [25].
While the initial characterization indicated that pH 13 exhibited the highest SPR peak and a darker colour than
the samples prepared at lower pH values (pH 11 and below) (Figure 4), the corresponding antimicrobial assay
showed no detectable inhibition zone. This finding suggests that a stronger SPR response does not necessarily
correspond to enhanced antimicrobial activity [26]. The absence of an inhibition zone at pH 13 may be attributed
to changes in silver speciation and reduced bioavailability of antimicrobial Ag" species under highly alkaline
conditions, specifically the precipitation or formation of insoluble silver oxides and hydroxides, which limit free
active silver ions [27]. Furthermore, extreme alkaline conditions alter nanoparticle surface chemistry, capping
agent charge, and aggregation dynamics, which could limit the diffusion of nanoparticles through the agar matrix
and inhibit their physical interation with bacterial cell walls [27,28].

Characterization of Bac-SNPs synthesized under optimized conditions (Bacteriocin:AgNOs = 1:9, 65 °C,
pH 11) and Nisin-SNPs prepared using baseline parameters confirmed successful nanoparticle formation and
biomolecule-mediated stabilization. UV-Vis spectroscopy revealed distinct SPR peaks within 400-450 nm for
T4Bac-SNPs (416 nm), B2Bac-SNPs (415 nm), and Nisin-SNPs (400 nm), indicating predominantly spherical,
well-dispersed silver nanoparticles with good colloidal stability [15]. FTIR spectra demonstrated shifts and
intensity changes in functional group bands (notably O—H/N-H, C=0 amide I, and C=N/C=C), confirming the
involvement of proteins and peptides in reduction and capping of SNPs through coordination with silver ions [29].
DLS analysis further supported nanoparticle formation, showing substantial reductions in hydrodynamic size and
polydispersity for Bac-SNPs compared to their parent bacteriocin solutions, indicating improved uniformity and
dispersion [22,30]. In contrast, Nisin-SNPs exhibited a larger hydrodynamic diameter and slightly higher PDI
than pure nisin, suggesting nanoparticle-peptide conjugation that increased apparent particle size, consistent with
previous reports [31]. Collectively, these findings verify that bacteriocin functioned effectively as reducing and
stabilizing agents, producing stable silver nanoparticles with distinct physicochemical characteristics.

Antibacterial assays demonstrated contrasting effects of nanoparticle conjugation on bacteriocin and nisin.
Crude bacteriocin (T4 and B2) produced larger inhibition zones than their corresponding Bac-SNPs against
L. monocytogenes, B. cereus, and E. coli, suggesting that bioactive metabolites present in the cell-free supernatant,
such as organic acids and hydrogen peroxide, may have contributed synergistically to antimicrobial activity
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[32,33]. Variability in crude bacteriocin composition and the dilution of active bacteriocin components during
nanoparticle synthesis may have reduced the apparent efficacy of Bac-SNPs, highlighting the importance of
purification and concentration standardization [34]. In contrast, Nisin-SNPs exhibited markedly enhanced
antibacterial activity compared with free nisin, producing substantially larger inhibition zones against all tested
pathogens, which may be attributed to the intrinsic antimicrobial properties of silver nanoparticles and their ability
to intensify membrane disruption and oxidative stress, thereby potentiating nisin activity [12]. The use of
controlled concentrations during Nisin-SNPs synthesis likely further contributed to the consistency and enhanced
efficacy observed. Collectively, these findings indicate that while nanoparticle conjugation may reduce the
apparent activity of crude bacteriocin due to compositional and dilution effects, it can significantly enhance the
antimicrobial performance of purified bacteriocins such as nisin through synergistic nano—bio interactions.

5. Conclusion

Bacteriocin-capped silver nanoparticles were successfully biosynthesized and characterized. Optimized Bac-
SNPs (Bacteriocin:AgNOs 1:9, 65°C, pH 11) formed stable nanoparticles (Z-average 63—81 nm) while Nisin-
SNPs formed larger conjugates yet exhibited markedly enhanced antibacterial activity compared to nisin alone.
Results indicate that SNP conjugation can enhance the antimicrobial potency of purified bacteriocins, but
outcomes depend critically on peptide type, purity, and synthesis parameters. Further in vivo safety and
mechanistic studies are warranted.
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