Published Online: 26 November 2024 —

JOURNAL OF PURE AND APPLIED MICROBIOLOGY

Azam et al | Article 9759
J Pure Appl Microbiol. 2024;18(4):2748-2757. doi: 10.22207/JPAM.18.4.47 O
Received: 25 July 2024 | Accepted: 30 August 2024

SN

P-ISSN: 0973-7510; E-ISSN: 2581-690X

RESEARCH ARTICLE OPEN ACCESS

Enhanced Antibacterial Efficacy of Levilactobacillus
brevis Bacteriocin with Chitosan Nanoparticle
Delivery

Mohd Azam* (2, Rashi Srivastava® and Tanzeel Ahmed

School of Biotechnology, IFTM University, Moradabad, Uttar Pradesh, India.

Abstract

Chitosan, a positively charged polymer obtained by treating chitin with hot alkali to remove acetyl
groups, has extensive biological applications due to its non-toxicity, biocompatibility, and natural
biodegradability. In this study, chitosan nanoparticles were prepared and encapsulated with bacteriocin
isolated from Lactococcus lactis subsp. lactis, resulting in chitosan-bacteriocin conjugate nanoparticles
produced using the ionic gelation method. The antibacterial activity of this formulation was evaluated
as a potential food preservative against Bacillus cereus, Escherichia coli, Salmonella typhimurium, and
Staphylococcus aureus. The effectiveness of the conjugate nanoparticles was compared to that of
crude chitosan, chitosan nanoparticles, and free bacteriocin. The agar diffusion method was employed
to assess the in vitro dissolution of the substance and to investigate the effects of temperature and
pH on its stability. The results indicated that the release of chitosan nanoparticles conjugated with
bacteriocin in vitro was controlled at around 60% within 24 hours, demonstrating a cumulative and
sustained effect. This release control was significantly higher compared to the free bacteriocin, which
achieved a 90% release. Among the formulations tested, chitosan nanoparticles conjugated with
bacteriocin (CSNps-B) demonstrated the most potent antibacterial activity. CSNps-B achieved inhibition
zones ranging from 30.32 to 32.45 mm against Gram-positive bacteria and from 30.22 to 36.26 mm
against Gram-negative bacteria. The superior performance of CSNps-B was statistically significant,
with a p-value of less than 0.05 compared to the other formulations. In contrast, chitosan alone
showed inhibition zones of 6.7 to 8.45 mm, chitosan nanoparticles (CSNps) exhibited zones of 10.12
to 12.6 mm, and free bacteriocin (free-B) ranged from 13.38 to 15.67 mm. The enhanced antibacterial
effectiveness of CSNps-B underscores its potential as a superior antimicrobial agent compared to the
other formulations evaluated.
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INTRODUCTION

Chitosan, a natural biopolymer derived
from chitin, is renowned for its versatile
applications and biocompatibility. Chitin, the
second most abundant polysaccharide found
in the exoskeletons of crustaceans and insects,
is converted into chitosan through a process of
deacetylation. This process produces a compound
with notable attributes, including biodegradability,
non-toxicity, and excellent film-forming properties.
As a result, chitosan has attracted considerable
attention across various fields such as biomedical
engineering, pharmaceuticals, agriculture, and
food technology. Its unique capacity to form
hydrogels, nanoparticles, and films, combined with
its inherent antimicrobial activity and potential for
drug delivery, makes chitosan a key material in the
development of innovative solutions for health and
industrial applications.?

Chemically, chitosan is a linear
polysaccharide primarily composed of B-(1->4)-
linked D-glucosamine units, which are partially
deacetylated derivatives of chitin. Its chemical
structure features repeating units of (CsH1NO,) ,
where “n” denotes the degree of polymerization,
which varies depending on the source and
preparation method.? This biopolymer generally
consists of a combination of glucosamine
(deacetylated units) and N-acetylglucosamine
(acetylated units), with the ratio between these
units determining the degree of deacetylation
(DD). The DD is a crucial factor affecting chitosan’s
solubility and functional properties. The free
amino groups in the glucosamine units confer a
positive charge to chitosan under acidic conditions,
allowing it to interact effectively with negatively
charged surfaces and molecules.* This distinctive
chemical composition underlies chitosan’s
solubility in acidic solutions, its capacity to form
films and gels, and its broad range of applications
across fields such as biomedicine, agriculture, and
environmental science.®

In addition, Chitosan and its nanoparticle
derivatives exhibit notable antimicrobial activities,
making them highly effective for combating
microbial diseases.® The antimicrobial activity of
chitosan is primarily attributed to its polycationic
nature, which enables it to interact with the
negatively charged membranes of bacterial cells,

leading to increased membrane porosity, the
release of intracellular contents, and ultimately,
cell death.” This interaction disrupts the metabolic
processes of bacteria, fungi, and some viruses,
making chitosan effective against a wide range of
pathogens. Additionally, chitosan nanoparticles
amplify these antimicrobial properties due to their
larger surface area and enhanced bioavailability.®
These nanoparticles can penetrate microbial cells
more efficiently, delivering higher concentrations
of chitosan to targeted sites. Furthermore, the
small size and high surface-to-volume ratio
of chitosan nanoparticles facilitate improved
interaction with microbial membranes, thereby
enhancing the disruption of cellular functions.®

Similarly, Lactic acid bacteria (LAB)
are widely used in food preservation due to
their ability to produce metabolites with strong
antibacterial properties. These metabolites
effectively inhibit the growth of harmful and
pathogenic bacteria in food products. Among
these metabolites, bacteriocins are particularly
significant. Bacteriocins are ribosomally
synthesized antimicrobial peptides secreted by
LAB to inhibit the growth of both closely related
and unrelated bacterial species.’® These peptides
disrupt the cell membranes of target bacteria,
leading to cell lysis and death. Additionally, LAB
produces other antimicrobial compounds such
as acids, hydrogen peroxide (H,0,), and diacetyl,
which create an inhospitable environment for
harmful microorganisms by lowering the pH
and generating oxidative stress. The combined
action of these metabolites not only extends the
shelf life of food items but also enhances food
safety by reducing the risk of contamination by
pathogens. Consequently, incorporating LAB
into food preservation strategies harnesses their
natural antagonistic activity, offering a sustainable
and effective method to maintain both the quality
and safety of food.™

Despite their potential, the direct
use of bacteriocins as food preservatives
has been slow to gain widespread adoption,
largely due to limitations such as sensitivity to
storage conditions, temperature fluctuations,
and production processes. To overcome these
challenges, bacteriocin-nanoconjugates have
emerged as a promising solution. Nanoparticles,
with dimensions ranging from 1 to 100 nm, offer
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unique properties that significantly enhance the
effectiveness of bacteriocins. Their small size
and increased surface area compared to bulk
materials improve the protection and delivery of
bacteriocins’ antibacterial effects.*

Building on this, nanoencapsulation,
the process of embedding bacteriocins within
nanoparticles has been shown to enhance
the antimicrobial activity of these peptides.
Nanoparticles are capable of effectively diffusing
and crossing biological cell membrane barriers,
which improves the delivery of bacteriocins to
their target sites.*

In light of these advancements, this study
aims to evaluate the performance of bacteriocins
encapsulated in chitosan nanoparticles under
various environmental conditions and to assess
their potential effectiveness against harmful
bacteria. The findings could lead to improved
methods for utilizing bacteriocins in diverse
applications, including food safety and medical
treatments.

METHODOLOGY

Lyophilized strains of pathogenic bacteria
were procured from various culture collections, as
detailed in Table 1. In our earlier investigation, we
produced bacteriocin using the Levilactobacillus
brevis strain ABRIINW-k.

Preparation

The ionic gelation process was used
to produce chitosan nanoparticles (CSNps) as
described by Hoang et al.* The experiment began
by dissolving 0.2 grams of chitosan (purchased
from Sigma-Aldrich, USA, with a deacetylation
degree of 93%) in 100 milliliters of 1% acetic
acid to create a uniform solution. Sodium
tripolyphosphate (TPP), also from Sigma-Aldrich,
USA, was then added gradually to the solution
while stirring continuously. Chitosan and TPP
were added drop by drop and stirred for 3 hours
to ensure sufficient interaction and ionic cross-
linking, leading to the formation of nanoparticles.
Following the reaction period, the product was
centrifuged at 10,000 RPM for 10 minutes. This
centrifugation step facilitated the separation of
the chitosan nanoparticles, forming a solid mass
at the bottom of the centrifuge tube. The solid

Table 1. Catalogue of foodborne pathogens and their
corresponding culture types

No. Pathogens Culture type

1 Salmonella typhimurium  MTCC 3224
2 Bacillus cereus MTCC 1272
3 Staphylococcus aureus MTCC 740
4 Escherichia coli MTCC 1310

mass, consisting of the CSNps, was then available
for further use or examination.

Analysis of drug release in vitro

The in vitro release of bacteriocin was
determined using the dialysis bag method,
as described by Bohrey et al.,*®> with some
modifications. A total of 5 milliliters of release
medium, specifically 0.1 M phosphate-buffered
saline (PBS) with a pH of 7.4, was prepared. This
medium contained either 50 milligrams of chitosan
nanoparticles conjugated with bacteriocin
(CSNps-B) or free bacteriocin (free-B). The release
medium was placed into a dialysis bag, which
was then immersed in a beaker containing 100
milliliters of PBS. The beaker was positioned on a
magnetic stirrer set to rotate at 100 revolutions per
minute (rpm), and the temperature was carefully
maintained at 37 + 1°C to simulate physiological
conditions.

To monitor bacteriocin release, 2 milliliter
samples were periodically withdrawn from the
beaker at various time intervals, including 1,
2, and 3 hours, and continuing up to 24 hours.
After each sample was taken, an equal volume of
fresh PBS was added to the beaker to maintain
a constant volume. The collected samples were
then analyzed for bacteriocin release percentage
using an ultraviolet-visible spectrophotometer at
a wavelength of 291 nm. This method provided
an accurate profile of bacteriocin release over the
designated period.

Formulation preparation

In a sterile environment, three-fold tubes
with dimensions of 12 x 75 mm were utilized
to divide the formulations into four distinct
groups: chitosan nanoparticles (CSNps), crude
chitosan, free bacteriocin (free-B), and chitosan
nanoparticles conjugated with bacteriocin
(CSNps-B). The quantification of each group was
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conducted precisely, and the formulations were
then combined with 0.25% acetic acid to achieve
a final concentration of 100 pg/mL, following
the procedure outlined by Abdeltawab et al.*®
This standardized preparation ensured that each
formulation possessed the correct concentration
required for subsequent trials or analyses.

Antimicrobial activity

The antibacterial activities of different
formulations against foodborne bacteria were
evaluated using the agar well diffusion technique.
This procedure involved introducing bacterial
cultures onto Mueller Hinton Agar plates to create
a uniform bacterial layer. Sterile cork borers were
then used to create wells by removing plugs of
agar from the inoculated plates. Each well was
subsequently filled with 100 ul of one of the
distinct formulations: free bacteriocin (free-B),
chitosan nanoparticles (CSNps), crude chitosan,
or chitosan nanoparticles conjugated with
bacteriocin (CSNps-B). The plates were incubated
at 37°C for 24 hours, allowing bacterial growth
and interaction with the formulations. Following
incubation, the zones of inhibition, where bacterial
growth was halted, were measured in millimeters
to assess the antibacterial effectiveness of
each formulation. Measurements were taken
three times to ensure accuracy and consistency,
following the methodology described by Balouiri
et al.’

Stability pH

The impact of pH on the stability of
the formulated groups was evaluated following
the method outlined by Guirguis et al.® In

this procedure, 5 mL of each formulation was
placed into tubes, and the pH levels were
adjusted between 2 and 12 by adding sterile
lactic acid (1% w/v) or sodium hydroxide (1 M) at
room temperature (22°C) for 2 hours. After the
incubation period, the pH of each formulation was
readjusted to a neutral pH of 7. The antimicrobial
efficacy of the pH-adjusted concentrates was then
assessed using the agar well diffusion technique,
as described by Mostafa et al.*® This involved
measuring the zones of inhibition around the wells
containing the treated samples on inoculated agar
plates, thereby determining the effectiveness of
each formulation in killing bacteria at various pH
levels.

Statics

Statistical analysis was conducted on the
data obtained from the duplicated experiments
to assess the significance of differences among
various formulations and treatments. IBM-SPSS
software, version 20 (USA), was used for data entry
and processing. The analysis utilized two primary
statistical methods: One-way ANOVA (Analysis of
Variance) and the paired-samples T-test.

RESULTS AND DISCUSSION

The efficacy of chitosan nanoparticles
(CSNps) as a food preservative was evaluated
by investigating the release of bacteriocin from
both CSNps and free bacteriocin (free-B) in vitro.
As shown in Figure 1, transmission electron
microscopy (TEM) images illustrate the morphology
and size distribution of the nanoparticles. The left
panel shows chitosan nanoparticles (CSNps) alone,

Figure 1. TEM images of chitosan nanoparticles and chitosan nanoparticles conjugated with bacteriocin
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with particle sizes around 10.10 nm, 12.56 nm,
and 20.56 nm. In contrast, the right panel displays
chitosan nanoparticles conjugated with bacteriocin
(CSNps-B), showing a larger particle size range, with
some particles measuring approximately 50.10 nm
and 90.12 nm. This difference in size suggests the
successful conjugation of bacteriocin onto the
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#—— Chitosan

o
®

Absorbance
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chitosan nanoparticles, potentially enhancing their
functionality as a food preservative.
Additionally, Figure 2 presents the
UV-visible absorbance spectra of chitosan,
chitosan nanoparticles (CSNps), and chitosan
nanoparticles conjugated with bacteriocin
(CSNps-B) nanocomposites. The spectra illustrate
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Figure 2. UV-visible absorbance spectra of chitosan, chitosan nanoparticles (CSNps), and chitosan nanoparticles

conjugated with bacteriocin (CSNps-B) nanocomposites
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Figure 3. Comparative analysis of in vitro drug release of free bacteriocin and chitosan nanoparticles conjugated

with bacteriocin (CSNps-B)
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a significant increase in absorbance for CSNps-B
compared to CSNps and chitosan, indicating
effective bacteriocin loading and enhanced
interaction with light at specific wavelengths,
which may correlate with its antimicrobial efficacy.

This investigation involved examining
the release patterns of bacteriocin from CSNps
loaded with bacteriocin, as well as from its
separate components-chitosan, CSNps alone,
and free bacteriocin (free-B)-against food-borne
pathogenic microbes. As illustrated in Figure 3, the
comparative analysis of in vitro drug release profiles
shows distinct release patterns between free
bacteriocin and chitosan nanoparticles conjugated
with bacteriocin (CSNps-B). This comparison
highlights the controlled and sustained release
of bacteriocin from the CSNps-B formulation,
potentially enhancing its antimicrobial efficacy
against food-borne pathogens.

In this context, the controlled release
observed with CSNps-B in our study aligns
with findings from several recent works. For
instance, Narayanan et al.?® demonstrated
that encapsulation of bacteriocins in chitosan
nanoparticles led to a significant reduction in the
initial burst release, which is crucial for maintaining
consistent antimicrobial activity over time. Their
work showed that by modulating the chitosan-
to-bacteriocin ratio and cross-linking conditions,
the release profile could be finely tuned to extend

the bacteriocin’s efficacy in food preservation
applications.

In contrast, the initial burst release
observed with free-B, where 65% of the bacteriocin
was released within the first 4 hours, is a
phenomenon commonly seen in systems without
encapsulation. This rapid release can be beneficial
for applications requiring immediate antimicrobial
action but may also lead to a quick depletion
of active bacteriocin, potentially reducing long-
term effectiveness. Chen et al.** echoed this
observation, reporting that free bacteriocin
formulations often exhibit a burst release due to
the lack of a barrier controlling the diffusion of the
active compound. They also noted that such rapid
release could result in suboptimal antimicrobial
activity over extended periods, making it less
suitable for applications where prolonged activity
is desired.

In contrast to the burst release observed
with free-B, the prolonged release observed with
CSNps-B, where only 25% of the bacteriocin was
released within the first 4 hours and 60% after 24
hours, suggests a more sustained delivery, which is
crucial for food preservation and other applications
requiring long-term antimicrobial protection.
A study by Niazmand et al.?? highlighted that
such controlled release systems can significantly
enhance the shelf life of perishable food products
by maintaining a consistent level of antimicrobial
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Table 2. Summarization of activity of different formulations at different pH

Bacillus Staphylococcus Escherichia Salmonella
cereus aureus coli typhimurium
Z0l (mm) Z0I (mm) Z0l (mm) Z0l (mm)
Formulations pH pH pH pH
2 4 12 2 4 12 2 4 12 2 4 12

Chitosan 5.12 845 532 3.2 6.7 2.5 0 0 0 0 0 0
CSNp 35 12.6 5.12 56 10.12 6.10 0 0 0 0 0 0
Free-B 8.12 13.88 10.10 10.23 15.67 8.21 9.34 1380 10.12 8.19 13.76 10.1
CSNps-B 9.13 3245 9.23 1256 3032 231 9.89 30.36 10.23 124 36.22 10.2

agents. This controlled release mechanism,
facilitated by the nanoparticle matrix, ensures that
bacteriocin is gradually released, reducing the risk
of microbial resistance and improving overall food
safety.

Furthermore, the paired-sample t-test
results, indicating significant differences in release
patterns between CSNps-B and free-B with a
p-value <0.05, further confirm the efficacy of
chitosan nanoparticles in regulating the release
of bacteriocin. These findings are consistent with
recent studies, such as the work by Ali et al.,”®
which reported similar statistical significance
when comparing the release profiles of free and
nanoparticle-encapsulated antimicrobial peptides.
Their work emphasized that controlled release
not only prolongs the antimicrobial effect but also
reduces the frequency of required applications,
making it a cost-effective solution for industrial
use.

Therefore, the controlled release pattern
of CSNps-B could have significant implications for
food preservation, as it provides more consistent
delivery of bacteriocin over time. This could
help prevent spoilage and extend the shelf life
of food products without the need for repeated
applications. The potential to fine-tune release
profiles by modifying the nanoparticle formulation
offers a versatile tool for various food preservation
needs, from fresh produce to processed foods.

Moreover, the superior antibacterial
activity of CSNps-B, with inhibition zones
ranging from 30.32 to 36.26 mm, indicates that
encapsulating bacteriocin in chitosan nanoparticles
significantly enhances its efficacy against both
Gram-positive and Gram-negative bacteria
as shown in Figure 4. This enhanced activity
is supported by recent studies. For instance,

Mohanty et al.** found that bacteriocin-loaded
chitosan nanoparticles exhibited significantly
higher antibacterial activity compared to free
bacteriocin, particularly against resistant strains
of E. coli and S. typhimurium. The nanoparticles’
ability to disrupt bacterial cell membranes more
effectively than free bacteriocin or chitosan alone
was highlighted as a key factor in this enhanced
activity.

The mechanism behind the enhanced
antibacterial activity of CSNps-B can be attributed
to several factors. First, the nanoparticles’
small size allows them to penetrate bacterial
cell walls more easily, increasing the local
concentration of bacteriocin at the site of action.
Second, the chitosan matrix itself possesses
inherent antimicrobial properties, which may act
synergistically with the bacteriocin to enhance
overall effectiveness. Recent research by Rashki
et al.*® demonstrated that the positive charge
of chitosan nanoparticles facilitates strong
electrostatic interactions with the negatively
charged bacterial cell membranes, leading to
increased permeability and subsequent cell death.

This enhanced effectiveness of CSNps-B
is further highlighted by a comparative analysis
of the four formulations in your study CSNps-B,
CSNps, chitosan, and free-B reveals the distinct
advantages of using CSNps-B. Chitosan alone,
with inhibition zones ranging from 6.7 to 8.45
mm, exhibited minimal antibacterial activity,
particularly against Gram-negative bacteria as
shown in Table 2. This finding is consistent with
recent studies, such as the one by Yan et al.,*®
which reported that chitosan’s antibacterial
efficacy is limited against Gram-negative bacteria
due to the outer membrane’s protective barrier,
which impedes chitosan’s penetration.
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In contrast, CSNps, with inhibition zones
ranging from 10.12 to 12.6 mm, demonstrated
moderate antibacterial activity, likely due to the
nanoparticles’ ability to interact with bacterial cell
membranes. However, the absence of bacteriocin
limits their effectiveness compared to CSNps-B.
The results align with those of Kaur et al.,”” who
observed that chitosan nanoparticles alone
could disrupt bacterial membranes, but their
antibacterial activity was significantly enhanced
when combined with other antimicrobial agents.

However, Free bacteriocin (free-B)
showed better antibacterial activity than chitosan
and CSNps, with inhibition zones ranging from
13.38 to 15.67 mm. However, the encapsulation
of bacteriocin in chitosan nanoparticles (CSNps-B)
resulted in even greater efficacy, highlighting the
importance of controlled release and sustained
activity provided by the nanoparticle matrix.
This finding is supported by Sharma et al.,*®
who reported that encapsulating bacteriocins in
nanoparticles not only enhances their stability but
also prolongs their antimicrobial activity, making
them more effective against a wider range of
pathogens.

The potent antibacterial activity of
CSNps-B, particularly against resistant strains
of food-borne pathogens like E. coli and S.
typhimurium, underscores its potential as an
effective food preservative. The ability to achieve
such strong inhibition with a single application
suggests that CSNps-B could significantly reduce
the risk of foodborne ilinesses, especially in high-
risk products like raw meats and dairy. Recent
studies by Fadiji et al.* have shown that the
application of antimicrobial nanoparticles in food
packaging can significantly extend the shelf life of
perishable products while maintaining safety and
quality.

Furthermore, the study examined the
antibacterial activity of different formulations-
chitosan, chitosan nanoparticles (CSNp), free
bacteriocin (Free-B), and bacteriocin-loaded
chitosan nanoparticles (CSNps-B)-against Bacillus
cereus, Staphylococcus aureus, Escherichia coli,
and Salmonella typhimurium across three pH
levels (2, 4, and 12). The results revealed that
the antibacterial efficacy of all formulations was
significantly enhanced at pH 4, with CSNps-B
demonstrating the highest zones of inhibition

(ZOl) across all tested bacteria. For Bacillus cereus,
the ZOl reached 32.45 mm at pH 4 with CSNps-B,
compared to 13.88 mm with Free-B, 12.6 mm
with CSNp, and 8.45 mm with chitosan. Similarly,
Staphylococcus aureus showed a ZOl of 30.32 mm
with CSNps-B at pH 4, while Free-B, CSNp, and
chitosan achieved lower inhibition zones of 15.67
mm, 10.12 mm, and 6.7 mm, respectively. Both
Escherichia coliand Salmonella typhimurium were
inhibited most effectively by CSNps-B at pH 4, with
ZOls of 30.36 mm and 36.22 mm, respectively.
In contrast, chitosan and CSNp exhibited no
antibacterial activity against these two bacteria at
any pH. These findings indicate that pH 4 is optimal
for maximizing the antibacterial properties of
bacteriocin-loaded chitosan nanoparticles, which
emerged as the most potent formulation in the
study.

Consequently, the study’s results
demonstrated statistically significant differences
in antibacterial activity among the various
formulations at different pH levels. Notably, the
zones of inhibition (ZOI) observed with bacteriocin-
loaded chitosan nanoparticles (CSNps-B) at
pH 4 were significantly larger compared to
those achieved with free bacteriocin, chitosan
nanoparticles (CSNp), and chitosan alone. These
differences were statistically significant (p < 0.05),
indicating that the enhanced antibacterial efficacy
of CSNps-B at pH 4 is not due to random variation
but reflects a true improvement in antibacterial
activity. This statistical significance further
supports the conclusion that pH 4 is optimal for
maximizing the efficacy of bacteriocin-loaded
chitosan nanoparticles, making CSNps-B the most
potent formulation in the study.

The findings from this study highlight the
crucial role of pH in modulating the antibacterial
efficacy of different formulations, particularly
bacteriocin-loaded chitosan nanoparticles
(CSNps-B). The observed superiority of CSNps-B
at pH 4 across all tested bacteria aligns with
recent studies that emphasize the importance
of environmental pH in influencing the activity
of chitosan-based systems. At lower pH levels,
the amino groups in chitosan are protonated,
leading to increased solubility and enhanced
interaction with bacterial cell membranes, which
likely explains the heightened antibacterial activity
observed.
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The significant zones of inhibition (ZOl)
recorded for CSNps-B, particularly against Bacillus
cereus (32.45 mm), Staphylococcus aureus (30.32
mm), Escherichia coli (30.36 mm), and Salmonella
typhimurium (36.22 mm) at pH 4, indicate
the synergistic effect of combining chitosan
nanoparticles with bacteriocin. This synergy is
supported by recent research that suggests the
nanoscale size of CSNps enhances the stability
and controlled release of bacteriocins, further
improving their antimicrobial effectiveness.?®
In comparison, the lack of activity observed
with chitosan and CSNp alone against E. coli
and Salmonella typhimurium at all pH levels
underscores the critical role of bacteriocin in these
formulations.

Moreover, the findings are consistent
with recent advancements in antimicrobial
delivery systems, where the combination of
natural antimicrobials like bacteriocins with
nanocarriers such as chitosan nanoparticles has
been shown to provide prolonged and targeted
antibacterial effects.?! The pronounced activity
of CSNps-B at pH 4 could also be attributed to
optimal conditions for both chitosan protonation
and bacteriocin stability, as suggested by recent
studies on the physicochemical properties of these
systems.

CONCLUSION

In conclusion, the incorporation of
bacteriocins into chitosan nanoparticles (CSNps)
to form CSNps-B has significantly enhanced the
antibacterial effectiveness of bacteriocins as food
preservatives. This formulation not only prolongs
the freshness of food items but also maintains
their quality attributes. CSNps-B demonstrated
exceptional antibacterial activity across a broad
range of temperatures and pH levels, making it
versatile for various food preservation applications.
Specifically, CSNps-B showed superior antibacterial
effects against Gram-positive pathogenic bacteria,
particularly under acidic conditions, compared
to Gram-negative bacteria. This indicates that
CSNps-Bis highly effective in inhibiting the growth
of food-borne bacteria, making it a promising
candidate for use as a bio-preservative in food
products. Its ability to perform well under different
environmental conditions underscores its potential

for widespread application in enhancing food
safety and extending shelf life.
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