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Thiolated chitosan nanoparticles
encapsulated nisin and selenium:
antimicrobial/antibiofilm/anti-attachment/
immunomodulatory multi-functional agent

Mozhgan Derakhshan-sefidi’, Bita Bakhshi'" and Aliakbar Rasekhi?

Abstract

Background The increase in the resistance of bacterial strains to antibiotics has led to research into the bactericidal
potential of non-antibiotic compounds. This study aimed to evaluate in vitro antibacterial/ antibiofilm properties

of nisin and selenium encapsulated in thiolated chitosan nanoparticles (N/Se@TCsNPs) against prevalent enteric
pathogens including standard isolates of Vibrio (V.) cholerae O1 El Tor ATCC 14,035, Campylobacter (C,) jejuni ATCC
29,428, Salmonella (S.) enterica subsp. enterica ATCC 19,430, Shigella (S.) dysenteriae PTCC 1188, Escherichia (E.) coli
O157:H7 ATCC 25,922, Listeria (L) monocytogenes ATCC 19,115, and Staphylococcus (S.) aureus ATCC 29,733.

Methods The synthesis and comprehensive analysis of N/Se@TCsNPs have been completed. Antibacterial

and antibiofilm capabilities of N/Se@TCsNPs were evaluated through broth microdilution and crystal violet

assays. Furthermore, the study included examining the cytotoxic effects on Caco-2 cells and exploring the
immunomodulatory effects of N/Se@TCsNPs. This included assessing the levels of both pro-inflammatory (IL-6 and
TNFa) and anti-inflammatory (IL-10 and TGF{3) cytokines and determining the gene expression of TLR2 and TLR4.

Results The N/Se@TCsNPs showed an average diameter of 136.26+43.17 nm and a zeta potential of 0.27+0.07 mV.
FTIR spectroscopy validated the structural features of N/Se@TCsNPs. Scanning electron microscopy (SEM) images
confirmed their spherical shape and uniform distribution. Thermogravimetric Analysis (TGA)/Differential Scanning
Calorimetry (DSC) tests demonstrated the thermal stability of N/Se@TCsNPs, showing minimal weight loss of
0.03%=+0.06 up to 80 °C. The prepared N/Se@TCsNPs showed a thiol content of 512.66+7.33 umol/g (p <0.05), an
encapsulation efficiency (EE) of 69.83%+0.04 (p<0.001), and a drug release rate of 74.32%+3.45 at pH=7.2 (p <0.004).
The synthesized nanostructure demonstrated potent antibacterial activity against various isolates, with effective
concentrations ranging from 1.5+0.08 to 25 +4.04 mg/mL. The ability of N/Se@TCsNPs to reduce bacterial adhesion
and internalization in Caco-2 cells underscored their antibiofilm properties (p <0.0001). Immunological studies
indicated that treatment with N/Se@TCsNPs led to decreased levels of inflammatory cytokines IL-6 (14.33+2.33
pg/mL) and TNFa (25 +0.5 pg/mL) (p <0.0001), alongside increased levels of anti-inflammatory cytokines IL-10
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TCsNPs.

(46.00+£0.57 pg/mL) and TGF (42.58 + 2.10 pg/mL) in infected Caco-2 cells (p <0.0001). Moreover, N/Se@TCsNPs
significantly reduced the expression of TLR2 (0.22+0.09) and TLR4 (0.16+0.05) (p < 0.0001).

Conclusion In conclusion, N/Se@TCsNPs exhibited significant antibacterial/antibiofilm/anti-attachment/
immunomodulatory effectiveness against selected Gram-positive and Gram-negative enteric pathogens. However,
additional ex-vivo and in-vivo investigations are needed to fully assess the performance of nanostructured N/Se@
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Introduction

Prolonged exposure of bacteria to antimicrobial regimens
can lead to acquired resistance, as all organisms have an
instinctive tendency to adapt to their environment [1].
The development process of new antibiotics is facing
many challenges due to their time-consuming and expen-
sive nature [2]. In clinical settings, antibiotic resistance
has been observed in both gram-positive and negative
bacteria, with a greater prevalence seen among gram-
negative strains due to the existence of an outer mem-
brane permeability barrier that shields peptidoglycan and
other intracellular targets from antimicrobial agents. This
phenomenon has led to treatment complexities and the
emergence of strains that are resistant to commonly used
antibiotics [3].

Nisin is a polycyclic antibacterial peptide with broad-
spectrum antibacterial activity. The compound dem-
onstrated efficacy against a range of Gram-positive
pathogens, although it also exhibited antibacterial activ-
ity against a limited number of Gram-negative pathogens
[4]. The antimicrobial effectiveness of the lantibiotic nisin
has been well established against bacterial pathogens,
including methicillin-resistant S. aureus (MRSA), van-
comycin-resistant enterococci (VRE), L. monocytogenes,
Bacillus cereus, and Clostridium botulinum [5-7]. The
interaction between nisin and the membrane-bound cell
wall precursor lipid II and undecaprenyl pyrophosphate
are shown to be the main antimicrobial mechanism of
action [8]. This potent bacteriocin offers notable ben-
efits, including its capacity to hinder bacterial growth
at low concentrations, even in complex environments.
Importantly, it has demonstrated a lower likelihood of
promoting bacterial resistance in comparison to con-
ventional antibiotics [9]. Gram-negative bacteria typi-
cally resist nisin, but instances of growth inhibition have
been observed when the phospholipid structure within
the bacterial cells is destabilized prior to exposure to
nisin [6]. Many studies have investigated the increased
antibacterial effect of nisin in combination with other
compounds including poly-lactic acid against bacterial
pathogens like Micrococcus luteus and S. xylosus [10].
Moreover, integration of nisin and 2,3-dihydroxyben-
zoic acid (DHBA) within nanofibers made from poly (D,
L-lactide) (PDLLA) and poly (ethylene oxide) (PEO) has

shown promising inhibitory effect on biofilm formation
of methicillin-resistant Staphylococcus aureus (MRSA)
[11]. Further investigations have highlighted the syner-
gistic antibacterial and antibiofilm effects achieved when
nisin is mixed with agents such as EDTA [12] and silver
nanoparticles [13].

Selenium is considered a vital trace element with fun-
damental health benefits for both humans and animals.
The antibacterial properties of selenium are based on its
ability to induce oxidative stress in bacteria. This leads to
the disruption of key cellular functions and potentially
inhibits bacterial growth or causes cell death. These anti-
microbial properties, combined with the immunomodu-
latory effects of this metalloid, make it a promising area
of investigation for potential applications in the fight
against bacterial infections [14]. Selenium nanoparticles
(SeNPs) possess rapid absorption capabilities and mini-
mal toxicity, rendering them safer options for use in con-
junction with other treatments [15]. Research indicates
that SeNPs can boost the antibacterial potency of stan-
dard antibiotics, resulting in a synergistic enhancement
against a wide range of bacterial species, even those that
are particularly hard to manage with antibiotics alone
[16].

The most effective carrier vehicles for drug delivery
among polymeric nanoparticles (NPs) are polysaccha-
rides due to their exceptional physical and biological
properties such as non-toxic, low immunogenicity and
biocompatibility [17]. Chitin is the second most abun-
dant naturally occurring polysaccharide after cellulose
and can be converted to chitosan (Cs) through the pro-
cess of N-deacetylation [18]. The mucoadhesive prop-
erties of modified Cs, in particular thiolated chitosan
(TCs), in which thiol groups are immobilized on the
primary amine group of Cs, that enables extended inter-
action between the drug and specific tissues, leading to
improved drug absorption and availability within the
body [19]. The bactericidal properties of Cs are due to
its cationic nature, which enables it to attach to anionic
elements on microbial surfaces. This feature makes it
highly effective against pathogens [20]. V. cholerae O1 El
Tor, C. jejuni, S. enterica subsp. enterica, S. dysenteriae,
E. coli O157:H7, L. monocytogenes, and S. aureus are
pathogenic bacteria known to cause gastroenteritis [21].
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These bacteria have the ability to stimulate the immune
system by interacting with TLR2 and TLR4 through their
pathogen-associated molecular patterns. The activation
of these receptors initiates a series of signaling events
within the cells, ultimately triggering the innate immune
response [22]. Inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6)
act as potent chemoattractant, effectively facilitating the
recruitment and mobilization of immune cells towards
the precise location of infection. This orchestrated inter-
play between inflammatory cytokines and immune cells
substantiates their indispensable contribution in mount-
ing an effective immune response against gastritis-
causing bacterial infections [23]. However, excessive or
prolonged overexpression of inflammatory cytokines
can lead to tissue damage, systemic inflammation, and
the development of inflammatory disorders. A finely bal-
anced and controlled inflammatory response is crucial
for pathogen clearance [24].

We propose that the combination of nisin with sele-
nium will create a synergistic agent with both potent
antibacterial and antibiofilm properties against common
enteric pathogens such as V. cholerae O1 El Tor, C.jejuni,
S.enterica subsp. enterica, S.dysenteriae, E.coli O157:H7,
L.monocytogenes, and S.aureus. In this context, by using
TC as a carrier and the synergistic effect of selenium,
this study takes a pioneer approach to evaluate the con-
trolled drug release effect of the obtained nanocomposite
and to convey the limitations of degradation and absorp-
tion associated with free nisin in the gastroenteritis envi-
ronment in the way of bactericidal application. We also
anticipate that this evaluated nanocomposite will have
anti-inflammatory attributes in addition to anti-bacterial
effects. We aim to further explore the anti-biofilm poten-
tial of formulated nano-structures to inhibit bacterial
attachment to the gut, potentially providing a novel strat-
egy to address biofilm-associated infections.

Experimental section

Materials

Nisin (Molekula, UK), Chitosan (50-200 kDa) and
Sodium tripolyphosphate (TPP, 85%) (Sigma-Aldrich,
USA), N-Hydroxysuccinimide (NHS) and N-Ethyl-N’-
(3-dimethylaminopropyl)  carbodiimide  hydrochlo-
ride (EDAC. HCI) (Bio Basic Inc, Canada), ELISA Kkits
(TNF-a, IL-6, IL-10, and TGF-p) (R& D, USA), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay kit (Yekta Tajhiz Azma, Iran), human
colorectal adenocarcinoma cells (Caco-2) (Iranian
Genetic Resources Center, Iran), Na,SeO; and ascorbic
acid (Merck, Germany) were purchased and utilized as
directed. The highest-grade analytical reagents and other
chemicals were used in this study.
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Strains of bacteria

Standard enteric pathogens were the focus of the current
study. The strains used in this study were V.cholerae O1
El Tor ATCC 14,035, C. jejuni ATCC 29,428, S.enterica
subsp. enterica ATCC 19,430, S.dysenteriae PTCC 1188,
E.coli O157:H7 ATCC 25,922, L.monocytogenes ATCC
19,115, and S.aureus ATCC 29,733. Microbial strains
were obtained from the microbiology bank of the Bac-
teriology Department, Faculty of Medicine of Tarbiat
Modares University, Tehran, Iran, and all of them were
confirmed by biochemical and molecular methods
(16srRNA), and they were all kept at -80 °C in Brain
Heart Infusion broth medium supplemented with 20%
glycerol.

Synthesize and characterization of N/Se@TCsNPs
L-cysteine (I-Cys) (Sigma, USA) was functionalized
and coupled to the Cs backbones using amide linkages
and EDC/NHS as coupling agents [25]. Briefly, CsNPs
(10 mg/mL) in 1% acetic acid (AA) solution was pre-
pared for covalent thiol modification on Cs backbones.
1-Cys (20 mg/mL) was functionalized with 1.5 mM of
each EDC and NHS in distilled water, and then added to
the CsNPs solution, with the resulting mixture agitated
in the dark for 18 h (450 rpm, IKA°RH basic 2, Sigma,
USA). To remove unbound residues, the prepared TCs-
NPs solution was dialyzed (cut-off 12 kDa MW, Sigma)
prior to freeze-drying (Zirbus Vac 5, Germany). Nisin
was encapsulated in TCsNPs by the ionotropic gelation
method (Fig. 1). A solution of nisin (2.5 mg/mL) and TPP
(1:10) was added dropwise to the TCsNPs solution (1%
w/v in 1% AA solution) and the reaction mixture was
stirred (450 rpmx1 h) [26]. The N/Se@TCsNPs were syn-
thesized via the ionic reduction of Na,SeO4-5H,0 using
ascorbic acid as the reducing agent [27]. Na,SeO; (5H,0)
at a concentration of 1.2 mM was introduced dropwise to
the N@TCsNPs solution. The resultant solution was then
supplemented with ascorbic acid at a 4:1 ratio of ascorbic
acid to Na,SeO; (2 hx350 rpm, 25 °C). The final produced
N/Se@TCsNPs were centrifuged (14,000 rpmx15 min,
Sigma, Germany), freeze-dried (Zirbus Vac 5, Germany),
and stored at 4 °C for further analysis.

To confirm the correct synthesis of the N/Se@TCsNPs,
Fourier transform infrared spectroscopy (FTIR, Perki-
nElmer, USA; 400-4000 cm-1) was used at each step of
the fabrication. The size distribution and zeta potential
of the designed nanostructures were determined using
a Zetasizer Nano ZS (Malvern, Worcestershire, UK)
and their morphology was examined by scanning elec-
tron microscopy (SEM) using a VEGA3 TESCAN sys-
tem at 20 kV. Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) (TGA/DSC/1,
METTLER TOLEDO. USA) techniques (5 °C/min from
25 °C to 200 °C) were also used to evaluate the thermal
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Fig. 1 Schematic illustration of nanoparticle synthesis (Created with BioRender.com)

behavior of the formulated composites [28]. lodomet-
ric titration was carried out to quantify the thiol groups
incorporated in the N/Se@TCsNPs [29], using I-Cys-
HCl solutions to construct the standard curve.

In vitro entrapment efficacy (EE) and release behavior
evaluation of N/Se@TCsNPs

An indirect method was used to determine the concen-
tration of nisin entrapped in the N/Se@TCsNPs. Briefly,
after the fabrication of the N/Se@TCsNPs, the super-
natant obtained by centrifugation of the nanostructures
(14,000 rpm, 15 min) was analyzed using the Pierce™
BCA Protein Assay Kit (Thermo Scientific, USA) as out-
lined in the manufacturer’s instructions [30].

The following formula is used to determine the amount
of nisin present in formulated composites.

EE% = (Total nisin conc. in N/Se@TCsNPs — Superna-
tant nisin conc.)/ (Total nisin conc. in N/Se@TCsNPs)
x100.

Inductively Coupled Plasma Atomic Absorption Spec-
troscopy (ICP-AAS) was also used to determine the EE%
of selenium in the formulated NPs produced in accor-
dance with the standard curve of Na,SeO; [31].

The in vitro release behavior of nisin from the fabri-
cated nanostructure was investigated over a period of
72 h. For this purpose, dialysis bags containing 1 mg of
the synthesized N/Se@TCsNPs were prepared. The bags
were then individually immersed in hydrochloric acid
(pH=3.2) and phosphate saline (PBS) (pH=7.5). The aim
of the study was to monitor the release of nisin from the
N/Se@TCsNPs at specific time intervals, 1, 2, 3, 4, 24, 48
and 72 h, at 37 °C. Quantification of released nisin was
performed using the Pierce™ BCA Protein Assay Kit [32].

Stability evaluation of N/Se@TCsNPs

The stability of synthesised N/Se@TCsNPs was investi-
gated to assess their response to temperature variation,
contamination and degradation potential. To achieve
this, the change in size and zeta potential was examined
under controlled temperature conditions of 4+2 °C and
25+2.8 °C for a period of six months.

[32]. In addition, to ensure the absence of contamina-
tion in the synthesized NPs, the sterility of both the syn-
thesis conditions and the vessels used in the nanoparticle
production process was verified. To this end, NPs were
cultured on a number of media, including nutrient agar,
blood agar, MacConkey agar and Sabouraud dextrose
agar, and then placed under anaerobic and aerobic condi-
tions to investigate the sterility of the NPs generated [33].

In vitro cytotoxicity evaluation of N/Se@TCsNPs on Caco-2
cells

The cytotoxicity of the designed structure on Caco-2 cells
was evaluated using the MTT colorimetric assay kit as
directed by the manufacturer. Briefly, Caco-2 cells were
seeded at a density of 5x10* cells/well in a 96-well plate
(SPL, Korea) with DMEM/F-12 medium supplemented
with 10% FBS and Pen-Strep (10000 Units/mL) (Bioidea,
Iran). The cells were incubated at 37 °C with 5% CO, until
they reached 85% confluence. The cells were subjected
to treatment with N@TCsNPs, Se@TCsNPs and N/Se@
TCsNPs at different concentrations (200-3.125 mg/mL),
followed by a further incubation in a humidified incuba-
tor (37 °C, 5% CO,) for 24 h. MTT solution (0.5 mg/mL)
was added to each well, followed by incubation at 37 °C
for 3 h. The absorbance of formazan crystals dissolved in
DMSO solvent (Sigma, USA) was then measured at 570—
630 nm using an Epoch microplate reader (Biotek Instru-
ments, USA). The 50% inhibitory concentration (ICs)
was calculated based on triplicate experiments using pos-
itive control (PBS-treated cells in DMEM/F-12 medium)
and negative control (DMEM/F-12 medium).

In vitro study attachment and internalization study in
presence of N/Se@TCsNPs

For the in vitro bacterial attachment study, 4x 10° Caco-2
cells/well were seeded on 96-well plates until they
reached 80% confluence. Formulated N/Se@TCsNPs
at IC;, concentration were then added to the wells. A
100 uL suspension of each isolate was prepared in ster-
ile PBS (pH="7.2) at their MOI of 7, 50, 100, 50, 100, 100
and 50 CFU/100 pL for V. cholerae O1 El Tor, C. jejuni, S.
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enterica subsp. enterica, S. dysenteriae, E. coli O157:H7,
L. monocytogenes and S. aureus, respectively, and the
plates were incubated for 3 h in a humidified incubator
(37 °C, 5% CO,). To assess the number of bacteria adher-
ing to Caco-2 cells, cells were washed three times with
PBS after time, lysed with 0.01% Triton-X100 (Sigma,
USA) and serially diluted on Brain Heart Infusion (BHI)
agar (Sigma, USA). A separate set of confluent wells was
used to further investigate bacterial internalization into
Caco-2 cells in the presence of N/Se@TCsNPs. The pro-
cedure was the same as described above, except that to
remove adherent bacteria, 100 pg/mL gentamycin was
used. The cells were then lysed with 0.01% TritonX-100
and cultured on BHI agar in serial dilutions to determine
the number of invading bacteria. All experiments were
performed in three independent experiments. Positive
control (bacteria+Caco-2 cells in DMEM/F-12 medium)
and negative control (PBS-treated cells in DMEM/F-12
medium) were included [34].

In vitro TLR2 and TLR4 gene expression evaluation in
Caco-2 cells

The effect of N/Se@TCsNPs on TLR2 and TLR4 gene
expression in Caco-2 cells in the presence of V. cholerae
O1 El Tor, C. jejuni, S. enterica subsp. enterica, S. dysente-
riae, E. coli O157:H7, L. monocytogenes and S. aureus was
evaluated by quantitative real-time PCR (qRT-PCR). For
this purpose, 5x10° Caco-2 cells/well were cultured in
24-well polystyrene microplates (SPL; Korea) and incu-
bated (37 °C, 5% CO,) until reach 85% confluence. The
cells were then exposed to the MOI CFU of each bac-
terium for 1 h. After this incubation period, the Caco-2
cells extracellular bacteria and medium were carefully
replaced with DMEM/F-12-free compounds, includ-
ing the addition of N/Se@TCsNPs (at ICy, concentra-
tion). After the incubation period (18 h, 37°C, 5% CO,)
the supernatant (liquid part) was removed and following
three times washing with PBS, the Caco-2 cells were used
for RNA extraction and complementary DNA (cDNA)
synthesis using the Total RNA mini kit and ¢cDNA syn-
thesis kit (Yekta Tajhiz Azma, Iran), respectively, as
per the manufacturer’s instructions. The QRT-PCR

Table 1 Primers used in this study
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amplification process for TLR2 and TLR4 genes was car-
ried out utilizing an Applied Biosystems Step One Plus
real-time fluorescence thermal cycler. This procedure
involved conducting PCR amplification on each bacte-
rial isolate under two conditions: initially, as a control,
without exposure to N/Se@TCsNPs; and subsequently,
following exposure to fabricated nanostructure (Table 1).
The results were analyzed with the 2724CT method in
terms of GAPDH expression levels [35].

Inflammatory (TNF-a and IL-6) and anti-inflammatory
(TGF-B and IL-10) cytokines evaluation

The supernatant of the Caco-2 cells was collected at 6 and
24 h after treatment with the designed NPs and stored
at -80 °C to investigate the impact of N/Se@TCsNPs on
the production of inflammatory (TNF-a and IL-6) and
anti-inflammatory (TGE-p and IL-10) cytokines by using
sandwich ELISA approach by ELISA kit (R&D, USA) dur-
ing the cell culture stage. The amount of cytokines was
determined using standard curves created with fixed
cytokine concentrations. A microplate spectrophotome-
ter was used to determine the optical density (OD 45, nm).

Antibacterial/antibiofilm activity of N/Se@TCsNPs
evaluation using the microbroth dilution/ crystal violet
assays

The minimum inhibitory concentration (MIC) of N/Se@
TCsNPs was determined following the guidelines estab-
lished by the Clinical and Laboratory Standards Institute
(CLSI) [38]. The N@TCsNPs, Se@TCsNPs, and N/Se@
TCsNPs were 2-fold serially diluted in Muller Hinton
broth (MHB) in a 96-well microtiter plate, with the final
concentrations ranging from 200 to 1.5 mg/mL. A final
each bacterial concentration equivalent to 0.5 McFar-
land standard solutions (ODg,, nm) was then introduced
into the wells. Broth medium containing the same num-
ber of bacteria served as positive control, while blank
broth medium used as negative control. The plates were
sealed and incubated for 18-24 h in a shaking incuba-
tor at 37 °C (IKA@KS, Sigma, USA). The MIC was cal-
culated by measuring the optical density of bacterial
growth in wells treated with nanostructures compared to

Primer Targets Sequences (5-3') Amplification Amplification product size (bp) Ref.
conditions
94 °C (1 min)

TLR2 F: ATCCTCCAATCAGGCTTCTCT 53°C(3059) 163 [36]
R: ACACCTCTGTAGGTCACTGTTG 72 °C (1 min)
94 °C (1 min)

TLR4 F: AAGCCGAAAGGTGATTGTTG 53°C(3059) 143 [37]
R: CTGAGCAGGGTCTTCTCCAC 72 °C (1 min)
94 °C (1 min)

GAPDH F: GAGCCACATCGCTCAGACAC 58°C(305) 108 [36]
R: CATGTAGTTGAGGTCAATGAAGG 72 °C (1 min)
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the control wells (ODg,, nm). In addition, 100 pL of the
supernatant from each well was cultured on a BHI agar
medium to count the number of viable bacteria exposed
to the synthesized NPs. To calculate the MIC of the syn-
thesized nanoparticle for each bacterium, our initial step
involved measuring the optical density (OD) of bacterial
samples exposed to different nanoparticle concentrations
at a wavelength of 620 nm. These readings were then
subtracted from the OD of the blank well. Additionally,
we compared these values with the optical densities of
the positive control wells and also considered the colony
counts from each dilution plated on BHI agar medium.
Based on this comprehensive analysis, the MIC was
calculated.

The biofilm inhibitory effect of newly fabricated N/
Se@TCsNPs was studied according to the microdilution
crystal violet assay in a 96-well polystyrene microplate.
Briefly, the wells of 96-well plates were inoculated with
100 pl of broth media, along with 0.5% (w/v) sucrose,
10 pl of bacterial suspension (10 CFU/mL), and 100 pl
of different 2-fold concentrations of N@TCsNPs, Se@
TCsNPs, and N/Se@TCsNPs. After the desired incuba-
tion period (37 °C, 24 h), by staining the wells with 1%
(wt/vol) crystal violet solution, the biofilm inhibition rate
was measured (OD 5,y nm). To compare the impact of
fabricated N/Se@TCsNPs on the biofilm growth of vari-
ous bacteria, positive control (wells with the same bacte-
rial count but without NPs) and negative control (empty
wells filled only with broth medium) were employed. The
OD (570 nm) measurements revealed that greater densi-
ties corresponded to thicker biofilms, signifying a larger
number of bacterial cells adhering to the surface at the
time of crystal violet staining. On the other hand, lower
optical densities pointed towards fewer bacterial cells,
suggesting either a reduction in biofilm thickness or
diminished biofilm formation.

To determine planktonic cells of V.cholerae O1 El Tor,
S.enterica subsp. enterica, S.dysenteriae, E.coli O157:H7,
L.monocytogenes, S.aureus, and C.jejuni after specific
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time intervals of biofilm formation and exposure to con-
structions, the cell suspension were analyzed compare
to the ODg,; nm biofilm inhibition positive and negative
control wells. Each test was carried out in triplicate.

Statistical analysis

Each experiment was conducted in triplicate, with the
outcomes reported as the meanzstandard deviations.
Experimental and control groups were compared by one-
way analysis of variance (ANOVA), followed by Tukey’s
post hoc and Sidak’s multiple comparisons test. Calcu-
lations were performed using the GraphPad Prism Soft-
ware version 9.5 (GraphPad Software, Inc, La Jolla, CA,
USA) to determine the differences that were statistically
significant (p-value“0.05).

Results

Characterization of the designed N/Se@TCsNPs

The N/Se@TCsNPs exhibited a size of 136.26+43.178 nm
and positive surface charge of 0.271+0.07 mV (Table 2).
SEM imaging also revealed spherical shape of N/Se@
TCsNPs with smooth surfaces (Fig. 2). The FTIR spectra
of Cs at different manufacturing phases reveal distinct
absorption peaks linked to carbonyl and amine groups.
The amide groups are linked to asymmetric and sym-
metric stretching vibrations at 1660 and 1382 cm™'. The
saccharide structure of Cs is connected to absorption
peaks in the 1000-1200 cm™' range. The Cs ring experi-
ences bending vibrations at approximately 575 cm™!. The
amide carbonyl group band is at 1652 cm™!, while the
pyranose ring’s C-H and C-O stretching are represented
by bands at 2873 and 1035 cm™'. These thiolate groups
can also introduce additional C-S-H stretches in the
spectrum, which can be detected in the 2700-2500 cm™!
region. Moreover, the presence of nisin and its integra-
tion into the N/Se@TCsNPs through potential physico-
chemical interactions account for the higher intensity of
N-H and O-H stretching vibrations that was recorded at
approximately 3437 cm™!. Nisin-incorporated TCsNPs

Table 2 Physiochemical characterization of optimized N/Se@TCsNPs, N/Se@TCsNPs: nisin and selenium encapsulated in chitosan
nanoparticles; ¢s: Chitosan, TCs: Thiolated Chitosan, N@TCsNPs: Nisin encapsulated in thiolated chitosan nanoparticles, and N/Se@

CsNPs: Nisin and selenium encapsulated in chitosan nanoparticles

Formulation Cs Cysteine Nisin Selenium PH Z-average size (nm) PDI Thiol content
(mg/mL) (mg/mL) (mg/mL) (ng/mL) umol/g
TCs | 10 10 - - 5 - 484.3+9.01
TCs I 10 15 - - 5 - - 495+5.0
TCs Il 10 20 - - 5 - 512.66+7.33
N@TCsNPs | 10 20 2 - 7 59.6£0.52 049+0.05 512.66+7.33
N@TCsNPs|I 10 20 25 - 7 87.25+2492 0.25+0.03 512.66+7.33
N@TCsNPslll 10 20 5 - 7 precipitation -
N/Se@TCsNPs| 10 20 25 200 7 136.26+43.17 0.27+0.07 512.66+7.33
N/Se@TCsNPsll 10 20 2.5 250 7 precipitation - -
N/Se@TCsNPslil 10 20 205 300 7 Aggregation immediately - -
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encapsulated in chitosan nanoparticles

exhibited greater intensity in the absorption band at
1673 cm™! due to C=0 stretching vibration and a slight
shift of approximately 33 cm™!. The transfer of absorp-
tion peaks associated with carbonyl groups from 1662 to
1382 cm™! and those associated with amine groups from
1594 cm™! in pure Cs to 1632, 1409, and 1571 cm™! in
the N/Se@TCsNPs sample, respectively, is shown in the
presence of selenium in N/Se@TCsNPs (Fig. 3A).

Figure 3B and C has shown the graph of weight loss
variations as a result of temperature increases in both N/
Se@CsNPs and N/Se@TCsNPs. As shown in Fig. 3B the
evaporation of small molecules in N@TCsNPs and Cs
samples occurred at approximately 65 °C. However, for
Se@TCsNPs, the evaporation of small molecules took
place at 150 °C. A single significant thermal degradation
peak at 165 °C was observed in the TGA study of pure
nisin. The final TGA curve of N/Se@TCsNPs had two
peaks; the first peak began at 65 °C and persisted until
80 °C, equating to a weight loss of 0.03%, which can be
attributed to moisture loss. The second shift in the curve
began at 198C and is attributed to the significant weight
loss caused by the dissolution of C-H bonds, which
refers to the breakdown and deterioration of the nano-
composite. The free thiol content and of N/Se@TCsNPs
was 89.12+4.23 uM/g (1 mM iodine, indicator: starch
y=0007x+0.2268/R?=0.97.7).

In vitro entrapment efficacy (EE) and release behavior
evaluation of N/Se@TCsNPs

The study found that the EE% of nisin in N/Se@TCs-
NPs was 69.83%10.04 at pH=7.2. Using the ICP method,
the selenium concentration in the nanostructure was
determined to be 0.65+0.01 pg/mL (y=100.55x-62.5,
R*=0/99).

The release profile of nisin from formulated nano-
structures was observed to occur in two phases. At alka-
line conditions (pH=7.5), an initial rapid release was
observed, with nisin being released from N/Se@TCsNPs
at a significantly faster rate compared to N/Se@CsNPs
(Fig. 3D and E). Nisin release from N/Se@TCsNPs exhib-
ited an initial burst release phase within the first 10 h,
during which approximately 51.39% % 10.96 of the nisin
was released. Following this rapid release, a prolonged,
sustained release occurred over the subsequent 72 h,
accounting for about 80.53% * 6.109 of the total nisin
release. Meanwhile, the release pattern of N/Se@CsNPs
adhered to a non-Fickian mechanism, as supported by
the calculated (R?) coefficient (0.77%0.01), signifying that
the release was influenced by both diffusion and relax-
ation processes throughout the 72 h period.

Stability evaluation of N/Se@TCsNPs

During an extensive 6-month study, the particle sizes at
temperatures of 412 °C and 25+ 3 °C were 122+0.03 nm
and 139+0.73 nm, respectively. The zeta potential val-
ues of the N/Se@TCsNPs at temperatures of 4+2°C and
25+3°C were 1.30£0.08 and 7.06+0.04 mV, respectively.
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Fig. 3 Physicochemical characterization of fabricated nanostructures. A Fourier Transform Infrared (FTIR) spectra of Cs, TCs, N@TCsNPs, and N/Se@TCsNPs.
B Differential Scanning Calorimetry diagram of weight changes in the N/Se@TCsNPs. C Thermogravimetry diagrams; derivatives of weight changes in
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At 412 °C, compared to higher temperatures (25+3 °C),
the resulting composite was more stable. In this experi-
ment, N@TCsNPs, Se@TCsNPs, and N/Se@TCsNPs
were cultivated. No bacterial growth was observed under
anaerobic and aerobic conditions on thioglycolate media,
nutritional agar, blood agar, Macconkey agar, and Sab-
ouraud dextrose agar media after 24 and 48 h, indicating
that the produced samples were sterile.

In vitro cytotoxicity evaluation of N/Se@TCsNPs on Caco-2
cells

Exposure of Caco-2 cells to varying concentrations of
N@TCsNPs, Se@TCsNPs, and N/Se@TCsNPs resulted
in evident alterations in cell morphology. In particular,
treating cells with a concentration of 200 mg/mL of N/
Se@TCsNPs resulted in necrosis after 24 h, evidenced
by cell lysis and the discharge of cellular components
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into the surroundings. This process can result in the
deterioration of cell integrity and morphology. By 72 h
following the treatment, the cell walls entirely disinte-
grated, and its contents spilled out. On the other hand,
at a concentration of 25 mg/mL, the smallest alterations
in cell morphology were noted within 48 h (Fig. 4A-
C). The IC;, values for N/Se@TCsNPs were found to
be 447.46+16.57 mg/mL, 80.04+10.94 mg/mL, and
69.60+4.68 mg/mL at 24, 48, and 72 h, respectively.
These findings underscore the synergistic impact of nisin
and selenium in the homogeneous composite, demon-
strating superior efficacy compared to their individual
effects (Fig. 4D).

In vitro attachment and internalization study in presence
of N/Se@TCsNPs

The results of the attachment analysis (Fig. 5A-C) demon-
strated a significant reduction in the number of attached
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bacteria when N/Se@TCsNPs were present in the Caco-2
cell culture medium. In the absence of N/Se@TCsNPs,
the number of bacteria attached was 4,050,000+278,388
CFU/mL. However, with the inclusion of N/Se@TCs-
NPs, the numbers decreased to 1,093,000+368,963
CFU/mL for V. cholerae O1 El Tor, 1,357,000+455,668
CFU/mL for C. jejuni, 1,567,000+£503,322 CFU/mL for
S.enterica subsp. enterica, 2,233,000+321,455 CFU/
mL for S.dysenteriae, 1,107,000£352,326 CFU/mL
for E.coli O157:H7, 766,667+241,316 CFU/mL for
L.monocytogenes, and 573,333+87,369 CFU/mL for
S.aureus (p*0.0001).

Invaded bacterial in internalization results (Fig. 5D)
revealed antibiofilm and antibacterial effect of N/Se@
TCsNPs. The bacterial internalization in exposure of
obtained nanocomposite were 19£1.00, 31.67%2.93,
12.67+1.45, 22+1.52, 9.33+1.20, 4=%1.52, and
4.25+1.10 CFU/mL for V. cholerae O1 El Tor, C. jejuni,
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Fig. 4 Caco-2 cells treated with N/Se@TCsNPs at intervals of 24, 48, and 72 h under an inverted microscope (20x). A 25 mg/mL and B 200 mg/mL. C
Cell viability in the MTT test following treatment with formulated NPs. N@TCsNPs: Nisin encapsulated in thiolated chitosan nanoparticles. Se@TCs-
NPs: Selenium encapsulated in thiolated chitosan nanoparticles, and N/Se@TCsNPs: Nisin and selenium encapsulated in chitosan nanoparticles, MTT:

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide



Derakhshan-sefidi et al. BMC Microbiology (2024) 24:257 Page 10 of 16

A
C D E F
P<0.0001
:“* 00001 o 0.0003 Lo 0.0003
Dstonoy XX wxrr . <0.0001 7 <0.0001
< § 2os = 508
< 4000000 - 55 g2
= = 22 g
: 2 8 06 2506
5 £Es £ g8
] S & 5 oo 5 2
2 EC o £04 Iz 504
= s 202 2022
% £ g’
Z A 0.0 0.0
LD RS S Q° {° R KR
S SSIG SEFE S =
SIS @‘ S
) & T TER e % \cJ q}‘
&
%}
g TGFB IL-10
<0.0001 <0.0001 <0.0001
0.0113
_ 80 0.0075 0.0010
2 i ? 25 <0.0001 <0.0001
£ 0.0002 - —_ —
B 60 - £ 40
= 0.0029 ®
i3 — ~
40 S 30
g S 2
Z 90 £
g Z 10
S S
0 0
L FILLL FLL S
EIENE e TESS CEEE
S © @
HY O 5 @ OO0
sy & %“ & F
12 37 4
a - - V.cholerae O1 El Tor
S g 4 ” & Senterica subsp. enterica
rv_ = A
O g v 8% -+ S.dysenteriae
g 237 R .
< £ S =+ Ecoli0157:H7
] 5 . zQ
5 . 3 21 ;.3 -+ Lmnonocytogenes
2 § 1 B - S.aureus
2 2
3 . o & Cjejuni
L S - Positive control
20100 5025 125 625 3125 3125625 125 25 50 100 200 e
Concentration (mg/jL) Concentration (mg/iL) Time () - Negative control

Fig. 5 Attachment study of enteric pathogens to Caco-2 cells under light microscopy with Giemsa stain, x100. A positive control. B Treatment with N/
Se@TCsNPs; (1) V. cholerae O1 El Tor, (2) Cjejuni, (3) S.enterica subsp. enterica, (4) S.dysenteriae, (5) E.coli O157:H7, (6) L. monocytogenes, and (7) S.aureus.C
Attached bacteria rates represented wrt control. D Internalization rate of bacteria; gene expression evolution in response to N/Se@TCsNPs by quantitative
real-time PCR technique. ETLR2 and FTLR4, positive control (Caco-2 + bacteria) and negative control (Caco-2 cells + PBS); immunomodulatory effects of N/
Se@TCsNPs. G IL-6, and TNF-a after 6 h H IL-10, and TGF-B after 24 h treatment. I Colony count of bacteria to evaluate the minimum inhibitory concentra-
tion of nano-construction. J Biofilm inhibition evaluation by UV assay (ODsqsnm). K alterations noted in the optical density of planktonic cells in response
to nano-treatments. The data points shown represent the average outcomes from three separate experiments (m=+SD) (p <0.05). N@TCsNPs: Nisin
encapsulated in thiolated chitosan nanoparticles, Se@TCsNPs: Selenium encapsulated in thiolated chitosan nanoparticles, and N/Se@TCsNPs: Nisin and
selenium encapsulated in chitosan nanoparticles, Caco-2: Human colorectal adenocarcinoma cells



Derakhshan-sefidi et al. BMC Microbiology (2024) 24:257

S.enterica subsp. enterica, S.dysenteriae, E.coli O157:H7,
L.monocytogenes, and S.aureus, respectively (p<0.0001).

In vitro TLR2 and TLR4 gene expression evaluation in
Caco-2 cells

In the presence of both selected gram-negative and
positive isolates, the exposure of Caco-2 cells to N/Se@
TCsNPs led to a significant reduction in the expres-
sion of TLR2 and TLR4 genes. The TLR2 gene expres-
sion showed a decrease of 74.60%10.04, 58.50%%0.06,
25.37%+0.09, and 47.53%+0.12 when treated with N@
TCsNPs, Se@TCsNPs, N/Se@TCsNPs, and N/Se@
CsNPs, respectively. Similarly, the TLR4 gene expression
was reduced by 65.50%+0.13, 47.33%%0.06, 16.33%%0.05,
and 38.00%*0.03 with the respective treatments men-
tioned above (p* 0.05). Notably, N/Se@TCsNPs exhibited
a more pronounced inhibitory effect on reducing TLR2
and TLR4 gene expression compared to all other compo-
nents (Fig. 5E and F).

Inflammatory (TNF-a and IL-6) and anti-inflammatory
(TGF-B and IL-10) cytokines evaluation

The introduction of N/Se@TCsNPs significantly reduced
the concentrations of pro-inflammatory cytokines IL-6
(to 14.33£2.33 pg/mL) and TNF« (to 25+£0.5 pg/mL) in
Caco-2 cells that were infected with bacteria (p <0.0001).
Contrarily, this treatment caused a considerable increase
in the production of anti-inflammatory cytokines IL-10
(to 46.00£0.57 pg/mL) and TGFp (to 42.58+2.10 pg/mL)
in the same infected Caco-2 cells (p<0.0001) (Fig. 5G and
H).

Antibacterial/ antibiofilm activity of N/Se@TCsNPs
evaluation using the microbroth dilution/ crystal violet
assays

Our findings indicate that pure nisin and N@TCsNPs
demonstrated reduced effectiveness against Gram-nega-
tive bacteria compared to Gram-positive bacteria. Never-
theless, N/Se@TCsNPs exhibited improved antibacterial
capabilities, particularly with enhanced drug release,
showing efficacy in the range of 1.5+0.08-25%4.04 mg/
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mL across both types of bacteria. The colony counts of
viable bacteria treated with N/Se@TCsNPs further high-
lighted its antibacterial properties at concentrations
above 3.125 mg/mL (6.2510.53-25+4.04 mg/mL), sig-
nificantly inhibiting the growth of V. cholerae O1 El Tor,
C. jejuni, S. enterica subsp. enterica, S. dysenteriae, and
E. coli O157:H7 (Fig. 5I). Additionally, the antibacterial
action of N/Se@TCsNPs intensified at higher concentra-
tions, although it effectively suppressed the growth of L.
monocytogenes and S. aureus at lower concentrations of
3.125+0.19 and 1.5+0.08 mg/mL, respectively. Interest-
ingly, our research did not detect any significant antimi-
crobial benefits of TCs over Cs-coating against bacterial
strains (Table 3).

The study revealed that N/Se@TCsNPs possess inhibi-
tory effects on the biofilm formation of S. aureus and L.
monocytogenes at concentrations exceeding 6.25 mg/mL.
Notably, at a concentration greater than 25 mg/mL, it
effectively prevented biofilm formation in V. cholerae O1
El Tor, C. jejuni, S. enterica subsp. enterica, S. dysenteriae,
and E. coli O157:H7 (Fig. 5H). UV assay statistical analysis
indicated that N/Se@TCsNPs nearly eliminated biofilm
formation by 100% for both S. aureus and L. monocyto-
genes. Moreover, the nanocomposite at 25+0.17 mg/mL
significantly reduced biofilm formation by about 60%
against the aforementioned gram negative pathogens (V.
cholerae O1 El Tor, C. jejuni, S. enterica subsp. enterica,
S. dysenteriae, and E. coli O157:H7) (Fig. 5]). The antib-
iofilm activity of N/Se@TCsNPs was notably stronger at
higher concentrations (200, 100, and 50 mg/mL) com-
pared to lower ones. Biofilm formation was categorized
as non-adherent at 200 and 100 mg/mL, weak at 50 and
25 mg/mL, and strong at 12.5, 6.25, 3.125, and 0 mg/mL,
with no intermediate levels observed among the selected
bacteria. Importantly, nisin or selenium alone in TCsNPs
were effective against biofilm formation at significantly
higher concentrations than when administered together
as uniform N/Se@TCsNPs (p<0.001). Following a 24 h
exposure to N/Se@TCsNPs, planktonic cell counts rose
from undetectable levels at ODgg;nm to over 0.2, and this
count further increased within 24 h to over 0.6 (P<0.003)

Table 3 Minimum inhibitory concentration values (mg/mL) of Se@TCsNPs, N@TCsNPs, N/Se@TCsNPs, N/Se@CsNPs, pure nisin and
sodium selenite against microbial strains, N/Se@TCsNPs: Nisin and selenium encapsulated in thiolated chitosan nanoparticles, N/
Se@CsNPs: Nisin and selenium encapsulated in chitosan nanoparticles, Se@TCsNPs: selenium encapsulated in thiolated chitosan

nanoparticles

Microorganism type  Strain Se@TCsNPs  N@TCsNPs  N/Se@TCsNPs  N/Se@CsNPs  Nisin Sodium selenite
gram-positive Saureus 25+0.05 1254032 1.5+0.08 15+04 25+0.01 100+£0.04

L. monocytogenes 50+0.16 125+048 3.125+0.19 6.25+0.02 25+0.07 200+0.05
gram-negative E. coli 25+042 50+0.75 6.25+0.53 12.5+0.01 200+£0.02  >500

S. enterica. Sub. enterica  100+0.04 200+0.01 125+£0.26 125+£5.03 >500 >500

S.dysenteriae 50+0.05 100£0.35 6.25+0.05 50+4.61 >500 >500

V.cholerae O1 El Tor 25+0.01 100+£4.29 125+£1.01 25+0.04 500 500

C. jejuni 50+0.01 200+1038  25+4.04 25+0.07 >500 >500
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(Fig. 5K). Within a 24 h biofilm study, our findings indi-
cate that planktonic cells detached from biofilms are
more sensitive to N/Se@TCsNPs treatments compared
to those remaining in the biofilm matrix. This observa-
tion reinforces the idea that the biofilm life cycle offers
protection against antimicrobial substances, while free-
floating planktonic cells are more susceptible to such
treatments. This vulnerability of planktonic cells further
highlights the potent bactericidal action of the developed
nanostructure.

Discussion
In the face of the growing menace of antibiotic resistance,
there is an urgent need to evaluate and implement inno-
vative approaches to combat bacterial pathogens [39].
Nisin is produced by Lactococcus lactis and has
attracted considerable interest due to its low likelihood
of promoting the development of bacterial resistance,
and its low cellular cytotoxicity at antimicrobial concen-
trations [40]. This polycyclic peptide antibiotic is more
effective against gram-positive bacteria due to differ-
ences in cell wall compositions and structures, resulting
in lower potency against gram-negative bacteria [41]. The
development of bacterial resistance poses a challenge to
the application of nisin as an antimicrobial agent. Addi-
tionally, the effectiveness of nisin is pH-dependent, with
optimal activity observed at acidic pH levels (°6.0). This
limitation restricts its use as an oral drug, as it may not
effectively target enteric pathogens [42]. In this study
we use nisin in company with selenium to improve anti-
microbial and antibiofilm properties of it. The reason
for choosing selenium to be combined with nisin is its
countless unique properties. First and most aspect that
attract our attention in this study is small size of SeNPs
allows them to interact more closely with the surface of
bacterial cells, which can lead to cellular damage and
eventual cell death [43]. Application of TCs as carrier is
our second hypothesis that can concentrate nisin at the
site of infection and improve its efficacy and reduce the
risk of resistance to develop composite. As the previous
studies, Cs has shown poor adherence to the mucus layer
of the gastrointestinal tract due it precipitation at pH
levels above 6.5 in the jejunum, ileum, and colon, which
results in inadequate drug absorption [44]. Interestingly,
our in vitro result, in accordance with other studies,
demonstrated that the modification of Cs, such as TCs,
improves mucoadhesive and drug release in the pH of the
intestine [45]. Our study revealed a notable difference in
the release rate of the nanoparticle formulation between
pH=7.5 and acidic pH conditions. Specifically, the release
of the active components from the NPs was observed to
be more pronounced in alkaline pH environments than
in acidic pH environments. This finding is of significant
importance because it highlights the pH-dependent
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behavior of the formulated composite and its poten-
tial for targeted drug delivery. The inclusion of disulfide
linkages in the N/Se@TCsNPs structure is instrumental
in safeguarding the integrity of the active components,
including nisin and selenium, against degradation at
lower pH levels [46]. Unlike traditional antibiotics, which
primarily target DNA replication or the synthesis of bac-
terial cells, nisin functions by binding to specific cell wall
proteins, altering the membrane’s integrity, and disrupt-
ing bacterial metabolism, which ultimately leads to cell
death [47, 48]. Nisin also creates pores across the mem-
brane that deplete the proton-motive force, release cyto-
plasmic components, and alter various energy-dependent
cellular processes, all contributing to bacterial death [49].

Studies have demonstrated the inhibitory effects of
selenium on the growth of various pathogenic bacteria,
such as S. aureus, E. coli, and Helicobacter pylori. Fur-
thermore, selenium has the ability to augment the anti-
bacterial properties of conventional antibiotics, providing
a dual mode of action that may be particularly effective
against drug-resistant bacteria [15, 50]. Moreover, the
antimicrobial potential of SeNPs extends beyond their
direct bactericidal activity. SeNPs have been recognized
for their capability to impede the dissemination of envi-
ronmental antibiotic resistance genes. This advantageous
feature offers effective antibacterial properties with-
out adding complexity to the scaling-up and harvesting
processes. Consequently, the utilization of SeNPs pres-
ents a strategic approach in the battle against antibiotic
resistance, as it not only eliminates bacteria but also
hinders the propagation of resistance mechanisms [51].
Incorporation of selenium in N/Se@TCsNPs composite,
improved bactericidal effects of nisin in a way of inducing
oxidative stress in bacteria and pore formation. The effec-
tiveness of SeNPs against gram-negative bacteria stems
from their distinct antimicrobial mechanisms, including
pore formation, generation of reactive oxygen species,
and targeting capabilities. These properties enable SeNPs
to overcome the limitations of nisin, such as rapid degra-
dation and limited penetration, thereby increasing their
efficacy against various bacteria, including gram-nega-
tive strains [52, 53]. Our results confirmed antimicrobial
activity of N/Se@TCsNPs can be attributed to the syner-
gism of nisin and selenium as well as controlled release
of selenium and nisin facilitated by TCs. N/Se@TCsNPs
demonstrated exceptional efficacy against challenging
enteric pathogens including V. cholerae O1, C. jejuni, S.
enterica subsp. enterica, and S. dysenteriae (MIC values
are 12.5+1.01, 25+4.04, 12.5+0.26, and 6.25+0.05 mg/
mlL, respectively). Under these conditions, we consider
selenium damages bacterial cell walls and depletes glu-
tathione. This synergistic action of nisin and selenium
facilitates the penetration and binding of nisin to the bac-
terial cell wall, leading to a faster collapse of the wall and
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subsequent bacterial eradication. Different studies have
successfully investigated the synergistic antimicrobial
effects of nisin and other components and antibiotics,
such as oxacillin [4] (MIC value 4-16 pg/mL), buforin
I [54] (MIC value 4-512 pg/mL), Zein [55] (MIC value
7.06-28.25 pg/mL), and garvicin KS, farnesol and poly-
myxin B [56] (FIC=0.33), against gram-positive patho-
gens. The effectiveness of nisin and nisin-loaded NPs
varies primarily due to their delivery systems and efficacy
in combating bacterial infections. When nisin is encapsu-
lated in nanoscale formats, such as extra-small nisin NPs,
it demonstrates enhanced antibacterial activity compared
to free nisin. A study conducted by Haider et al. revealed
that nisin NPs remain stable at a pH of 5.0 and exhibit
higher antimicrobial activity than free nisin at concentra-
tions below 2.0 mg/mL even after autoclave treatment.
Additionally, the encapsulation of nisin in solid lipid NPs
has been proven to significantly enhance its antimicro-
bial, antibiofilm, and anticancer effects [57].

According to our findings, the use of TCs can enhance
the effectiveness of antibiotics in combating biofilms.
TCs facilitate the penetration of antibiotics into biofilms,
which is especially advantageous when dealing with bac-
teria that have developed resistance to traditional anti-
biotics due to the presence of a protective extracellular
matrix within biofilms. The positively charged charac-
teristic of CsNPs enhances their affinity to bind with the
negatively charged cell membranes of pathogenic bacte-
ria. This cationic property enables the CsNPs to shield
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themselves from degradation by glycoside hydrolase
enzymes, such as chitinases or chitosanases, that are pro-
duced by bacteria. This protective mechanism ensures
the integrity and efficacy of the NPs in specifically target-
ing and disrupting biofilms [58].

The ability of N/Se@TCsNPs to reduce bacterial
attachment is of great significance (p“0.0001). Bacterial
attachment is a crucial step in the formation of biofilms,
which are complex communities of bacteria embedded
in a protective matrix. Our results revealed that more
than 60% of the tested enteric pathogen isolates are effec-
tively inhibited at a concentration of 3.12+0.17 mg/mL
of N/Se@TCsNPs. This dose exhibits a significant biofilm
inhibitory effect, equivalent to 1/4 MIC, for S. enterica
subsp. enterica and V. cholerae O1 El Tor. Additionally, it
demonstrates inhibitory effects at 1/8MIC and 1/2MIC
values for C. jejunmi and S. dysenteriae, respectively
(p<0.0001). These results underscore the potent anti-
microbial activity of N/Se@TCsNPs against the tested
enteric pathogens, particularly in inhibiting biofilm for-
mation (Fig. 6A).

In a study in 2023 [59], which is in line with our study;,
it was shown that the synergism of nisin and p-coumaric
acid inhibited the formation of biofilms and reduced
the expression of the SprE virulence gene in Enterococ-
cus faecalis bacteria. Sharafi et al. [60]. reported antibio-
film effect of nisin in combination with oxacillin against
staphylococcus epidermidis. In another investigation,
nisin loaded in CsNPs functionalized with DNase I has
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shown significant antibiofilm effect on L.monocytogenes
on food contact surfaces (3 log colony-forming unit
(CFU)/cm? reduction) [61]. Several other attempts
revealed synergistic antibiofilm properties of nisin in
combination with other components [62-66].

Nisin has been shown to modulate the immune
response of host by influencing cytokine production. it
can increase interleukin IL-10 production and decrease
pro-inflammatory cytokine levels, leading to immuno-
modulatory effects [67]. In human HaCaT keratinocytes
stimulated by nisin at a concentration of 25 mg/mlL,
Mouritzen et al. [68]detected reduced production of pro-
inflammatory cytokines (IL-6, IL8, and TNF-a). Nisin
increased the anti-inflammatory cytokine (IL-10) and
diminished the secretion of pro-inflammatory cytokines
(TNF-a, IL-1, and IL-6) in LPS-induced MCF10A cells.
Nisin Z also hindered the induction of the ERK1/2 and
p38 mitogen-activated protein kinase signaling processes
[69]. SeNPs have been also found to have anti-inflamma-
tory effects by inhibiting the nuclear translocation of the
NE-B pathway, which controls the production of cyto-
kines, including IL-6 and TNF [70]. In a study conducted
by Alkhudhayri et al., it was discovered that SeNPs have
the potential to effectively alleviate inflammation in
jejunum due to bacterial infections [71]. The results of
current study revealed anti-inflammatory nature of for-
mulated N/Se@TCsNPs. In vitro analysis showed when
Caco-2 cells were stimulated by N/Se@TCsNPs, the
production of TNF-a and IL-6 was markedly decreased
(p* 0.05), but TGF-B and IL-10 production increased (p°
0.001) in comparison to N@TCsNPs and Se@TCsNPs.
These findings indicated that the combination of nisin
and selenium exhibits a potent synergistic anti-inflam-
matory effect. Considering the importance role of TLR2
and TLR4 in immune response and inflammation, our
results indicated significant down regulation of TLR2
(0.251+0.09-fold) and TLR4 (0.38+0.03-fold) gene expres-
sion in response to N/Se@TCsNPs treatment which
supported anti-inflammatory properties of developed
nanostructure (Fig. 6B).

Conclusion

In conclusion, the results obtained from this investi-
gation reveal the strong antibacterial and antibiofilm
properties of N/Se@TCsNPs against challenging enteric
pathogens, including V. cholerae O1 El Tor, C. jejuni, S.
enterica subsp. enterica, S. dysenteriae, E. coli O157:H7,
L. monocytogenes, and S. aureus.

The remarkable effectiveness of the developed nano-
medicine, N/Se@TCsNPs, is evident as it exhibits
potent bactericidal effects without the need for antibi-
otics. This underscores the superiority of our designed
nanomedicine in combating infections caused by both
gram-negative and gram-positive bacteria. The use of
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TCs as carriers has not only enhanced the bio-distribu-
tion and pharmacokinetics of nisin and selenium but
also increased their resistance to degradation. Further
research is anticipated to provide valuable insights into
the various aspects of this novel nanomedicine in in vivo
models, particularly as an oral drug.
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