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Chitosan is known to exert antimicrobial activity without the need for any chemical modification; however, new
derivatives of chitosan can be created to target multi-drug resistant bacteria. In this study, chitosan (CS) was
cross-linked with sodium tripolyphosphate to form nanoparticles, which were then coated with polyacrylic acid
(PAA). The SEM images revealed that the CS-PAA nanoparticles had spherical shapes with smooth surfaces and
the size of the dried nanoparticles was approximately 222 nm. Biofilm formation was significantly inhibited by
0.5 mg/mL of CS-PAA. In-situ optical microscopy showed that CS-PAA nanoparticles inhibited the bacterial
biofilm formation in Campylobacter jejuni, Pseudomonas aeruginosa, and Escherichia coli after a single treatment
with 40 pg. Additionally, 20 ug of CS-PAA nanoparticles demonstrated antibacterial activity against the growth
of C. jejuni, P. aeruginosa, and E. coli with notable inhibitory zones of 9, 12, and 13 mm, respectively (P < 0.01).
The development of a novel and ecofriendly method for the preparation of chitosan nanoparticles through an
interaction of chitosan with PAA shows promise tool to combat bacterial infections and validates effective
antibacterial and antibiofilm properties against antibiotic resistant pathogens.

1. Background

Biofilms are polymeric structures created by bacteria using proteins,
extracellular polysaccharides, and extracellular DNA (e-DNA) (Elga-
moudi and Korolik, 2021; MubarakAli et al., 2015; Zhong et al., 2020).
In nature, diverse bacteria collaborate to construct these biofilms. For
instance, C. jejuni is recognized as an important contributor to gastro-
enteritis and, in certain instances, may trigger the development of
autoimmune conditions such as Guillain-Barré syndrome (GBS) and
Miller Fisher syndrome during the transmission process (Al-khreshieh
et al., 2023; Kemper and Hensel, 2023; Zhong et al., 2020). These bio-
films shield the bacteria from various environmental stresses like UV
radiation, desiccation, dehydration, as well as antibacterial and sani-
tizing agents, therefore, confirming their survival (Oh et al., 2019).
Growing as a biofilm allows bacteria to demonstrate up to 1000-fold
reduction in susceptibility to antibiotics (Hughes and Webber, 2017).
Numerous internal and external factors, such as the surface properties of
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the substance on which the bacteria are growing, temperature, and ox-
ygen levels, can contribute to the creation of C. jejuni biofilm and make
their removal challenging (Stetsenko et al., 2019). Once a biofilm has
established itself on a surface, it becomes more difficult to remove,
requiring more aggressive eradication methods (Kim et al., 2019). As a
result of the extensive and inappropriate use of antibiotics the bacterial-
resistant strains has become a key concern (Mancuso et al., 2021;
Paulsamy et al., 2023). The effectiveness of antibiotics in killing bacteria
has become increasingly limited (Ahmed et al., 2023). In order to
eliminate intracellular bacteria, higher concentrations of antibiotics are
often required, potentially leading to side effects and toxicity (Kamat
and Kumari, 2023; MubarakAli et al., 2015; Radwan et al., 2023).
Subsequent studies were conducted to examine biologically-derived
antibiofilm and antimicrobial molecules that are biocompatible, biode-
gradable, non-toxic, non-allergenic, cost effective, and environmentally
friendly. Recently, chitosan (CS), which is considered as an attractive
biopolymer of multiple reactive groups that enables the development of
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drug carriers with different physicochemical aspects such as charge,
hydrophobicity, and particle size (Sultan et al., 2023). Indeed, CS has
successfully been introduced as a nanocarrier for several drugs and
vaccines for various routes of administration, including oral, nasal, and
ocular (Alalaiwe et al., 2019). The CS-based nanoparticles showed
controlled release and longer resident time particularly for the intra-
nasal and oral delivery, facilitating drug absorption (Cheung et al.,
2015). Moreover, these nanosystems showed valuable antimicrobial and
anti-biofilm activities against several microorganisms, including Listeria
monocytogenes, Bacillus cereus, and Enterococcus faecalis (Dolnicar et al.,
2015). CS nanoparticles loaded with antibiotics like gentamicin
exhibited a synergistic antibiofilm activity against L. monocytogenes
biofilms (Mu et al., 2014a). Additionally, oxacillin and chrysin CS-based
formulations were effective against Staphylococcus aureus (Dolnicar
et al., 1997; Siddhardha et al., 2020), while mikacin, vancomycin, and
erythromycin formulations had efficacy against L. monocytogenes (Mu
et al., 2014b). The activity of CS-based nanoparticles is not restricted to
delivery of antibiotics, but it also extended to the adsorption of inorganic
and organic compounds from aqueous solutions and to the eradication of
several microorganisms from water, including P. aeruginosa, E. coli,
C. albicans, and S. aureus. The nanocomposite of grafted CS showed
effective adsorption of lead ions (Pb*?) and methylene blue from water.
These findings highlighted the various applications of CS nanosystems
(Abd El-Aziz et al., 2023, 2022).

Despite the versatile use of chitosan nanoparticles, their importance
in drug delivery, and their antimicrobial and antibiofilm activity, chal-
lenges related to stability are raised for these nanosystems, mainly
because of their charge. CS is a cationic polymer that imparts a positive
charge to the nanoparticles (Esim et al., 2018). Therefore, these nano-
particles could interact significantly with serum components. Conse-
quently, aggregation and rapid clearance could be encountered,
contributing to the low activity of these nanoparticles (Wu et al., 2017a).
Surface modification of CS nanoparticles with PAA could improve the
stability of the small CS nanoparticles via a simple and versatile method,
constructed under mild conditions without heat or organic solvents.
Moreover, this modification could preserve the integrity of the CS core,
producing an efficient carrier with high loading efficiency for drugs such
as antibiotics. It is worth noting that these systems exhibit a pH-
dependent solubility, which could be beneficial in drug targeting (Fre-
din et al., 2005; Ijaz et al., 2022).

Various CS-coated microspheres have been reported as systems of
antibiofilm and/or antimicrobial activity against multi-drug resistant
microbial pathogens, including CS-alginate (Thaya et al., 2018) and
Cinnamaldehyde-coated chitosan (Xu et al., 2022). PAA is a non-toxic,
biodegradable, biocompatible, and cheap polymer (Karolewicz, 2016).
It is commonly utilized in the biomedical field and in drug delivery (Xiao
et al., 2012). PAA is considered chemically inert due to the absence of
reactive functional groups. Interpolymer complexes and polyelectrolyte
complexes (PEC), are spontaneously developed by mixing polycations
and polyanions in solutions. The electrostatic interactions between
opposingly charged microdomains of polyionic components drive the
intermolecular forces for complexation. Other interactions, including
hydrogen bonding, hydrophobic interactions, van der Waals forces and
dipole interactions, contribute to the complex formation. Because of the
interaction between polymers with opposing charges, the PEC coatings
improve the surface characteristics of the biomaterial. PEC can modu-
late the antibacterial activity of polymers (Durmaz et al., n.d.; Top-
uzoGullari, 2020). Ortega Ortiz et al reported the enhanced antibacterial
activity of CS-PAA PEC against P. aeruginosa and P. oleovorans compared
to CS nanoparticles (Ortega-Ortiz et al., 2010). In a study conducted by
Belbekhouche et al., a CS-PAA complex was produced as a promising
delivery system for antibiotics (Belbekhouche et al., 2018). The
enhancement of antimicrobial and antibiofilm activity by grafted PAA
may be attributed to their composition, with a particular emphasis on
the presence of free carboxylic acid functionalities. The carboxylic acid
could interact with the cell wall of bacteria, thereby contributing to their
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antimicrobial activity (Ortega-Ortiz et al., 2010).

Due to the emergence of multidrug-resistant microbes and lack of
new antimicrobial drugs in the market, there is an urgent need to
discover and develop novel and more potent antimicrobial compounds.
This study aimed to investigate the antibiofilm and antimicrobial effects
of CS-PAA nanoparticles on C. jejuni and other pathogenic gram-
negative bacteria. Therefore, chitosan was first cross-linked with TPP
and then complexed with PAA. The characteristics of CS-PAA nano-
particles and their antibiofilm and antimicrobial activities against
multiple pathogenic strains were measured. This study reports on the
synthesis of novel biosynthesized CS-PAA nanoparticles, elucidating
their morphological and structural characteristics, along with their
application in the medical field.

2. Materials and methods
2.1. Materials

Chitosan with deacetylation degree of 95% was purchased from
Santa Cruz Biotechnology (USA), polyacrylic acid (PAA) of MW 72.06 g/
mol was obtained from Sigma-Aldrich (USA), Trehalose was obtained
from Combi Blocks (USA), sodium triphosphate (TPP) was obtained
from Thermo Fisher Scientific (China), carbodiimide was purchased
from Thermo Fisher Scientific (China). Acetic acid (CH3COOH) and
sodium hydroxide (NaOH) were purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA). Ethanol, acetone and all the reagents used
were analytical grade. C. jejuni ATCC 33560 was obtained from the
Jordan Food and Drug Administration, P. aeruginosa ATCC 12453 and
E. coli ATCC 25922 were attained from the microbiology laboratory at
the Jordan University of Science and Technology.

2.2. Preparation of strains

P. aeruginosa ATCC 12453 and E. coli ATCC 25922 were used to co-
culture with C. jejuni ATCC 33560. C.jejuni was cultured on Melluler-
Hinton agar (Oxoid, Thermo Fisher, Hampshire, UK) under micro-
aerophilic conditions (5% N3, 10% CO3, and 85% Os3) using CampyGen
bags (Oxoid, Hampshire, UK) at 42 °C for 48 h. E.coli and P. aeruginosa
were also cultured on the same medium under aerobic conditions and
incubated at 37 °C for 24 h (Karruli et al., 2023; Suwono et al., 2021). A
single colony from each bacterial culture was sub-cultured in Melluler-
Hinton broth (Oxoid, Thermo Fisher, Hampshire, UK) and kept under
the desired conditions for growth, then an equal volume was extracted
from each broth to attain an absorbance of 0.063 at 600 nm, which was
then used for co-culture purposes.

2.3. Preparation of CS-PAA nanoparticles

The preparation of PAA-coated CS nanoparticles was carried out in
two steps. Firstly, CS-TPP nanoparticles were prepared by an ionic
gelation method which based on the electrostatic interaction between
the positively charged chitosan and the negatively charged TPP (Wu
et al., 2017). 0.01 mg/ml of CS in aqueous acetic acid solution (1, w/v
%) was prepared and left on magnetic stirrer for 24 h. Then, the pH of
this solution was adjusted to 6.0 by using sodium hydroxide. The CS in
the prepared solution was cross-linked with 1% TPP. Then, the mixture
was centrifuged at 15,000 rpm at 4° C for 1.5 h and suspended with PAA
using an Ultrasonic processor for 5 min. In the second step, the PAA and
CS-TPP were combined through electrostatic attraction. Ten mg/mL
carbodiimide solution was added to the earlier prepared CS-PAA nano-
particles to cross-link the CS-TPP particles with the PAA and kept
overnight on stirring mode to ensure the adhesion of PAA coating onto
CS-TPP through the formation of an amide bond between the carboxyl
group of PAA and the amino group of the chitosan surface. Finally, the
pH was adjusted within the range of 4.2 to 6.5 and the solution was
ultracentrifuged for another 1.5 h at 4 °C, the supernatant was then
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discarded and the CS-PAA nanoparticles were resuspended in sterile
water using an ultrasonic processor.

2.4. Freeze drying of CS-PAA nanoparticles

Freeze-drying was applied to get dry CS-PAA nanoparticles using
Telstar, Lyo Alfa 15-85 plus type apparatus (Telstar, Barcelona, Spain).
3% (w/v) of trehalose was added to the nano-suspensions before deep
freezing. The nano-suspensions were frozen in a round-bottom flask
using a deep freezer at a temperature of — 80 °C for 24 h. The samples
were then freeze-dried for 24 h at 0.1 mbar to produce the dry powder.

2.5. Characterization of the CS-PAA nanoparticles

2.5.1. Mean particle size (MPS) and zeta potential (ZP) analysis

The MPS and ZP of the particles were measured by laser diffraction
by using a Nicomp® Nano ZLS System (Entegris, USA) using water as the
dispersant and setting the refractive index to 1.33. The nanosuspensions
were diluted by distilled water and measured at 25 °C. Twelve parallel
measurements were carried out.

2.5.2. Scanning Electron microscopy (SEM)

Scanning Electron Microscopy (SEM) images were analyzed to
determine the size of the dry nanoparticles. One hundred particles were
selected from the SEM image and the MPS was measured by using Image
J software (NIH, USA). Quanta 450 SEM (FEI, Hillsboro, OR, USA)
captured images of the prepared CS-PAA nanoparticles in high-vacuum
mode. The samples were mounted on aluminum stubs by double-sided
adhesive sticky disks of conductive carbon, and then the particles
were sputter coated with palladium to generate a 5 nm thick coating
(Quorum Q 150 R, Sussex, UK). The images were captured at 10.00 kV.

2.5.3. Attenuated total reflectance-Fourier-transform infrared spectroscopy
(ART-FTIR)

To evaluate the interaction between chitosan and PAA, CS-PAA
nanoparticles were freeze-dried without the addition of trehalose
under the same freeze-drying conditions described in Section 2.4.
Powdered samples of CS, PAA, and CS-PAA nanoparticles were analyzed
by ART-FTIR (Brucker Alpha, USA) spectrometer.

2.6. Biofilm measurement by crystal violet staining

The three bacterial strains (C. Jejuni ATCC 33560, P. aeruginosa ATCC
12453, and E. coli ATCC 25922) existing in each sample were cultivated
both separately and combined. Mixed culture of C. jejuni and either
P. aeruginosa or E. coli was treated with three concentrations (0.005,
0.05, and 0.5 mg/mL) of CS-PAA nanoparticles in 96-well plates. There
were 180 uL of MH broth and 20 pL of bacterial culture in each well. The
bacteria were cultivated aerobically for 72 h at 37 °C. The 96-well plates
were gently washed three times with distilled water to remove the
medium. Then they were dried at 55 °C for around 30 min. Staining was
conducted by adding 200 pL of 0.1% crystal violet dye (Merck KGaA,
Germany) to each well and incubating at room temperature for 10-15
min. Excess crystal violet was rinsed out of the wells using sterile water,
and they were then dried at a temperature of 55 °C. A microplate reader
(Bio-Tek, USA) was used to measure the optical density at 630 nm after
300 pL of an eluent (80% ethanol and 20% acetone) was applied (Zhong
et al., 2020).

2.7. In-situ microscopic study

Selected bacteria were grown in biofilms on sterilized microscope
slides that were submerged in nutrient broth and cultured at 37 °C for
42 h for optical microscopic analysis. Following incubation, 40 g of CS-
PAA nanoparticles were added to each slide. The control slide was
maintained without CS-PAA nanoparticles and subjected to another
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incubation at 37 °C for 24 h before being observed under light micro-
scopy. The biofilm of the samples (control and treated) was washed with
phosphate-buffered saline (PBS) to get rid of any loosely-adhered cells
before being stained with 1.5 mL of 0.4% crystal violet staining solution.
Nikon’s ECLIPSE TS 100 light microscope was used to see glass slides
that had been stained with crystal violet at a 100x oil lens magnification
(Anjugam et al., 2016).

2.8. Determination of antimicrobial assay

By using a well diffusion assay, the biosynthesized CS-PAA nano-
particles were tested for their antibacterial efficacy against the bacteria
C. Jejuni ATCC 33560, P. aeruginosa ATCC 12453, and E. coli ATCC
25922. Overnight-grown bacterial cultures were inoculated in solid
Miller-Hinton Agar and then swabbed evenly using a sterile L-shaped
rod to obtain uniform bacterial growth. On an agar plate, 6 mm holes
were made, and 120 pL of 20 pg/ml of CS-PAA nanoparticles were
added. The diameter of the zone of inhibition in millimeters (mm) was
used to evaluate the growth-inhibitory effect of CS-PAA nanoparticles.

2.9. Statistical analysis

The SPSS program, version 19.0 (Chicago, IL, USA), was used for
data analysis. T-tests were conducted to assess the effect of varying
concentrations of CS-PAA nanoparticle treating on bacterial biofilms.
The threshold for statistical significance was set at a p value < 0.05.

3. Results
3.1. Size and ZP measurements of the CS-PAA nanoparticles

The prepared suspension of the particles showed an MPS of 2.98 +
0.57 um using the particle size analyzer. However, data obtained from
the SEM images showed that particles had a mean particle size of
222.119 + 70 nm. The particles showed ZP values of + 42.35 + 7.85
mV.

3.2. Scanning Electron microscopy (SEM)

The SEM image of CS-PAA nanoparticles (Fig. 1) reveals the presence
of nearly spherical particles, uniformly distributed in the nano-range.
The spherical shape of CS-PAA particles was also reported in the work
of Wu et al., (Wu et al., 2017b).

Fig. 1. SEM images of CS-PAA nanoparticles at 100,000 x magnification.



O. AL-Fawares et al.
3.3. Fourier transform infra-red (FT-IR) analysis

Fig. 2 shows the FTIR spectra of (a) CS, (b) PAA, and (c) CS-PAA
nanoparticles. CS showed characteristic peaks at 3261 cm™! related to
O-H and at 1682 cm ! related to C = O (amide). The peaks at 2928 and
1200 em ™! were assigned for C-H and C-O bond stretching in PAA,
respectively (Kohestanian et al., 2022). For CS-PAA nanoparticles, a new
absorption peak emerged at 1628 cm ™! related to the -NHZ absorption
of CS. A broad peak also appeared at 2500 em ! which also confirmed
the presence of NH3 in CS-PAA nanoparticles. Moreover, the absorption
peaks at 1532 cm ™! and 1414 cm™! could be related to asymmetric and
symmetric stretching vibrations of COO™ groups. The superimposed
peak at 3261 cm™! represented stretching vibrations of ~-OH, -NH and
intermolecular hydrogen bonding.

3.4. Campylobacter jejuni biofilm formation in pure culture and in mixed
culture with P. aeruginosa and E. coli

Using the crystal violet staining method, biofilms of C. jejuni ATCC
33560, P. aeruginosa ATCC 12453, and E. coli ATCC 25922 were detected
in individual or mixed cultures on 96-well plates under aerobic condi-
tions at 37 °C for 48 h. Data revealed that when C. jejuni was co-
cultivated with either P. aeruginosa or E. coli or both, considerably
more biofilms were produced, which demonstrated that the mixed cul-
ture biofilms included more living cells than the pure culture biofilms
(Fig. 3).

3.5. Effect of CS-PAA nanoparticles on biofilm formation

When C. jejuni ATCC 33560 was treated with the CS-PAA nano-
particles under aerobic conditions at 37 °C, biofilm formation was
inhibited. As shown in Fig. 4, a significant inhibitory effect was detected
at a concentration of CS-PAA nanoparticles of 0.5 mg/mL, with a P value
of 0.0008. The effect of CS-PAA nanoparticles on biofilm formation was
also assessed by visualizing bacterial cells stained with crystal violet.
Light microscopy indicated the disruption of biofilm architecture after
treatment for 24 h, resulting in decreased biofilm formation at 40 pg CS-
PAA, whereas the control well exhibited dense biofilm formation
(Fig. 5).

3.6. Antimicrobial activity of CS-PAA nanoparticles

The agar-well diffusion assay manifested the significant antimicro-
bial activity of CS-PAA nanoparticles against the tested clinical isolates.
Indeed, agar-well diffusion assay showed that 20 ug of CS-PAA nano-
particles effectively inhibited the growth of C. jejuni ATCC 33560, P.
aeruginosa ATCC 12453, and E. coli ATCC 25922 (Fig. 6). Antibacterial
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Fig. 2. FT-IR spectra of (a) CS, (b) PAA, and (c) CS-PAA nanoparticles.
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Fig. 3. Pure and mixed cultures of the aerobically tested bacteria C. jejuni ATCC
33560, P. aeruginosa ATCC 12453, and E. coli ATCC 25922 were compared for
biofilm formation. In 96-well plates under aerobic conditions at 37 °C for 48 h,
biofilm development was evaluated using crystal violet staining and optical
density (OD) measurements. The bars on the graph represent mean + SD of
biofilm formation from three independent experiments. The ANOVA test
showed a statically significant difference relative to the control (p < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

activity of CS-PAA nanoparticles was almost similar against all tested
isolates (P < 0.01). However, maximum activity was noticed against
E. coli with zone of inhibition (mm) of 13 mm + 0.62 followed by
P. aeruginosa (12 mm =+ 0.4), C. jejuni (9.0 mm =+ 0.0),Table 1.

4. Discussion

CS is the most important derivative of chitin, produced by removing
the acetate moiety from chitin. The source of chitosan is the cell walls of
fungi, as well as the shells of crustaceans like crabs and prawns
(Mohammed et al., 2017). Here, CS-nanoparticles were synthesized
through the ionic gelation of chitosan with tripolyphosphate anions.
Particle sizing can be initially perplexing considering the diverse range
of methods and corresponding devices. The size of CS-PAA nanoparticles
is highly dependent on the preparation conditions, such as the pH of the
preparation media and the concentrations of CS, TPP, and PAA (Liu and
Gao, 2009). In this context, the herein findings indicate that the freeze-
drying process imposed stress on the particles during preparation,
leading to an observed increase in particles size (Costa et al., 2023). The
significant difference between the two measurements could be related to
the fact that SEM measurements capture conformations in the dry state,
whereas those obtained through laser diffraction reflect the hydrody-
namic diameter. Moreover, chitosan regions uncoated by the PAA
experience swelling, which could falsify the particle size measurement
(Spindler et al., 2021). The ZP values of the particles were + 45.85 and
+ 16.39 mV for CS-TPP and CS-PAA, respectively. The difference in
values may be attributed to the reduction of the number of free amino
groups on CS due to the grafting of PAA. This signifies the formation of
the CS-PAA nanoparticles (Hu et al., 2007). However, some chitosan
chains were in excess and contributed to the stability of the particles
(Zheng et al., 2007). ART-FTIR confirmed the formation of the CS-PAA
complex. The presence of -NH3 in CS-PAA was substantiated by the
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Fig. 4. Pure and mixed cultures were evaluated for biofilm suppression by different concentration of CS-PAA nanoparticles measured under aerobic conditions. The
bars on the graph represent mean + SD of biofilm formation from three independent experiments. The ANOVA test showed a statically significant difference relative

to the control (p < 0.01).

existence of peaks at 1628 cm ™!, which is originally related to the -NHZ
absorption of CS, and at 2500 cm 1. Conversely, peaks at 1532 cm ™! and
1414 cm™! indicated the presence of COO- groups. The superimposed
peak at 3261 cm™' demonstrated the presence of intermolecular
hydrogen bonding (Xu et al., 2014). These results suggest that the COOH
groups of PAA dissociated into COO~ groups, which then complexed
with the -NH{ of CS through electrostatic interaction to form the CS-
PAA nanoparticles.

The results of C. jejuni biofilm formation in pure culture and in mixed
culture with P. aeruginosa and E. coli are comparable with a previous
report where C. jejuni was co-cultured with E. coli and P. aeruginosa and
the survival rate of C. jejuni found to be increased due to the presence of
other strains (Zhong et al., 2020). In this context, co-culturing with
several types of microorganisms, as often occurs in natural settings,
could enhance the environmental conditions by reducing the concen-
trations of oxygen and altering the secondary metabolite levels (Wu
et al., 2016). Definitely, microbial co-culture, which includes growing
two or more microorganisms in the same small space, has been
addressed as a potential method for triggering cryptic pathways (Sele-
gato and Castro-Gamboa, 2023). A previous studies proved different
types of microorganisms, such as Saccharomyces cerevisiae, a species of
yeast, and Lactobacillus plantarum, a strain of probiotics, could form a
mixed-species biofilm on a glass surface in liquid media to improve their
capacity and endure challenging conditions (Furukawa et al., 2015;
NOZAKA et al., 2014; Yin et al., 2019). A Recent study has demonstrated
that, in co-culture, diffusible signal factor (DSF) or auto regulatory
molecules can influence biofilm architecture, stress response, and
polymyxins tolerance in P. aeruginosa. Similar outcomes have been
observed with the DSF o,p-unsaturated fatty acid cis-2-dodecenoic acid
(BDSF) generated by Burkholderia cenocepacia, which inhibited
C. albicans germ tube growth while restoring biofilm and extracellular
polysaccharide synthesis in X. campestris (Selegato and Castro-Gamboa,
2023).

The phenomenon of bacterial biofilm resistance to antimicrobials is
an essential topic for several research projects that focus on alternative
sources of biocompatible materials from living organisms. Previously, it
has been shown that chemically altered chitosan derivatives involving
N- and O-substitution, copolymerization, and grafting were effective

against biofilm forming bacteria. However, the underlying processes are
not fully understood (Khan et al., 2020). According to Sahariah et al., the
addition of lipophilic moieties to quaternary ammonium-modified chi-
tosan, significantly improves the antibiofilm effectiveness of the mate-
rial. The most effective antibiofilm against S. aureus was N-Acetyl-N-
stearoyl-N',N",N-trimethyl chitosan, which has two hydrophobic groups,
acetyl and stearoyl (Sahariah et al., 2018). Because of its enhanced
ability to penetrate biofilms, N-acetyl-N-stearoyl-N’, N”,N’-trimethyl
chitosan exhibits a reduction of up to four-fold in minimum biofilm
eradication concentration (MBEC) compared to a control lacking lipo-
philic components (Si et al., 2022).

Previously, it was shown that ZnO nanoparticles had an antibiofilm
effect. This is due to the fact that ZnO nanoparticles are small and have a
large specific surface area, and have a high oxidation ability (Alves et al.,
2017). The results of this study were comparable with Thaya et al.
(2018), whose antibiofilm activity results demonstrated that chitosan-
alginate (CS/ALG) microspheres inhibited the bacterial biofilm forma-
tion in S. aureus, E. faecalis, P. aeruginosa and P. vulgaris after a single
treatment with 40 pg. As chitosan possesses a positive charge, it can
easily react with the cell membrane of negatively charged bacteria and
compromise bacterial cell membrane permeability as well as interfere
with membrane proteins, thereby affecting its structure and function
(Thaya et al., 2018). According to the data from the light microscopy
test, CS-PAA nanoparticles obstruct the biofilm layer and exhibit actual
potential inhibition. Similarly, chitosan nanoparticles containing
various chitosan types, such as low- and high-molecular mass chitosan
substances, had an antibacterial action that prevented the growth of
bacterial biofilms (Pintado, 2014).

The CS-PAA nanoparticles, prepared by employing -chitosan,
exhibited an efficient antibacterial activity against three-gram negative
strains. The cationic nature of the CS-PAA nanoparticles enhanced the
absorption into the negatively charged cell membranes of pathogenic
bacteria (Ortega et al., 2010). Indeed, the complex might protect the
chitosan from being degraded by glycoside hydrolyze enzymes such as
chitinases or chitosanases that are produced by these bacteria (Yang
etal., 2003). A recent study exhibited potent inhibition against S. aureus
and E. coli using CS-nanoparticles in in the presence of TPP (Al-Zahrani
et al., 2021). Notably, compared to commercial antibiotics, chitosan
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aeruginosa

P.

E. coli

Fig. 5. Microscopic visualization (40X) of biofilm formation against clinical pathogens, C. jejuni ATCC 33560 (A), P. aeruginosa ATCC 12453 (B), and E. coli ATCC
25922 (C), without CS-PAA microspheres (A, B, and C) vs treated with 40 pg of CS-PAA microspheres concentration, showing the inhibition of biofilm formation (A1,

B1 and C1).

C. jejuni P. aeruginosa E. coli

Fig. 6. Agar well diffusion assay for the determination of antibacterial activity of CS-PAA nanoparticles. White arrows indicate the zone of inhibition (mm) produced
by CS-PAA nanoparticles against clinical pathogens, C. jejuni ATCC 33560, P. aeruginosa ATCC 12453, and E. coli ATCC 25922.

compounds exhibiting a high degree of substitution and medium mo-
lecular weight exhibited superior antibacterial activity. Furthermore, it
was demonstrated that chitosan with varying molecular weights
exhibited enhanced antibacterial activity when the degree of

substitution was increased (Kritchenkov et al., 2020). However, it has
been demonstrated that other polymers, such as starch and starch-
stabilized Ag nanoparticles, exhibit effective antibacterial activity,
being less or non-toxic to mammalian macrophages at bactericidal
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Table 1
Antibacterial activity CS-PAA nanoparticles against tested clinical isolates.

Name of the Strains Zone of Inhibition (mm)

C. jejuni ATCC 33560 9.0 mm £ 0.0
P. aeruginosa ATCC 12453 12 mm + 0.4
E. coli ATCC 25922 13 mm =+ 0.62

concentrations that disrupt biofilm formation and eradicate intracellular
mycobacteria. This was associated with the human cationic antimicro-
bial peptide LL-37 (Mohanty et al., 2012). The inhibitory impact on
bacterial growth results from the ability of positively charged chitosan
to disrupt the negatively charged cell membranes of bacteria (Kumbar
et al., 2002; Wang et al., 2012). It is worth to mention that, under-
standing the antibacterial mechanism becomes challenging due to var-
iations in cell surface characteristics between Gram-positive and Gram-
negative bacteria (Yilmaz Atay, 2020).

5. Conclusion

Nanoparticles have been emerged as innovative tools providing an
effective alternative to antibiotics for combating deadly bacterial in-
fections directly or indirectly. CS has also been explored as a drug carrier
due to its biocompatible properties. In this study, cationic CS-PAA
nanoparticles were prepared by crosslinking PAA on the surface of CS-
TPP particles. The resulting nanoparticles were spherical in shape and
had a particle size of approximately 222 nm. This nano-system showed
superior antibiofilm activity and antimicrobial effects against different
gram-negative bacterial strains. These promising results position this
novel system as low-cost, safe, and effective potential strategy against
bacterial infections and a possible carrier for antibacterial drugs for
augmented activity. However, since using nanoparticles is still relatively
new, careful consideration of risks is essential. In vitro tests should
address key properties of the CS-PAA, their biopersistence and possible
mechanisms in the future.
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