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The escalating antibiotic resistance observed in bacteria poses a significant threat to society, with the global
prevalence of resistant strains of Pseudomonas aeruginosa on the rise. Addressing this challenge
necessitates exploring strategies that would complement existing antimicrobial agents, e.g. by
substances mitigating bacterial virulence without eliciting selective pressure for resistance emergence. In
this respect, free-form chitosan has demonstrated promising efficacy, prompting our investigation into
reinforcing its effects through nanoparticle formulations. Our study focuses on the preparation of
chitosan nanoparticles under suitable conditions while emphasizing the challenges associated with
stability that can affect biological activity. These challenges are mitigated by introducing quaternized
chitosan, which ensures colloidal stability in the culture media. Our approach led to the production of
trimethylchitosan nanoparticles with a median size of 103 nm, circularity of 0.967, and a charge of 14.9
+ 3.1 mV, stable within a one-month period in a water stock solution, showing promising attributes for
further valorization. Furthermore, the study delves into the antimicrobial activity of trimethylchitosan
nanoparticles on Pseudomonas aeruginosa and confirms the benefits of both nanoformulation and
modification of chitosan, as our prepared nanoparticles inhibit 50% of the bacterial population at
concentration =160 mg L™ within tested strains. Additionally, we identified a concentration of 5 mg L™
that no longer impedes bacterial growth, allowing reliable verification of the effect of the prepared
nanoparticles on Pseudomonas aeruginosa virulence factors, including motility, protease activity,
hemolytic activity, rhamnolipids, pyocyanin, and biofilm production. Although trimethylchitosan
nanoparticles exhibit promise as an effective antibiofilm agent (reducing biofilm development by 50% at

concentrations ranging from 80 to 160 mg L™ their impact on virulence manifestation is likely not
Received 23rd January 2024

Accepted 21st April 2024 directly associated with quorum sensing. Instead, it can probably be attributed to non-specific

interactions with the bacterial surface. This exploration provides valuable insights into the potential of
DOI: 10.1039/d4na00064a quaternized chitosan nanoparticles in addressing Pseudomonas aeruginosa infections and underscores

rsc.li/nanoscale-advances the multifaceted nature of their antimicrobial effects.

acidic solutions below this pH, these amine groups become
fully protonated, resulting in a positive charge.”

Introduction
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Chitosan (CS) is a natural biopolymer consisting of p-glucos-
amine and N-acetyl-p-glucosamine units connected through -
1,4-glycosidic bonds. It is derived from the naturally occurring
chitin polymer through a process of partial N-deacetylation.
Chitin is abundantly found in nature, notably in the exoskele-
tons of crustaceans and insects, and the cell walls of fungi.!
During the N-deacetylation process, secondary amine groups
become exposed, exhibiting a pK, value of approximately 6.5. In
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CS as a bulk material has received approval in both the EU
and USA for dietary and wound dressing applications.?
Currently, a multitude of investigations is underway, exploring
CS in the form of nanoparticles (NPs) for the targeted delivery of
therapeutic agents, including proteins, vaccines, and nucleic
acids.* With its biocompatibility, biodegradability, and
adsorption properties, chitosan serves as an integral compo-
nent in composite materials, contributing to the acquisition of
unique characteristics through diverse combinations.>®
Furthermore, CS has demonstrated antimicrobial and anti-
biofilm properties. In the case of G-bacteria, these effects are
attributed to the chelation of bivalent ions (Ca®>" and Mg**) from
the bacterial outer membrane and electrostatic interactions
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with the anionic components of lipopolysaccharides. Next, CS
has been shown to disrupt the inner membrane of bacteria.
These interactions result in the impairment of cell wall integ-
rity, hindered transport processes, and loss in intracellular
materials, and facilitate the entry of CS into the cytosol, where it
can interfere with nucleic acid synthesis.’ These properties are
particularly intriguing in the context of the escalating problem
of antimicrobial resistance.

The unique attributes of nanoparticles, such as their
increased surface area-to-volume ratio and surface charge
density compared to the bulk material, enable them to interact
more effectively with the negatively charged bacterial cell
envelopes. This can lead to the formation of an impermeable
layer of CS-NPs around the bacterium, thereby preventing
transport through the outer membrane of G-bacteria.’ Addi-
tionally, the nanoscale dimensions may promote biocompati-
bility and reduce unwanted interactions with the immune
system.'* As a result, we have embarked on an investigation into
the antimicrobial effects of CS-NPs using a model microor-
ganism for biofilm formation, Pseudomonas aeruginosa (PA). It is
worth noting that since 2017, a carbapenem-resistant strain of
PA has been included on the WHO list of microorganisms for
which new treatment strategies are urgently needed," particu-
larly strategies that do not exert selective pressure for the
emergence of resistance.’ Given the evolutionary conservation
of the essential negative charge of microbial cell envelopes, it is
unlikely that bacteria will develop resistance to CS-NPs.”
Furthermore, there is evidence that CS interferes with the PA
quorum sensing (QS) system.'* QS is a bacterial communication
mechanism mediated by small, membrane-diffusing signalling
molecules that are released into the local environment. QS
activation is contingent upon reaching a threshold cell
concentration, which subsequently regulates gene expression
and shapes specific bacterial phenotypes. These changes are
pivotal for the bacteria's ability to thrive in competitive envi-
ronments, adapt to metabolic demands, and modulate the
production of virulence factors, including elastase, exotoxin A,
pyocyanin, lipase, pyoverdine, lectins, and, importantly, biofilm
formation."™'® The biofilm formation process relies on the
essential involvement of type IV pili and flagella motility."”
Formed biofilm matrices, comprising negatively charged
elements such as extracellular polymeric substances (EPS),
eDNA, and proteins, represent additional targets for electro-
static interactions with CS-NPs, aided by their nanoscale
dimensions penetrating inside.*®

In the realm of CS-NP synthesis through the ionic cross-
linking methods, the crucial factor is the positive charge
inherent to CS. These techniques rely on electrostatic interac-
tions with either negatively charged macromolecules or anionic
cross-linking agents.” Among the various employed tech-
niques, the most widely adopted is the ionic gelation process
using trivalent tripolyphosphate anions (TPP).>° This method is
advantageous for its ease of execution, absence of undesirable
side reactions, utilization of aqueous solutions, non-toxicity of
TPP, which makes it acceptable as a food additive by the
FDA,”** and the absence of high-temperature requirements,
making it suitable for encapsulation of thermosensitive active
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compounds.”® However, despite the relative simplicity of
synthesizing CS-NPs, the establishment of appropriate reaction
conditions remains a challenging task. This challenge arises
from the intricacies associated with various factors such as the
initial concentration of reagents,***" the ratio of reactants,* the
presence or absence of salts in the reaction medium,”” and the
molecular weight and degree of CS deacetylation.*®*® Further-
more, CS-NPs prepared through ionic gelation utilizing TPP
often exhibit a broad size distribution and limited colloidal
stability.*® This instability poses a challenge, particularly when
evaluating the antimicrobial effects of CS-NPs or assessing their
cytotoxicity. Of note, standard culture media used for culturing
model pathogenic microorganisms and tissue cells, such as LB
medium, TSB medium, and DMEM medium, typically maintain
a pH range from 6.5 to 7.5. In vitro tests designed for the study of
antimicrobial effects and cytotoxicity primarily rely on the
inherent buffering capacity of these solutions and often lack
a more sophisticated system capable of maintaining a constant
pH during cultivation and as a result pH can fluctuate during
cultivation due to the influence of metabolites.* Upon intro-
duction into the culture medium, CS-NPs may undergo depro-
tonation due to changes in pH, resulting in reduced
electrostatic repulsion and decreased affinity between amino
groups and TPP. The elevated temperatures typically employed
(usually 37 °C) for cultivation of pathogenic microorganisms or
tissue cultures further exacerbate the aggregation of CS-NPs.**

To mitigate the challenges posed by deprotonation, quater-
nization of chitosan's amino groups can be employed. This
modification ensures the retention of a positive charge even
under neutral and slightly alkaline pH conditions, expanding
the solubility range of CS. This increased solubility arises from
the substitution of primary amines with alkyl groups, which
prevent the formation of hydrogen bonds between the amines
and the hydroxylic groups in the CS chain.*® Additionally,
nanoparticles prepared from quaternized CS using TPP as
a crosslinker exhibit low cytotoxicity, akin to those derived from
unmodified CS.!

Results and discussion
Preparation of CS/TMC-NPs for antimicrobial applications

Our objective was to craft CS-NPs possessing characteristics
suitable for biomedical applications, including nanoscale size,
a narrow size distribution, regular spherical morphology, long-
term stability, and stability in culture media to facilitate the
evaluation of the antimicrobial efficacy of CS in nanoparticle
form against the pathogenic bacterium PA. In this study, two
types of chitosan were used, specifically CS representing
unmodified chitosan and TMC denoting quaternized chitosan
by means of trimethylation.

In the initial phase of screening for suitable preparation
conditions of CS/TMC-NPs using the ion-crosslinking method,
we monitored parameters such as hydrodynamic size, poly-
dispersity index, and {-potential. In a study conducted by
Sreekumar et al.,”® it was found that the primary factor influ-
encing the mean hydrodynamic size, when transitioning from
nano- to micrometer-sized CS-NPs prepared via ionic gelation,
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was the input concentration of CS. However, the substantial
alterations in particle size were observed within a broad input
CS concentration range, spanning from 0.10 mg mL ™' to
5.00 mg mL . In our narrower range of CS input concentration
(ranging from 0.50 to 1.00 mg mL "), considered as an appro-
priate range for production of nanosized particles, we observed
that changes in the input concentration had a less pronounced
effect on the resulting nanoparticle size (Fig. 1). Nevertheless,
a slight increase in the hydrodynamic size of the particles was
noted with increasing reactant concentrations, particularly in
an acetate buffer. This phenomenon aligns with observations
made in a study conducted by Liu et al.>* and applies within the
appropriate zone of TPP and CS mass ratios. By appropriate
zone we mean the point where additional increases in the
reaction ratio lead to a significant escalation in the mean
hydrodynamic size of particles, as determined by dynamic light
scattering (DLS), indicating system aggregation. In the case of
CS-NPs, this zone was confined up to a mass reaction ratio of
0.33, with the exception of an input concentration of 0.50 mg
mL " when diluted acetic acid was used as a solution for CS-NP
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formation becomes apparent from the increase in both hydro-
dynamic size and PDI (polydispersity index) values. Thus, in our
assessment of the parameters suitable for CS-NP preparation,
we attach greater significance to the reaction ratio mypp/mcs
than to the input concentration of CS itself. This emphasis on
the reaction ratio stems from our hypothesis that, at the verge of
aggregation, the maximum conversion of CS into nanoparticles
is achieved. Subsequent to the further addition of TPP, the CS-
NPs become interconnected through inter-crosslinks between
various polymer chains.””

As previously mentioned, when the input concentration of
CS was 0.50 mg mL ™" in an aqueous solution containing acetic
acid, the zone of appropriate TPP and CS mass ratio was limited
to a value of 0.25. It's important to note that while this shift did
not occur in the acetate buffer, the PDI index exhibited
a significant increase in comparison to concentrations of
0.75 mg mL " and 1.00 mg mL ™ ". Evidently, at this particular
input concentration of CS, particles with a broader size distri-
bution are formed and such high PDI values may also indicate
the presence of aggregates. Liu and Gao** suggest that this

synthesis. With the further addition of TPP, the aggregate phenomenon may be attributed to changes in spatial
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Fig.1 Exploring suitable conditions for the CS/TMC-NP preparation by comparing the intensity weighted mean hydrodynamic size (Z-average),
polydispersity index (PDI) and zeta-potential values based on the TPP and CS/TMC mass ratio. The appropriate zone of TPP and CS/TMC mass
ratio is considered up to the point of significant increase in the mean hydrodynamic size as a result of the increasing concentration of the cross-
linking agent (TPP): (a) CS in diluted acetic acid; (b) CS in acetate buffer; (c) TMC in UPW; (1) intensity weighted mean hydrodynamic size; (2)
polydispersity index; (3) {-potential. Chitosan input concentrations: ® 0.50 mg mL™; ® 0.75 mg mL™%; A 1.00 mg mL™". Coloured areas
represent standard deviation values of 3 independent repetitions.
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interaction distances or alterations in the inner structure of the
particles, such as increased compactness of the CS molecule
chain. The increasing ionic strength of the medium leads to the
screening of electrostatic charges within the CS chains by salts,
leading to its enhanced compactness and flexibility.**** This
possibly elucidates why the use of an acetate buffer generally
resulted in particles with a smaller hydrodynamic size that in
a dilute acetic acid solution. This observation aligns with find-
ings by Jonassen et al.,”” who noted a decrease in particle size
after the addition of 0.05 M NacCl at all tested TPP: CS ratios.
The general decrease in PDI values following the addition of
sodium acetate can be attributed to a combination of the
reduction in the intrinsic viscosity of CS and slower kinetics of
the CS-NP formation process, a trend observed by Sawtarie
et al.*® After the addition of NaCl, the slow kinetics allow for
a more thorough mixing of CS and TPP before ionic gelation,
resulting in a more uniform rate of CS-NP formation and
narrow size distribution.

When evaluating the {-potential values (Fig. 1), the antici-
pated decrease in the average value with the increasing
concentration of negatively charged TPP was confirmed.* In the
acetic acid aqueous solution, the {-potential values within the
appropriate mass ratio zone range from 32.8 + 2.9 mV to 53.8 +
1.7 mV, indicating a high level of colloidal stability. In the
acetate buffer, the measured values were lower, ranging from
17.7 £ 0.2 mV to 26.4 + 1.3 mV, signifying relatively stable to
moderately stable colloidal stability.” Beyond the appropriate
mass ratio zone, when TPP is in excess, the surface charge
density of the particles decreases to a point where these nano-
particles lose their stability, becoming more prone to mutual
interactions and aggregation.® The lower values recorded in the
acetate buffer are likely a result of salt-induced charge
screening,* which also leads to a slight reduction in {-potential
values compared to the acetic acid aqueous solution.*”

Subsequently, transmission electron microscopy (TEM) was
employed to assess the morphological characteristics of CS-NPs
synthesized in both diluted acetic acid and acetate buffer
solutions. Specific samples were chosen based on DLS data at
an input CS concentration of 1 mg mL ™" within the mass ratio
of 0.33, which remained within the suitable reactant mass ratio
zone (Fig. 1). Fig. 2 illustrates the irregular morphologies of CS-
NPs produced in acetic acid aqueous solution, alongside the
presence of microparticles in the sample. The utilization of
acetate buffer as a medium for nanoparticle synthesis led to
improved circularity and size distribution of CS-NPs. The
median size and circularity were determined to be 30 nm and
0.986, respectively (Fig. 3). Image analysis was not performed
for CS-NPs prepared in the acetic acid aqueous solution due to
their unsatisfactory morphology and wide size distribution,
rendering them unsuitable for consideration as potential anti-
microbial agents.

In response to the marginal impact of CS input concentra-
tion on NP preparation within our tested range, TMC-NPs were
synthesized at a fixed input concentration of 1 mg mL™". The
zone of appropriate reactant mass ratios differed from that
observed for CS-NPs, particularly in the case of TMC-NPs, where
it was identified at a value of 0.20 (Fig. 1). Both CS and TMC

3096 | Nanoscale Adv., 2024, 6, 3093-3105

Paper

Fig. 2 Morphology of chitosan nanoparticles: (a) CS in diluted acetic
acid; (b) CS in acetate buffer; (c) TMC in UPW; (1) scale bar represents
500 nm; (2) 100 nm scale.
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Fig. 3 Chitosan nanoparticle characteristics: (a) size; (b) circularity of
[ CS-NPs; @ TMC-NPs.

used in our work were LMW chitosans, which under the given
conditions exhibit a similar proportion of protonated amines
(CS 75-85% deacetylated, TMC > 70% quaternized), conse-
quently providing a similar quantity of available positive
charges for interaction with TPP. However, this observed shift
in the appropriate ratio might be attributed to steric hindrance
introduced by the methyl groups within the TMC structure. This
effect aligns with previous observations made by Kiang et al.,*®
who explored the impact of chitosan deacetylation levels on the
synthesis of CS-NPs using DNA as the negatively charged
molecule for ionic crosslinking. The chosen appropriate reac-
tion ratio between TMC and CS closely coincides with those
employed by Gecer et al.** and Sayin et al.*’ in their respective
studies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The resulting {-potential up to mypp/myyvc = 0.20 varied from
1.6 + 0.6 mV to 19.1 £+ 6.7 mV (Fig. 1), indicating a range from
highly unstable to relatively stable nanoparticles (NPs).*” In
general, higher values of the mean hydrodynamic size and
polydispersity index (PDI), when compared to the correspond-
ing concentration and reaction mass ratio of CS (Fig. 1), suggest
that the prepared TMC-NPs are generally larger than CS-NPs,
and the synthesis process is more prone to aggregate forma-
tion. Image analysis revealed that TMC-NPs, prepared at
a reaction ratio of 0.20, exhibited a median size of 103 nm and
a circularity of 0.967 (Fig. 3). In comparison to CS-NPs (prepared
in acetate buffer), they displayed a broader size distribution but
generally had a narrower circularity distribution. The TMC-NPs
prepared in this study exhibit a distinctive morphology and size
profile, setting them apart from existing literature on CS-NP
preparation (Fig. 2). Our TMC-NPs align with the criteria for
biomedical applications** while adhering to the European
Commission's recommended definition of nanomaterials,
which classifies nanomaterials as such when 50% or more of
their constituent particles fall within the size range of 1-
100 nm.*?

In the context of TMC-NPs and CS-NPs in an acetate buffer
solution, evaluating their stability in culture media is a pivotal
step for the subsequent assessment of the antimicrobial
capacity of these systems. Luria Bertani (LB) medium serves as
a common culture medium for conducting antimicrobial tests
against PA.** After preparing blank samples containing LB
media and CS/TMC-NPs at concentrations ranging from
5 mg L' to 160 mg L', we observed the formation of aggre-
gates within several minutes in the sample containing CS-NPs.
In contrast, a stable suspension was formed with TMC-NPs
(Fig. S1t). Given the relatively low {-potential values of TMC-
NPs, we also examined the stability within the stock solution
stored at 4 °C (Fig. 4). Over a one-month period, there were no
discernible changes in the mean hydrodynamic size or ¢-
potential, signifying the absence of time-dependent system
destabilization.** Consequently, we opted to conduct a antimi-
crobial test with TMC-NPs.
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Fig.4 Long-term stability of TMC in UPW A mean hydrodynamic size;

B {-potential. Coloured areas represent the standard deviation values
of 3 independent repetitions.
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Antimicrobial activity of TMC-NPs against PA planktonic cells
- MIC and sub-MIC determination

TMC-NPs hold considerable potential as an antimicrobial
system, particularly in combination with other antimicrobial
agents, thereby presenting viable prospects for utilization in
various biomedical fields.** Furthermore, we investigated their
influence on the virulence of PA. To achieve this, it was
imperative to identify a sub-MIC concentration, defined as
a concentration that does not impede the growth kinetics of PA,
as a virulence manifestation is contingent upon cell concen-
tration.*® The sub-MIC concentration of TMC-NPs was consis-
tently identified at 5 mg L ™" across all three tested PA strains, as
illustrated in Fig. 5. Beyond this threshold, we observed
a progressive enhancement of the antimicrobial effect with
increasing TMC-NP concentrations. The MIC;, values were
determined to be 160 mg L~ for strains ATCC 155442 and ATCC
BAA-47 (PA01). However, in the case of strain ATCC 10145, the
MIC;, value exceeded 160 mg L.

In a study by Boudouaia et al.,” the effectiveness of a CS
solution (DDA 95%, LMW) was assessed using evaluation of
inhibition zones on agar plates. Interestingly, they observed
complete resistance of PA to concentrations up to 0.50% CS
solution. In another agar plate experiment, wherein CS (LMW)
at a concentration of 1000 mg L™ was evaluated by measuring
the relative inhibition time for visible PA colonies (ATCC 27853)
on agar plates, the incubation phase was extended by 5 h to over
85 hours, depending on the N-acetylation degree of CS.** In
a particularly promising study by Tin et al.,** the antimicrobial
effect was quantified as MIC, defined as the lowest CS concen-
tration that prevented visible PA growth. CS (DDA 75-85%,
LMW) exhibited impressive results, with an MIC of 32 mg L™
for four PA strains (ATCC15279, PA01, PT121, and PT149).
Conversely, in a study conducted by Liu et al.,>® MIC values for
PA (PA01) in response to water-soluble chitosan chloride (91%
DDA, LMW) and sulfonated chitosan (86% degree of substitu-
tion, LMW) were found to be notably higher, specifically
1000 mg L ", In addition to sulfonation, a general enhancement
in antimicrobial properties was observed after CS methylation.
However, with PA (ATCC 43300), the MIC values for TMCyyy,/mm
with different degrees of substitution ranged from 1024 mg L ™!
to =8192 mg L . Similarly, Maisetta et al.>> examined the
effect of quaternized chitosan (80% degree of substitution,
LMW) against four PA strains (W4, CVC02118, BAL091, and
ATCC 27853) and reported MIC values ranging from 2500 to
5000 mg L.

The antimicrobial activity of CS and its derivatives, including
NPs, is contingent on a complex interplay between intrinsic
factors and environmental conditions.*®* This multifaceted
nature is reflected in the variability in reported antimicrobial
effects against PA across the existing literature. In our study, we
observed a relatively low MICs, for TMC-NPs, suggesting their
effectiveness against PA. This efficacy may be attributed to the
maintenance of a stable TMC-NP suspension in LB medium
(Fig. S1t). Conversely, the formation of aggregates within
unmodified CS-NPs could explain the high concentrations
required to inhibit PA in discussed studies, possibly due to the
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experiments.

susceptibility of unmodified CS to aggregation after transfer
into culture media. This finding aligns with Salis et al.,>* who
reported the aggregation of chitosan-modified silica nano-
particles in culture media, leading to reduced uptake by mouse
fibroblasts. Additionally, previous studies have demonstrated
that methylation of CS enhances interactions with biological
membranes, leading to membrane lysis,* which may contribute
to the effectiveness of our TMC-NPs. Furthermore, we hypoth-
esize that the permanent charge conferred by methylation could
enable TMC-NPs to penetrate the internal environment of
bacterial cells,”® interact with nucleic acids, and thereby
enhance antimicrobial efficacy compared to CS-NPs. Indeed,
methylation-mediated penetration into the internal cellular
environment has been demonstrated in tissue cultures,” and
the size of our 103 nm TMC-NPs indicates suitability for effi-
cient transport through biological membranes.”® However, the
currently prevailing understanding of CS action involves
primary interactions with bacterial envelopes and their
disruption, potentially leading to interactions with internal
components.**

Antimicrobial activity of TMC-NPs against PA biofilm cells -
MBIC determination

CS is recognized in the literature for its antimicrobial proper-
ties, particularly as an antibiofilm agent. Often higher concen-
trations are required to inhibit the planktonic type of growth of
PA compared to concentrations sufficient to impede the adhe-
sion and subsequently inhibit biofilm development.®*** Our
study aligns with this trend, revealing MBICs5, values of
80 mg L' for ATCC 10145 and ATCC BAA-47 (PA01), and
160 mg L' for ATCC 15442 (Fig. 6).

The initial adhesion of PA relies on surface virulence factors
such as flagella, pili, lipopolysaccharides (LPS), and exopoly-
saccharides. The negatively charged bacterial cell surface facil-
itates electrostatic interactions with TMC-NPs, sterically
hindering adhesion.® Intriguingly, a decrease of approximately
15% occurred at a sub-MIC concentration of 5 mg L™" for all
three strains, indicating that the effect is not only related to
growth inhibition. In addition to steric hindrance to adhesion,
this may be attributed to interference with the quorum sensing
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system, implicated in biofilm formation, as hypothesised by
Piras et al.®* Their study demonstrated that quaternized chito-
sans inhibited total PA (ATCC 27853) biofilm biomass by 50% in
a concentration range of 37-150 mg L' in dependence on
derivatives tested. Those concentrations were not effective
against the planktonic type of growth. Furthermore, interfer-
ence with quorum sensing was supported by studies revealing
downregulation of lasR and rhlR genes after exposure of PA to
CS, which govern the PA quorum sensing system.'***%* In
contrast, Maisetta et al.>*> observed an increase in PA total bio-
film biomass (W4, CVC02118, BAL091, ATCC 27853) in response
to the sub-MIC concentration (37 mg L") of quaternized chi-
tosan. The benefit of quaternization is evident when comparing
the present study with the findings of Liu et al.,> who observed
a decline in the PA01 biofilm metabolic activity by 50% when
treated with water-soluble chitosan chloride (91% DDA, LMW)
or sulfonated chitosan (86% degree of substitution, LMW) at
a concentration of 1000 mg L™'. Additionally, following CS
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Fig. 6 Effect of TMC-NPs on adhering PA cells B ATCC 10145, &3
ATCC 15442, and @@ ATCC BAA-47 (PAO1) in comparison to the
untreated control. The presented values are a result of eight parallel
and three independent repetitions.
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treatment, disruptions in biofilm structural integrity and
a reduction in EPS production were observed in their study.
Consequently, an alternative action of TMC-NPs at higher
concentrations could be electrostatic interactions with biofilm
components such as exopolysaccharides or extracellular DNA.
The impact of CS-NPs, prepared by CS (LMW) ionotropic gela-
tion, on biofilm eradication was visually confirmed by Rivera
Aquayo et al.** at a concentration of 280 mg L. Additionally,
the impact of CS in the form of complex nanoparticles has been
studied against PA. For instance, NPs synthesized through ionic
complexation of CS using alginic acid as a gel core were visually
observed to affect mature biofilm at 40 mg L™ '.*” Highly effec-
tive complex CS-NPs, incorporating the polycationic pyrrole
polymer (PPy), were successfully developed in a study by Khan
et al.®® The decrease of total biofilm biomass by 50% was
determined from 16 mg L~ '. However, it is important to note
that this effect was not solely attributed to chitosan, as PPy at
corresponding concentrations exhibited similar actions against
PA adhesion. In conclusion, the TMC-NPs prepared in this study
exhibit efficacy at relatively low concentrations, serving as an
effective system against PA adhesion and biofilm development.

Effect of TMC-NPs against PA virulence factors

Effect of TMC-NPs' sub-MIC on PA cells’ motility. PA exhibits
three distinct types of motility—swimming, twitching and
swarming. Swimming motility, dependent on flagella, involves
movement in aqueous environments up to an agar concentra-
tion of 0.3%.%® PA (wild type) utilizes its approximately 10 pm
long flagellar filament located on the bacterial pole for this form
of motility.*”° The poles of the bacterial body are also equipped
with type IV pili, approximately 2.5 pm in length, facilitating
surface motility.” These retractile extracellular filaments drive
twitching motility.”” The final type, swarming motility, is char-
acterized by fast and coordinated group movement on a semi-
solid surface, a consequence of mutual intercellular interac-
tion.” This social movement allows bacteria to quickly colonize
surfaces, ultimately leading to biofilm formation.” Swarming
motility is a complex mechanism regulated by numerous
cooperating genes,”” as indicated by differential gene expres-
sion. The cells at the tendril tip are generally responsible for
spreading, while those in the swarm centre prepare for
permanent surface settlement.” Besides the flagellum and type
IV pili, swarming motility is also influenced by rhamnolipid
production.”®””

The impact of quaternized chitosan on PA motility was
observed, as seen in the strains ATCC 27853 and B910, where
swarming motility was reduced by 52% and 40%, respectively,
at a concentration of 620 mg L~ ".52 In another study involving
strain PA KCTC1637, chitosan nanoparticles were found to be
more effective against swimming motility, while swarming
motility was more inhibited by free chitosan, within a concen-
tration range of 32-256 mg L .% In our study (Fig. 7a), at
a concentration of 5 mg L' TMC-NPs, the swimming diameter
was slightly reduced in all three strains; however, twitching
motility was minimally affected. In the case of swarming
motility, a reduction was observed in the context of PA01, while
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in the other two strains, the swarming diameter remained
small, even in the untreated control. These results suggest that
TMC-NPs likely affect flagellar activity, aligning with the
concept that swarming motility is primarily driven by flagella,
and type IV pili assist the flagellum during surface
spreading.”””® The reduction in swarming motility as a result of
decreased rhamnolipid production after TMC-NP treatment is
not supported by our results (see Fig. 7d).

Effect of TMC-NPs' sub-MIC on PA cells’ protease activity. PA
harbours various proteases crucial for the virulence of this
pathogenic bacterium, including alkaline protease AprA,
protease IV, and Las elastase.” Notably, LasB elastase, the most
abundant protein in the secretome, stands out as a key viru-
lence factor demanding attention in the treatment of PA-
associated infections. Functional LasB is produced by most
PA strains irrespective of their origin® and plays a pivotal role in
disrupting physical barriers, promoting infection spread, and
degrading host immune components.*" Its significance extends
to the development of respiratory infections caused by PA.*>

A previous study demonstrated the impact of chitosan
extracted from the cell wall of Aspergillus flavus at a concentra-
tion of 100 mg L™" on protease activity, resulting in an almost
60% reduction in the clinical isolate PA.** Conversely, a slight
decrease was observed in PA (KCTC1637) exposed to chitosan in
the concentration range of 32-512 mg L™ (MMW, =90% DDA),
with no concentration-dependent effect.®® In our investigation,
sub-MIC TMC-NPs did not consistently reduce protease activity
across the studied strains (Fig. 8a). A minor reduction in total
protease activity was observed only in strain ATCC 10145, where
LasB elastase activity was slightly stimulated. In strain ATCC
15442, a modest decrease in LasB elastase activity occurred
(Fig. 8b) while preserving total protease activity. The correlation
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between protease activity and quorum sensing (QS) in PA is
direct.®® LasB elastase is under the control of the positive
regulator LasR, which serves as the main regulator governing
the expression of lasB in an otherwise complex regulatory
mechanism.**** Consequently we can hypothesize that the
TMC-NPs prepared in our study likely do not disrupt the direct
regulatory pathway of QS-dependent proteases. Minor fluctua-
tions in protease activity may be attributed to interactions with
secondary transcription regulators or strain-specific factors.*®

Effect of TMC-NPs' sub-MIC on PA cells' hemolytic activity
and pyocyanin production. PA is equipped with two toxins
exhibiting hemolytic activity, classified based on their thermo-
stability as heat-resistant and heat-labile hemolysins. The heat-
labile form, recognized in the literature as phospholipase C,***”
stands out as a virulence factor implicated in various detri-
mental effects, including paralysis, vascular permeability,
footpad swelling, and even lethality in mice upon administra-
tion.*® Furthermore, phospholipase C induces aggregation in
human platelets,* contributes to lung surfactant dysfunction
during infection, and plays a role in severe lung damage.®

The production of pyocyanin, another virulence factor, is
associated with tissue damage through the generation of reac-
tive oxygen species.” Additionally, phenazine compounds
present in lung sputum contribute to iron ion reduction (Fe**
— Fe”") enhancing the availability of iron and absorption in
biofilms.” Iron is generally a limiting essential element for
pathogens during infection since it is sequestered in host
organism proteins such as hemoglobin, myoglobin, ferritin,
and hemosiderin.*”

A comparative study revealed that free-form quaternized
chitosan was effective against pyocyanin production in three
out of four tested strains at 620 mg L™, with the fourth strain
(CvC02118) exhibiting slight overproduction.* CS exposure in
multiple strains, including PAO1, led to decreased pyocyanin
levels in a study by Badawy et al® Conversely, our study
observed a significant increase in pyocyanin production in both
tested strains ATCC 10145 and ATCC BAA-47 (PA01) (note: ATCC
155442 is a strain deficient in pyocyanin production) after
exposure to sub-MIC TMC-NPs (Fig. 9a). The increased
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pyocyanin production may be a response to the interaction of
TMC-NPs with bacterial surfaces, affecting surface charge and
extracellular polymeric substance distance from the substratum
surface.” Attachment of planktonic PA cells to surfaces occurs
during the exponential growth phase when cells are phenotyp-
ically heterogeneous.” Pyocyanin's interaction with eDNA has
been shown to influence surface properties, promoting intra-
cellular interactions, aggregation, and biofilm development.®®
Increased pyocyanin production aligns with the observed
reduction in FliA activity, a sigma factor regulating bacterial
flagellar gene expression, post TMC-NP exposure. However,
a study with a mutated FliA demonstrated increased hemolytic
activity in PA,”” which we did not observe (Fig. 9b), probably
eliminating pyocyanin overproduction due to flagellar activity
disruption.

Experimental
Preparation of CS/TMC-NPs

For the preparation of chitosan (CS) or trimethylchitosan (TMC)
nanoparticles (CS/TMC-NPs) via the ionic gelation method, we
employed CS (LMW 50-190 kDa, 75-85% deacetylated) and
TMC chloride (LMW, degree of quaternization >70%), both
procured from Sigma-Aldrich. All required solutions were
prepared using type I ultrapure water (UPW). To create the CS
solution of specific concentrations (0.50; 0.75; 1.00 mg mL %),
chitosan was dissolved overnight (RT; 500 rpm) in acetic acid,
the mass concentration of which was 1.5 times higher than that
of the chitosan, or in 0.05 M acetate buffer (pH 5). The pH of the
chitosan solution was adjusted to 5.0 prior to use. The TMC
solution at the concentration 1.00 mg mL ' was prepared
through dissolution in UPW. The concentration of TPP cross-
linker (purity = 98.0%, Sigma-Aldrich) corresponded to the
concentration of CS/TMC used for the reaction and was intro-
duced dropwise into the CS/TMC solution in the required mass
ratios Mypp/Mcsmc (0.43; 0.33; 0.25; 0.20; 0.15; 0.11) under
continuous stirring (700 rpm; RT; 30 min). Thus, a solution with
a total volume of 10 mL was prepared for subsequent analyses.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Characterisation of CS/TMC-NPs

The mean hydrodynamic size (Z-average), polydispersity index
(PDI) and zeta potential of CS/TMC-NPs were determined using
a Zetasizer Pro instrument (Malvern Panalytical, UK). Data
acquired from the measurements were processed with ZS
Explorer software v.2.3.0.62 (Malvern Panalytical, UK). In prep-
aration for the analysis, the samples were standardized to
a concentration of 0.1 mg mL~". Subsequently, NPs loaded into
folded capillary zeta cell DTS1070 (Malvern Panalytical, UK)
were allowed to equilibrate at 25 °C before the measurement
were conducted. Measurements were performed in three inde-
pendent repetitions.

The morphological characteristics of CS/TMC-NPs were
subjected to investigation through electron microscopy. CS-NPs
were scrutinized utilizing a 100 kv JEM-1010 TEM (Jeol, JP).
Samples were applied onto copper carbon-coated grids and
allowed to adhere for several minutes. Excess solution was
carefully eliminated by gently tapping the grid on filtration
paper, and the affixed samples were further contrasted with
a 1% uranyl acetate solution. Subsequently, the grid was
inserted into the TEM column and examined at an acceleration
voltage of 80 kV under various magnifications. Images were
captured using an Olympus SIS MegaView III CCD camera and
processed using Analysis v 2.0 software. For the visualization of
TMC-NPs, a TEM (EFTEM Jeol 2200 FS, JEOL, JAPAN) was
employed, operating at an electron beam energy of 200 kV. A
drop of the sample was air-dried when applied to a copper grid
and was examined without the application of staining.

The acquired images underwent manual processing utilizing
open-source Image] software. For each nanoparticle, measure-
ments of the major axis (2s) and minor axis (2b) were taken,
enabling the calculation of the particle's area (4) using eqn (1).
This calculated area was then compared with the area deter-
mined through a freehand drawing tool. The mean particle
diameter was subsequently determined in accordance with eqn
(2). Circularity (C) was calculated as the ratio of the particle area
(4) to the area of a circle with an equal perimeter (p) (eqn (3)).®
The particle's perimeter (p) was approximated as outlined in
eqn (4). This entire measurement process was repeated for 100
nanoparticles in three separate repetitions.

A = Tab 1)
- 2a+2b
- ©)
44
C= = (3)
p=m\/2(a® +b?) (4)

Microorganisms, growth media and conditions

In this work three strains of Pseudomonas aeruginosa were used
- ATCC 10145, ATCC 15442, and ATCC BAA-47 (PA01). Before
antimicrobial tests Luria-Bertani medium (LB - 10 g L*
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tryptone, 10 ¢ L™* NaCl, 5 g L' yeast extract) was inoculated
with colonies of PA, which were stored at 4 °C on LB agar plates.
The cultivation process was executed over a duration of 24 h at
37 °C with continuous agitation at 150 rpm using orbital
shaking.

Antibacterial activity of TMC-NPs against planktonic cells

The assessment of the antibacterial efficacy of TMC-NPs against
PA planktonic cells was conducted employing the Bioscreen C
microcultivation device (Oy Growth Curves Ab Ltd, Finland)
according to Miskovska et al.* TMC-NPs dispersed in water with
a final volume of 70 pl were introduced into a microtiter plate to
achieve a final concentration of TMC in TMC-NPs ranging from
5t0 160 mg L™ ". Subsequently, 210 pl of LB medium and 30 pl of
harvested cells (9000 rcf; RT; 10 min) resuspended in fresh LB
medium (ODggo of 0.100 + 0.010) were added to achieve a total
volume of 320 pl. Bacterial growth was monitored for 24 h at
37 °C. Each experiment was performed in five parallel and three
independent repetitions from which growth curves were
generated, and the minimum concentration required to inhibit
50% of bacterial population (MICs,) was determined.” Addi-
tionally, the sub-minimal inhibitory concentration (sub-MIC)
was ascertained, representing a concentration that does not
impede bacterial growth analogously to Maisetta et al.>*

Activity of TMC-NPs against adhering cells

The assessment of the antibiofilm efficacy of TMC-NPs against
PA was carried out in 96-well polystyrene microtiter plates (TPP,
CH) according to Michailidu et al'® TMC-NPs dispersed in
water with a final volume of 70 pl were introduced into the wells
to achieve a final concentration of TMC in TMC-NPs ranging
from 5 to 160 mg L~'. Subsequently, 210 pl of harvested cells
(9000 rcf; RT; 10 min) resuspended in fresh LB medium (ODggq
of 0.800 + 0.010) were added to attain a total volume of 280 pl.
The incubation of the plates was conducted for 24 h at 37 °C
with continuous agitation at 150 rpm using orbital shaking.
Following incubation, the wells underwent two rounds of
washing using an automated microplate washer and dispenser
(BioTek 50 TS Washer, USA) with sterile PBS (pH 7.4) to elimi-
nate non-adherent cells. The metabolic activity of adhered cells
was evaluated employing the MTT assay, as per the method
outlined by KuliSova et al'** with slight modifications. The
washed wells were filled with 60 ul of glucose solution in PBS
(57.4 ¢ L™") and 50 pl of MTT solution in PBS (1.0 g L") and
incubated for 60 min at 37 °C with continuous shaking at
150 rpm. Following incubation, a solvent solution (pH 4.7)
composed of 160 g L' SDS, 400 g L' DMF, and 20 g L™ acetic
acid, diluted in PBS (pH 7.4), was added to dissolve coloured
formazan crystals. The plates were again incubated for 30 min
at 37 °C with agitation at 230 rpm, and 100 pl aliquots were
analysed at 570 nm using a UV-Vis spectrophotometer, Infinite
M200 Pro reader (Tecan, CH). Each experiment was performed
in eight parallel and three independent repetitions from which
the minimum biofilm inhibiting concentration required to
reduce biofilm development by 50% (MBICs,) was determined,
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in comparison to the nanoparticle-free control, which was
assigned to be 100%.

Effect of TMC-NPs on virulence of PA

All assessments were conducted at a sub-MIC of TMC-NPs,
specifically at 5 mg L', a concentration determined not to
impact the growth kinetics of PA. This precaution was taken to
prevent any inadvertent influence on virulence resulting from
a reduction in cell numbers during experiment performance.
Each experiment was carried out in duplicate, with three inde-
pendent repetitions. The treatment protocol for PA cells with
TMC-NPs mirrored the approach employed for determining the
antibacterial activity of TMC-NPs against planktonic cells, albeit
with specific modifications. In the case of agar plate methods,
the LB medium, utilized for the resuspension and dilution of PA
cells, was substituted with sterile phosphate buffer (pH 7.4).
Following a one-hour incubation period (37 °C, 150 rpm) in the
presence of TMC-NPs, agar plates were inoculated with 10 pl of
the cell suspension. The remaining methods were executed in
a 40x larger volume, and the resuspended cells in phosphate
buffer (ODggo 0f 0.100 £ 0.010) were incubated for 24 hours (37 ©
C, 150 rpm) in the presence of LB media. For the determination
of rhamnolipids, the LB medium was replaced with a basic
mineral medium (3.4 g L™ " KH,POy,, 4.4 ¢ L' K,HPO,, 15.0 g
L' NaNOj;, 1.1 g L™ ' KCI, 1.1 g L™ " NaCl, 0.5 g L' yeast extract,
20.0 g L' sodium citrate, 0.224 g L™" MgSO,, 0.28 mg L~"
FeSO,-7H,0, 1.45 mg L' ZnSO,-7H,0, 1.25 mg L' CuSO,-
-5H,0, 8.40 mg L' MnSO,-H,0, 1.20 mg L' CaCl, 4H,0).
Given that all other methodologies were predicated on the
monitoring of extracellular products, the supernatant from free
cells (9000 rcf; RT; 10 min) was utilized for subsequent
assessments.

Motility assays. Motility assessments were conducted
following the methodology outlined by Saeki et al.**> Agar plates
designed for detecting swimming (10 g L™ tryptone, 5 g L™ "
NaCl, 3 g L™ " bacteriological agar) and swarming motility (10 g
L p-glucose, 5 ¢ L™" peptone, 2 g L™ yeast extract, 5 g L™*
bacteriological agar) were inoculated with a cell suspension on
the agar surface. Incubation occurred for 24 hours at 37 °C
without plate inversion. For twitching motility, the suspension
was applied to the bottom of the agar and incubated for 24
hours at 37 °C with inversion. The motility zones were
measured using Image] software.

Hemolysis assay. The determination of hemolytic activity
followed the protocol established by Lo et al®” with some
modifications. Blood agar (20 g L' peptone, 5 g L™ " NaCl, 5% v/
v defibrinated sheep blood, 15 g L™" bacteriological agar) was
inoculated with a cell suspension at the bottom. Plates were
incubated with inversion for 48 hours at 37 °C, after which the
hemolytic zone was measured using Image] software.

Rhamnolipid determination. The quantification of rham-
nolipids was carried out using the phenol-sulfur method with
rhamnose as a standard, following the procedure described by
Matatkova et al'® One milliliter of cell-free supernatant
(diluted 20x) was mixed with 1 mL of 5% (w/w) phenol solution
and 5 mL of concentrated sulfuric acid. After a 30 min
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incubation at room temperature (RT), 200 pl aliquots were
analyzed at 490 nm using a UV-Vis spectrophotometer, Infinite
M200 Pro reader (Tecan, CH).

Pyocyanin determination. The assessment of pyocyanin
production was determined according to Kasparova et al.'*
Strain ATCC 15442, which is pyocyanin-deficient, was employed
as a negative control. Two milliliters of cell-free supernatant
were mixed with 1.6 mL of chloroform (Penta, CZ). After mixing,
1 mL of the chloroform phase was mixed with 0.5 mL of 1 M
hydrochloric acid (Penta, CZ). Upper phase aliquots of 200 ul
were analyzed at 520 nm using a UV-Vis spectrophotometer,
Infinite M200 Pro reader (Tecan, CH).

Protease activity determination. Protease activity was deter-
mined following the procedure outlined by Das et al.'® A cell-
free supernatant of 150 pul was mixed with 1 mL of azocasein
(3 gL, Sigma-Aldrich, USA) solution in 50 mM Tris HCI buffer
(pH 8, PanReac AppliChem, DE). After mixing, the samples were
incubated for 15 min at 37 °C and 150 rpm, after which 500 pl of
10% (w/w) trichloroacetic acid (Penta, CZ) was added. The
resulting precipitate was separated (5 min, 10 000 rpm), and 200
ul aliquots were analyzed at 400 nm using a UV-Vis spectro-
photometer, Infinite M200 Pro reader (Tecan, CH).

LasB elastase activity determination. LasB elastase activity
was assessed following the protocol outlined by Ziuzina et al.**
A cell-free supernatant of 700 ul was combined with 250 ul of
elastin conjugated with Congo red (5 g L™, Sigma-Aldrich, USA)
in 1 M Tris HCI buffer (pH 8, PanReac AppliChem, DE). After
thorough mixing, the samples underwent a 24 hour incubation
at 150 rpm and 37 °C, following which 200 ul aliquots of the
supernatant (13 000 rpm, 10 min) were analyzed at 495 nm
using a UV-Vis spectrophotometer, Infinite M200 Pro reader
(Tecan, CH).

Conclusions

In this study, we investigated the antimicrobial capacity of
chitosan nanoparticles (CS-NPs), with a specific emphasis on
combatting the biofilm-forming pathogenic bacterium PA. The
synthesis of CS-NPs was achieved through ionic gelation
utilizing trivalent TPP anions, with subsequent characterization
of the resulting nanoparticles regarding size, charge, and
stability. While nanoparticles from two different types of chi-
tosan were successfully prepared, namely CS-NPs (median size
30 nm, circularity 0.986) and TMC-NPs (median size 103 nm,
circularity 0.967), CS-NPs were excluded from antimicrobial
testing. This exclusion was caused by aggregation in culture
media which implies a broader usability of quaternized CS
TMC-NPs.

Our prepared TMC-NPs, exhibiting favourable characteris-
tics for biomedical applications, including nanoscale size,
regular spherical morphology, and stability in water and
complex culture media, were evaluated for their antimicrobial
activity against PA through MIC and sub-MIC determination.
Notably, TMC-NPs demonstrated efficacy at a low concentration
(MIC5, = 160 mg L") compared to existing literature focusing
on the antipseudomonal activity of free-form -chitosan.
However, due to this promoted efficacy the sub-MIC value of
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TMC-NPs was found at a low concentration (5 mg L™ ') and at
this concentration we observed a reduction in PA hemolytic
activity and motility (swarming, swimming). Importantly, TMC-
NPs emerged as a more effective antibiofilm agent (MBICs5, 80—
160 mg L") than disruptors of planktonic growth, suggesting
their potential as supportive agents in combating PA biofilm
development. Nevertheless, it is imperative to highlight the
increased production of pyocyanin as a PA response to the
influence of sub-MIC TMC-NPs. We attribute this observation to
PA compensating for reduced adhesion efficiency. This state-
ment requires further investigation to elucidate the proposed
mechanism.

In summary, our study demonstrates the synthesis condi-
tions for TMC-NPs with properties conducive to biomedical
applications. Moreover, it underscores the potential of TMC-
NPs as an antipseudomonal agent and demonstrates the
beneficial effects of CS methylation and the conversion of TMC
into nanoparticles in enhancing the antimicrobial activity of CS,
as compared to relevant literature. With the well-established
safety profile of TMC, our TMC-NPs could be strategically
utilized in combination with other antimicrobial agents to
enhance efficacy. Additionally, our comprehensive screening of
TMC-NPs against key virulence factors of PA reveals their
capacity in combating PA infections. This suggests a possible
role for TMC-NPs as adjunctive therapy in infections caused by
this pathogen, with their primary benefit likely lying in modu-
lating biofilm formation. Further work should focus on the
specific formulation of TMC-NPs and expand screening testing
to include additional bacterial strains, thus increasing the
prospect of chitosan in antimicrobial applications.
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