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Abstract

Bacterial quorum sensing (QS) is a cell density-regulated process that controls important pathogenic
processes, e.g.; production of virulence factors, biofilm formation, antibiotic resistance. Interfering
with QS in this manner via quorum sensing inhibitors (QSIs) is a potentially effective form of anti-
virulence not subject to the selective pressures of bactericidal drugs. Conventional QSIs however have
weak solubility, are unstable, have poor bioavalabilty and their activity spectrum is limited. New
nanotechnology Nanoparticle-based QSIs or NP-QSIs are the new generation of tools, having the
potential to overcome these limitations, through recently advanced nanotechnology.

In this article, the authors give a detailed review of the nanoparticle-mediated quorum sensing
inhibition. It explains the characteristics of the nanoparticles used, which are metallic, polymeric and
lipid-based nanoparticles and also hybrid systems and how they work in ruining the signals,
antagonizing the receptors, regulating the genes, and about the disruption of the biofilms. The case
studies conducted recently attesting the effectiveness of NP-QSlIs both in vitro and in vivo models, as
well as the obstacles of the targeting specificity, delivery, cytotoxicity, and environmental safety are
tested. Other potential avenues will be multifunctional smart nanocarriers, combination with diagnostic
platforms, and alignment of the Ag combat with antimicrobial stewardship. Targeting of quorum
sensing by nanoparticles is a potentially successful anti-infective approach that holds the potential to
revolutionize the treatment of multidrug-resistant and chronic disease using non-lethal quorum sensing
disruption.

Keywords: Quorum sensing inhibition, nanoparticles, biofilms, anti-virulence therapy, multidrug
resistance, nanomedicine.

Introduction

Bacterial quorum sensing (QS) is a complicated method of communication that controls the
expressly of genes forming in response to density in the population. It uses the synthesis,
secretion and sensing of small signaling molecules, including N-acyl homoserine lactones
(AHLs) in Gram-negative bacteria and autoinducing peptides (AIPs) in Gram-positive
species. Using this process, bacterial populations regulate communal behaviors, such as
virulence factor expression, motility, and biofilm formation, all of which are vital in the
pathogenicity and survival in the host environments (Kaur et al., 2023) 8. Clinical
significance QS is an innate component of chronic and recurring infections, especially
infections linked to pathogens that form biofilms. Biofilms are associated with increased
resistance to antibiotics and host immune defenses, thus making it difficult to treat and
leading to the emergence of the antimicrobial burden around the globe (Zhao et al., 2022) B4,
The administration of conventional antibiotics does not always lead to an interference with
QS-regulated behaviors because antibiotics focus mostly on the viability of the bacteria but
not on communication networks. As a result, it has increasingly grown to be of interest that
qguorum sensing inhibitors (QSIs) be developed that do not put selective pressure on the
development of resistance, but instead, occur by interfering with signal production,
reception, or degradation (Raza et al., 2022) [l Among the new strategies developed in the
area of QSls, the nanoparticle (NP)-based systems have generated significant interest being
highly valued in their exclusive physicochemical characteristics. The particle size of
nanoparticles provides a high surface to volume ratio, they can be further functionalized
because they have a surface available and they can deliver therapeutic agents at targeted
sites. These properties allow manipulating the QS pathways effectively using several
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mechanisms, including the binding of the signaling
molecules, receptor inhibition, or even biofilm matrix
permeation (Patra et al., 2023; Mohammed, Khaldoon Jasim
et al., 2024) [0 34 Moreover, nanoparticle compositions
may be designed to release the partitions, attaining stability,
and bio-compatibility and can be used in various biomedical
applications (Chen et al., 2024) 4],

The current article reviews the possibility of nanoparticles
as new QS-targeting agents critically. Their mechanisms of
action and current developments of experimental models
will be emphasized and their usefulness in the fight against
multidrug resistant bacterial infection discussed. This
strategy is in harmony with the current activities on the
development of anti-virulence medications, which avoid
shortcomings of traditional antimicrobials.

Mechanisms and Medi Relevance of Bacterial Quorum
Sensing

Quorum sensing (QS) is a regulation mechanism by which a
population of bacteria is able to sense its density and then
coordinate the expression of genes in response. This
interaction depends on the production, secretion, build-up
and sensing of certain signaling chemicals termed
autoinducers. Upon reaching a critical level of their
concentration, these molecules combine with matching
receptors and cause a worldwide transcriptional reaction that
controls different physiological functions (Kalia et al.,
2022) 271,

1. QS Systems Gram-Negative Bacteria

The N-acyl homoserine lactones (AHLS) are usually used by
gram negative bacteria to communicate. Its prototype
system is Luxl/LuxR, a Vibrio fischeri system in which
AHLs are synthesized by Luxl, sensed by LuxR the receptor
and transcriptional regulator. This system varies partially
and may be highly preserved among Pseudomonas
aeruginosa, Burkholderia cepacia, and Escherichia coli,
which are Gram-negative pathogens (Singh et al., 2023) [47],
The biofilm maturation process, toxin production (e.g.,
pyocyanin, elastase), motility and antibiotic resistance in P.
aeruginosa are regulated by multiple cross-linked QS
circuits (Las, Rhl, and Pgs systems) (Gopu and Shetty,
2022) 31,

2. QS Systems Gram-Positive Bacteria

Instead of the sibling product, Gram-positive bacteria use
autoinducing peptides (AlIPs) that are produced as precursor
peptides and secreted by ATP-binding cassette transporters.
Two-component signal transduction systems are peptide
receptors (histidine kinase receptors and response
regulators). The most illustrative is the agr system in
Staphylococcus aureus that modulates  hemolysin
production, exotoxins and biofilm dispersal (Abdel-Rasoul
et al., 2023) . Sporulation and competence in Bacillus
subtilis are also regulated by Com and Rap-Phr systems.

3. Universal QS Signals and Inter-Species Inter-
Communication

The signaling molecule involved in the inter-species
communication is a different type of molecule called
autoinducer-2 (Al-2). The Al-2 is created through LuxS-
based enzyme pathway and has also been identified in
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Gram-positive as well as Gram-negative bacteria in
Salmonella spp., Helicobacter pylori, and Streptococcus
mutans. Al-2 accelerates advanced microbial community
dynamics and possibly leads to polymicrobial biofilm
development throughout infections like dental plaque, otitis
media, and cystic fibrosis (Manoharan et al., 2022) (32,

4. Biosensing by Quorum Sensing and Biofilm
Formation

Quorum Sensing is essential in the growth, as well as the
sustenance, of biofilms, which are organized communities
of microbes, enclaved in extracellular polymeric material
(EPS). Bacteria regulate adhesion, EPS production, nutrient
gradients and dispersal through QS regulated pathways.
Biofilms cause about 80 percent of persistent infections and
have increased antibiotics resistance by up to a 1,000-fold
relative to plankton cells (Ghosh et al., 2024) %2, It has been
explained by the diminished penetration of antibiotics, shifts
in metabolic states and expression of efflux pumps, which

are frequently regulated by QS (Abdel-Rasoul et al., 2023)
121

5. Quorum Sensing Medical Significance

The crucial aspect of the pathogenesis of numerous
multidrug-resistant microorganisms is QS-based virulence
and biofilm development. In P. aeruginosa, QS regulates
LasB elastase, rhamnolipdz and hydrogen cyanide-
contributing to the tissue invasion and immune defeat. The
switch between planktonic acute and biofilm chronic
infection is regulated by the agr system in S aureus.
Resistance genes and surface motility are two of the features
of QS in Acinetobacter baumannii (Farha et al., 2023) [28,
The direct selective pressure QS is hence arisen as an
attractive option to disarm the pathogen. This is called an
anti-virulence approach and is being developed in order to
weaken pathogenicity with reduced chances of evolution of
resistance. The diversity in the mechanisms of QS pathways
provides the emphasis on acquiring the knowledge
necessary in developing an effective quorum sensing
inhibitor (QSI) especially nanoparticle delivery system-
based ones (Patra et al., 2023; Jalil, Maysam H. and
Asoodeh, Ahmad 2024) 140, 25],

Quorum Sensing Suppression Methods

Quorum sensing (QS) inhibition has appeared to be an
appealing anti-virulence approach, although it is supposed
to interfere with bacterial communication without any lethal
pressure. Quorum sensing inhibitors (QSIs) provide an
avenue to reduce infections by disrupting specific signaling
pathways responsible in regulating virulence, motility, and
biofilm formation at the population level, whereby
decreasing the probability of developing resistance (Alves et
al., 2022) 1. It has been known that several classes of QS
inhibition strategies exist: they act on different steps of the
QS process: the synthesis of signals, transmission,
reception, or degradation of signals.

1. Enzyme-Mediated Breakdown of Signals

Quorum quenching enzymes disrupt autoinducer, so it does
not build up to the degree needed to activate QS. These
include: (Gao et al., 2022) [*9
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a. AHL-laconases: Cleaves the lactone ring of AHLs
making them not active. Bacillus spp. are the common
ones.

b. AHL-acylases They can cleave the acyl side chain of
AHLs and thus prevent their recognition by receptors.

c. Oxidoreductases: Change the structure of signaling
molecules so that it becomes incapable of binding
receptors.

Interference of QS mediated by enzymes has been tested in
animal models, where it decreased virulence and number of
biofilms without interfering bacterial survival (Chowdhary
etal., 2023) 12,

2. Synthetic Signal Analogues

They are structurally analogous to autoinducers produced by

a native species but are competitive antagonists: (Natrah et

al., 2022) [361

a. One of the earliest natural analogs of the QSI is
halogenated furanones isolated out of marine algae.

b. In Gram-negative species synthetic AHL analogs
interfere with receptor activation.

c. AIP interferes with peptide mimics bacterial signaling
in Gram-positive pathogens.

This type of analog described provides a high degree of
specificity, but it is also possible that they degrade or have
low bioavailability in vivo.

3. Antagonists to Receptors and Signal Blockers

Receptor-inhibitors affect LuxR-type or AgrC-type binding

receptors and prevent downstream gene activation. Some of

these non-autoinducer compounds- including flavonoids,

thiophenes and benzimidazoles have exhibited high

antagonistic action: (Park et al., 2023) [,

a. Pseudomonas aeruginosa: LasR/RhIR among others are
inhibited by baicalin and naringenin.

b. AgrA is specifically blocked by a small-molecule
inhibitor Savirin, which lowers toxin production
without influencing growth in Staphylococcus aureus.

The receptor antagonists may have quite favorable
properties because of their relatively wide spectrum and the
reduced potential of off-target effects, particularly when
they are delivered in objects.

4. Inhibitors of Natural Products Origin

Plants, marine organisms, fungi and bacteria have been

sources of natural compounds found to exhibit inhibitory

activity of QSI. These include:

a. Polyphenols (e.x., quercetin, curcumin)

b. Alkaloids (e.g berberine)

c. Essential oils and Terpenoids

d. Secondary metabolites produced by microorganisms
(e.g., ajoene in garlic)

They are appealing due to their structural variety and multi-
target ability but their solubility and standardization are still

a problem during clinical development (Ding et al., 2022)
3]
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5. Disadvantages of classical QS Inhibitors

Classical QSlIs have various limitations, even though they

hold a potential: (Zhou et al., 2024) 5],

a. Stability: Most of the small molecules and most of the
enzymes are unstable at physiological conditions.

b. Delivery: Low bioavailability as a result of either low
solubility or low permeability compromises delivery, in
biofilm-laden infections in particular.

c. Specificity: Narrow-spectrum QSIs might need to be
carefully deployed with more specific application use,
which may restrict them being used in polymicrobial
infections.

d. Adaptation by bacterium: A prolonged course of use
can select compensatory mutations of signal-synthesize
or -perceive gene.

Such limitations have stimulated the finding of nanoparticle-
based delivery mechanisms used to evade the aspect of
pharmacokinetics and pharmacodynamics into the QS-
targeted therapies, thus, improving their clinical viability.

Next-Generation
Nanoparticles
The discovery of nanotechnology has changed the scope of
the battle against bacterial infections especially by
interfering with virulence-related processes like quorum
sensing (QS). Being highly physiochemically specific,
nanoparticles (NPs) provide new solutions to disrupting
bacterial communication without eliciting selective pressure
against resistance. Compared to traditional small-molecule
quorum sensing inhibitors (QSIs), NP-based systems hold
the advantage of having the possibility of multifunctionality,
adjustable surfaces, targeted delivery and added delving into
microbial biofilms, reaching sites of QS rampant use-they
are good prospects to control QS (Rajput et al., 2023;
Abdul-Ameer, A. H et al., 2024) 1. 11,

Quorum  Sensing Inhibitors by

1. Classification of Nanoparticle in use in QS Inhibition
A number of nanoparticles classes have proven to be
successful in interfering with QS pathways: (Alavi and Rai,
2022) 4

a. Silver (AgNPs), gold (AuNPs), zinc oxide (ZnO), and
titanium dioxide (TiO 2) nanoparticle have great anti-
QS and antibiofilm capabilities. They are reactive on
their surface and this enables them to interact with the
bacterial membrane and the signaling molecules.

b. Polymeric Nanoparticles: Nanoprecipitation of QSls is
enhanced because they are encapsulated with
biocompatible polymers (chitosan, poly (lactic-co-
glycolic acid) (PLGA) and polyethylene glycol (PEG))
which enhance stability and their release.

c. Lipid-Based Nanocarriers: The highly hydrophobic
QSIs can be efficiently encapsulated in such
nanocarriers as liposomes, solid lipid nanoparticles
(SLNs), and nanostructured lipid carriers (NLCs),
increasing cellular uptake.
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Fig 1: Scheme on nanoparticle mediated bacterial quorum sensing (QS) silencing. The diagram of Gram-negative bacterium Vibrio fischeri
lux operon which are used in luminescence of QS with acyl-homoserine lactones (HSL) Triangles Fourthly, 30C6-HSL is represented by
triangles. Bilateral transcription of lux operon is initiated by the LuxR/30C6-HSL complex. Luxl is a synthesizer of 30C6-HSL. Inset: V.

fischeri culture flask containing one-liter HSLs treatment in luminescence.

B) Figure of V. fischeri with nanoparticle reaction. Si-NPs quench QS and this gene expression in lux, by binding HSLs. (C) Variation in the
highest bioluminescence of V. fischeri upon addition of 2 u M 30C6-HSL, in the presence of 0-100 percent of 2- B-cyclodextrin (CD), or 2-
B-CD functionalized Si-NPs. Standard error of the mean (n = 3) is expressed by error bars. ANOVA shows that asterisks represent
significance (P = 0.05).

Nanomaterials based on carbon: GO, CDs, and fullerenes
may regulate QS by producing cyclizing or impairing the
integrity of signaling molecules via physical alterations or
oxidative stress (Alavi and Rai, 2022) 1,

2.

Measures of Quorum Sensing Negation

by

analogs or antagonists of QS signals further allowing
the NPs to compete inside the receptor site. Furanones
or lactonase oxidase enzymes conjugated gold NPs
have been shown to be able to carry out specific
inhibitions of LasR/RhIR in the Pseudomonas
aeruginosa species (Siddiqui et al., 2023) [,

nanoparticles c. Biofilm Disruption of the Matrix: NPs enable
Nanoparticles have several ways of inhibiting quorum infiltration of high concentration  extracellular
sensing; these ways are categorized widely into: polymeric substance (EPS) matrices because of their
a. Capturing and breaking down Signal Molecule: The nano size scale and charged surfaces. This enables them
capability of metallic NPs, especially AgNPs, of to supply QSls to embedded cells and block EPS
binding to AHL or changing their chemical structure production, and encourage biofilm spreading (Zhou et
renders them incapable of activating receptors. The al., 2024) %1,
reason behind this phenomenon can be explained by the d. Gene Expression Modulation: Some NPs, including
fact that they possess high surface energy and ability to ZnO and CuO, affect the transcription of QS genes by
donate electrons and interfere with the structural stimulating oxidative stress or contact with DNA/RNA
integrity of the autoinducer (Duarte et al., 2023) 141, structure and, thus, changing the expression of those
b. Competitive Inhibition and Receptor Interaction: As genes associated with virulence and biofilm formation
with all NPs, one can functionalize NPs to take on the (Kumari et al., 2022) 21,
1. Fatty-acy-ACP + SAM seNPS 4 MVR seN® 3. LasR s
SeNP-MvfR complex SeNP-LasR complex
x SAM depletion
l Inactivate Innctivate
Lasl Rhl synthase | v v
v v Inactivate Rhl expression & Las R
POS sig g » controlled Lash genes
v
No-AHL production X
e - Inactivation of Rhl R system
2. Fatty-acyl-ACP + SAM Anti-Quorum
Sensing Activity
" &‘,e'-"?s v
Lasl RM synthase i /,)' "\ No biological igne expresssion
\\\* k \\ i
AHL ;mductiun No virulence gene expression

Fig 2: Mechanistic of quorum sensing inhibition in Pseudomonas aeruginosa by selenium nanoparticles (Al-Shabib et al., 2023) I,
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3. Examples of Experimental Studies Good Examples

a. Silver Nanoparticles (AgNPs): prevents the production
of violacein by Chromobacterium violaceum and of
pyocyanin by P. aeruginosa by disrupting AHL
accumulation and QS-controlled gene regulation.
AgNPs also decrease the thicknesses of the biofilms
and EPS content (Yousefi et al., 2022) 52,

b. Gold Nanoparticles (AuNPs) conjugated with lactone:
effectively cleave AHLs and wane the expression of
QS-regulated protein (lasl, rhll) in clinical isolates of P.

aeruginosa, with an absence of effect on the viability of b.

bacteria (Naz et al., 2023) 371,

c. Chitosan Nanoparticles: These also have high
antibiofilm and anti-QS properties when it is loaded
with phytochemicals like curcumin or eugenol. The
concentrations undermine QS gene expression and
swarming motility (EI-Shaer et al., 2022) [16],

d. Graphene Oxide (GO) Nanocomposites: Detect cell
sign coding through oxidative signal and combine with
AHLs and so block communication in various Gram-
negative strains. GO can also be used to destroy
biofilms through photothermal treatment in concert
with light therapy (Singh and Ghosh, 2023) (471,

4. Smart Targeting-Functionalization

Nanoparticles undergo functionalization of the surface in

order to increase their specificity and functionality.

Techniques include:

a. Quorum quenching
lactonases).

b. Binding of ligands which recognize bacterial surface
proteins (e.g., lectins).

c. pH or enzyme triggered release systems which release
the drug in acidic or infected conditions

d. Magnetic directing through iron oxide NPs as directed
passing

conjugation (e.g., acylases,

Due to such changes, minimal off-target toxicity, higher
retention in the sites of infection, and increased control of
the release of therapeutic payload can be achieved.

Recent Studies, Development and Case reports on
Nanoparticle-Mediated Quorum Sensing Inhibition

The last five years have been characterized by a flood of
newly published experimental studies to evaluate the
effectiveness of nanoparticle-based quorum  senses
inhibitors (NP- QSIs). These studies cover large spectrum of
classes of nanoparticles and test against both Gram-negative
and Gram-positive pathogens in vitro, in vivo, and ex vivo.
Such a variety of nanoparticle formulations,
functionalization approaches, and model systems indicates
the translational potential of this approach to biofilm-related
and multidrug- resistant infection (Bello et al., 2022; Taha
Sarhan, Abdulridha et al., 2023) [ 501,

1. AgNPs: Pan-QS Anti-QS Engines

The most thoroughly researched nanomaterials in the area

are still silver nanoparticles. A number of studies have

documented their capacity to suppress QS-controlled traits

that include pigment synthesis, biofilm and expression of

virulence factors:

a. Pseudomonas aeruginosa: AgNPs down-regulated QS-
regulated genes las I, las R, rhl I and rhl R, which
decreased elastase activity, pyocyanin production and

https://www.zoologicaljournal.com

swarming motility by significant means. These effects
were dose-dependent and not observed by impacting
bacterial viability demonstrating a particular anti-
virulence effect (Ravindran et al., 2022) [*2,

b. Chromobacterium violaceum: AgNPs repressed
violacein- a QS regulated pigment- in several strains.
The nanoparticles affected the C6-HSL signaling and
the expression of genes cvil and cviR was decreased
(Palanisamy et al., 2023) 81,

AgNPs could be effective in clinical practice because they
showed faster healing of murine burn wounds infected by P.
aeruginosa with a clear reduction in the P. aeruginosa
burden.

2. The QSls-Functionalized Gold Nanoparticles (AuNPs)

Gold NPs have a biocompatible nature and are chemically

inert; this is why they are the perfect choice of targeted drug

delivery:

a. AuNPs conjugated lactonase enzymes showed potent
quorum quenching activity in clinical as well as
environment strains of P. aeruginosa. The AHLs were
directly broken down in the enzymatic coating leading
to the repression of the virulence gene expression and
blocking of biofilm maturation (Naz et al., 2023) 71,

b. Furanone-functionalized AuNPs were a competitive
antagonist of LuxR receptor. These nanoconjugates
markedly lowered violation of C. violaceum, C.
violaceum production, as well as Vibrio harveyi, bio-
luminescence, which is used as a model to study Al-2
signaling (El-Baz et al., 2023) [*°],

As well, dual-function anti-QS/photothermal AuNPs
platforms have also been used to increase biofilm clearance.

3. Phytochemicals-loaded Polymeric Nanoparticles
Plant-derived QSIs have been encapsulated by using
biodegradable polymers (e.g., chitosan and PLGA). These
formulations, improve solubility, preserve the integrity of
active compounds, as well as sustain release:

a. Chitosan curcumin nanoparticles prevented AHL
mediated biofilm formation in P. aeruginosa and
decreased the production of rhamnolipids and they dis-
aggregated existing biofilms. They proposed their
improved biofilm matrix penetration to the fact that
chitosan is a cationic compound (EI-Shaer et al., 2022)
[16]

b. When eugenol nanoparticles were loaded with PLGA,
agr system downregulation was significantly enhanced
in the Staphylococcus aureus, causing a decrease in the
27-cationic lipid inducible 28-alpha-hemolysin and an
increase in the ability of macrophages to clear bacteria
a co-culture condition (Balaji et al., 2023) ["],

These platforms involve bringing together of the
antimicrobial response of phytochemicals with the increased
delivery specificity and offer a dual anti-infective approach.

4. Smart
Nanoparticles
Hydrophobic QSIs have a tendency of low aqueous
solubility and as such lipid-based systems are well suited to
deliver these compounds:

delivery systems and Lipid-Based
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https://www.zoologicaljournal.com/

Zoological and Entomological Letters

a. The encapsulation of ajoene, a garlic-derived QSI, into
solid lipid nanoparticle (SLNs) produced an effective
way of inhibiting both QS and biofilm in P. aeruginosa
clinical isolates. The nanoparticles increased the
stability of ajoene and improved localization to the sites
of the infection (Chen et al., 2023) [1],

b. Decoding pH-sensitive liposome-loaded baicalin to
deliver its content in acidic biofilm conditions, pH-
responsive liposomes were designed to liberate their
content in acidic biofilm environments. Such a
triggered-release systemically controlled the QS in
infected tissues only, minimizing the systemic effects
(Hassan et al., 2024) 24,

These breakthroughs support the key role of the system that
is sensitive to environment in local interference of quorum
sensing.

5. Combined Therapy: Nanoparticles in combination

with antibiotics / enzymes

The synergistic effects of combination of NP-QSIs and

antibiotics/quorum-quenching  enzymes  have  been

investigated now:

a. AgNPs and ciprofloxacin combination decreased
minimum inhibitory concentration (MIC) of the
antibiotic on biofilm-forming E. coli and K
pneumoniae. It was explained that this effect was due to
the interference of QS-controlled EPS by AgNP thereby
promoting drug penetration (Saleh et al., 2023) 3],

b. This study revealed that AuNPs functionalized with
lactonase + meropenem regained sensitivity to

https://www.zoologicaljournal.com

antibiotics against biofilm multidrug-resistant P.
aeruginosa resulting in a >90 percent decrease in viable

counts as compared to monotherapy (Raza et al., 2024)
[44]

This presents an interesting solution towards re-sensitizing
the pathogens and extending the use of antibiotics.

Limitations and Obstacles to the Nanoparticle- based
Quorum Sensing Inhibitors

Although a great deal of work is taking place and it is
already possible to inhibit quorum sensing using
nanoparticles, there is still a lot to be done before these
methods may be applied at a clinical or industrial level.
These weaknesses cross the biological, physicochemical,
regulatory and ecological levels and must be evaluated
systematically and engineered upon.

1. Biocompatibility and Cytotoxicity Issue

The possibility of creating cytotoxic effects in mammalian

cells and tissues is, perhaps, one of the greatest obstacles on

the way to clinical use of NP-QSlIs: (Zhou et al., 2022) 51,

a. NPs of metal derivatives, including AgNPs and ZnO
NPs, produce reactive oxygen species (ROS) capable of
causing oxidative stress, dysfunction of the
mitochondrion and DNA damage in host cells.

b. The toxicity of nanoparticles is dose-dependent;
therefore, there are concerns on therapeutic windows,
where low doses would offer no inhibition of quorum
sensing and high doses would produce off-target
cytotoxicity.

Protein

component

-
"~

Re active oxygen
species (ROS)

Cell membrane

Oxidized cellular

DNA damage

Release of
heavy metal
ions

Fig 3: Cellular destructive processes generated by metal-based nanoparticles (Ag+, Znz+), known as reactive oxygen species (ROS), DNA
cleavage, the impairment of mitochondria and membrane destabilization processes. These cytotoxic responses help to demonstrate why dose
control and surface modification is important to biomedical applications (Zhou et al., 2022) 151,
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Even though surface modulation (e.g., PEGylation) and
biodegradable coating (e.g., chitosan, PLGA) decreases
toxicity, there is still a lack of any in-depth data in terms of
long-term safety, and this is particularly true of any use on a
chronic basis (Nanda et al., 2023) 3%,

2. Target Specificity and Off-Targets Interactions

The majority of nanoparticles have broad-spectrum effects

and can interfere with the communication of such

pathogenic and commensal microorganisms: (Singh et al.,

2023) 431,

a. Host-microbe symbiosis and regulation of immune
response non-selective inhibition of QS in commensal
microbiomes (e.g., Lactobacillus spp, Bifidobacterium
spp.) may upset host-microbe symbiosis and immune
regulation in a way that mirrors antibiotics.

b. Functionalization strategies to make more selective,
e.g., ligand-directed targeting, are more exacting in
surface engineering, making the processes more
complex and more expensive to produce.

Additional issues in the design of universally effective and
selective NP-QSIs also occur in polymicrobial infection,
where there are likely to be further differences in QS
pathways.

3. Stability and Degradation in Physiologic Conditions

Nano particles can either aggregate, oxidize or be early

degraded in a biological environment: (Jiang et al., 2022) [?81

a. The functional life of polymeric and lipid-based NPs
can be minimized by the enzyme degradation by host
proteases or esterases.

b. The NP behavior may be affected by salt concentration,
pH, and the formation of the protein corona in blood or
interstitial fluids that decrease targeting efficiency and
therapeutic potency.

This demands the optimization of formulation to allow
improved shelf-life, dispersibility and in vivo activity.

4. In Complex Infections, Limitations with Biofilm

Pointers used

Nanoparticle penetration has in most cases been believed to

be a good option when it comes to penetrating the biofilms

however diffusion barriers and EPS binding may reduce the
accessibility of the nanoparticle to deeper layers of the

biofilm (Gao et al., 2023) 20,

a. Entrapment with nanoparticles in surface layers may
lead to sub therapeutic levels reaching internal
microbial communities.

b. Surfaces covered with charges or that are hydrophobic
could interfere with biofilm matrix components (e.g.,
polysaccharides, proteins) inhibiting diffusion and
interaction with the target.

These physical barriers are in the process of being improved
using smart delivery systems like enzyme-responsive or
mag-guided NPs.

5. Bacteria Adaptation and Resistance Potential

QSIs are not bactericidal; however, the possibility of
adaptation to quorum sensing inhibition by bacteria is

https://www.zoologicaljournal.com

increasingly becoming a bother: (Zhang et al., 2023) 21,

a. Bacteria can evade the QS-mediated inhibitory effects
by mutation of QS receptors, signal transduction
proteins or the efflux systems.

b. The biofilm communities subjected to repeated sub-
inhibitory levels of QSIs have shown horizontal gene
transfer of QSI- resistant traits.

The risk can be reduced by constant surveillance of
resistance, integration of multi-target or combinatory
strategies (e.g., antibiotics + NP-QSIs).

6. Production, scale-up and regulatory challenges

Bringing laboratory-scale NP-QSI systems through clinical

approval has many logistical and regulatory challenges:

(Bansal et al., 2022) 1,

a. Generation of nanoparticles (e.g., size, charge, drug
loading) is wusually not easily reproduced and
standardized.

b. Authorization authorities (e.g., FDA, EMA) demand a
substantial amount of toxicological profiling,
pharmacokinetics, and biodistribution information
which are not yet available to most of the NP-QSI
prototypes.

C. In addition, functionalized, or hybrid nanocarriers are
still limited by cost of production and scalability.

7. Environmental and Ecotoxicological Implications
Environmental exposure to nanoparticles, especially
metallic NPs, poses risks to aquatic ecosystems, soil
microbiota, and non-target organisms. AgNPs and TiO2 NPs
have been shown to alter microbial diversity, enzyme
activity, and nutrient cycling in soil and water
environments. Lack of disposal protocols for NP-containing
medical waste could contribute to long-term ecological
contamination. Sustainable design, biodegradability, and life
cycle assessments must be integrated into NP-QSI
development pipelines (Bansal et al., 2022) &,

Prospects of Nanoparticle based Quorum Sensing
Blocking in the Future

Nanotechnology combined with quorum sensing inhibition
(QSI) shows disruptive possibilities in the treatment of
bacterial infections. Yet, further development in various
scientific and regulatory areas is vital to the success of
nanoparticle-based quorum sensing inhibitors (NP-QSIs) in
the clinical (and industrial) setting. Additional findings are
likely to be made; the future of research is therefore going to
involve optimizing specificity, functional adaptability,
delivery precision, and translational feasibility.

1. Targeted and selective nanoparticles: Rational Design
Precision is central to reduce the off-target effect as well as
the useful microbiota. Future work will probably examine.
Nanoparticles functionalized with recognition ligands,
binding to particular surface proteins of bacteria e.g., pili,
lipopolysaccharide motifs or QS receptor regions. Stimuli-
sensitive nanocarriers that will deliver QSIs when triggered
by infection cues (ex, pH gradient, presence of enzymes,
redox) (Ghasemian et al., 2024) U, The goals of these
approaches are to boost therapeutic activity, decrease
systemic toxicity and environmental footprint.
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2. Multifunctional and
Development

The renewed progress in the field of material science is
opening the road to multifunctional nanoparticles that will
be able to perform. Quorum sensing interruption. Inhibiting
biofilms. Administration of antibiotics or immunotropic
agents.

Examples are Photothermally active nanoparticles, which
dehydrogenize biofilms wunder infrared radiation, and
prevent QS-control of gene expression. The magnetic
nanoparticles that will allow external control to target
specific infection regions and co- carriage of variable cargos
in a spatiotemporally selective way. The combination of
several antimicrobial modalities into the multimodal
nanocarriers could assist in dealing with the complexity of
polymicrobial infections and chronic ones (Li et al., 2023).

Hybrid  Nanoplatforms

3. Consolidation
Technology
Therapy is not the only scope of NP-QSI of the future but
biosensing and diagnosis. Biosensors The detection of QS
signals (e.g., AHLs, Al-2) in real-time with fluorescent (or
electrochemical) nanoparticle-based biosensors can warn in
advance of infection or treatment failure. Quorum sensing
quenchers and signal monitoring as theragnostic platforms
may provide a method of personalized antimicrobial
strategies. Dynamic treatment modification and the
possibility of detecting the development of resistance early
will be enabled by such real-time feedback systems (Wang
etal., 2023) B,

with  Diagnostic and Sensing

4. Preclinical testing and Translational Research

Improving the bench to bedside translation necessitates the
uniformity of in vivo models particularly to chronic, device-
related or tissue-based infections (i.e., lungs, wounds,
urinary tract). Toxicokinetic and biodistribution studies, i.e.,
long-term exposure tests, genotoxicity and organ specific
accretion. Pharmacoeconomic analyses to determine the cost
of production, rigidity, and viability. End-to-end
translational pipelines will be necessary, with collaboration
across the sector of nanotechnologists, microbiologists, and
toxicologists, and clinicians (Ahmed et al., 2024) B,

6. Regulations and Clinical guidelines

Regulatory  acceptability requires urgently needing
agreement on characterization data both within its own
terms (e.g., particle size distribution, zeta potential, release
kinetics) and its relevance thereof. Nanoparticle
manufacturing and reproducibility clear documentation.
Introduction of nanoparticle-specific clinical trial pathways
of anti- virulence drugs that differ to standard antibiotics
Regulatory systems need to be changed to suit the
parameters of newer pharmacological and safety patterns of
NP-QSls.

7. The Sustainability of the Environment and Life-Cycle
Analysis

Total sustainable innovation should incorporate: Utilization
of renewable as well as biodegradable nanomaterials. Plant
extract based green synthesis, enzymatic based green
synthesis or microbial route based green synthesis. Cradle-
to-grave studies to measure the effect on environment in
production, use and disposal. This is not only vital in light
of the possible discharge of engineered nanoparticles into
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the natural ecosystem through wastewater and human waste
(Bansal et al., 2022) [€],

8. Inclusions in the Global Antimicrobial Stewardship
Programs

The paradigm shift of the QSlIs, which are made of
nanoparticles, may form an anti- virulence treatment
strategy that corresponds well to the priorities of the WHO
to minimize antimicrobial resistance. They can be
incorporated into stewardship models to possibly Reduce
the selective pressure towards resistance, extend the useful
life of current medications through combination therapy,
allow proactive, preventative treatment in susceptible
environments (e.g., intensive care units, implanted medical
devices). The healthcare industries, regulatory bodies and
the pharmaceutical industries will play a significant role in
involving stakeholders to encourage adoption and
responsible deployment.

Conclusion

Attacking bacterial quorum sensing will provide a new
paradigm in antimicrobial approach, where suppression of
virulence and communication is attacked and not the
elimination of the microbe, the incredible potential of
nanoparticle-based quorum sensing inhibitors (NP-QSIs) as
a means of addressing these challenges and revolutionizing
the application of quorum sensing inhibitors (QSIs) has
been explained and their use can help to achieve higher
bioavailability, site-specific delivery and multifunctionality
towards biofilm-forming and drug-resistant pathogens.

The role of nano particles, metallic, polymeric, lipid-based,
and hybrid in disrupting quorum sensing pathways of a wide
range of bacteria species has been supported by rich
experimental data. Such systems have been successful in
interfering with signal molecule accumulation, preventing
receptor activity, inactivating QS signals and regulating
gene expression related to virulence and biofilm. The
problem was remedied through functionalization tactics and
control release systems to increase the accuracy and safety
of NP-QSI strategies further.

Regardless of these breakthroughs, major problems exist.
The problems of related to cytotoxicity, targeting
specificity, physiological instability, and risk of adaptation
by bacteria remain a lockdown factor to clinical translation.
The regulation, production, and environment aspects should
be incorporated in interdisciplinary activities and common
procedures. In the future the development of smart,
selective, sustainable nanocarriers should be the focus of
research, with strong preclinical research and dynamic
regulations.

Within the framework of the increase of antimicrobial
resistance and the necessity of new anti-infective drugs, NP-
QSIs come up as a potential category of anti-virulence
agents. Combined with conventional therapeutics or
diagnostic technologies they could become a part of the
antimicrobial stewardship program and redefine infection
management strategies and provide sustainable solutions in
fighting against ever present and interminable bacterial
diseases.

References

1. Abdul-Ameer AH, Kzar HH, Al-Awadi HK. Newly
synthesized chitosan-stevioside-TPGS nanoparticles
(CSdNPs) attenuate the effects of high doses of free

~ 124 ~


https://www.zoologicaljournal.com/

Zoological and Entomological Letters

10.

11.

12.

13.

14.

15.

16.

stevioside in male rats via inhibition of PRAP-o gene
expression. Regulatory Mechanisms in Biosystems.
2024;15(3):446-452.

Abdel-Rasoul H, Shaaban M, Algahtani A. Targeting
the agr system in Staphylococcus aureus: A strategy to
combat bacterial virulence. Microbial Pathogenesis.
2023;180:106164.

Ahmed HA, Mansour SE, Saad WA. Bridging the
translational gap: Preclinical evaluation of nanoparticle-
mediated quorum sensing inhibition. Journal of
Nanomedicine  and  Biotherapeutic ~ Discovery.
2024;14(1):211-224.

Alavi M, Rai M. Bactericidal and quorum sensing
inhibitory potential of carbon-based nanomaterials:
Current strategies and applications. Nanomedicine.
2022;42:102560.

Al-Shabib NA, Husain FM, Ahmed F, Khan RA, Khan
MS, Khan JM. Anti-quorum sensing potential of
selenium nanoparticles  against ~ Pseudomonas
aeruginosa: An in silico and in vitro study. Frontiers in
Molecular Biosciences. 2023;10:1203672.

Alves FL, Oliveira LC, Morais JP. Disrupting bacterial
communication: A strategy to attenuate virulence and
biofilm formation. Biomedicine and Pharmacotherapy.
2022;154:113629.

Balaji R, Kumar A, Devi P. Quorum sensing
attenuation in Staphylococcus aureus using PLGA-
encapsulated eugenol nanoparticles. Journal of Drug
Delivery Science and Technology. 2023;81:104217.
Bansal A, Mehta A, Sharma R. Ecotoxicological risks
associated with the widespread use of nanomaterials: A

focus on antimicrobial silver.  Environmental
Nanotechnology, Monitoring and  Management.
2022;18:100729.

Bello AK, Khan 1, Igbal HMN. Advances in

nanoparticle-based quorum sensing inhibition: Trends
and translational insights. Journal of Nanomedicine
Research. 2022;14(1):1-12.

Chen Y, Huang X, Wang Y. Ajoene-loaded solid lipid
nanoparticles inhibit Pseudomonas aeruginosa quorum
sensing and biofilm formation. Colloids and Surfaces
B: Biointerfaces. 2023;221:112986.

Chen Y, Li X, Wang Z, He Y. Nanoparticles in
targeting bacterial quorum sensing: Emerging anti-
virulence  strategies.  International  Journal  of
Pharmaceutics. 2024;632:122793.

Chowdhary P, Prakash A, Choudhary M. Quorum
quenching enzymes: Scope and applications in clinical
biofilm management. Current Microbiology.
2023;80(4):113.

Ding T, Li Y, Zhang Y. Plant-derived quorum sensing
inhibitors as potential alternatives to antibiotics in
aquaculture. Aquaculture Reports. 2022;23:101062.
Duarte M, Pereira MFR, Alves A. Mechanistic insights
into silver nanoparticle-mediated quorum sensing
inhibition in Gram-negative bacteria. Materials Science
and Engineering C. 2023;149:114723.

El-Baz AM, Hussein RA, Zaki AM. Gold nanoparticles
functionalized with brominated furanones for quorum
sensing inhibition. Biotechnology Letters. 2023;45:303-
311.

El-Shaer NS, Salem WM, Hashem AH. Chitosan-based
nanoparticles  for quorum  sensing  inhibition:
Synergistic  effects with  plant-derived  agents.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

~ 125~

https://www.zoologicaljournal.com

International Journal of Biological Macromolecules.
2022;206:188-197.

El-Shaer NS, Salem WM, Hashem AH. Chitosan-based
phytochemical nanoparticles as dual quorum sensing
and biofilm inhibitors. International Journal of
Biological Macromolecules. 2022;213:827-835.

Farha MA, Verschoor CP, Bowdish D, Brown ED.
Targeting virulence and quorum sensing in
Acinetobacter baumannii. Trends in Microbiology.
2023;31(1):28-40.

Gao Y, He J, Li M. AHL-degrading enzymes for
quorum  quenching:  Mechanisms and clinical
applications. Frontiers in Microbiology.
2022;13:876132.

Gao Y, Xu D, Zhao J. Biofilm penetration and release
kinetics of functionalized nanoparticles: Current status
and future perspectives. Journal of Controlled Release.
2023;358:163-176.

Ghasemian A, Nazari B, Mahdavi M. Functionalized
smart nanocarriers for targeted quorum sensing
inhibition: Design and delivery strategies. Advanced
Drug Delivery Reviews. 2024;199:114902.

Ghosh S, Roy K, Sen S. Quorum sensing-mediated
biofilm formation and its role in antimicrobial
resistance: Current perspectives. Frontiers in Cellular
and Infection Microbiology. 2024;14:1220563.

Gopu V, Shetty PH. Quorum sensing in Pseudomonas
aeruginosa: Molecular mechanisms and targets for

disruption.  Journal of Applied Microbiology.
2022;132(5):3543-3554.
Hassan HA, Ahmed ME, Abdelwahab SF.

Environment-responsive liposomal delivery of baicalin
for anti-QS therapy. Advanced Pharmaceutical Bulletin.
2024;14(1):117-125.

Jalil MH, Asoodeh A. Immobilization of alpha-amylase
on chitosan-coated iron oxide nanomagnetic
nanoparticles. Hilla University College Journal for
Medical Science. 2024;2(1):1.

Jiang Y, Zhang M, Wang X. Protein corona modulation
of nanoparticle stability and bioavailability: Challenges
and strategies. Advanced Drug Delivery Reviews.
2022;188:114447.

Kalia VC, Singh PK, Joshi R. Quorum sensing
inhibitors as antivirulence agents: New faces in the
fight against pathogens. Biotechnology Advances.
2022;60:108016.

Kaur H, Jain S, Kumar S. Quorum sensing mechanisms
in bacteria: A review on signal molecules, mechanism,
and regulation. Journal of Basic Microbiology.
2023;63(2):163-179.

Kumari M, Yadav S, Tripathi A. Zinc oxide
nanoparticles: Modulation of quorum sensing and
virulence gene expression. Colloids and Surfaces B:
Biointerfaces. 2022;215:112519.

Li J, Wang Q, Tan Y. Magnetically responsive
multifunctional nanocarriers for controlled quorum
sensing inhibition and antimicrobial therapy. ACS
Applied Materials and Interfaces. 2023;15(22):26345-
26360.

Lu Y, Cai Y, Tan Y. Functionalized nanoparticles for
targeted inhibition of bacterial communication in
biofilm infections. Advanced Drug Delivery Reviews.
2023;195:114831.


https://www.zoologicaljournal.com/

Zoological and Entomological Letters

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

Manoharan RK, Yadav MK, Kim YJ. Inter-species
quorum sensing: The role of autoinducer-2 in
polymicrobial infections. Pathogens. 2022;11(3):327.
Miller K, Wang L, Chen YP, Decho A. Engineering
nanoparticles to silence bacterial communication.
Frontiers in Microbiology. 2015;6:189.

Mohammed KJ, Hussein AD, Muhammad SJ.
Exploring the role of nanoparticles in combating
microbial infections: A mini review. Hilla University
College Journal for Medical Science. 2024;2(4):3.
Nanda A, Yadav D, Singh R. Nanoparticle-mediated
quorum sensing inhibition: Advances and safety
considerations.  Journal of Nanomedicine and
Nanotechnology. 2023;14(1):100012.

Natrah FMI, Defoirdt T, Sorgeloos P. Competitive
inhibition of quorum sensing: Implications for pathogen
control in aquaculture. Journal of Applied
Microbiology. 2022;132(1):142-157.

Naz S, Khan MR, Javed A. Gold nanoparticle-enzyme
conjugates as quorum quenching platforms in
multidrug-resistant infections. Journal of
Nanobiotechnology. 2023;21:139.

Palanisamy NK, Mohandas S, Mani P. Silver
nanoparticles  suppress  violacein  synthesis in
Chromobacterium violaceum via AHL degradation.
Applied Microbiology and Biotechnology.
2023;107(4):1543-1554.

Park SC, Jeong MY, Lee JH. Savirin-mediated
inhibition of quorum sensing in Staphylococcus aureus:
A new route to anti-virulence therapy. Microbial
Pathogenesis. 2023;176:106003.

Patra JK, Das G, Fraceto LF, Acosta-Torres LS.
Nanoparticle-mediated quorum sensing inhibition: A
new approach to control microbial virulence and
biofilm formation. Journal of Nanobiotechnology.
2023;21:65.

Rajput A, Jaiswal AK, Sharma R. Nanotechnology-
enabled quorum sensing inhibition: Innovations and

translational  opportunities.  Critical Reviews in
Microbiology. 2023;49(1):26-44.
Ravindran D, Raveendran S, Devi KP. Silver

nanoparticles as effective quorum sensing inhibitors in
Pseudomonas aeruginosa. Microbial Pathogenesis.
2022;162:105308.

Raza MA, Abbasi R, Riaz S, Khan I. Targeting
bacterial communication: The battle against biofilms
using quorum sensing inhibitors. Frontiers in Cellular
and Infection Microbiology. 2022;12:902341.

Raza MA, Yasir M, Shah MA. Dual inhibition of
biofilms using quorum quenching gold nanoparticles
and carbapenems. Frontiers in  Pharmacology.
2024;15:1176567.

Saleh A, Musa H, Yusof MY. Nanoparticle-antibiotic
synergism: Disrupting quorum sensing and biofilms in
Gram-negative bacteria. Nanomedicine:
Nanotechnology, Biology Medicine.
2023;48:102674.

Siddiqui S, Khan RA, Ahmad |. Targeted delivery of
quorum sensing inhibitors using gold nanoparticles: A
new horizon in antimicrobial research. Frontiers in
Nanotechnology. 2023;5:987621.

Singh A, Ghosh M. Graphene oxide nanocomposites as
anti-quorum sensing agents in biofilm-associated

and

48.

49,

50.

51.

52.

53.

54,

55.

56.

~ 126 ~

https://www.zoologicaljournal.com

infections. ACS Applied Materials and Interfaces.
2023;15(14):18016-18029.

Singh R, Kapoor V, Agrawal V. Design considerations
for selective quorum sensing inhibition using smart
nanocarriers. Colloids and Surfaces B: Biointerfaces.
2023;225:113198.

Singh R, Sharma R, Gupta A. Dual quorum sensing
circuits in Pseudomonas aeruginosa: Complexity and
cross-talk. Current Microbiology. 2023;80(3):109.
Sarhan TA, Alyassiri AM, Hussen HH. A review on
fungal nanoparticles as antimicrobial agents to control
oral biofilms. Hilla University College Journal for
Medical Science. 2023;1(1):1.

Wang D, Wu Q, Zhao Y. Nanoparticle-based
biosensors for detecting bacterial quorum sensing
signals: A step toward real-time infection management.
Biosensors and Bioelectronics. 2023;229:115894.
Yousefi M, Fattahi M, Ghasemi Y. Anti-quorum
sensing and antibiofilm activity of silver nanoparticles
synthesized using bacterial culture filtrates. Scientific
Reports. 2022;12:11723.

Zhang L, Qiao L, Sun J. Evolutionary responses of
bacterial populations to nanoparticle-mediated quorum
sensing inhibition. Microbial Biotechnology.
2023;16(1):25-38.

Zhao X, Liu Y, Wang L. The role of quorum sensing in
antibiotic ~ resistance and  biofilm  formation.
Microorganisms. 2022;10(3):512.

Zhou M, Zhang H, Wu C. Evolutionary adaptation to
quorum sensing inhibitors: Risks and mitigation
strategies. Trends in Biotechnology. 2024;42(2):129-
138.

Zhou W, Liu M, Chen Y. Safety profile and
cytotoxicity mechanisms of metallic nanoparticles:
Current evidence and perspectives. Nanolmpact.
2022;28:100404.


https://www.zoologicaljournal.com/

