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ABSTRACT

This paper systematically summarizes the latest research progress of quorum sensing system and the formation and regulatory
mechanism of bacterial biofilms. The role of quorum sensing system in various stages of biofilm formation is described, including
initial adhesion, microcolony formation and biofilm maturation. In addition, the molecular mechanism of quorum sensing
system to regulate the formation of biofilms and the biofilm prevention and control strategies for quorum sensing system are also
discussed. Finally, the future development direction of quorum sensing system and bacterial biofilm research is prospected.
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1. INTRODUCTION

The quorum sensing system (QS) is an important mechanism
of intercellular communication in bacteria, which can coordi-
nate quorum behaviors (such as the formation of biofilms, the
production of virulence factors, and antibiotic resistance etc.),
by secreting and sensing specific signaling molecules. Bacte-
rial biofilms are structured colonies formed by bacteria on
the surface, encapsulated in a self-produced polysaccharide
matrix, which has an important biological and medical signif-
icance. The formation of biofilms significantly increases the
resistance of bacteria to antibiotics and the host immune sys-
tem, leading to serious problems such as chronic infections
and infections associated with medical devices.

In recent years, the relationship between quorum sensing sys-
tem and bacterial biofilms has attracted extensive attention.
Studies have shown that quorum sensing system play a key

role in all stages of biofilm formation. A better understand-
ing of the mechanism by which the quorum sensing system
regulates biofilm formation is of great significance for the
development of novel antimicrobial strategies. The purpose
of this article is to review the latest research progress on
quorum sensing system and bacterial biofilm formation and
its regulatory mechanism, and to provide a reference for the
research in related fields.

2. THE BASIC CONCEPT AND THE MECHA-
NISM OF QUORUM SENSING SYSTEM

The quorum sensing system is a communication mechanism
between cells. This system allows bacteria to detect changes
in quorum density based on the accumulation of signaling
molecules generated by themselves, further regulate the ex-
pression of related genes, and promote the formation and dis-
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persion of biofilms.[1] The quorum sensing system is mainly
composed of signaling molecules, signaling molecule syn-
thetases and receptor proteins. Quorum sensing is a signal
exchange system of bacteria. It sends corresponding signals
through quorum sensing, regulates the synthesis and secre-
tion of various signaling molecules during the formation of
bacterial biofilms, regulates the adhesion and colonization,
maturity and dispersion of bacteria, etc.[2]

According to the chemical structure and synthetic pathway of
signaling molecules, the quorum sensing systems are mainly
divided into three categories: the acylhomoserine lactone
(AHL) system for Gram-negative bacteria, the oligopeptide
system for Gram-positive bacteria, and the autoinduction-2
(AI-2) system shared by Gram-negative and positive bacteria.
These systems are widely present in different bacteria and
regulate various physiological processes. When the bacterial
quorum density reaches a certain threshold, the concentration
of signaling molecules increases, and after binding to the
receptor proteins, they activate or inhibit the expression of
specific genes, affecting the expression of different genes in
bacteria, such as biofilm formation, virulence factor produc-
tion, antibiotic synthesis and spore formation, etc.[3]

3. THE FORMATION PROCESS AND CHARAC-
TERISTICS OF BACTERIAL BIOFILMS

Bacterial biofilms are structured colonies formed by bacteria
on the surface, encapsulated in a self-produced polysaccha-
ride matrix. The biofilm formation process can be divided
into three stages: initial adhesion, microcolon formation
and biofilm maturation. During the initial adhesion stage,
bacteria adhere to the surface through the structures such
as flagella and pili. Subsequently, the bacteria proliferate
to form microcolonies and begin to secrete matrix compo-
nents such as extracellular polysaccharides. Finally, the
biofilm structure gradually gets mature, forming a colony
with complex three-dimensional structures. There is a large
category of protein pumps in bacterial membranes that can
discharge antibiotics from cells. Epis inhibitors (Epis) can
block antibiotic effluent. The thiaflavonoid library of effluent
pump inhibitors has antimicrobial activity and inhibits efflu-
ent pumps, biofilm formation and population induction.[4]

Mature biofilms have unique structural and functional char-
acteristics. The bacteria in the biofilms are encapsulated in
a matrix composed of polysaccharides, proteins and DNA,
forming a protective barrier. There is a gradient distribution
of nutrients and metabolites inside the biofilms, resulting in
the heterogeneity of bacteria. Bacteria have the ability to
adapt to the new environment and to induce environmental
changes. Bacteria adapt to environmental conditions through

this mechanism, including pH, permeability, nutritional sup-
ply and population density etc. Density sensing system is one
of the mechanisms that regulate bacterial survival mode by
using the density of sensing quorum survival, controlling the
production of bacterial biofilms and bacterial virility.[5] In ad-
dition, bacteria in biofilms exhibit different gene expression
profiles and physiological characteristics from the plankton
state, such as enhanced antibiotic resistance and reduced
metabolic activity. These characteristics make biofilms an
ideal place for bacteria to survive and reproduce in harsh
environments.

4. THE ROLE OF QUORUM SENSING SYS-
TEM IN THE FORMATION OF BACTERIAL
BIOFILMS

The quorum sensing system plays an important role in all
stages of bacterial biofilm formation. During the initial ad-
hesion stage, the quorum sensing system regulates the ex-
pression of bacterial surface adhesion factors, affecting the
interaction between bacteria and the surface. For instance,
the LasI/LasR system for Pseudomonas aeruginosa regulates
the synthesis of type IV fimbriae and flagella, promoting
the initial colonization of bacteria on the surface. The oil
compound linalool extracted from coriander inhibits the for-
mation of Acinetobacter baumannii biofilm by affecting bac-
terial adhesion and interfering with the QS system.[6]

In the microcolony formation stage, the quorum sensing sys-
tem regulates the synthesis and secretion of the extracellular
matrix. The Agr system of Staphylococcus aureus affects
the formation of microcolonies and the stability of biofilm
structure by regulating the synthesis of polysaccharide inter-
cellular adhesin (PIA). Photodynamic therapy can inhibit the
transmission of QS signaling, after photosensitization treat-
ment with indocycline green, the expression levels of QS
system genes abaI, agrA and Iasi related to biofilm formation
in Acinetobacter baumannii, Pseudomonas aeruginosa and
Staphylococcus aureus were down-regulated.[7] In addition,
the quorum sensing system also regulates the motility and
aggregation behavior of bacteria, and promotes the formation
and expansion of microcolonies.

In the biofilm maturation stage, the quorum sensing sys-
tem regulates the maintenance and dispersion of the biofilm
structure. The Rhl system of Pseudomonas aeruginosa reg-
ulates the synthesis of rhamnolipids, influencing the forma-
tion of biofilm channels and nutrient transport. The use of
benzamide-benzimidazole compounds can inhibit the Pseu-
domonas aeruginosa quorum sensing regulator MvfR (PqsR),
interfere with biofilm formation, and enhance biofilm sensi-
tivity to antibiotics.[8] At the same time, the quorum sensing
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system also regulates the dispersion process of the biofilm, by
activating enzymes that degrade the substrate or regulating
flagellar synthesis, which promotes the release of bacteria
from the biofilm and achieves new colonization.

5. THE MOLECULAR MECHANISM OF THE
QUORUM SENSING SYSTEM TO REGULATE
BACTERIAL BIOFILM FORMATION

Quorum sensing systems regulate the expression of biofilm-
related genes through complex signal transduction networks.
In Pseudomonas aeruginosa, the LasI/LasR system affects
the synthesis of exopolysaccharide Pel and Psl by regulat-
ing the level of c-di-GMP (second messenger). Bacteria
achieve communication within and between microbiota to
form biofilms through quorum sensing mechanisms. Quo-
rum sensing inhibitors are a new generation of antibacterial
agents, mainly including N-acetylhomoserine lactone (AHL)
antagonists that bind to LuxR-type receptors and AHL syn-
thesis inhibitors. The main mechanism of the former is to
compete with natural AHL for binding sites and inhibit its
binding, so that the LuxR homolog will not be activated
and the virulence factors will not be expressed. The main
mechanism of the latter is the inhibition of AHL synthesis.[9]

In addition, the quorum sensing system also interacts with
other regulatory systems, such as the c-di-GMP signaling
system, the two-component system, and the σ factor, to form
a complex regulatory network.

The cross-dialogue between quorum sensing systems and
other regulatory systems plays an important role in biofilm
formation. For instance, in vibrio cholerae, the quorum sens-
ing system synergistically regulates biofilm formation with
the c-di-GMP signaling system. At high cell density, the
quorum sensing system inhibits the synthesis of c-di-GMP
and promotes the dispersion of biofilms. At low cell density,
the level of c-di-GMP is elevated, promoting the formation of
biofilms. This cross-regulation allows bacteria to flexibly ad-
just biofilm formation and dispersion based on environmental
conditions and population density.

6. STRATEGIES FOR BACTERIAL BIOFILM
PREVENTION AND CONTROL FOR QUO-
RUM SENSING SYSTEMS

The biofilm prevention and control strategies based on quo-
rum sensing quenching mainly include enzymatic degrada-
tion of signaling molecules, competitive inhibition of signal-
ing molecules binding to receptors, and synthesis of inter-
fering signaling molecules. For instance, AHL lactones and
AHL acylases can degrade AHL-like signaling molecules
and inhibit the activation of quorum sensing systems. In

addition, synthetic AHL analogues can competitively inhibit
the binding of natural signaling molecules to receptors and
block the quorum sensing signaling pathway.

Quorum sensing inhibitors have broad application prospects
in biofilm prevention and control. AgNPs, widely used in
clinical practice, by inhibiting the adhesion and movement of
bacteria, activating oxidative stress response, disrupting iron
homeostasis and blocking aerobic and anaerobic respiration,
can affect the QS system, inhibit the expression of related
genes, inhibit the formation of multidrug-resistant Acine-
tobacter baumannii biofilms, destroy the biofilm of Pseu-
domonas aeruginosa, and have anti-biofilm activity against
Staphylococcus aureus and Escherichia coli.[10] The in-
hibitory effect of baicalin on the early and mature biofilms of
Staphylococcus aureus can reduce the adhesion of Staphylo-
coccus aureus to the vector, inhibit and clear the biofilms of
Staphylococcus aureus. Baicalin has a synergistic effect with
antibiotics. The combination of baicalin and ceftazidime, ce-
fazolin, levofloxacin, vancomycin, etc., can accelerate the de-
struction of the biofilm structure, enhance the penetration of
antibiotics and the removal of bacteria, showing a synergistic
bactericidal effect, which is closely related to its interference
with the bacterial quorum sensing system.[11] Essential oil
inhibits biofilms through its concentration, mainly by inhibit-
ing the expression of related genes, affecting the integrity
and metabolic activity of bacterial structure in biofilm, in-
hibiting the synthesis of extracellular polysaccharides and ex-
tracellular proteins, and inhibiting quorum sensing to achieve
anti-biofilm effects.[12] These inhibitors can be used alone
or in combination with antibiotics to enhance the prevention
and treatment of biofilm-associated infections. However,
the clinical application of quorum sensing inhibitors still
faces challenges, such as in vivo stability, toxicity and drug
resistance, and other issues need to be further addressed.

7. CONCLUSION
Quorum sensing systems play a key role in bacterial biofilm
formation and regulation. By regulating processes such as
initial adhesion, microcolony formation and biofilm matu-
ration, the quorum sensing system affects the structure and
function of biofilms. By using high-throughput sequencing
technology and bioinformatics tools, the gene regulatory net-
work of quorum sensing systems in the formation of biofilms
can be analyzed more deeply, and the molecular mechanism
by which quorum sensing systems regulate the formation
of biofilms can be deeply understood, providing a theoreti-
cal basis for the development of new antibacterial strategies.
Biofilm prevention and control strategies based on quorum
sensing quenching and inhibition have shown good appli-
cation prospects, but the further research is still needed to
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overcome the challenges in clinical application. The future
research should focus on the interaction of quorum sensing
systems with other regulatory networks, develop more effec-
tive quorum sensing inhibitors, and explore their potential
applications in clinical and industrial settings.
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