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A B S T R A C T

Bacterial biofilms, especially those formed by pathogens, have been increasingly impacting human health.
Bacterial extracellular vesicle (bEV), a kind of spherical membranous structure released by bacteria, has not only
been reported to be a component of the biofilm matrix but also plays a non-negligible role in the biofilm life
cycle. Nevertheless, a comprehensive overview of the bEVs functions in biofilms remains elusive. In this review,
we summarize the biogenesis and distinctive features characterizing bEVs, and consolidate the current literature
on their functions and proposed mechanisms in the biofilm life cycle. Furthermore, we emphasize the formidable
challenges associated with vesicle interference in biofilm treatments. The primary objective of this review is to
raise awareness regarding the functions of bEVs in the biofilm life cycle and lay the groundwork for the
development of novel therapeutic strategies to control or even eliminate bacterial biofilms.

1. Introduction

Bacterial biofilms are aggregates of bacteria encapsulated by self-
produced extracellular polymer matrix (EPS) that functions as a shield
to help the bacteria adapt to the living environment [1,2]. However,
biofilm formation by pathogenic bacteria poses significant concerns due
to their impact on human health and economic losses. Statistical reports
from the National Institutes of Health (NIH) have indicated that biofilms
are responsible for 65 % of all microbial clinical infections and 80 % of
chronic infections [3]. In 2019, the estimated global cost of
biofilm-related medical expenses and public health implications
amounted to $386.8 billion [4]. Among the numerous challenges asso-
ciated with bacterial biofilms, the development of antibiotic resistance
stands out as a significant obstacle that compromises the effectiveness of
biofilm treatments [5]. The extensive research on biofilms has thus
expanded from a focus solely on biofilm formation to encompass the

entire life cycle, from initial attachment to biofilm formation and sub-
sequent detachment [1,6]. However, the detrimental impact of biofilms
on the successful treatment of human infections necessitates a thorough
understanding of the underlying mechanisms. This ongoing and chal-
lenging endeavor is crucial in addressing the persistent issue of biofilms
and improving overall treatment outcomes.

Since the life cycle and resistance of bacterial biofilms are exten-
sively studied (see reviews [1,5,7,8], this review aims to expand the
existing knowledge by focusing specifically on an essential component
of the biofilm matrix: bacterial extracellular vesicles (bEVs) [9–12].
bEVs are evolutionarily conserved sub-cellular structures that naturally
derived from bacterial cells [13,14], contributing to inter- and
intra-species bacterial communication such as biofilm development,
virulence, and colonization [15–17]. Therefore, illustrating the function
of bEVs in biofilms is critical to elucidate interactions between bacteria
and explore potential strategies to prevent, inhibit, and eradicate
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biofilms. Growing evidence has highlighted the direct role of bEVs in
influencing biofilms by actively participating in the biofilm life cycle
[18–26]. This review provides an overview of the features and biogen-
esis of bEVs, as well as the current understanding of the functions of
bEVs in the biofilm life cycle. We also address the challenges associated
with bEV interference in biofilm treatments. Collectively, the updated
information will provide valuable insights into the field of bEVs andmay
assist in designing effective control measures against bacterial biofilms.

2. Overview of bEVs in gram-negative and gram-positive
bacteria: biogenesis and features

The understanding of bEV biogenesis and features is essential for
investigating their role in biofilms, as their components and production
have been found to influence biofilm development [19,23]. The differ-
ence in the structure of Gram-negative and Gram-positive bacteria leads
to variations in vesicle features and their biogenesis processes (Fig. 1).
Gram-negative bacteria mainly release outer membrane vesicles
(OMVs), while vesicles originated from the cytoplasmic membrane
referred to as membrane vesicles (MVs) are mainly released by

Fig. 1. Biogenesis and features of Gram-negative and Gram-positive bacteria vesicles. (A) The feature of Gram-negative vesicles (Pseudomonas aeruginosa) is
reprinted with permission from Ref. [12]. (B) The feature of Gram-positive bacteria (Staphylococcus aureus) vesicles is reprinted with permission from Ref. [119]. Left:
vesicles in P. aeruginosa biofilms, right: vesicles released by S. aureus. The contents in the blue box and red box are exclusively found in Gram-negative and
Gram-positive bacteria vesicles, respectively. (C) Biogenesis model for vesicles in Gram-negative bacteria, including (i) the loss of linkages that bound the outer
membrane and peptidoglycan, like outer membrane protein A (OmpA) [27]; (ii) the releasement of membrane stress by transporting misfolded proteins, LPS, and
peptidoglycan (PG) fragments from periplasm [28]; (iii) membrane bending influenced by LPS composition [29]; (iv) endolysin Lys-mediated explosive cell lysis
[31], (v) outer-inner membrane vesicles (OIMVs) originated from inner membrane are released by autolysin degradation of peptidoglycan [30]; (vi) PQS interacts
with LPS [52]. Similarly, in Gram-positive bacteria (D), a decrease in turgor pressure, peptidoglycan cross linkers, the autolysin activity, and lipid geometry also
facilitate vesicle blebbing in Gram-positive bacteria. (vii) Phenol-soluble modulins (PSMs), especially PSMα peptides targeting the cytoplasmic membrane combined
with cell wall degradation by autolysin Sle1 [34]. (viii) Alternatively, lipopeptide surfactins disrupt membranes [35,36]. PQS: Pseudomonas quinolone signal. eATP:
extracellular adenosine triphosphate. OM: outer membrane, PG: peptidoglycan; IM: inner membrane, CM: cytoplasmic membrane. The Blue ring presents vesicles
derived from Gram-negative bacteria. The red ring presents vesicles derived from Gram-positive bacteria. The box indicates the site of action. The black LPS presents
the altered LPS. All figures were created with BioRender.com. Adapted with permission from Ref. [27]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Gram-positive bacteria.
The proposed biogenesis models for bEVs involve different mecha-

nisms (Fig. 1C and D). In Gram-negative bacteria, these mechanisms
include: (i) releasement of membrane stress. bEVs are formed by
transporting misfolded proteins, lipopolysaccharide (LPS), and pepti-
doglycan (PG) fragments from the periplasm, thus relieving membrane
stress; (ii) loss of linkages. The loss of linkages that bind the outer
membrane and peptidoglycan, such as the loss of outer membrane
protein A (OmpA) can contribute to bEV release; (iii) membrane
bending. The composition of LPS can influence membrane bending,
which promotes the formation of bEVs; (iv) outer-inner membrane
vesicles (OIMVs). OIMVs, originating from the inner membrane, can be
released through the degradation of peptidoglycan by autolysin; (vi)
endolysin Lys-mediated explosive cell lysis. Endolysin Lys can induce
explosive cell lysis, leading to the release of bEVs; (vii) interaction with
Pseudomonas quinolone signal (PQS). PQS can interact with lipid A of
LPS, inducing membrane curvature and contributing to vesicle pro-
duction not only in Gram-negative but also in Gram-positive bacteria
[27–33]. Similarly, in Gram-positive bacteria, vesicle blebbing is facil-
itated by factors such as decreased turgor pressure, peptidoglycan
cross-linkers, autolysin activity, and lipid geometry. Additional factors
include phenol-soluble modulins (PSMs), particularly PSMα peptides
that target the cytoplasmic membrane, autolysin Sle1-mediated degra-
dation of the cell wall, and lipopeptide surfactins that disrupt mem-
branes [34–36].

bEVs are heterogeneous in size, of which OMVs are typically between
10 and 300 nm in diameter [37], OIMVs are 60–160 nm [30] and the
diameter of MVs ranges from 200 to 400 nm [37]. Vesicles transport
various cellular components, such as lipids, proteins, genetic material
(DNA/RNA), extracellular adenosine triphosphate (eATP), and signaling
molecules [14,16,23,38,39]. Vesicles of Gram-negative bacteria carry
LPS and OmpA specifically, whereas in Gram-positive bacteria, lip-
oteichoic acid is contained [37]. The encapsulation of vesicle cargoes is
not a random packaging but a well-regulated process, proved by pref-
erentially packaging OM lipoproteins into OMVs [40] and enriching
specific RNA categories (eg., small RNAs and messenger RNAs) into
vesicles from both Gram-negative and Gram-positive pathogenic bac-
teria [41,42].

3. Functions and mechanisms of bEVs in the biofilm life cycle

Growing evidence has shown that bEVs when exogenously added
directly influenced inter- and intra-species interactions during various
stages of biofilms (Table 1), including initiation, growth andmaturation,
and dispersion stages [1,19,20,23,43]. Besides, substantial reports have
indicated disparities in size, quantity, and composition between biofilm
and planktonic-derived vesicles (bEVs). These differences offer valuable
insights into exploring the connection between bEVs and biofilms [11,
23,44]. Thus, in this section, we aim to outline the known mechanisms
underlying the functions of bEVs in the biofilm life cycle.

3.1. bEVs affect cell aggregation and attachment

The ability of bacteria to attach to cell/substrate surfaces is crucial
for biofilm formation. Considerable evidence supports the notion that
bacteria preferentially adhere to nonpolar and low-energy hydrophobic
surfaces, which facilitates the formation of robust biofilms [45–48].
Interestingly, it has been found that the release of vesicles can impact
bacterial adhesion and further enhance biofilm formation bymodulating
cell hydrophobicity [43,49,50] (Fig. 2 A).

According to prior research, various molecules, including proteins
and lipids, can influence the surface hydrophobicity of bacterial cells,
thus impacting the properties of the cell surface [51]. This under-
standing sets the stage for exploring the intriguing role of vesicles, which
are postulated to provide biological advantages for hydrophobic in-
teractions via their luminal or membrane-anchored contents [12,38,52].
For example, the presence of OMPs with hydrophobic pockets, serving as
binding sites for hydrophobic molecules and facilitating their transport
across the outer membrane, could contribute to increased cell surface
hydrophobicity in Pseudomonas putida [43,49,53]. Additionally, adding
MVs can enhance the relative ratio of proteins to carbohydrates and
influence the non-ionization of carboxyl groups in fatty acids in the
Staphylococcus aureus biofilm matrix, thus promoting biofilm formation
by enhancing hydrophobic interactions between MVs and bacterial cells
[50,54]. Further exploration is needed to ascertain which specific
components of the vesicles modulate hydrophobicity and elucidate the
mechanism by which vesicles promote biofilm formation through their
impact on hydrophobicity.

Besides hydrophobic interaction, extracellular DNA (eDNA) has been

Table 1
The functions of bEVs in biofilms and proposed mechanisms.

Species/Strain Method Description Mechanism Reference

Gram-negative bacteria
Helicobacter pylori Addition of the OMVfraction Biofilm formation was enhanced in a dose-dependent

manner
– [102]

Pseudomonas
aeruginosa

Exogenous addition of purified OMVs Only PaAP+ OMVs exhibit antibiofilm activity Endogenous protease [120]

Francisella tularensis Supplementing purified vesicles in cell
suspension

Biofilm formation was enhanced Providing protection against
fluoroquinolone

[121]

Aeromonas strain Exogenous addition of purified OMVs The biofilm-forming ability was enhanced in a dose-
dependent manner

Proteins presented in the OMVs [25]

Burkholderia
thailandensis

Exogenous addition of purified OMVs Inhibit biofilm biomass and
integrity in Streptococcus mutans

– [24]

Pseudomonas
aeruginosa

Compared the phospholipid components
between biofilm and planktonic culture

Membrane is significantly more rigid in biofilms Reprogramming of membrane
fluidity

[23]

Vibrio cholerae Exogenous addition Increase cell-aggregate formation Carrying outer membrane
proteins

[73]

Gram-positive bacteria
Staphylococcus
aureus

Exogenous addition of cell-free
supernatant

Inhibit Acinetobacter baumannii, Enterococcus faecalis,
Klebsiella pneumoniae, and E. coli strains to form biofilms

Modifying the surface to be more
hydrophilic

[122]

Staphylococcus
aureus

EVs supernatant cultured in the presence of
vancomycin

Biofilm formation increased Increasing surface
hydrophobicity

[50]

Streptococcus mutans Inoculated with MVs at various
concentrations at pH 6.0

Biofilm formation increased Glucosyltransferases and
extracellular DNA (eDNA)

[22]

Lacticaseibacillus
casei

Exogenous addition of purified vesicles Affect the early stages of S. Enteritidis biofilm development
and prevented attachment of bacteria to polystyrene
surfaces

Peptidoglycan hydrolases [21]
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widely accepted as an essential contributor to biofilm formation,
adhesion, and structural maintenance [55–57]. In the early stage of
biofilms, eDNA can penetrate the repulsive electric double layer to
enhance adhesion, while adhesion is achieved through acid-base in-
teractions [58]. While eDNA has been proposed to act as a bridge for
interactions between OMVs and cells within the biofilm, as well as be-
tween OMVs themselves [59,60] (Fig. 2 B). The interactions between
vesicles and DNA occur through salt-bridging and electrostatic in-
teractions, resulting in an increased negative charge that can influence
potential interactions with the extracellular polymer matrix (EPS) [22,
59,60].

3.2. bEVs affect growth and accumulation of attached/aggregating cells

Following the initial attachment or aggregation, bacterial colonies
expand by growing and recruiting the adjacent cells. In this process,
bEVs can serve as an alternative strategy to meet nutrient requirements,
provide adhesive factors, and facilitate bacterial communication,
particularly through the carrying of QS molecules.

3.2.1. bEVs provide alternative source of nutrients and proteins as adhesive
factors

bEVs can scavenge nutrients such as eATP and iron, which are
essential in mediating the transition from a planktonic state to a biofilm
state and result in biofilm-associated persistence and infection (Fig. 3 A)
[2,17,61–64]. Much interest has thus been focused on the relationship
between bEVs, eATP/iron, and biofilm formation.

Notably, eATP is encapsulated within vesicles as a cytoplasmic
component and benefits from the protection provided against apyrase
treatment [23,65]. eATPs are accumulated when bacteria switch to
biofilm-forming state, which can induce cell lysis and releasement of
eDNA, leading to an increment of bacterial attachment and biofilm
formation [66]. This could be the reason why the level of
vesicle-encapsulated eATPs in biofilms is approximately two-fold higher
compared to that of planktonic bacteria in Pseudomonas aeruginosa [23].
In addition to being released by bacteria, eATP can also be released by
damaged host tissues during bacterial infections [66]. Therefore, future
studies should be conducted to investigate the mechanism of eATP

encapsulation by vesicles and compare it with the role of free eATP in
biofilm development. On the other hand, bacteria can recruit vesicles
when iron is limited (predominantly found in OMVs), and capture ferric
iron by vesicle-associated siderophores. These siderophores can bind
and transport free iron, delivering it to bacteria through recognition of
specific cell surface receptors and may induce biofilm-related regulatory
systems (eg., QS) [67–69]. Take the example of PQS in P. aeruginosa,
iron can be chelated by PQS and directly bind to TseF, a type VI secretion
system effector involved in iron uptake [69]. The Fe3+-PQS complex,
along with TseF, can be incorporated into OMVs and subsequently
recognized by the FptA (Fe(III)-pyochelin) receptor, and/or the OprF
porin on the membrane [69]. In P. aeruginosa, the majority of
matrix-associated proteins were found in OMVs, particularly in
biofilm-derived OMVs [67]. These proteins include outer membrane
receptor proteins involved in iron acquisition.

Additionally, vesicle components, particularly adhesion proteins can
influence the matrix development and stability of the biofilm structure
(Fig. 3B). Apart from being secreted into the matrix via the type II
secretion system (T2SS), OMVs can provide another source of adhesive
factors, such as rugosity and biofilm structure modulator A (RbmA),
RbmC, and biofilm-associated protein 1 (Bap1) (Fig. 3B) [70,71]. RbmA
plays a crucial role in the initial stages of biofilm development by
facilitating the attachment of subsequent cells to the founder cell [72].
OMVs carry matrix proteins RbmA, RbmC, Bap1, and Vibrio poly-
saccharide (VPS), in which VPS can directly interact with these proteins
and contribute to the biofilm architecture [71–73]. These findings pro-
vide direct evidence of the involvement of OMVs-associated proteins in
cell-cell and cell-surface adhesion at growing biofilms in Vibrio cholerae.

3.2.2. bEVs facilitate quorum sensing communication
Quorum sensing (QS) is a bacterial communication system that al-

lows cells to coordinate their behavior when reach threshold population
density. Actually, signal-receiving bacteria can sense QS molecules that
freely diffuse across complex environments and trigger QS-based biofilm
development, including in biofilm formation and dispersion [75,76]. In
this section, we want to emphasize the function of QS in biofilm for-
mation, especially the involvement of bEVs.

In addition to the canonical model of QS [77], bEVs can package and

Fig. 2. bEVs affect cell aggregation and attachment. (A) Vesicle components can affect cell aggregation by modulating membrane hydrophobicity. Left: in Staph-
ylococcus aureus, the adding of MVs can enhance the relative ratio of proteins to carbohydrates and influence the non-ionization of carboxyl groups in fatty acids in
the biofilm matrix, thus promoting biofilm formation by enhancing hydrophobic interactions between MVs and bacterial cells. Right: in Pseudomonas putida, OMPs
with hydrophobic pockets could serve as binding sites for hydrophobic molecules and contribute to increased cell surface hydrophobicity. (B) Membrane-encapsuled/
anchored eDNA serve as bridges for OMV-OMV and OMV-cell interactions and increase cell adherence. eDNA, extracellular DNA. OMPs, outer membrane proteins.
OMV, outer membrane vesicle. The Box indicates the site of action. The red ring presents vesicles derived from Gram-positive bacteria. CM: cytoplasmic membrane,
PG: peptidoglycan, OM: outer membrane, LPS: lipopolysaccharide. The blue ring presents vesicles derived from Gram-negative bacteria. The up arrow indicates that
the increased hydrophobicity caused by vesicles is associated with elevated cell aggregation and attachment. All figures were created with BioRender.com. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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transport QS molecules to assist QS response, providing two main ad-
vantages, namely unhindered transportation and enrichment of signal
molecules [15,78,79] (Fig. 3C). Recently, a stochastic reaction-diffusion
model of QS [15] provided further evidence supporting the notion that
bEVs can enhance QS response by reducing the time and cell count
required for activating the expression of QS-responsive genes. To facil-
itate the passage of hydrophobic QS molecules across the barrier of the
cell envelope, bEVs can fuse with the target membrane in both
Gram-positive and Gram-negative bacteria, thus providing unhindered
transport [80–83]. Membrane-binding compounds such as PQS, nisin,
colistin, and polymyxin B induce membrane curvature and facilitate

fusion with recipient cells [87,88]. In P. aeruginosa, hydrophobic QS
molecules like PQS (synthesized by pqsABCDH gene cluster) are pack-
aged by OMVs due to their limited diffusion in an aqueous environment
[84–86] (Fig. 3D). It is worth noting that P. aeruginosa OMVs are able to
capture approximately 86 % of the PQS produced by the bacteria [84].
The PQS-containing OMVs play a significant role in the upregulation of
the rhlRIQS system and the stimulation of EPS secretion. This process, in
turn, promotes the formation of biofilm [79]. Besides, PQS-containing
OMVs increases pyocyanin production, a secondary metabolite that is
retained in the biofilm matrix by interacting with eDNA [84,89].
Moreover, the presence of CAI-1, a hydrophobic QS molecule, within

Fig. 3. bEVs affect growth and accumulation of attached/aggregating cells. (A) bEVs can scavenge nutrients such as eATP and iron. Bacteria can capture ferric iron
by vesicle-associated siderophores and deliver into bacteria through recognition of cell surface receptor or porin involved in iron acquisition. (B) In Vibrio cholerae,
adhesive factors RbmA, RbmC, and Bap1 that are secreted into the matrix via T2SS could be captured by OMVs. OMVs carry matrix proteins RbmA, RbmC, Bap1, and
Vibrio polysaccharide (VPS), in which VPS can directly interact with these proteins and contribute to the biofilm architecture [71–73]. (C) bEVs facilitate quorum
sensing communication by concentrating signal molecules (a) and providing unhindered passages (membrane fusion) (b). Membrane-binding compounds such as
PQS, nisin, colistin, and polymyxin B can induce membrane fusion and facilitate fusion with recipient cells [87,88]. (D) In P. aeruginosa (Pseudomonas aeruginosa),
PQS is produced by PqsABCDH and bound by PqsR receptor. PqsR-PQS activates rhl Rand rhlI expression. PQS carried by vesicles can upregulate the rhlRI QS system
and stimulate the secretion of EPS [79,84–86]. And PQS-containing OMVs also increase pyocyanin production, a secondary metabolite involved in biofilm formation
[84,89]. eATP, extracellular adenosine triphosphate. T2SS, type II secretion system. VPS, Vibrio polysaccharide. RbmA, Rugosity and biofilm structure modulator A.
RbmC, Rugosity and biofilm structure modulator C. Bap1, Biofilm-associated protein 1. QS, quorum sensing. EPS, extracellular polymer matrix. PQS: Pseudomonas
quinolone signal. The box indicates the site of action. OM: outer membrane, LPS: lipopolysaccharide. The blue ring presents vesicles derived from Gram-negative
bacteria. The dotted box indicates iron is captured by siderophores. The up arrow indicates that the production of EPS and pyocyanin is increased. All figures
were created with BioRender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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OMVs in Vibrio harveyi is capable of triggering an intracellular QS
cascade even in cells that do not naturally produce CAI-1 [90]. Although
further investigations are required to fully explore the impact of
OMV-mediated communication on biofilm evaluation, this discovery
underscores the involvement of vesicles in both inter-species and
intra-species communication.

3.3. bEVs mediate disaggregation and detachment

Biofilms are in a constant state of dynamic balance, with approxi-
mately 30 % of the biofilm cells transitioning into planktonic cells
through a process known as biofilm dispersion, resulting in the
releasement of bacteria and the recurring formation of biofilms [6,91].
This dispersion process involves the degradation of the biofilm matrix,
including extracellular polysaccharides, proteinaceous components
(such as adhesins and amyloid fibers), and eDNA. Additionally, QS
molecules, such as c-di-GMP, play a role in modulating the biological
activities and physical interactions during dispersion [6].

Matrix-degrading enzymes are contained within bEVs and vesicles
confer a protective effect for enzymatic activity (Fig. 4) [20,92–95]. For
instance, proteomic analysis of Salmonella pullorum OMVs revealed the
presence of enzymes like glyceraldehyde-3-phosphate dehydrogenase,
alcohol dehydrogenase, and lactate dehydrogenase, suggesting their
potential role in degrading carbohydrates and disrupting biofilm poly-
saccharides [96]. OMVs of P. aeruginosa package EPS-degrading en-
zymes that contribute to dispersal of biofilm [20]. PaAP (Pseudomonas
aeruginosa aminopeptidase) has been found to facilitate the dispersal of
established biofilm architecture not only in P. aeruginosa ΔPaAP, but
also in Klebsiella pneumoniae [19]. PaAP brings about significant changes
in the biofilm matrix in a vesicle-dependent manner and biofilm
detachment is attributed to its indirect effect on OMV cargo [19,97]. It
has been observed that endogenous protease activity is increased and
localized within secreted OMVs [19]. Thus further research is required
to determine whether the process involves one or multiple endogenous
proteases and to understand the specific role of proteases in this
mechanism. Moreover, P. aeruginosa exhibits elevated production of
OMVs during biofilm dispersion, accompanied by increased synthesis of
PQS compared to other stages [20]. Interestingly, in contrast to its role
in biofilm formation (as shown in Fig. 3D), PQS regulates biofilm

dispersion in a signal-independent manner (eg., induce OMV produc-
tion) rather than its receptor PqsR, to orchestrate the dispersal process
[20]. Further investigations are required to determine whether
PQS-laden OMVs are involved in activities that contribute to biofilm
dispersion, such as matrix degradation.

4. Challenges posed by bEVs in biofilm treatments: adaptive
response against external stresses

Anti-biofilm strategies, including traditional disinfection/antibiotic
treatments (eg., hydrogen peroxide/sodium hypochlorite and imipe-
nem/ceftazidime), physical (eg., ultrasonic eradication and magnetic
fields treatment), and biochemical (eg., phage lysins, degradative en-
zymes, metabolites, and nitric oxide) methods have been discussed
[98–100]. However, previous reports suggest that vesicle biogenesis is a
stress response process, which could not only alleviate the effect of
anti-biofilm strategies but also strongly correlate with biofilm formation
[54,101,102]. The following section will discuss the main challenges
posed by bEVs during biofilm treatments, namely mediating horizontal
gene transfer (HGT) and defense as decoys (Fig. 5).

4.1. bEVs defend as decoys in anti-biofilm treatments

One of the main reasons for the hindering effect of bEVs on anti-
biofilm strategies is their ability to act as decoys when exposed to
external stresses, such as antibiotics, phages, and antimicrobial peptides.
Vesicles provide a protective effect on cells against stresses, potentially
by carrying porins and receptors [72,103,104]. Porins, which play a role
in permeating antibiotics to intracellular targets, can trap antimicrobials
and have been found to be anchored on bEVs [74,105,106]. For
instance, the porins OprB, OprD, and OprE, which are dominant in
OMVs of P. aeruginosa biofilms, have been reported to be the targets for
antimicrobial peptidomimetics (synthesized based on the antimicrobial
peptide protegrin I) that provides high efficacy against P. aeruginosa [12,
107]. Among porins, the amino acid-specific one OprD has been found to
be the main reason for carbapenem resistance and the sequestration
OprD increases bacterial resistance [12]. In V. cholerae, Bap1 is found to
interact with the integrin binding domain (LDV peptide) of an abundant
OMP, OmpT porin, which traps antimicrobial peptide (AMP) LL-37 and

Fig. 4. bEVs mediate disaggregation and detachment. (A) Enzymes encapsulated by OMVs can degrade biofilm matrix. Enzymes like glyceraldehyde-3-phosphate
dehydrogenase, alcohol dehydrogenase, and lactate dehydrogenase in Salmonella pullorum OMVs have potential role in degrading carbohydrates and disrupting
biofilm polysaccharides [96]. (B) In Pseudomonas aeruginosa, PaAP mediates biofilm detachment by its indirect effect on OMV cargo [19,97]. PQS regulates biofilm
dispersion in a signal-independent way and total PQS and OMVs production is significantly elevated during the dispersion stage [20]. OMV, outer membrane vesicle.
PQS, Pseudomonas quinolone signal. PaAP, Pseudomonas aeruginosa aminopeptidase. The box indicates the site of action. OM: outer membrane, LPS: lipopolysac-
charide. The blue ring presents vesicles derived from Gram-negative bacteria. The up arrow indicates that the production of PQS and OMVs is elevated. All figures
were created with BioRender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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plays a role in OMV-mediated AMP resistance [74]. On the other hand,
phage treatments against biofilms, particularly in infectious biofilms,
can be compromised due to the binding of phages with bEVs [104,108].
The outer membrane porin protein OmpU carried by OMVs can
neutralize phages by interacting with their tail fibers, impeding phage
adsorption to bacterial surfaces in V. cholerae [71,109,110]. The
biofilm-derived OMVs in P. aeruginosa contained significantly more drug
targets compared to the planktonic OMVs [111]. Further research
should be conducted on biofilms to gain a better understanding of the
neutralizing effects and resistance mediated by bEVs.

4.2. bEVs mediate HGT in biofilms

Numerous studies have demonstrated that bacterial cells encapsu-
lated within the biofilm matrix are more resistant to external stresses
compared to planktonic cells (see review [5]. One of the most important
reasons is horizontal gene transfer (HGT) in biofilms, in which bEVs
serve as the fourth mode of HGT apart from transformation, trans-
duction, and conjugation [112]. The production of vesicles is found to be
promoted by low doses of antibiotics [113]. Furthermore, under anti-
biotic concentrations that facilitate the emergence of resistant variants,
the enhanced transport of bEVs effectively enables the transfer of
resistant genes [114–116]. A recent study revealed that biofilm-released
vesicles are more efficient at packaging and transferring plasmids car-
rying antibiotic-resistant genes to recipient P. aeruginosa compared to
the planktonic ones [44]. One hypothesis suggests that the inclusion of
competence proteins in bOMVs (biofilm-derived OMVs) has the poten-
tial to enhance the HGT efficiency [117,118]. Further studies analyzing
the functionality and tracking of the genes carried by vesicles in biofilms
are needed to elucidate the exact mechanisms involved.

5. Conclusions and perspectives

In summary, bEVs play a crucial role in facilitating bacterial
communication in biofilms. They modify hydrophobicity/hydrophilici-
ty, mediate cell-surface interactions, serve as nutrient sources, facilitate
signal transportation, and reprogram membrane properties. Further-
more, bEVs contribute to the survival of biofilms bymediating resistance

through HGT and serving as bait targets with anchored porins or re-
ceptors, which compromise the effects of treatments on biofilms.

In light of the above, it is crucial to recognize the significance of bEVs
when devising effective alternative strategies for treating biofilms. Un-
derstanding the mechanism behind vesicle-mediated biofilm develop-
ment can pave the way for the creation of anti-biofilm strategies that
specifically target the cargo carried by these vesicles. These cargoes
include eDNA, eATP, adhesive factors, and QS, etc. Utilizing corre-
sponding degrading enzymes makes it possible to effectively target and
disrupt these vesicle cargoes. This targeted approach holds great po-
tential in combating biofilm formation. Further research and explora-
tion in this field are of paramount importance for the advancement of
effective anti-biofilm approaches. Understanding the relationship be-
tween bEV production and biofilm formation is crucial in addressing
strategies employed by pathogens to counteract the detrimental effects
of antibiotics and other antibacterial treatments. It is important to
determine if biofilm formation induces changes in bEV composition and
production or if bEVs play a role in remodeling biofilm structures under
stress. To gain a comprehensive understanding of this dynamic, metic-
ulous tracking and analysis of bEV cargoes in both planktonic and bio-
film cells are crucial. These investigations will unravel the mechanisms
involved, contributing to advancements in this field and the develop-
ment of more effective strategies against biofilms and associated path-
ogens. Given the growing evidence of bEVs’ significance in biofilms, it is
critical to uncover the underlying mechanisms and explore new avenues
for prevention and control of harmful biofilms.
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[4] Cámara M, Green W, MacPhee CE, Rakowska PD, Raval R, Richardson MC, et al.
Economic significance of biofilms: a multidisciplinary and cross-sectoral
challenge. NPJ Biofilms Microbiomes 2022;8(1):42. https://doi.org/10.1038/
s41522-022-00306-y.

[5] Ciofu O, Moser C, Jensen PØ, Høiby N. Tolerance and resistance of microbial
biofilms. Nat Rev Microbiol 2022;20(10):621–35. https://doi.org/10.1038/
s41579-022-00682-4.

[6] Rumbaugh KP, Sauer K. Biofilm dispersion. Nat Rev Microbiol 2020;18(10):
571–86. https://doi.org/10.1038/s41579-020-0385-0.

[7] Schwartzman JA, Ebrahimi A, Chadwick G, Sato Y, Roller BRK, Orphan VJ, et al.
Bacterial growth in multicellular aggregates leads to the emergence of complex
life cycles. Curr Biol 2022;32(14):3059–3069.e3057. https://doi.org/10.1016/j.
cub.2022.06.011.

[8] Spake CSL, Berns EM, Sahakian L, Turcu A, Clayton A, Glasser J, et al. In vitro
visualization and quantitative characterization of Pseudomonas aeruginosa biofilm
growth dynamics on polyether ether ketone. J Orthop Res 2022;40(20):2448–56.
https://doi.org/10.1002/jor.25252.

[9] Schooling SR, Beveridge TJ. Membrane vesicles: an overlooked component of the
matrices of biofilms. J Bacteriol 2006;188(16):5945–57. https://doi.org/
10.1128/JB.00257-06.

[10] Kim HM, Davey ME. Synthesis of ppGpp impacts type IX secretion and biofilm
matrix formation in Porphyromonas gingivalis. NPJ Biofilms Microbiomes 2020;6
(1):5. https://doi.org/10.1038/s41522-020-0115-4.

[11] Moshynets OV, Pokholenko I, Iungin O, Potters G, Spiers AJ. eDNA, amyloid
fibers and membrane vesicles identified in Pseudomonas fluorescens SBW25
biofilms. Int J Mol Sci 2022;23(23):15096. https://doi.org/10.3390/
ijms232315096.

[12] Park AJ, Murphy K, Surette MD, Bandoro C, Krieger JR, Taylor P, et al. Tracking
the dynamic relationship between cellular systems and extracellular
subproteomes in Pseudomonas aeruginosa biofilms. J Proteome Res 2015;14(11):
4524–37. https://doi.org/10.1021/acs.jproteome.5b00262.

[13] Nagakubo T, Nomura N, Toyofuku M. Cracking open bacterial membrane
vesicles. Front Microbiol 2019;10:3026. https://doi.org/10.3389/
fmicb.2019.03026.

[14] Cao Y, Lin H. Characterization and function of membrane vesicles in Gram-
positive bacteria. Appl Microbiol Biotechnol 2021;105(5):1795–801. https://doi.
org/10.1007/s00253-021-11140-1.

[15] Weaver BP, Haselwandter CA, Boedicker JQ. Stochastic effects in bacterial
communication mediated by extracellular vesicles. Phys Rev 2023;107(2–1):
024409. https://doi.org/10.1103/PhysRevE.107.024409.

[16] Faddetta T, Renzone G, Vassallo A, Rimini E, Nasillo G, Buscarino G, et al.
Streptomyces coelicolor vesicles: many molecules to be delivered. Appl Environ
Microbiol 2021;88(1):e0188121. https://doi.org/10.1128/AEM.01881-21.

[17] Caruana JC, Walper SA. Bacterial membrane vesicles as mediators of microbe -
microbe and microbe - host community interactions. Front Microbiol 2020;11:
432. https://doi.org/10.3389/fmicb.2020.00432.

[18] Frassinetti S, Falleni A, Del Carratore R. Effect of itraconazole on Staphylococcus
aureus biofilm and extracellular vesicles formation. Microb Pathog 2020;147:
104267. https://doi.org/10.1016/j.micpath.2020.104267.

[19] Esoda CN, Kuehn MJ. Pseudomonas aeruginosa leucine aminopeptidase influences
early biofilm composition and structure via vesicle-associated antibiofilm
activity. mBio 2019;10(6):e02548-19. https://doi.org/10.1128/mBio.02548-19.
02519.

[20] Cooke AC, Florez C, Dunshee EB, Lieber AD, Terry ML, Light CJ, et al.
Pseudomonas quinolone signal-induced outer membrane vesicles enhance biofilm
dispersion in Pseudomonas aeruginosa. mSphere 2020;5(6):e01109–20. https://
doi.org/10.1128/mSphere.01109-20.

[21] da Silva Barreira D, Laurent J, Lourenco J, Novion Ducassou J, Couté Y, Guzzo J,
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[121] Siebert C, Lindgren H, Ferré S, Villers C, Boisset S, Perard J, et al. Francisella
tularensis: FupA mutation contributes to fluoroquinolone resistance by increasing
vesicle secretion and biofilm formation. Emerg Microb Infect 2019;8(1):808–22.
https://doi.org/10.1080/22221751.2019.1615848.

[122] Im H, Lee S, Soper SA, Mitchell RJ. Staphylococcus aureus extracellular vesicles
(EVs): surface-binding antagonists of biofilm formation. Mol Biosyst 2017;13(12):
2704–14. https://doi.org/10.1039/c7mb00365j.

N. Chen et al.

https://doi.org/10.1128/AEM.02794-09
https://doi.org/10.1128/aem.01346-22
https://doi.org/10.1016/j.cossms.2013.09.004
https://doi.org/10.1016/j.cossms.2013.09.004
https://doi.org/10.1016/j.cell.2020.07.006
https://doi.org/10.1016/j.cell.2020.07.006
https://doi.org/10.1128/JB.00740-17
https://doi.org/10.1128/JB.00740-17
https://doi.org/10.1016/j.tibtech.2018.10.011
https://doi.org/10.1016/j.tibtech.2018.10.011
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.1002/mbo3.221
https://doi.org/10.1016/j.peptides.2010.08.014
https://doi.org/10.1371/journal.pbio.3000429
https://doi.org/10.1371/journal.pbio.3000429
https://doi.org/10.1016/j.vetmic.2020.108778
https://doi.org/10.1111/1758-2229.12682
https://doi.org/10.1080/1040841X.2020.1842325
https://doi.org/10.1080/08927014.2020.1719077
https://doi.org/10.1088/1748-605X/ac50f6
https://doi.org/10.1088/1748-605X/ac50f6
https://doi.org/10.3389/fmicb.2020.600221
https://doi.org/10.3389/fmicb.2020.600221
https://doi.org/10.1186/1471-2180-9-197
https://doi.org/10.1186/1471-2180-9-197
https://doi.org/10.1264/jsme2.ME21067
https://doi.org/10.1264/jsme2.ME21067
https://doi.org/10.1186/1471-2180-11-258
https://doi.org/10.1186/1471-2180-11-258
https://doi.org/10.3390/ijms21082822
https://doi.org/10.3390/ijms21082822
https://doi.org/10.1111/nyas.14932
https://doi.org/10.1111/nyas.14932
https://doi.org/10.1002/pmic.202200464
https://doi.org/10.1016/j.copbio.2021.02.002
https://doi.org/10.1016/j.copbio.2021.02.002
https://doi.org/10.1128/JB.00792-17
https://doi.org/10.1128/JB.00141-21
https://doi.org/10.1128/JB.00141-21
https://doi.org/10.3389/fmicb.2014.00464
https://doi.org/10.3389/fmicb.2014.00464
https://doi.org/10.1111/1462-2920.15056
https://doi.org/10.1101/2022.04.08.487716
https://doi.org/10.1101/2022.04.08.487716
https://doi.org/10.1016/j.mib.2017.03.012
https://doi.org/10.1016/j.mib.2017.03.012
https://doi.org/10.1038/s41467-018-04059-1
https://doi.org/10.1126/sciadv.abd1033
https://doi.org/10.1128/AEM.04248-13
https://doi.org/10.1128/AEM.04248-13
https://doi.org/10.3390/ijms22115985
https://doi.org/10.3390/ijms22115985
https://doi.org/10.1002/pmic.200900338
https://doi.org/10.1002/pmic.200900338
https://doi.org/10.1128/mBio.02548-19
https://doi.org/10.1080/22221751.2019.1615848
https://doi.org/10.1039/c7mb00365j

	Bacterial extracellular vesicle: A non-negligible component in biofilm life cycle and challenges in biofilm treatments
	1 Introduction
	2 Overview of bEVs in gram-negative and gram-positive bacteria: biogenesis and features
	3 Functions and mechanisms of bEVs in the biofilm life cycle
	3.1 bEVs affect cell aggregation and attachment
	3.2 bEVs affect growth and accumulation of attached/aggregating cells
	3.2.1 bEVs provide alternative source of nutrients and proteins as adhesive factors
	3.2.2 bEVs facilitate quorum sensing communication

	3.3 bEVs mediate disaggregation and detachment

	4 Challenges posed by bEVs in biofilm treatments: adaptive response against external stresses
	4.1 bEVs defend as decoys in anti-biofilm treatments
	4.2 bEVs mediate HGT in biofilms

	5 Conclusions and perspectives
	Disclosure statement
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	References


