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Abstract

With the escalating global antimicrobial resistance crisis, there is an urgent need for innova-
tive strategies against drug-resistant microbes. Accumulating evidence indicates microbial
extracellular vesicles (EVs) contribute to antimicrobial resistance. Therefore, comprehen-
sively elucidating the roles and mechanisms of microbial EV's in conferring resistance could
provide new perspectives and avenues for novel antimicrobial approaches. In this review,
we systematically examine current research on antimicrobial resistance involving bacterial,
fungal, and parasitic EVs, delineating the mechanisms whereby microbial EVs promote
resistance. Finally, we discuss the application of bacterial EVs in antimicrobial therapy.

1 Introduction

Antimicrobial resistance has emerged as a major public health issue worldwide in the 21st cen-
tury, posing grave threats to human health and lives. Due to the overuse of antimicrobial medi-
cations, a growing number of pathogens have developed resistance to one or multiple
antimicrobial agents [1,2]. With the rise of these multidrug-resistant microbes, many once-
effective treatments can no longer address infectious diseases, resulting in extended hospitali-
zations, increased medical costs, and higher mortality rates [2]. According to data from the US
Centers for Disease Control and Prevention (CDC), approximately 2 million people in the US
are infected with antibiotic-resistant bacteria annually, directly causing at least 23,000 deaths
each year [3]. Moreover, projections estimate antimicrobial resistance will cause a $100 trillion
reduction in global GDP by 2050, presenting a substantial economic burden [4]. Therefore,
combatting antimicrobial resistance is critical for safeguarding global public health.

Current research indicates that antimicrobial resistance is a complex phenomenon. Gener-
ally, pathogens can resist the effects of antimicrobial drugs through various mechanisms.
These mechanisms include but are not limited to [5,6]: (1) degrading antimicrobial drugs
through enzymes; (2) altering the structure of drug target to prevent the binding of antimicro-
bial drugs; (3) changing cell membrane permeability to prevent antimicrobial drugs from
entering the cell; and (4) using efflux pumps to expel antimicrobial drugs from the cell, thereby
reducing intracellular drug concentrations.

Notably, in recent research on antimicrobial resistance, extracellular vesicles (EVs) pro-
duced by microbes have garnered considerable scientific attention. Microbial EV's are
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nanoscale vesicles capable of transferring biomolecules like proteins, lipids, and nucleic acids
from their parent cell, playing vital roles in inter-microbial communication, microbe-host
interactions, and microbial adaptation to environmental stress [7,8]. Recent evidence indicates
microbial EVs also significantly contribute to antimicrobial resistance. Consequently, this
review summarizes the roles and mechanisms of bacterial, fungal, and parasitic EVs in pro-
moting antimicrobial resistance, and discusses prospective applications of bacterial EVs in
antimicrobial therapy.

2. Biogenesis and types of microbial EVs

Like other cells in the field of life, microbes can also spontaneously produce EVs. However,
due to the diversity of microbial species, there are significant differences in the types and bio-
genesis of their EVs (Fig 1).

The current mainstream view is that the EVs produced by bacteria include: outer mem-
brane vesicles (OMVs), outer-inner membrane vesicles (OIMVs), explosive outer membrane
vesicles (EOMVs), explosive outer-inner membrane vesicles (EOIMVs), and cytoplasmic
membrane vesicles (CMVs) [9]. Firstly, the formation of OMVss is due to the blebbling of the
outer membrane in gram-negative bacteria. This type of EVs carries various outer membrane
components and periplasmic contents, but is generally considered not to contain cytoplasmic
components [10-12]. The formation of OIM Vs is due to the blebbling of the inner and outer
membranes in gram-negative bacteria, as a result of the weakening of the peptidoglycan layer
by autolysins. This type of EVs has a double-membrane structure and is capable of carrying
cytoplasmic components, such as plasmid DNA [13-15]. Notably, different from the blebbling
mechanism of OMVs and OIMVs (B-type EVs), EOMVs and EOIMV:s originate from the
explosive cell lysis of gram-negative bacteria (E-type EVs). This occurs because phage-encoded
endolysins degrade the peptidoglycan layer, leading to explosive lysis of cells, after which the
membrane fragments spontaneously assemble into EOMVs and EOIMVs. These 2 types of
EVs can randomly wrap cytoplasmic components, characterized by their ability to carry chro-
mosomal DNA [16-18]. Additionally, in the case of CM Vs, current researches suggest that
endolysins, autolysins, or certain antibiotics that inhibit peptidoglycan synthesis create pores
in the peptidoglycan cell wall of gram-positive bacteria, causing the cytoplasmic membrane to
protrude outwardly to form CMVs. Although in this process, gram-positive bacteria do not
undergo explosive lysis as gram-negative bacteria do, the loss of cytoplasmic membrane integ-
rity still results in cell death. Hence, this mechanism is termed “bubbling cell death” [19-23].

It is noteworthy that compared to bacterial EVs, the EVs produced by fungi and parasites
are more akin to the EVs of mammalian cells in types and biogenesis. The prevailing view
holds that fungal and parasitic EVs can be classified into 2 categories: exosomes and ectosomes
[24,25]. Exosomes range in size from 30 to 100 nm and their formation process involves: the
plasma membrane invaginates to form endosomes, which then undergoes a second invagina-
tion to form multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs). Finally,
the MVBs fuse with the plasma membrane, releasing ILV's outside the cell as exosomes [26-
28]. In contrast, ectosomes originate from the budding of the plasma membrane and range in
size from 100 to 1,000 nm, including microvesicles, microparticles, and large vesicles [25,26].

3. Bacterial EVs contribute to antimicrobial resistance

Research over the past few decades has confirmed that bacterial EV's are involved in various
biological processes, including biofilm formation, delivery of virulence factors, stress
responses, quorum signaling transduction, and nutrient acquisition [11,29]. Besides these
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Fig 1. Types and biogenesis of bacterial, fungal, and parasitic EVs. Gram-negative bacteria can produce EVs through 2 mechanisms:
membrane blebbing and explosive cell lysis. OMVs and OIMVs originate from membrane blebbing, while EOMVs and EOIM Vs originate
from explosive cell lysis. Gram-positive bacteria can produce CMVs through bubbling cell death. Additionally, fungi and parasites can
produce EVs through 2 pathways: cell endocytosis and membrane budding. Exosomes are derived from cell endocytosis and ectosomes
originate from membrane budding. EVs, extracellular vesicles; OMVs, outer membrane vesicles; OIMVs, outer-inner membrane vesicles;
EOMVs, explosive outer membrane vesicles; EOIM Vs, explosive outer-inner membrane vesicles; CMVs, cytoplasmic membrane vesicles.

The figure was designed using Biorender.

https://doi.org/10.1371/journal.ppat.1012143.g001

functions, current research indicates that bacterial EVs can also contribute to antibiotic resis-

tance through multiple mechanisms (Fig 2).

3.1. Bacterial EVs act as decoys to bind or encapsulate antibiotics

Firstly, the bacterial cell membrane is primarily composed of a phospholipid bilayer. This mem-
brane structure not only provides a protective barrier for bacteria but also control the influx and

efflux of substances [30,31]. However, certain antibiotics that target the membrane, such as dapto-
mycin and polymyxin B, can bind to phospholipids or lipopolysaccharides (LPS) on the bacterial
cell membrane, respectively, thereby disrupting membrane integrity and leading to bacterial
death [32,33]. Recent studies have revealed that bacterial EV's can act as “decoys” to bind to these
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Fig 2. Bacterial EV's contribute to antibiotic resistance through multiple mechanisms. (A) EVs can act as decoys to bind to
membrane-targeting antibiotics. (B) EV's can act as decoys to encapsulate antibiotics during formation. (C) EVs can degrade
antibiotics through enzymes. (D) EVs can transfer resistance genes to recipient cells, mediating the spread of resistance. EVs,
extracellular vesicles. The figure was designed using Biorender.
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membrane-targeting antibiotics. For example, OMVs secreted by Escherichia coli can bind to
polymyxin B to protect bacteria from polymyxin B [34]. CMVs produced by Staphylococcus
aureus can bind to daptomycin, effectively preserving bacterial survival [22]. Likewise, OMVs
from Pseudomonas syringae Lz4W and E. coli MG1655 can bind to colistin and the antimicrobial
peptide melittin, attenuating their toxic effects. However, it is important to note that the OMVs
from these 2 types of bacteria cannot protect bacteria from non-p-lactam antibiotics that act on
other targets, such as ciprofloxacin, streptomycin, and trimethoprim [35,36].

From the above examples, it is evident that both OMVs and CM Vs can act as decoys to
bind to membrane-targeting antibiotics, thereby providing protection. This may be attributed
to the membrane origin of bacterial EV's, which provides binding targets for interaction with
membrane-targeting antibiotics, such as LPS and phospholipids. However, for antibiotics that
act on other targets, EVs do not have corresponding binding sites to interact with. Therefore,
it is evident that the ability of bacterial EV's to bind to antibiotics is mainly related to the types
of antibiotics, rather than the types of EVs.
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Additionally, it is noteworthy that some recent studies have observed an interesting phe-
nomenon: when bacteria are exposed to antibiotics, they will release EVs carrying antibiotics.
For instance, Kadurugamuwa and colleagues [37,38] discovered that Pseudomonas aeruginosa
and Shigella flexneri, after exposure to gentamicin, produce more EVs, and gentamicin was
detected in these EVs. Furthermore, the authors confirmed that gentamicin was located in the
lumen of EVs by immunogold labeling. Similarly, Huang and colleagues [39] demonstrated
that Acinetobacter baumannii, under stress from subinhibitory concentrations of levofloxacin,
also produce EVs carrying levofloxacin. The authors used EDTA to disrupt the membrane of
the EVs and analyzed the form in which levofloxacin was encapsulated. They found that com-
pared to the untreated group, significant amounts of levofloxacin were only detectable in the
EVs after EDTA treatment. This suggests that levofloxacin was encapsulated inside the EVs.
Moreover, this phenomenon has also been observed in mycoplasmas. Medvedeva and col-
leagues [40] showed that ciprofloxacin treatment can induce Acholeplasma laidlawii to pro-
duce EVs carrying ciprofloxacin.

It is important to note that although the aforementioned studies confirm that bacterial EVs
can encapsulate antibiotics, how bacterial EV's perform this encapsulation remains a puzzle. In
the study by Huang and colleagues mentioned above, the authors found that subinhibitory
concentrations of levofloxacin can induce high expression of efflux pump proteins adeB, adeA,
and acrB in A. baumannii. However, the expression of outer membrane protein adeC and
porin proteins in the efflux pump system was significantly reduced. Therefore, the authors sug-
gest that bacteria expel antibiotics out of the cell in the form of OMVs through the high expres-
sion of efflux pumps [39]. Additionally, considering the biogenesis mechanism of bacterial
EVs, the encapsulation of antibiotics by EVs is likely a natural process during EV formation.
For example, antibiotics like gentamicin, which interact with bacterial LPS, could lead to mem-
brane bending [10]. This may result in the encapsulation of antibiotics in OMVs. Moreover,
antibiotics like ciprofloxacin that damage DNA can induce a bacterial SOS response, activating
endolysin expression and resulting in explosive cell lysis [41]. As a result, EOIMVs and
EOMVs may encapsulate antibiotics during their assembly process.

3.2. Bacterial EVs degrade antibiotics through antibiotic-degrading
enzymes

It is noteworthy that current research indicates that bacterial EVs can transport -lactamases
outside the cell [42-44]. This occurs because when bacteria producing B-lactamases are under
antibiotic stress, they can employ the Sec system to transport B-lactamases to the periplasmic
space. Subsequently, the B-lactamases are encapsulated into EVs through favorable electro-
static protein-membrane interactions and then transported outside the cell [45,46]. Many
examples have shown that these B-lactamases-carrying EVs can degrade surrounding antibiot-
ics to protect bacteria. For instance, EVs from Haemophilus influenzae and Moraxella catar-
rhalis harbor active B-lactamases and protect Streptococcus pneumoniae, H. influenzae, and
Group A streptococci by hydrolyzing amoxicillin [47-49]. EVs from Bacteroides spp. contain
cephalosporinases and can protect intestinal bacteria including Salmonella and Bifidobacteria
by degrading cefotaxime [50]. Moreover, EVs from methicillin-resistant S. aureus (MRSA)
also utilize B-lactamases to degrade B-lactam antibiotics, thereby safeguarding E. coli [51].

It is important to note that this degradation process requires the involvement of porins on
the surface of bacterial EVs. Porins are proteins that form channels on the bacterial outer
membrane, allowing small molecules to enter the bacteria [52]. Hence, bacterial EVs absorb
surrounding antibiotics through these porins and then internal B-lactamases hydrolyze antibi-
otics. In the absence of porins, EVs exhibit a significantly diminished antibiotic degradation
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capability [53]. Additionally, research has shown that bacterial EVs can promote bacterial
porin mutations by decreasing antibiotic concentrations. For example, Zhang and colleagues
[54] demonstrated that when carbapenem-sensitive P. aeruginosa was co-cultured with low
concentrations of carbapenemase-containing EVs and imipenem, mutations were induced in
the P. aeruginosa outer membrane porin OprD. This eventually resulted in the bacterium
developing resistance to carbapenem antibiotics.

3.3. Bacterial EVs transfer resistance genes to recipient cell

The above researches show that EVs can help bacteria resist antibiotic stress through various
mechanisms. More importantly, EVs can also mediate the spread of resistance by transferring
resistance genes. However, it should be noted that current researches propose that classic
OMVs typically do not carry DNA and only OIMVs, EOMVs, EOIMVs, and CMVs have the
chance to carry DNA [9]. This is because the biogenesis mechanism of OMV’s only involves
bacterial outer membrane, thus they cannot carry cytoplasmic contents [9].

There are already many examples showing that bacterial EVs can transfer resistance genes
both interspecies and intraspecies. For example, EVs from carbapenem-resistant klebsiella
pneumoniae can transfer blaKPC-2 and blaNDM- 1 resistance genes to susceptible K. pneumo-
niae, including highly virulent K. pneumoniae, thereby conferring carbapenem resistance
[55,56]. Similarly, EVs from carbapenem-resistant A. baumannii can transfer plasmids carry-
ing blaOXA-24 and blaNDM-1 resistance genes to susceptible A. baumannii and E. coli, con-
ferring carbapenem resistance [57,58]. In addition, EVs from avian pathogenic E. coli and E.
coli 0104:H4 can transfer plasmids carrying blaCTX-M-15 resistance genes to other Entero-
bacteriaceae, enabling them to express extended-spectrum B-lactamases [59,60]. Through the
above examples, it is evident that bacterial EV's can transfer resistance genes among different
types of bacteria. However, a study by Renelli and colleagues pointed out that although the
EVs of P. aeruginosa PAOI carried the plasmid pAK1900, they did not successfully transfer
the plasmid to the recipient strains PAO1 and E. coli DH5a [18]. The authors speculated that
this might be due to the inability of the plasmid to cross the inner membrane. Regarding this
issue, Fulsundar and colleagues [61] indicates that in Acinetobacter baylyi, EVs containing
DNA lyse upon contact with the bacterial outer membrane, after which the DNA is trans-
ported into the cytoplasm by type IV pili. This suggests that the uptake of EV-associated DNA
may depend on the competence machineries of the recipients.

Moreover, it should be noted that not every EV-mediated transfer of resistance genes can
stably induce a resistant phenotype. For example, Xu and colleagues [62] co-cultured EV's
from Avibacterium paragallinarum P4chrl, which carried resistance genes, with the suscepti-
ble strain A. paragallinarum Modesto. Although they successfully screened for transformed
colonies on antibiotic-containing plates, susceptibility tests revealed that the transferred resis-
tance genes were not stable in the recipient cells, as the bacteria lost their resistance after a sec-
ond passage. The authors speculated that this might be due to the absence of homologous
recombination of the resistance genes in the recipient cells. However, this result differs from
the findings of Chen and colleagues, who showed that EVs from carbapenem-resistant K.
pneumoniae can induce stable resistance in carbapenem-susceptible K. pneumoniae, and this
resistance was maintained beyond the third generation [55].

It is worth noting that currently some studies have also pointed out that certain factors can
influence EV-mediated DNA transfer. For example, Tran and colleagues [63] assessed the
impact of plasmid characteristics on EV-mediated DNA transfer. It was found that the higher
the plasmid copy number, the higher the DNA loading in EVs, and the shorter the gene trans-
fer time. Furthermore, Fulsundar and colleagues [61] showed that EVs from A. baylyi isolated
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in the presence of gentamicin transferred plasmid DNA to recipient cells 10 times more effi-
ciently than EVs isolated without antibiotic exposure. The authors believe this may be due to
gentamicin altering the surface potential of EVs, leading to easier interaction between EVs and
recipient cells. In addition, Johnston and colleagues [64] showed that EV's produced by P. aer-
uginosa under biofilm conditions are smaller but contain more plasmid DNA compared to
those produced under planktonic conditions. Biofilm-derived P. aeruginosa EVs could more
efficiently transfer plasmids carrying resistance genes to recipient cells.

4. Fungal EVs contribute to antimicrobial resistance

In addition to bacterial resistance, fungal resistance also presents a significant challenge to
global health, posing a severe threat to the treatment outcomes and prognosis of fungal infec-
tions. Moreover, the range of antifungal drug options is limited, with only a few classes of anti-
fungal drugs available, underscoring the urgent need for effective antifungal management
strategies to control fungal resistance. Currently, there is mounting evidence suggesting that
fungal EVs play a pivotal role in fungal drug resistance.

First, studies have shown that fungal biofilm-derived EV's contribute to the resistance of
biofilms against antifungal drugs. For example, Kulig and colleagues [65] found that in the
presence of the antifungal drug caspofungin, the addition of Candida tropicalis biofilm EVs at
the initial stage of the formation of C. tropicalis biofilm can increase the thickness of the bio-
film as well as the metabolic activity and viability of biofilm cells, which means that biofilm
EVs are involved in resistance to antifungal drugs. Additionally, in a series of studies on Can-
dida albicans by Zarnowski and colleagues, it was found that biofilm EVs are enriched with
proteins, lipids, and polysaccharides similar to the biofilm matrix, which can protect the bio-
film cells by isolating antimicrobial drugs. Using endosomal sorting complexes required for
transport (ESCRT) mutants, the authors demonstrated the critical role of biofilm EVs in
matrix production and function. The ESCRT mutants showed a reduction in biofilm EV pro-
duction, decreased matrix polysaccharides, and increased sensitivity to antifungal drugs. Add-
ing wild-type biofilm EVs to ESCRT mutant biofilms could restore matrix accumulation and
drug resistance [66-68]. Similarly, Zhao and colleagues [69] reported that inhibition of fungal
vesicle-mediated trafficking can greatly weaken the assembly of the biofilm matrix. This study
found that an antifungal drug turbinmicin can inhibit the production of various fungal biofilm
EVs, which greatly weakens the biofilm matrix, resulting in drug-resistant biofilm communi-
ties easy to be killed by drugs, and the addition of exogenous biofilm EVs could restore the
resistance of biofilms against drugs. In conclusion, fungal EVs are critical to the assembly of
biofilm matrix, which promotes biofilm resistance mainly by delivering biofilm matrix
materials.

Secondly, fungal EVs are also involved in cell wall repair and remodeling, as fungal EV's
carry cell wall-associated proteins. A study has shown that when Candida auris is treated with
caspofungin, the EV production significantly increases. At the same time, this treatment
changed the protein composition within EVs, including proteins associated with the cell wall
[70]. In addition, Zhao and colleagues [71] found that saccharomyces cerevisiae with defects in
cell wall synthesis release a large amount of EVs rich in cell wall-synthesizing enzymes, such as
glucan synthase subunits Fks1 and chitin synthase Chs3. These EV's can be absorbed by other
yeast cells, thereby protecting them from the toxic effects of caspofungin. Similarly, Martinez-
Lopez and colleagues [72] showed that EVs produced by C. albicans yeast-like cells are rich in
cell wall proteins, and these EVs can protect cell wall mutant strains from the effects of the cell
wall inhibitor calcofluor white. Interestingly, in a study by Chan and colleagues, it was found
that C. auris EVs can dose-dependently increase the resistance of C. auris to amphotericin B,
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but have no effect on the sensitivity of C. albicans to amphotericin B. The authors speculated
that C. auris EVs may regulate the resistance to amphotericin B by supplementing membrane
materials or providing cell wall repair enzymes. However, this species-specific mechanism
warrants further investigation [73].

Moreover, fluconazole (FLC), a widely used antifungal drug, is facing escalating resistance
[74-76]. Typically, fungi achieve resistance to FLC by altering the drug’s target or increasing
the expression of drug efflux pumps [77,78]. However, a recent study by Rizzo and colleagues
revealed a new finding. They observed that Cryptococcus neoformans could adapt to FLC pres-
sure by regulating EV production rather than by changing the drug target or drug efflux pump
expression. In this study, the authors identified 4 transcription factors (HAP2, GAT5, LIV4,
and BZP2) that significantly affect EV production, through a transcription factor mutant
library. These transcription factor mutants showed altered sensitivity to FLC along with
reduced EV production. Additionally, the authors analyzed the changes in EV production
when FLC resistance was acquired or lost in clinical isolates, finding a co-regulation of FLC
resistance and EV production. Therefore, the authors propose a new perspective that C. neofor-
mans can adapt to FLC pressure by regulating EV production [79].

5. Parasitic EVs contribute to antimicrobial resistance

In recent years, researchers have increasingly recognized the importance of EVs from patho-
genic parasites, which play a significant role in the pathogenicity, transmission, and immune
modulation of these parasites [80]. During parasitic infections, EVs released by parasites can
directly induce signaling pathways in host cells, thereby affecting the host’s immune response
[81,82]. Notably, emerging researches have also begun to reveal the role of parasitic EVs in
drug resistance.

Initially, Regev-Rudzki and colleagues [83] showed that Plasmodium falciparum can trans-
fer drug resistance genes to other P. falciparum through EVs, leading to the spread of drug
resistance. In this study, the authors engineered 2 types of P. falciparum with different drug-
resistant plasmids, resistant to the antimalarial drugs blasticidin (Bs) and WR99210 (WR),
respectively. Through co-cultivation experiments, the authors found that the P. falciparum
infecting red blood cells could not survive alone in the culture media containing WR and Bs.
Only when the 2 types of P. falciparum were mixed in culture did they survive, indicating the
transfer of resistance genes between them. Subsequently, the authors discovered the presence
of approximately 70 nm EVs in the mixed culture fluid, and their quantity increased with the
escalation of drug pressure. Finally, the authors used a series of sophisticated experimental
designs to demonstrate that the transfer of resistance genes does not require physical contact
but is dependent on the secretion and uptake of EVs.

Subsequently, Douanne and colleagues [84] also reported the mechanism of gene exchange
through EVs in Leishmania. The team confirmed the enrichment of resistance genes in EVs
from drug-resistant Leishmania by DNA sequencing and PCR, and EVs could effectively
transfer resistance genes to sensitive Leishmania, leading to increased drug resistance. Notably,
this transfer occurred not only between the same species of Leishmania but also between dif-
ferent species. In addition, they found that EVs from drug-resistant Leishmania could reduce
oxidative stress in recipient Leishmania, promoting their growth and adaptability.

From the above studies, it is evident that EV's can transfer genes between parasites. How-
ever, it should be noted that EVs can also transfer proteins between parasites. For instance,
Szempruch and colleagues [85] found that EVs secreted by Trypanosoma brucei rhodesiense
are rich in serum resistance-associated protein (SRA), which can counteract trypanosome lytic
factors (TLF). Through co-cultivation experiments, this study confirmed that T. b. rhodesiense
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EVs can transfer SRA to TLF-sensitive trypanosomes, conferring TLF resistance. Additionally,
Douanne and colleagues [86] compared EV's from drug-resistant infant Leishmania strains
with those from wild-type strains, noting that the drug resistance mechanism affects the mor-
phology, size, and protein content of EVs. Their proteomics analysis revealed that EVs from
different drug-resistant strains are enriched with proteins related to drug resistance. However,
further exploration is needed to understand the other functions of these EVs carrying drug-
resistant proteins.

6. The prospect of bacterial EVs in antimicrobial therapy

Amidst the rampant spread of antibiotic-resistant bacteria, the search for novel antimicrobial
materials has gradually become a research focus. As a natural biomaterial, EVs have inevitably
caught the attention of researchers. Recent studies have shown that bacterial EV's have poten-
tial application value in antimicrobial therapy (Fig 3).

6.1. Bacterial EVs has natural antimicrobial activity

When bacteria compete with other microorganisms for survival conditions, they can secrete
antibacterial substances to inhibit their competitors, which is a survival strategy for some
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Fig 3. Bacterial EVs contribute to antimicrobial therapy. (1) Bacterial EVs may possess natural antibacterial activity to directly kill pathogens. (2)
Bacterial EV's can be loaded with antibiotics, enhancing the targeting, affinity and stability of antibiotics. (3) Bacterial EV's can mimic the bacterial
outer membrane and be used to assess the permeability of antibiotics. EVs, extracellular vesicles. The figure was designed using Biorender.

https://doi.org/10.1371/journal.ppat.1012143.9003
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bacteria [87]. EVs, as a communication tool for bacteria, are naturally considered to carry anti-
bacterial substances. Initially, Kadurugamuwa and colleagues [37] found that P. aeruginosa
PAOI1 EVs showed bactericidal activity against other bacteria, including both gram-negative
and gram-positive bacteria. This bactericidal activity of EVs might rely on the synergistic
action of different hydrolases [88]. Subsequently, more and more studies have shown that EVs
secreted by other bacteria also have strong natural bactericidal activity. For example, EVs from
the Burkholderia thailandensis contain peptidoglycan hydrolases, 4-hydroxy-3-methyl-2-
(2-non-enyl)-quinoline (HMNQ), and rhamnolipid, which can inhibit the growth and biofilm
formation of MRSA [89]. In contrast, EVs from Myxococcus xanthus contain various proteases,
alkaline phosphatases, and secondary metabolites, which can kill E. coli and P. aeruginosa [90].

Moreover, it is worth noting that in clinical treatment, how to effectively treat intracellular
bacterial infections remains a significant challenge. For instance, at the same dose, planktonic
MRSA can be killed by antibiotics, while intracellular bacteria can continue to survive and rep-
licate [91]. In response to this issue, Goes and colleagues [92] reported that myxobacteria EVs
could be easily phagocytosed by lung epithelial cells and macrophages, delivering the antibac-
terial substance cystobactamid into infected cells to inhibit intracellular S. aureus. Moreover,
these myxobacteria EVs are non-toxic to human cells and do not cause excessive inflammatory
responses.

In addition to antibacterial activity, there are also reports on the antifungal activity of bacte-
rial EVs. For instance, Meers and colleagues [93] reported that Lysobacter enzymogenes C3
EVs contain various small molecule compounds with antifungal activity, such as dihydromal-
tophilin and alteramide B and can deliver antifungal compounds into Saccharomyces cerevisiae
to inhibit their growth. Moreover, Huang and colleagues [94] discovered that L.enzymogenes
OH11 can produce antifungal compounds HSAF and lytic polysaccharide monooxygenase.
These 2 substances are encapsulated in EVs, acting on the fungal cell wall through EVs, thereby
inhibiting the growth of fungi. It is evident from these studies that the potency of bacterial EVs
in combatting pathogens stems from their enzymatic activity. Notably, these EVs offer a robust
cell fusion capability—an attribute surpassing most conventional antibiotics. The potential of
natural bacterial EVs in antibacterial therapies should be a focal point in future treatments.

6.2. Bacterial EVs are useful for antibiotic delivery

Additionally, bacterial EV's have the capability to encapsulate various types of antibiotics due
to their hydrophobic membranes and hydrophilic cavities [95]. More importantly, bacterial
EVs exhibit excellent stability, targeting capability, and biocompatibility [96,97]. Firstly,
Huang and colleagues [39] utilized the mechanism of antibiotic encapsulation mediated by
EVs from A. baumannii to prepare EVs loaded with quinolone antibiotics (levofloxacin, cipro-
floxacin, and norfloxacin). Then, the bactericidal ability of these antibiotic-loaded EV's were
tested in vitro and in vivo, confirming that they can effectively kill pathogens. Moreover, in a
mouse intestinal infection model, a single low-dose oral administration could continuously
release the drug at the infection site for 36 h, significantly reducing the number of bacteria in
the infected mice’s intestines and feces. Additionally, these antibiotic-loaded EVs did not
cause cytotoxicity or immune responses to intestinal epithelial cells, macrophages, and symbi-
otic bacteria, indicating that bacterial EV's possess excellent targeting specificity.

Regarding the targeting phenomenon of antibiotic-loaded EVs, Tashiro and colleagues [98]
found that Buttiauxella agrestis EVs loaded with gentamicin could specifically bind to B. agres-
tis cells to kill them. To explain this, the group employed the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory, which is used to calculate the total of van der Waals attraction and
electrostatic repulsion between EVs and cells. They calculated the interaction energy between
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B. agrestis EVs and cells, finding that the interaction energy between B. agrestis EVs and cells
of the same bacterial species was significantly lower than with other bacterial species. This
might be the reason for the specificity of antibiotic-loaded EV's targeting bacteria of the

same species. In conclusion, it is evident that bacterial EV's offer targeting, stability, and high-
affinity in antibiotic delivery. Using bacterial EV's to load antibiotics can not only effectively
deliver the antibiotic to bacteria but also develop targeted treatments for various bacterial
infections.

6.3. Bacterial EVs as a method to assess antibiotic permeability

Moreover, for some antibiotics that act on intracellular targets, the bacterial cell membrane is
a major barrier to their entry into the cell [99,100]. Since bacterial EVs can effectively mimic
the physiological characteristics of the bacterial outer membrane, using bacterial EV's to assess
antibiotic permeability is an effective method. Initially, Richter and colleagues [101] proposed
an antibiotic permeation experiment based on bacterial OMVs. The authors isolated OMV's
from E. coli and coated them onto polycarbonate filter supports, creating a membrane model
that simulates the outer membrane of cells. They then conducted permeation experiments on
this membrane model with 9 different types of antibiotics and correlated the obtained perme-
ability coefficients with previously reported data on bacterial accumulation. It was found that
the OMV-based membrane model could effectively differentiate between high and low perme-
ability antibiotics and had a good correlation with the data on bacterial accumulation.

In addition, Ferreira and colleagues [102] also developed an experimental method using
OMVs to measure the antibiotic permeability. Specifically, the authors placed OMVs in a
high-concentration solution containing antibiotics and used dynamic light scattering (DLS)
technology to measure the swelling rate of OMVs for 14 small molecule drugs. They then eval-
uated the relative permeability of the drugs through the OMVs based on the degree of swelling
rate change. The authors found that the OM Vs swelling rate correlated highly with the drug
permeation coefficient predicted by molecular dynamics simulation (R = 0.97). These results
confirm the reliability of measuring drug permeability using OMVs. Overall, bacterial EV's
offer a simple, direct, and reproducible measurement method that helps in screening and opti-
mizing drugs with high permeability.

7. Conclusions

In summary, microbial EVs play a significant role in antimicrobial resistance, which brings
additional challenges to the treatment of pathogenic microbial infections. EVs from bacteria,
fungi, and parasites can contribute to antimicrobial resistance directly or indirectly. Firstly,
under the stress of antibiotics, bacterial EVs can act as decoys to bind and encapsulate antibiot-
ics or degrade antibiotics through enzymes. In addition, both bacteria and parasites can trans-
fer resistance genes to recipient cells through EVs, thereby promoting the spread of resistance.
In fungi, fungal EVs primarily promote resistance by participating in the biogenesis of the bio-
film matrix or in the repair and remodeling of the cell wall. In conclusion, these microbial EVs
can contribute to antimicrobial resistance through various mechanisms, providing a new per-
spective for the formation and spread of microbial drug resistance. Looking ahead, bacterial
EVs, as a natural biomolecule, also show great potential in antimicrobial therapy. For instance,
leveraging their advantages in antibiotic delivery could open up new antimicrobial treatment
strategies. However, there are still technical limitations in current applications, such as the dif-
ficulty of large-scale preparation of EVs and surface modification. Therefore, further break-
throughs are needed in subsequent research.
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