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A B S T R A C T   

Nanosized extracellular vesicles derived from bacteria contain diverse cargo and transfer intercellular bioactive 
molecules to cells. Due to their favorable intercellular interactions, cell membrane-derived bacterial extracellular 
vesicles (BEVs) have great potential to become novel drug delivery platforms. In this review, we summarize the 
biogenesis mechanism and compositions of various BEVs. In addition, an overview of effective isolation and 
purification techniques of BEVs is provided. In particular, we focus on the application of BEVs as bioactive 
nanocarriers for drug delivery. Finally, we summarize the advances and challenges of BEVs after providing a 
comprehensive discussion in each section. We believe that a deeper understanding of BEVs will open new av
enues for their exploitation in drug delivery applications.   

1. Introduction 

As one of the main groups of organisms, bacteria have formed a close 
relationship with human health and disease, including sepsis, inflam
matory bowel disease, arthritis, and tumors [1–4]. The combination of 
synthetic biology technology with bacteria has been shown to improve 
characteristics such as chemotaxis and molecule secretion, thereby 
facilitating their clinical applications in a range of diseases [5]. 
Accordingly, in recent years, the application of engineered bacteria in 
drug delivery has received increasing interest [6]. Bacteria-based de
livery systems have led to an ingenious synergy of interdisciplinary 
research for various biomedical applications [7,8]. However, the path
ogenicity and immunogenicity of bacteria are major challenges for 
bacteria-based drug delivery systems. Although attenuated bacteria 
with the deletion of virulence genes improve the safety of bacteria-based 
delivery systems, the potential and unknown side effects remain a sig
nificant issue [9]. Recently, with the in-depth understanding of 
bacteria-based drug delivery systems, the use of bacterial extracellular 
vesicles (BEVs) for biomedical applications has become a new trend 
[10]. 

Bacteria release nanosized extracellular vesicles with diameters 

ranging from 20 to 400 nm, which carry a range of cargo, including 
lipopolysaccharide (LPS, also called endotoxin), peptidoglycan (PG), 
membranes, periplasmic and cytoplasmic proteins, toxins, and nucleic 
acids. BEVs affect a variety of biological processes, including virulence, 
horizontal gene transfer, phage infection, transport of cell metabolites, 
and bacterial-bacterial or bacterial-host interactions [11,12]. From a 
drug delivery perspective, BEVs are comparable to liposomes, given that 
both comprise biocompatible lipid bilayers [13]. Lipid-based nano
carriers offer a versatile platform for drug encapsulation, which has led 
to clinical translation of several formulations [14]. Similarly, cell 
membrane derived BEVs can transport various bioactive molecules to 
recipient cells, thereby changing the physiology of those cells. BEVs 
have been widely investigated as biotherapeutics due to their drug 
loading capacity, immunostimulatory capability, and ease of modifica
tion [15,16]. Such attractive properties have drawn a great deal of 
attention regarding the use of BEVs for drug delivery, which may 
overcome issues related to liposomes and other synthetic drug delivery 
systems. 

In this review, we have extensively focused on the recent develop
ment of extracellular vesicles derived from gram-negative (G− ) bacteria 
and gram-positive (G+) bacteria. Following a particular emphasis on the 
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biogenesis and contents of BEVs, this review also describes the tech
nology used for efficient isolation and purification of BEVs. Clearly 
understanding the biogenesis mechanism of BEVs and successfully 
obtaining pure BEVs are the most basic steps for their application as drug 
delivery systems. Moreover, we critically discuss the application of BEVs 
as drug delivery vehicles and as new therapeutics. With a comprehen
sive discussion in each section, we summarize the advances in BEVs and 
discuss the challenges and future directions. 

2. Biogenesis and contents of bacterial extracellular vesicles 

Based on their structure, morphology, and staining properties, bac
teria are divided into G+ or G− types. G+ bacteria have thick cell walls 
with abundant PG, while G− bacteria have inner and outer membranes. 
The generation of extracellular vesicles is a spontaneous process that 
does not require energy consumption [17,18]. The differences in bac
terial structure and physiology lead to distinct types of extracellular 
vesicles [19]. Moreover, the formation mechanisms and contents of 
BEVs are different between G− bacteria and G+ bacteria (Fig. 1). 

2.1. Gram-negative bacteria 

As with the history of mammalian extracellular vesicles (MEVs), 
BEVs have always been regarded as cellular debris from the decompo
sition of dead cells. The discovery that bacteria produce extracellular 
vesicles through metabolic activity and the fact that BEVs and MEVs 
have many similarities in structure and function strongly indicate that 
extracellular vesicles are released by living bacteria, especially G−

bacteria [20–22]. G− bacteria are characterized by an outer membrane, 
cytoplasmic membrane, and periplasmic space [23]. The outer mem
brane contains an exterior leaflet of LPS and an interior leaflet of 
phospholipids. The cytoplasmic membrane, which serves as an electro
chemical barrier, is composed of a typical phospholipid bilayer. The 
periplasmic space contains a PG layer, lipoproteins, and periplasmic 

proteins [24]. The reticulated PG layer in the periplasm imparts bacte
rial morphology and protects the cell from absolute pressure and os
motic changes. 

It has been observed that all types of G− bacteria generate BEVs in 
different environments, such as biofilms, planktonic cultures, fresh and 
salt water, and inside eukaryotic cells and mammalian hosts [25–27]. 
Extracellular vesicles were first reported in G− bacteria in the 1960s [28, 
29]. In 1995, Kadurugamuwa et al. provided obvious evidence that the 
G− bacterium Pseudomonas aeruginosa releases extracellular vesicles into 
medium during normal growth [30]. Transmission electron microscopy 
(TEM) demonstrated that these extracellular vesicles were spherical 
bilayers with a diameter of 50–150 nm. Moreover, immunoelectron 
microscopy and western blot analysis showed that these extracellular 
vesicles contain LPS and DNA [30]. The extracellular vesicles derived 
from Escherichia coli DH5α had a diameter of 15–100 nm [31]. Addi
tionally, a total of 141 proteins were identified by using a proteomics 
approach in DH5α-derived extracellular vesicles, which were highly 
enriched in outer membrane proteins but lacking in inner membrane 
proteins. Other G− bacteria such as Salmonella sp. [32], Shigella sp. [33], 
Campylobacter jejuni [34], Helicobacter pylori [35], Vibrio sp. [36], Bor
relia burgdorferi [37], Neisseria sp. [38], and Acinetobacter baumannii 
[39] et al. have also been reported to produce extracellular vesicles. 

The extracellular vesicles derived from G− bacteria are generated by 
two main models: blebbing of the outer membrane and explosive cell 
lysis [19]. The insertion of hydrophobic molecules or the instability of 
PG biosynthesis into the outer membrane cause blebbing of the outer 
membrane, which produces classical outer membrane vesicles (OMVs) 
(Fig. 1) [12,19]. Both genetic background and growth conditions 
strongly affect the production of BEVs. It has been reported that the use 
of polymyxin or gentamicin can influence lipid homeostasis to trigger 
cell outer membrane stress and generate OMVs through blebbing of the 
outer membrane [40,41]. Structurally, OMVs are spherical particles 
with a size of 20–250 nm, which consist of an inner leaflet of phos
pholipid and an outer leaflet of LPS [16,18,42,43]. In this case, the inner 

Fig. 1. The biogenesis and composition of 
bacterial extracellular vesicles. The G− BEVs 
are generated by two main models, blebbing 
of the outer membrane and explosive cell 
lysis. The insertion of hydrophobic mole
cules or the instability of PG biosynthesis 
into the outer membrane cause blebbing of 
the outer membrane, which produces classic 
OMV. The weakness of PG layer by endoly
sin leads the inner membrane protrudes into 
the periplasm, which generate explosive 
EOMV or OIMV. On the other hand, the 
biogenesis mechanism of G+ BEVs release is 
bubbling cell death. The endolysin degrades 
the PG layer and triggers bubbling cell death 
in G+ bacteria and produces CMVs. The dif
ference in contents of G+ and G− BEVs goes 
beyond the presence of LPS and includes 
other molecules, such as nucleic acids, pro
teins, lipids, and metabolites. LPS: lipopoly
saccharide, OM: other membrane, PG: 
peptidoglycan, IM: Inner membrane.   
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membrane is not damaged, and the components in the cytoplasm cannot 
access OMVs. Therefore, these OMVs contain abundant outer membrane 
proteins and lipids. Growth conditions such as the temperature, oxida
tion state, nutrient availability, quorum sensing, and envelope-targeting 
antibiotics, etc., also affect the contents of cargo in OMVs [44,45]. As 
growth conditions have significant influence on the BEV process, 
late-stage cells display maximum OMV yields [46]. However, unavoid
able cell death in later stages causes contamination with cytosolic pro
teins and membrane components. Moreover, nutrient deficiency and 
waste accumulation at later life stages of cells affect the composition 
profile of BEVs [47,48]. Notably, many studies have shown that OMVs 
contain cytosolic and periplasmatic proteins, DNA and RNA [49,50]. 
The selectivity of OMV cargo indicates that biogenesis of extracellular 
vesicles is a deliberate process, rather than a random event. However, 
the biogenesis mechanism of cargo selection is still ambiguous. In 
addition, the fact that cytoplasmic contents are present in OMVs remains 
unexplained and needs further study [51]. 

Another important mechanism of G− BEVs is explosive cell lysis. The 
weakening of the PG layer by endolysin causes the inner membrane to 
protrude into the periplasm, which generates explosive outer-membrane 
vesicles (EOMVs) or outer-inner membrane vesicles (OIMVs) [19] 
(Fig. 1). Evidence has accumulated that ciprofloxacin can induce the 
cellular SOS response, which triggers the expression of endolysins and 
stimulates explosive cell lysis [52,53]. EOMVs have only an outer 
membrane, while OIMVs have two membrane bilayers (outer membrane 
and inner membrane). Both OIMVs and EOMVs randomly contain 
cytoplasmic components, including outer membrane proteins, cyto
plasmic membrane proteins, chromosomal DNA, RNA, endolysins, 
virulence factors, hydrophobic molecules, and phages [54,55]. Notably, 
the models of blebbing of the outer membrane and explosive cell lysis 
are not independent. G− bacteria such as Shewanella vesiculosa M7 have 
been reported to produce both OMVs and OIMVs, and the composition 
ratio of these two types of vesicles is quite different [56]. The proportion 
of OIMVs in total extracellular vesicles ranges from 0.1% (S. vesiculosa 
M7 [56]) to 49% (Pseudoalteromonas marina [57]). These differences in 
the types of BEVs indicate that although the production of extracellular 
vesicles is a universal phenomenon, bacteria synthesize vesicles in 
different ways. 

2.2. Gram-positive bacteria 

In recent decades, research on G− BEVs has increased substantially; 
however, there has been little research on G+ BEVs. The existence of 
extracellular vesicles derived from G+ bacteria was not observed until 
1990 [58], appearing nearly 30 years after similar reports regarding G−

bacteria. Vesicle-like blisters were found on the surface of the G+ bac
teria Bacillus spp, but no in-depth research has been conducted [58]. 
Structurally, the inner layer of G+ bacteria is composed of a single lipid 
membrane, and the outer layer is composed of a thick PG and lip
oteichoic acid layer [59]. The main reason for the lack of interest in G+

BEVs is the thick cell wall, which may be a physical barrier to the release 
of extracellular vesicles. However, there is growing evidence that BEVs 
can reach the extracellular space through the thick cell wall [60–62]. 

In 2009, Lee et al. provided the first definitive evidence that the G+

bacterium Staphylococcus aureus (S. aureus) could naturally produce 
extracellular vesicles [63]. In addition, proteomics characterization of 
S. aureus-derived extracellular vesicles has been performed, and many 
extracellular proteins have been identified. The diameter of extracel
lular vesicles derived from S. aureus ranges from 20 nm to 100 nm. Those 
of other G+ bacteria such as Streptomyces coelicolor- and Bacillus sub
tilis-derived extracellular vesicles have been visualized with TEM or 
scanning electron microscopy (SEM) [20,64]. As bacteria synthesize 
vesicles in different ways, the size of extracellular vesicles produced by 
Streptococcus pneumoniae, Staphylococcus spp., and Listeria monocytogenes 
ranges from 20 nm to 150 nm in diameter [65–67], while the diameter of 
extracellular vesicles derived from Bacillus spp., Streptomyces coelicolor 

and Clostridium perfringens ranges from 20 nm to 400 nm [20,60,64,68]. 
This variability in the size of these BEVs once again indicates that the 
generation of extracellular vesicles is a common but unique process. 

Previously, three non-mutually exclusive hypotheses on the release 
mechanism of extracellular vehicles from thick cell walls in G+ bacteria 
have been proposed. 1) The extracellular carrier is first released from the 
cell membrane to generate turgor pressure, which triggers the release of 
extracellular vehicles from the cell wall. The cell wall thickness and pore 
size can regulate the size of extracellular vehicles to pass through the cell 
wall [69,70]. 2) The wall is loosened by protease released with extra
cellular vehicles, and the pore size is increased to facilitate extracellular 
vehicle release [63,71]. 3) Protein channels in the PG layer may release 
extracellular vehicles to the extracellular environment [69,70]. How
ever, the biogenesis mechanism of G+ BEVs is now considered to be 
bubbling cell death [19]. Similarly, endolysin degrades the PG layer and 
triggers bubbling cell death in G+ bacteria, which generates cytoplasmic 
membrane vesicles (CMVs) (Fig. 1) [19]. Antibiotics that weaken the PG 
layer, such as β-lactams, have been shown to trigger CMV formation. In 
addition, other cell wall-damaging enzymes may have effects similar to 
those of endolysin. CMVs can carry a variety of cargo, including cyto
plasmic membrane proteins, RNA, chromosomal DNA, endolysins, and 
virulence factors [11,42,72–74]. Interestingly, extracellular vesicles 
derived from G+ bacteria do not contain LPS, which is a compound that 
may cause an innate immune response [17]. However, the difference in 
the contents of G+ and G− BEVs goes beyond the presence of LPS and 
includes other molecules such as DNA, RNA, proteins, lipids, and me
tabolites, ultimately resulting in the different biological functions of 
these BEVs. Functionally, BEVs have been determined to have diverse 
roles, resulting in distinct host immune responses [11,16,17,19,75]. In 
general, it appears that bacteria can use extracellular vesicles as bioac
tive nanocarriers to communicate with other bacteria and hosts. Recent 
development of nanostructured BEVs for drug delivery and therapeutics 
will be introduced in detail in subsequent chapters. 

3. Isolation and purification of bacterial extracellular vesicles 

Here, effective BEV isolation and purification techniques are pro
vided in this review (Fig. 2). After culturing for an appropriate amount 
of time, bacteria in the fermentation broth are removed by low-speed 
centrifugation (usually 2000×g ~ 10,000×g) [31,63,65]. The superna
tant is then filtered through a sterile filter (usually 0.22 μm or 0.45 μm, 
depending on the size of bacteria) to remove residual bacteria [76,77]. 
Subsequently, ultrafiltration membranes (usually 50 KDa ~100 KDa) 
are required to concentrate BEVs and remove non-BEV-associated pro
teins. The ultrafiltration membrane technique is the commonly used 
method in the concentration step of BEVs. The choice of ultrafiltration 
membrane is critical for successful concentration. Regenerated cellulose 
membranes rather than polyether sulfone membranes are the first choice 
for dilute solutions. However, polyether sulfone membranes are 
preferred for high protein concentrations, such as porcine mucin for 
Akkermansia muciniphila (A. muciniphila) [17,78]. 

Furthermore, the retentate is subjected to ultracentrifugation, which 
is the most conventional approach for extracellular vesicle isolation, to 
collect the BEVs [11,31,79]. However, unpurified BEVs can mix with 
bacteria flagella or large protein complexes, which may affect the sub
sequent experiments and lead to unexpected immunomodulatory effects 
[42]. Therefore, non-BEVs related materials are often separated by 
density gradient centrifugation, which is a more stringent form of ul
tracentrifugation [80]. Usually, density gradient centrifugation and ul
tracentrifugation are used in combination to obtain purified BEVs. The 
most frequently applied media for density gradient centrifugation are 
sucrose [31] and iodixanol [79]. Compared with other media, iodixanol 
has obvious advantages, and its solutions are isosmotic, protecting 
subtle membranous structures [81]. Unpurified BEVs are typically 
mixed with 60% w/v iodixanol and then stacked with 40% w/v, 20% 
w/v, and 10% w/v iodixanol [79,82,83]. BEVs migrate into an 
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equilibrium position according to their density during ultracentrifuga
tion. Then, the BEV-rich fraction is diluted to 50 mL PBS and centrifuged 
at 100,000×g ~200,000×g to obtain BEV pellets [31,79]. Although gel 
filtration is another choice for BEV purification, this method requires 
special equipment and fillers, and it is not suitable for multiple sample 
operations at the same time. 

After obtaining purified BEVs, their quantification and quality 
determination are vital steps for further application. TEM is a well- 
established and commonly used technique to demonstrate the pres
ence of BEVs and to observe their sizes, shapes, and purity [84]. More
over, dynamic light scattering (DLS) is usually used to measure the size 
distribution of extracellular vesicles in liquid suspension [79,85–87]. 
Liu et al. used both TEM and DLS to characterize the sizes and shapes of 
isolated extracellular vesicles derived from gut microbiota [79]. The 
TEM and DLS results showed that the extracellular vesicles derived from 
child gut microbiota, elderly gut microbiota, and A. muciniphila were 
spherical structures with diameters of nearly 200 nm. However, when 
DLS is used to measure smaller particles, the measured particle size has a 
large deviation from the actual size. To make up for the shortcomings of 
DLS, nanoparticle tracking analysis (NTA) technology was developed. 
NTA is another commonly used method to measure the size distribution 
and concentration of nanoparticles and has higher accuracy than DLS 
[88]. Therefore, it has become the most mainstream size measurement 
method in extracellular vesicles. Hu et al. applied both TEM and NTA to 
evaluate hybrid nanoparticles (liposomes and exosomes) [89]. The TEM 
and NTA results showed that the nanoparticles were spherical with a 
diameter of nearly 150 nm, accounting for 99.2% of the total amount 
[89]. Although the tunable resistive pulse sensing (TRPS) method is one 
option to measure the size distribution and concentration of extracel
lular vesicles, for small nanoparticles (usually <150 nm), NTA always 
detects more extracellular vesicles than TRPS [90]. 

4. Application of bacterial extracellular vesicles 

Conventional synthetic nanomaterials, such as liposomes, metal- 
based nanoparticles, and polymers, have been widely used as drug 
carriers [91]. However, the simple conjugation of synthetic nano
materials is not efficient in replicating intercellular interactions that 
facilitate nanoparticle trafficking and delivery [18]. Due to the ability to 
contain and deliver various bioactive molecules, nanosized BEVs have 
great potential as a new type of drug delivery carrier. Moreover, it has 
been demonstrated that BEVs can enter distant organs by systemic cir
culation through the disrupted tight junction under microbial disorder 
and inflammatory environment (Fig. 3) [92]. Here, we summarize the 
current applications of BEVs in gut, brain, bone, and tumor diseases 
(Fig. 4). 

4.1. Gut 

The gut microbiota, which is the basis for regulating human health, 
actively promotes the functions of the intestine and the distal organs 
[93]. The intestinal microbiota and host cells have established a com
plex and dynamic relationship, also known as interkingdom crosstalk 
[93]. Epithelial cells from both the gastrointestinal tract, lung, cornea, 
and oral cavity are besieged by numerous pathogens, opportunistic 
pathogens, and probiotics. In an in vivo experiment, both Porphyromonas 
gingivalis cells and their vesicles increased IL-8 expression, but mono
cytes were more likely to be recruited by extracellular vesicles, indi
cating a vesicle-induced innate immune response in the epithelial 
system [94]. Moreover, excessive IL-8 production was observed in pri
mary human bronchial and intestinal epithelial cells treated with 
P. aeruginosa and E. coli O157 extracellular vesicles [95,96]. The 
immunostimulatory functions of BEVs have also been appreciated in 
mouse models, represented by other cytokines including IL-1β, IL-6 and 
Ccl2. For example, mitochondrial apoptosis and NLRP3 inflammasome 
activation were induced by extracellular vesicles from Neisseria 

Fig. 2. The isolation and purification 
of bacterial extracellular vesicles. (A) 
After cultured in appropriate time, 
the bacteria in the fermentation broth 
could be removed by low-speed 
centrifugation at 10, 000 g for 1 h. 
The supernatant is then filtered 
through a 0.22 μm sterile filter to 
remove residual bacteria. Subse
quently, 100 KDa ultrafiltration 
membranes is required to concentrate 
BEVs and remove non-BEVs- 
associated proteins. The retentate is 
subjected to ultracentrifugation at 
100, 000 g for 3 h to collect the non- 
purified BEVs, which could be further 
purified by density gradient centrifu
gation with iodixanol, and ultra
centrifuged at 100, 000 g for 18 h. 
Finally, BEVs-rich fraction is diluted 
with PBS and collected by ultracen
trifugation at 100, 000 g for 3 h. (B) 
TEM and NTA have been used to 
evaluate extracellular vesicles, as 
exemplified here by extracellular 
vesicles produced by Lactobacillus 
rhamnosus GG (scale bar = 50 nm).   
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Fig. 3. BEVs achieve access to systemic circulation through the disrupted tight junction under microbial disorder and inflammatory environment. Reprinted with 
permission [92]. Copyright 2020, Springer. 

Fig. 4. The application of bacterial extracellular vesicles in drug delivery. As a nano-scale bioactive material, BEVs deliver a variety of active molecules such as 
nucleic acids, protein, metabolisms etc. for the treatment of gut, brain, bone, and tumors. 
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gonorrhoeae, E. coli and P. aeruginosa, thus activating and releasing IL-1β 
[97]. After injection of A. baumannii-derived extracellular vesicles, the 
expression of proinflammatory cytokines, including IL-6, macrophage 
inflammatory protein-1α, Ccl2 and Ccl3, was upregulated in mouse lung 
epithelial cells [98]. Despite this evidence about BEV-induced epithelial 
immune reactions, the specific mechanism and promising application 
are not fully understood. Under the threat of millions of microbiomes, 
how epithelial cells maintain the gastrointestinal barrier remains 
unknown. 

There are two layers of mucus gel in vivo: an outer layer that is easy to 
remove by simple suctioning and an inner layer that is free of bacteria 
[99,100]. Muc2 mucin from the outer sparse layer not only provides an 
anchor point for bacterial adhesion but also acts as a source of carbon 
and energy or even an anoxic environment if necessary [101]. Patho
genic alterations or genetic defects such as Muc2− /− lead to direct 
contact between bacteria and epithelia and trigger an immune response, 
chronic inflammation or even cancerization [102]. BEVs from C. jejuni 
proteolytic activity in vitro were able to cleave both E-cadherin and 
occludin, thus disrupting both tight junctions and adherens junctions 
[103]. On the other hand, probiotics can help maintain the physiologic 
barrier via membrane proteins or BEVs. A special membrane protein 
named Amuc_1100 increased the expression level of tight junction 
proteins including occludin and claudin3 through TLR2 activation 
[104]. The extracellular vesicles from probiotic E. coli Nissle 1917 
enhanced the intestinal mucosal barrier by upregulating the tight 
junction proteins ZO-1, ZO-2 and claudin-14 [105]. Moreover, these 
vesicles were shown to rescue intestinal epithelial barrier dysfunction 
induced by enteropathogenic E. coli [106]. The extracellular vesicles 
secreted by probiotic A. muciniphila improved tight junctions and gut 
permeability by activating AMP-activated protein kinase (AMPK) [107]. 
Although protein differences have been shown to influence AMPK 

activation, it has not been determined which specific protein of 
A. muciniphila extracellular vesicles is responsible. Moreover, proteins 
are not the only bioactive components of extracellular vesicles. It has 
been reported that the extracellular vesicles derived from 
B. thetaiotaomicron contains inositol polyphosphates phosphatases, 
which could promote polysaccharide digestion [108]. Similarly, another 
common intestinal colonizing bacteria, Bacteroides spp. can release 
extracellular vesicles that can deliver a variety of hydrolase to partici
pate in the decomposition of glycans and mucins (Fig. 4) [109]. 

4.2. Cancer 

4.2.1. Gut microbiome, BEVs and cancer development 
The close relationship of gut microbiota and cancer in organs has 

become fully appreciated in recent decades [110]. To date, microbiome 
dysbiosis has been identified in colorectal cancer [111,112], breast 
cancer [113], lung cancer [114], liver cancer [115], and melanoma 
[116]. In addition, bacteria inside colorectal cancer travel along with 
tumor cells during liver metastasis, and metronidazole treatment re
duces the Fusobacterium load and overall tumor growth [117]. However, 
it remains unknown what role BEVs play in the complex crosstalk be
tween gut microbiota, intratumoral microflora and host cells, and their 
effects may be subtle and context dependent. 

As illustrated in the last chapter, BEVs can gain access to systemic 
circulation through disrupted tight junctions under microbial disorders 
and an inflammatory environment (Fig. 3). Microbe-associated molec
ular patterns (MAMPs) can be delivered by BEVs, thus triggering various 
immune responses (Fig. 5). MAMPs are recognized by pattern recogni
tion receptors (PRRs), which are key components of innate immunity 
(Fig. 5). Interestingly, extracellular vesicles from different bacteria lead 
to disparate host immune responses, depending mainly upon their 

Fig. 5. Recognition of BEV-associated molecular patterns by host immune receptors. TLR1/6, TLR2, TLR4, and TLR5 located at the host cell membrane, TLR3, TLR7/ 
8, TLR9 located at the endosomal membranes. The downstream signaling pathways that lead to activation of NF-kB and inflammatory genes. Adaptor molecules: 
MyD88, TRAP, TRIF, TRAM. TLRs: toll-like receptors. Reprinted with permission [93]. Copyright 2021, Wiley-VCH GmbH. 
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relationship with host cells [92]. For example, extracellular vesicles 
derived from enterotoxigenic Bacteroides fragilis (ETBF) and non
toxigenic Bacteroides fragilis (NTBF) present different enzyme systems 
and biological functions, despite their genetic similarity. Compared with 
polysaccharide utilization enzymes in NTBF, many proteins contributing 
to stability, capability and virulence factor delivery were identified in 
ETBF [118]. 

4.2.2. BEVs and cancer therapy 
Compared to live or weakened bacteria, BEVs have been thought to 

be safe, as they cannot be autonomously duplicated in vivo. BEVs exhibit 
great stability against temperature and carry multiple immunogenic 
membrane-associated or cytoplasm-associated components, and these 
intrinsic characteristics make them ideal candidates for both vaccines or 
immune modulators in novel cancer therapy [119]. Extracellular vesi
cles from LPS-depleted E. coli were reported to target cancer cells in vivo 
and reduce tumor burden by constant CXCL10 and interferon gamma 
(IFN-γ) production and antitumor immune responses [120]. 
Antigen-displaying BEVs were introduced to induce dendritic cell (DC) 
maturation and antigen presentation to T cells and yield tumor-specific 
antibodies like vaccines [121]. To expand the efficiency and application 
area of BEVs, Chen et al. combined melanoma cytomembranes, Salmo
nella vesicles and photothermal modules to suppress tumorigenesis 
[122]. 

BEV-derived nano-therapy has received wide attention as an anti
tumor vaccine or targeting vehicle [123]. The protein-rich membrane 
structure of BEVs makes them attractive biological components for 
hybrid nanoparticles when combined with traditional synthetic mate
rials. Nanoparticles coated with S. aureus-derived membrane vesicles 
were shown to present homologous macrophage affinity, release anti
biotics, and eliminate intracellular S. aureus efficiently [124]. 
BEV-coated gold nanoparticles demonstrated enhanced biostability and 
elevated IFN-γ and IL-17 production, indicating a faster immune 
response, which could be applied in cancer cell-targeted therapy [125]. 
Chemotherapeutic-loaded BEVs enabled increased doxorubicin infiltra
tion and tumor cell apoptosis [126], indicating a promising method for 
targeted delivery. Furthermore, bioengineered BEVs with kinesin spin
dle protein (KSP) siRNA were able to target and kill cancer cells [127]. 

4.3. Brain 

4.3.1. BEV-related neurologic abnormality 
It is well recognized that bacteria-induced immune responses could 

be responsible for brain disorders, such as meningitis. Recent evidence 
has shown that BEVs not only activate the immune response via 
inherited components such as LPS and other antigens but also manipu
late brain disorders through hereditary substance delivery [128]. BEVs 
from Alzheimer’s disease (AD) patients were reported to affect 
blood-brain barrier (BBB) permeability and impair the learning memory 
ability of mice [129]. It has been confirmed that Paenalcaligenes homi
nis-derived extracellular vesicles can deliver cargo to the brain through 
the blood and vagus nerve and result in AD [130]. In addition, enter
ohemorrhagic E. coli (EHEC)-derived extracellular vesicles induce per
meabilization of the mitochondrial membranes and trigger the 
mitochondrial apoptotic pathway in human brain microvascular endo
thelial cells; this result might suggest an underlying regulatory mecha
nism between the gut microbiota and central nervous system [131]. 

4.3.2. From gut to brain: BBB penetration 
Various studies have identified BEVs as BBB breakers and have found 

that BEVs play a critical role in gut-brain communication [132]. Two 
papers recently published by Lee et al. introduced periodontopathogenic 
extracellular vesicles to deliver RNA cargo to intracranial immune cells 
such as macrophages and induce neuroinflammatory diseases [133, 
134]. For instance, BEVs from Aggregatibacter actinomycetemcomitans can 
travel across the BBB and successfully upregulate TNF-α expression. Due 

to this natural penetration ability, BEVs are valued as potential players 
in intracranial delivery. Nanogold and bacterial vesicle hybrid particles 
were introduced by Chen et al. [135] to augment chemoradiotherapy 
against glioblastoma and achieve longer survival of experimental mice. 
4CMenB (Bexsero; GSK Biologicals), a vaccine against Neisseria menin
gitidis serogroup B (MenB), was introduced in 2013 and was confirmed 
to protect infants and children from MenB [136]. Porin protein A dis
plays BEVs and is one of the four constituents in the vaccine [137,138], 
indicating enormous potential in both pharmacology and materials 
science. Recently, Bittel et al. visualized the process of transfer the mi
crobial biomolecules (Cre/RNA) by BEVs in vivo via Cre/LoxP system 
(Fig. 4) [139]. 

4.4. Bone 

The gut microbiome plays a critical role in bone metabolism during 
skeletal development and dynamic homeostasis [140]. Insulin-like 
growth factor 1 (IGF-1) was the first metabolite identified to be a 
messenger between intestine and bone, and antibiotic administration 
decreased serum IGF-1 levels and thus inhibited bone formation [141]. 
Recently, microbiota-derived short-chain fatty acids (SCFAs) were 
confirmed to connect the intestinal tract and bone metabolism [142]. 
Oral administration of lactulose increased SCFA production and atten
uated ovariectomy-induced osteoporosis, indicating a close relationship 
between the gut and bone [143]. Claire et al. declared that warmth 
enhances bacterial polyamine biosynthesis, thus increasing bone 
strength [144]. Despite all these studies on the gut-bone axis, the role of 
BEVs in the close communication between the microbiota, gut epithe
lium and bone is still a mystery. According to the gut-bone axis and BEV 
behavior in other systems such as the brain and cancer, we hypothesize 
that BEVs participate in bone metabolism in both intestinal-mediated 
and bone-targeting manners, and we are currently conducting experi
ments to prove this hypothesis. 

The latest research has reported that specific BEVs from the gut 
microbiome travel across the gut mucosal barrier and arrive at the 
marrow space. For example, BEVs isolated from A. muciniphila were 
found to reach the marrow space in 1 h via oral, rectal, and intravenous 
administration. The study identifies that the gut bacterium 
A. muciniphila mediates the antiosteoporotic effects of the gut micro
biota of children and presents a novel mechanism underlying the ex
change of signals between the gut microbiota and host bone [79]. 
Moreover, it has been reported that extracellular vesicles from 
A. muciniphila promoted osteoblasts and inhibited osteoclasts (Fig. 4) 
[79]. Based on rapid industrial production, bone-targeting engineering 
techniques reported for exosomes could be translated to BEVs to 
generate novel nanocarriers. For instance, stromal cell-derived factor 1 
(SDF1) is mainly provided by bone marrow stromal cells (BMSCs) and 
brings CXCR4-positive cells back to bone marrow, including hemato
poietic stem cells (HSCs) [145] and breast cancer cells [146]. Our group 
constructed a bone-targeting hybrid exosome-based nanocarrier system 
for bone microenvironment regulation [89]. 

5. Advantages and challenges 

Bacteria and humans have formed a close and inseparable relation
ship during the long history of evolution. The extracellular vesicles 
secreted by bacteria offer various ingenious synergies for biomedical 
applications. Due to their proven immunomodulatory properties, BEVs 
have been used as viable tools for drug delivery, vaccine development, 
disease diagnosis, etc. Although the study of BEVs is less developed than 
that of eukaryotic extracellular vesicles (such as exosomes), the number 
of BEV studies has continuously increased in recent years [17]. Here, we 
summarize the advantages and challenges associated with BEVs (Fig. 6). 
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5.1. Advantages 

5.1.1. Ease of industrialization 
Compared with eukaryotic cells, bacteria show remarkable advan

tages including rapid proliferation abilities, mature high cell density 
culture techniques, and easy gene editing methods [147], which have 
the opportunity to produce more extracellular vesicles. Moreover, bac
terial fermentation has always been a more viable production process 
because it offers the advantages of cost effectiveness and scalability 
[148,149]. Therefore, bacterial-derived extracellular vesicles have 
greater opportunities for industrialization. For example, Liu and col
leagues were granted a national invention patent on the 
anti-osteoporotic effect of probiotic A. muciniphila and its extracellular 
vesicles [79], which lays the foundation for the future industrial appli
cation of probiotics or their functional extracellular vesicles to prevent 
and treat osteoporosis. 

5.1.2. High efficiency of drug delivery 
As nanosized materials, BEVs can enhance the efficiency of drug 

uptake and delivery. In addition, BEVs present great biostability, which 
can ensure efficient drug delivery. BEVs can protect bioactive molecules 
from degradation, which enhances the stability of cargo and enables 
delivery of cargo under functional conditions to target cells [150]. For 
example, RNA, an unstable bioactive molecule, cannot survive without 
shelter during systemic circulation. However, bacterial RNA has been 

found in the brains of patients with AD [151,152], suggesting that BEVs 
deliver RNA throughout the microbiota-gut-brain axis. 

5.1.3. Ease of modification 
Moreover, the loading of bioactive molecules in BEVs can occur in 

vivo or in vitro. In vivo, molecules of interest can be loaded in the 
generated extracellular vesicles when cells are treated with these mol
ecules. For example, the strain P. aeruginosa PAO1 produced extracel
lular vesicles containing gentamicin when it was cultured with 
gentamicin [153]. This method may be used to produce extracellular 
vesicles carrying the compound of interest. In vitro, advances in genetic 
engineering have enabled the use of BEVs to deliver specific drugs and 
agents as a strategy to circumvent biocompatibility and large-scale 
production issues associated with synthetic nanomaterials [154]. Puri
fied extracellular vesicles could also be encapsulated with different 
types of compounds through electroporation. Gujrati et al. developed a 
simple electroporation method to load siRNA into BEVs and showed that 
the established protocol was effective [155]. Similarly, Ayed et al. 
established a novel drug delivery system by loading BEVs with gold 
nanoparticles via electroporation [156]. The capacitance on the mem
brane creates pores in the lipid bilayer of BEVs, which allows any 
nanoparticle smaller than 10 nm to enter the vesicles. Subsequently, the 
closure of the BEV membrane captures the nanoparticles as cargo. 

Fig. 6. The advantages and challenges of bacterial extracellular vesicles. BEVs display many desirable qualities such as easy of industrialization, high efficiency of 
drug delivery, ease of modification, and ease of bacterial infections diagnose. On the other side, there are still significant challenges for the clinical translation of 
BEVs as delivery systems or therapeutics, including potential biosafety, complex contents, time-consuming isolation, ambiguous mechanism. 
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5.1.4. Ease of bacterial infections diagnose 
BEVs can be used for the diagnosis of certain bacterial infections 

[157]. Since BEVs spread with intestinal microorganisms and are easily 
found in body fluids, diagnosis based on extracellular vesicles has sig
nificant advantages. Therefore, BEVs provide new insights into the links 
between microorganisms and the health status of the host. In addition, 
BEVs are a promising candidate for vaccine development against bac
terial infections [34,83,84,95,158]. One of the advantages of using BEVs 
for vaccination is their ability to present native antigens, thus inducing 
effective immune responses. 

5.2. Challenges 

5.2.1. Ambiguous mechanism 
Although BEVs have been proven to be a new drug delivery system 

for targeted drug delivery [18], there are still many areas for exploration 
of BEVs. For example, the mechanism of BEV internalization by host 
cells remains ambiguous. Several internalization pathways such as 
clathrin-mediated endocytosis [84,159], micropinocytosis [16], 
non-clathrin-mediated endocytosis [160], and membrane fusion [161] 
have been found. It is necessary to address which receptors mediate the 
internalization of BEVs. In addition, the mechanism of packaging these 
components in BEVs is not yet fully understood [17]. Is a molecule 
specific to certain strains and extracellular vesicles? Is it specific to 
certain environmental conditions? These questions remain to be eluci
dated in the future. 

5.2.2. Potential biosafety 
BEVs, especially the extracellular vesicles derived from G− bacteria, 

have been shown to contain many virulence factors, such as LPS and 
virulent proteins [32,84]. Therefore, regarding safety issues, caution 
should be exercised when BEVs are used as drug delivery nanocarriers 
because LPS could cause an innate immune response [97]. This immu
notoxicity of BEVs will be a challenging aspect in drug delivery appli
cations. For G− bacteria, LPS is one of the most abundant components of 
BEVs and is displayed on the outer surface of these vesicles. There are 
also mutant G− bacteria that do not contain LPS, such as E. coli EMKV15. 
Alternatively, the antibiotic polymyxin B can be used to neutralize LPS 
[162]. In principle, extracellular vesicles derived from G+ bacteria, 
which do not contain LPS and thus are generally less toxic than G−

bacteria-derived extracellular vesicles, may be a better choice in drug 
delivery [119]. 

5.2.3. Time-consuming isolation 
Although an overview of BEV isolation and purification techniques 

has been provided, the methods are still complicated and time- 
consuming. A timesaving, cost-effective, and efficient isolation method 
from a wide range of biological matrices needs to be proposed. More
over, the existing techniques still cannot successfully separate BEVs, and 
prokaryotic extracellular vesicles exist together in the same sample. The 
human body is inhabited by approximately 1013 microbes composing a 
multicomplex system, which is strongly involved in the regulation and 
maintenance of homeostasis. BEVs can be found in several human bio
fluids (such as blood, plasma, and urine) and can be used as tools for 
bacterial detection and identification [163]. In addition, the specific 
(surface) markers present on BEVs from different sources are still un
known. Vanaja et al. used OmpF, an outer membrane protein of E. coli, as 
a marker for E. coli-derived extracellular vesicles [84]. The separation of 
BEVs and prokaryotic extracellular vesicles may be one of the most 
promising methods to discover specific markers and reveal the patho
physiological mechanisms of diseases. 

5.2.4. Complex contents 
Although BEVs are rich in a variety of effective bioactive and func

tional molecules, the composition is still complex and ambiguous. 
Notably, the contents and sizes of BEVs can change drastically when 

growth conditions or strains change [164]. In addition, the mechanism 
of packaging these components into BEVs is not yet fully understood and 
needs to be addressed in the future. A better characterization of these 
extracellular vesicles will increase our understanding of the possible 
functions and applications. With the development of multiomics tech
nology, the composition of extracellular vesicles will be clearly 
identified. 

6. Concluding remarks and outlook 

We have shown that both G+ and G− bacteria can produce BEVs. 
Bacteria have two types of vesicle formation mechanisms, namely, 
membrane blebbing and endolysin-triggered cell lysis. Both mechanisms 
generate various extracellular vesicles, such as OMVs, OIMVs, EOMVs, 
and CMVs. The difference in the contents of G+ and G− BEVs goes 
beyond the presence of LPS and includes other molecules, such as 
nucleic acids, proteins, lipids, and metabolites. 

Isolation and purification of BEVs are essential steps for subsequent 
applications. Moreover, the lack of standard methods of isolation and 
purification and the lack of well-defined identification of individual 
markers present on BEVs are obstacles to the progress of BEV research 
[165]. At present, information on achieving a high production of BEVs 
from fermentation broth including a complex medium composition and 
metabolites is limited. Here, we provide an effective protocol for BEV 
isolation and purification. 

BEVs have been exploited as a new drug delivery platform. As the 
gene editing technology has been widely used in the bacteria, the 
overexpression or knockout of certain genes can influence the secretion 
and contents of extracellular vesicles. We hope that this review will raise 
the awareness that the drug delivery applications of BEVs are far beyond 
treating the gut, the brain, bone, and tumors. The intestinal microbiota 
contributes to the metabolic health of the human host [3,4,166]. 
Therefore, we hypothesize that these intestinal microbiota-derived 
extracellular vesicles may be involved in the metabolism of various 
tissues and result in different health statuses. 

BEVs display many desirable qualities such as ease of industrializa
tion, highly efficient drug delivery, ease of modification, and ease of 
bacterial infections diagnosis. On the other hand, there are still signifi
cant challenges for the clinical translation of BEVs as delivery systems or 
therapeutics, including potential biosafety, complicated and time- 
consuming isolation, complex and ambiguous contents, and mecha
nism (Fig. 6). While research on BEVs is in the early stage, their unique 
nanosized structure and biofunctions make them promising platforms in 
nanomedicine. 
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