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Abstract 

Extracellular vesicles (EVs) are membrane-bound vesicles that are shed or secreted from the cell membrane 
and enveloped by a lipid bilayer. They possess stability, low immunogenicity, and non-cytotoxicity, exhibiting exten-
sive prospects in regenerative medicine (RM). However, natural EVs pose challenges, such as insufficient targeting 
capabilities, potential biosafety concerns, and limited acquisition pathways. Although engineered EVs demonstrate 
excellent therapeutic efficacy, challenges such as low production yield and the complexity of engineering modifica-
tions constrain their further clinical applications. Bacteria have advantages such as rapid proliferation, diverse gene 
editing methods, mature cultivation techniques, and relatively easy preparation of bacterial EVs (BEVs), which can be 
used to effectively address the challenges currently encountered in the field of EVs. This review provides a descrip-
tion of the biogenesis and pathophysiological functions of BEVs, and strategies for optimizing BEVs preparation 
to attain efficiency and safety are discussed. An analysis of natural characteristics of BEVs is also conducted to explore 
how to leverage their advantages or mitigate their limitations, thereby overcoming constraints on the application 
of BEVs in RM. In summary, engineered BEVs possess characteristics such as high production yield, excellent stability, 
and high drug-delivering capabilities, laying the foundation for their application in RM.

Highlights 

• Elucidated the advantages and limitations of naturally occurring bacterial extracellular vesicles for regenerative 
medicine.

• Provided an overview of the preparation, characterization, and engineering strategies of bacterial extracellular 
vesicles, and explored from these perspectives how to alleviate the application limitations of bacterial extracel-
lular vesicles in regenerative medicine.

• Discussed the current challenges and potential applications of bacterial extracellular vesicles.
• Summarized the immense potential of engineered bacterial extracellular vesicles as innovative therapies 

in regenerative medicine, particularly from the perspectives of drug delivery, tissue regeneration, and antibacte-
rial effects. 
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Introduction
Extracellular vesicles (EVs) are membrane-bound vesicles 
shed or secreted from the cell membrane and encapsu-
lated by a lipid bilayer [1]. Both eukaryotic cells derived 
from animals and plants, as well as prokaryotic cells 
including bacteria and archaea, are capable of releas-
ing nanoscale EVs [2]. EVs play a critical messenger role 
in intercellular communication by mediating the deliv-
ery of proteins, lipids, carbohydrates, nucleic acids, and 
other bioactive molecules, being important in various 
pathological and physiological processes, encompassing 
the propagation of infections, cancer progression, tis-
sue repair, and angiogenesis [3]. The first report of EVs 
mediating cell-to-cell communication through the deliv-
ery of functional mRNA was documented in 2007 [4].

Subsequently, the potential of EVs to play a role in tissue 
engineering and regenerative medicine (RM) became 
clear. For instance, mesenchymal stem cell-derived 
human EVs (MSC-hEVs) have been investigated for 
regenerative therapies involving the skin, bone tissue, 
and cardiovascular system [5]. Compared to conventional 
regenerative therapies, EVs present a novel strategy for 
cell-free therapy, offering advantages such as stability, 
biocompatibility, and absence of cellular toxicity. How-
ever, certain challenges remain that need to be addressed, 
including the insufficient targeting ability of natural EVs, 
nonspecific accumulation within organs, low produc-
tion yield, and limited acquisition methods [6]. The engi-
neering Strategy of natural EVs offers potential solutions 
to address these challenges. For instance, engineered 
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mesenchymal stem cell-derived EVs have demonstrated 
promising targeting capabilities and therapeutic effi-
cacy. However, limitations such as insufficient produc-
tion yields and complexities associated with engineering 
modifications still hinder their clinical translation [7]. 
There is an urgent need to explore alternative approaches 
that can compensate for the limitations of EVs in the field 
of RM.

Bacterial EVs (BEVs) offer a new perspective to address 
the aforementioned issues, as bacteria possess advan-
tages such as rapid proliferation, diverse gene editing 
methods, mature cultivation techniques, and relatively 
straightforward isolation and purification of BEVs [8]. 
These features are conducive to the engineering transfor-
mation of BEVs and their subsequent clinical translation. 
Bacteria have a significant impact on human health and 
disease. Furthermore, bacterial therapy has the potential 
to utilize synthetic biology to improve bacterial charac-
teristics, thereby facilitating their specific applications in 
RM [9, 10]. An increasing body of evidence suggests that 
bacteria-host communication involves bacteria delivering 
bioactive molecules to host cells through the secretion 
of BEVs, eliciting corresponding functional responses [8, 
11]. Moreover, it is of paramount importance that engi-
neered attenuated bacterial strain-derived EVs exhibit 
low immunogenicity, and appropriate oral or intravenous 
administration does not induce chronic systemic toxicity 
or other adverse effects [12]. Furthermore, the applica-
tion of BEVs, particularly those generated by probiotics, 
has gained increasing attention in the fields of drug deliv-
ery, vaccines, tumors and diagnostics [13]. For example, 
GSK’s Bexsero, an EV-based vaccine formulation, has 
already been successfully used in clinical applications 
[14], providing a solid basis for the safe clinical use of 
other BEV formulations.

In summary, engineered BEVs exhibit advantageous 
features such as high production yields, excellent stabil-
ity, and potent drug-loading capabilities, making them 
highly promising for applications in RM.

Biology and pathology of BEV
Categories and biological composition of BEVs
Classification and secretion mechanisms of BEVs
Just like other cellular organisms, bacteria are capable of 
spontaneously releasing nanoscale membrane vesicles 
into the extracellular environment [15]. The gram stain-
ing technique categorizes bacteria into two major groups, 
gram positive bacteria and gram negative bacteria. Based 
on this classification, BEVs are also divided into two cat-
egories: gram positive EVs derived from gram positive 
bacteria and gram negative EVs derived from gram nega-
tive bacteria. The cell membrane of gram negative bac-
teria consists of a thinner layer of peptidoglycan (PG) 

surrounded by the inner membrane (IM) and the outer 
membrane (OM) [16]. In contrast, gram positive bac-
teria possess a single, thick layer of PG in their cell wall 
[17]. This implies that the cell wall of gram positive bac-
teria is inherently less flexible, which hinders the forma-
tion of vesicles and suggests that gram positive and gram 
negative bacteria employ different mechanisms for BEVs 
secretion. Typically, the major distinction in the compo-
sition of BEVs derived from gram positive and gram neg-
ative bacteria is the presence of lipopolysaccharide (LPS), 
which is commonly associated with bacterial infections, 
inflammation, and immune responses [18].

Gram negative bacteria exhibit two distinct pathways 
for BEVs biogenesis, which lead to the formation of dif-
ferent types of vesicles. As shown on the left side of the 
dashed line in Fig.  1. The process of explosive cell lysis 
corresponds to the production of outer-inner mem-
brane vesicles (OIMVs)/explosive outer membrane 
vesicles (EOMVs), whereas outer membrane budding 
corresponds to the generation of outer membrane vesi-
cles (OMVs) [19, 20]. The current hypothesis suggests 
that explosive cell lysis is triggered by the degradation of 
peptidoglycan cell walls by endolysins or other processes 
that weaken OM-PG interactions. Upon peptidoglycan 
degradation, bacteria undergo aggregation and lysis, 
leading to the accumulation of membrane fragments that 
give rise to OIMVs and EOMVs, the latter of which may 
or may not contain cytoplasmic components [16]. OMVs 
originate from protrusions of the OM. Under the influ-
ence of factors such as imbalances in PG biosynthesis or 
the insertion of hydrophobic molecules into the OM, the 
balance between the inner and outer layers of the OM is 
disrupted, resulting in curvature [21]. This leads to the 
formation of gaps between the OM and the PG, causing 
the OM to bud and eventually pinch off, releasing OMVs 
[22]. The integrity of the IM is not compromised during 
OMV formation; therefore, components within the IM 
do not enter the OMVs.

Although the exact mechanism by which gram posi-
tive bacteria release BEVs has not been confirmed, their 
secretion has been established. Currently, gram posi-
tive bacteria are believed to generate BEVs primarily via 
"budding cell lysis”. As shown on the right side of the 
dashed line in Fig. 1. Antibiotics that weaken the cell wall 
or phage-derived endolysins stimulate the cytoplasmic 
membrane of gram positive bacteria to protrude through 
cell wall pores, leading to the production of cytoplasmic 
membrane vesicles (CMVs) [23]. which contain both cell 
membrane and cytoplasmic components.

Interestingly, channel proteins in the cell wall can regu-
late the secretion of BEVs through pore size or thickness 
[24]. and certain enzymes that increase bacterial cell 
wall permeability also promote the release of BEVs [25]. 



Page 4 of 27Guo et al. Journal of Nanobiotechnology            (2025) 23:4 

Furthermore, changes in the external environment, such 
as temperature, mechanical stimulation, chemical stimu-
lation, and quorum sensing, may also influence their 
release [26, 27]. This indicates that the secretion of BEVs 
is jointly regulated by multiple factors, including environ-
mental influences and the actions of the bacteria them-
selves. For convenience, in this review, "BEVs" is used 
to represent all vesicle structures produced by bacteria 
mentioned above (Fig. 1).

Biological composition of BEVs
BEVs carry various bioactive substances such as proteins, 
lipids, and nucleic acids [28]. Some markers found in 
BEVs are shown in Table 1. Through proteomic studies, 
it has been discovered that BEVs contain a large number 
of proteins, including various periplasmic proteins and 
enzymes [29]. Certain proteins have cytotoxic effects on 
host cells, such as Shiga toxin and hemolytic phospho-
lipase C [30, 31]. Other enzymes that regulate host cell 
metabolism, including InsP6 phosphatase, have also been 
found in BEVs [32].

Lipids are important components of BEVs that influ-
ence their functions. Zachary et al. showed that BEVs of 
Salmonella Typhimurium contain phosphatidylglycerol 

and cardiolipin [33], which can tether lipid A (a compo-
nent of LPS) to the bacterial surface through hydropho-
bic interactions. When bacteria are under stress, these 
lipid A components modulate their structure, thereby 
increasing their resistance and promoting immune eva-
sion [34].

BEVs deliver bacterial DNA and RNA to host cells and 
bind to specific small molecules, playing a role in regu-
lating gene expression and delivering genetic informa-
tion between bacteria [35, 36]. In summary, BEVs deliver 
various bioactive substances to recipient cells, thereby 
playing a significant role in bacterial virulence, immune 
evasion, host transcriptional gene regulation, and host 
cell immune modulation.

Pathological and physiological functions of BEVs
Safety is a prerequisite for applying BEVs in RM. There-
fore, understanding the roles of natural BEVs in patho-
logical and physiological processes is crucial. This will 
help develop targeted strategies based on specific toxic 
and beneficial biological characteristics, leading to the 
production of safe and effective engineered BEVs for RM. 
In general, BEVs play a significant role in bacterial-host 
interactions and bacterial infections, influencing the host 

Fig. 1 Biogenesis of Bacterial Extracellular Vesicles (BEVs). Gram negative bacteria exhibit two distinct pathways for BEVs biogenesis: a Explosive cell 
lysis corresponds to the generation of Outer-Inner Membrane Vesicles (OIMVs) and Explosive Outer Membrane Vesicles (EOMVs); b Outer membrane 
blebbing corresponds to the generation of Outer Membrane Vesicles (OMVs). Gram positive bacteria exhibit one pathway for BEVs biogenesis: c 
Bubbling cell lysis corresponds to the generation of Cytoplasmic Membrane Vesicles (CMVs)
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immune system, aiding in the formation of bacterial bio-
films, transferring antibiotic resistance between bacteria, 
and eliminating competitive microorganisms.

Bacterial–host interaction mediated by BEVs
Bacterial–host interactions mediated by BEVs gener-
ate adverse effects on the host by eliciting immune 
responses, inflammatory reactions, and cytotoxic reac-
tions. These factors affect the application of natural BEVs 
in RM.

BEVs stimulate the activity of epithelial, endothe-
lial, and various immune cells by stimulating the host 
immune system through immunogenic molecules such 
as LPS, flagellar proteins, and peptidoglycans [48]. Nota-
bly, immune responses mediated by BEVs are not entirely 
detrimental. A study focusing on Bacteroides thetaio-
taomicron revealed that BEVs induce the production of 
immunoregulatory interleukin-10 (IL-10) by colonic cells 
in healthy individuals, playing a crucial role in main-
taining immune homeostasis related to the microbial 
involvement [49]. Similarly, BEVs produced by Bacte-
roides fragilis are implicated in immune homeostasis. 
These BEVs mediate their anti-inflammatory effects by 

promoting the secretion of IL-10 from macrophages and 
regulatory T cells via a TLR2-dependent pathway [50]. 
The regulation of BEVs to elicit appropriate immune 
stimulation while concurrently avoiding detrimental 
effects on the host immune system constitutes a chal-
lenge that needs to be addressed for their effective utili-
zation in RM. The utilization of BEVs can manipulate the 
host’s immune response and potentially confer additional 
beneficial effects on the host [51].

BEVs disseminate virulence factors into host cells and 
modulate the expression of inflammatory cytokines such 
as IL-10, IL-6, and TNF-α, promoting pro-inflammatory 
responses [52, 53]. BEVs produced by Pseudomonas aer-
uginosa induce inflammatory responses in macrophages 
and endothelial cells through the TLR2 and TLR4 path-
ways, triggering pulmonary inflammation [54]. Bacil-
lus subtilis BEVs enhance macrophages’ secretion of 
pro-inflammatory cytokines IL-6 and TNF-α. Further-
more, the expression levels of these inflammatory fac-
tors increase with increasing concentrations of BEVs [55]. 
Interestingly, BEVs secreted by certain probiotic bacteria 
suppress the inflammatory responses. For instance, BEVs 
derived from the probiotic Escherichia coli Nissle 1917 

Table 1 Screened BEVs markers and their primary functions

Belong to Marker Major function Refs.

Membrane proteins ObfA Maintain membrane stability and biofilm formation [37]

OmpA Maintain membrane stability and immune responses [38]

OmpC Regulating Membrane permeability and immune responses [39]

OmpF Transport of small molecule substances [40]

OmpT Protein hydrolysis and processing [41]

OmpU Adhesion, immune responses and biofilm formation [42]

TolC Drug resistance and toxin secretion [43]

MmpL 3 Lipid transport and virulence transmission [44]

Tol-Pal complexes Maintain membrane stability and vesicle formation [28]

Periplasmic protein NlpI Regulating vesicle formation [29]

SurA Assembly of membrane proteins [41]

Skp Assembly of membrane proteins [41]

Lipid components Phosphatidylethanolamine Maintain membrane stability [45]

phosphatidylinositol Maintain membrane stability and vesicle formation [45]

Phosphatidylglycerol Maintain membrane stability [33]

Cardiolipin Maintain membrane stability and vesicle formation [33]

Enzymes InsP6 phosphatase Regulate host cell metabolism [32]

β-lactamase Resistance to antibiotics and transmission of resistance [46]

Lipopolysaccharide Lipid A Immune escape and immune responses [34]

Core oligosaccharide Connecting lipid A and O antigens [34]

O-antigen Immune responses and virulence transmission [47]

Other toxins Peptidoglycan Immune responses [48]

Hemolysin Disrupting the host cell membrane [31]

IbeA Increase the permeability of the blood–brain barrier [43]

Shiga toxin Inducing inflammation and cell apoptosis [30]
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(EcN) in the gastrointestinal tract contribute to modu-
lating host immune responses and facilitating the deg-
radation of intestinal contents, simultaneously treating 
inflammatory bowel diseases by promoting tight junc-
tions [56]. The aforementioned evidence underscores the 
intricacy of BEVs in the inflammatory response, present-
ing their potential to become a distinctive anti-inflam-
matory therapeutic strategy. However, the utilization of 
BEVs as therapeutic agents in RM requires a comprehen-
sive assessment. Strict control measures must be imple-
mented to address various potential negative factors and 
minimize the occurrence of adverse reactions.

BEVs induce toxic responses in host cells by delivering 
virulence factors, such as leukocidins, hemolysins, and 
exotoxins. BEVs derived from P. aeruginosa carry various 
virulence factors, including alkaline phosphatase, pro-
teases, and hemolysins [57]. BEVs derived from Staphy-
lococcus aureus contain hemolysins, leukocidins, and 
exfoliative toxins [58]. These constituents inflict damage 
on host cells. These results indicate that the virulence fac-
tors present in BEVs significantly compromise the overall 
health of an organism, greatly limiting their applicability. 
Addressing this crucial issue is imperative if BEVs are to 
be applied in RM. Current solutions include the use of 
low-toxicity strains such as probiotics to obtain their cor-
responding low-toxicity BEVs, thereby reducing cellular 
cytotoxic responses [59]. Alternatively, direct engineer-
ing modifications of BEVs can be employed to prevent or 
minimize these cytotoxic reactions, thereby significantly 
enhancing their safety profile [60].

Bacterial infection mediated by BEVs
Biofilms provide a conducive environment for the pro-
longed colonization of bacteria, enhancing their virulence 
and antibiotic resistance [61]. Many chronic diseases, 
such as otitis media and periodontal diseases, are associ-
ated with bacterial biofilms [62, 63]. It is noteworthy that 
BEVs mediating intercellular signaling among bacteria 
are capable of either promoting or inhibiting the devel-
opment of bacterial biofilms [64, 65]. Currently, there 
is no definitive solution to completely address the issue 
of biofilm formation. If it is possible to leverage the bio-
logical characteristics of BEVs to interfere with the signal 
transmission that promotes biofilm formation, disrupting 
the formation of biofilms at the source would be advanta-
geous for the treatment of chronic diseases.

BEVs mediate the death of other bacteria, resulting 
in a survival advantage for parental strain by killing the 
competing bacteria. For instance, BEVs of P. aeruginosa 
deliver cell wall protein hydrolases to degrade peptidogly-
cans, effectively eliminating competitive bacteria [66]. 
This provides a novel strategy for antibacterial therapy. 
On one hand, BEVs serve as a carrier for antibiotic drug 

delivery, enhancing the uptake of antibiotics and thereby 
exerting a more potent bactericidal effect [67, 68]. On the 
other hand, the inherent antibacterial properties of BEVs 
complement and reinforce the overall bactericidal effec-
tiveness of the treatment [67]. The application of BEVs 
demonstrates high efficacy in the eradication of patho-
genic bacteria within infected wounds, effectively attenu-
ating or even arresting the progression of infections [68]. 
This presents a novel approach to address the emerging 
challenges of antibiotic resistance resulting from the 
widespread misuse of antibiotics in the current health-
care landscape.

In conclusion, the roles of BEVs in bacterial infections 
have a dual nature. Effectively harnessing their antibac-
terial characteristics while concurrently mitigating the 
potential negative consequences associated with BEVs 
is a pressing challenge [69]. Given the influential factors 
at play when applying BEVs in RM, rigorous testing of 
their active components is imperative. Failure to do so 
may result in the emergence of resistant bacterial strains, 
leading to further dissemination of infections and hinder-
ing tissue regeneration.

Preparation of BEVs
Given the challenges faced by natural BEVs in RM appli-
cations, particularly concerning safety and yield, this 
review discusses how to enhance the preparation pro-
cesses of BEVs to align with the anticipated clinical 
demands in the future.

Bacterial culture
Cultivation of appropriate parental bacterial strains is 
crucial prior to the isolation and purification of BEVs. 
In 2009, Lee et  al. first isolated gram positive EVs from 
the culture supernatants of S. aureus and B. subtilis 
[70]. These BEVs exhibit a diameter ranging from 20 to 
100  nm and possess spherical lipid bilayer membrane 
structures. Clostridium perfringens and Streptococcus 
pneumoniae, among other gram negative bacteria, also 
produce BEVs [71–73]. In general, all bacterial species 
produce BEVs. However, considering the toxicity con-
cerns associated with natural BEVs, it is a common prac-
tice to employ modified strains with reduced toxicity or 
less virulent bacteria, such as probiotics, as cultivation 
organisms. EcN and other mutant strains (msbA and 
msbB) that generate BEVs lacking intact LPS components 
exhibit diminished endotoxicity and immunogenicity 
when interacting with human cells, thereby demonstrat-
ing heightened safety [59].

In addition, it is essential to consider environmental 
factors such as temperature, culture medium composi-
tion, mechanical stimuli, biological agents, and non-
environmental factors such as genetic influences on the 
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secretion of BEVs [74]. Although adjustments to these 
factors may enhance the production of BEVs, it is crucial 
to modify BEVs generation with the utmost stringency. 
Environmental changes induce changes in the composi-
tion of BEVs, introducing uncertainty and the possibility 
of generating potentially harmful substances [75].

Vesicles released by bacteria at different growth stages 
may exhibit diverse compositions. For instance, early-
formed BEVs by B. thetaiotaomicron are predominantly 
generated in a non-lytic manner and contain a higher 
proportion of lipoproteins. Late-stage BEVs are primar-
ily formed through lytic mechanisms and may potentially 
carry non-selective cargo, which could impact down-
stream processing (Fig. 2) [76]. Therefore, the collection 
of BEVs at the appropriate stage of bacterial culture is 
also crucial (Table 2).

Isolation of BEVs
Following appropriate bacterial cultivation, the initial 
removal of bacteria from the culture medium at low tem-
peratures can be achieved through low-speed centrifuga-
tion (2000–10,000g) and aseptic filtration (0.2–0.45 μm) 
[93]. Subsequently, one or a combination of the following 
methods can be employed for further isolation and puri-
fication of BEVs.

Ultracentrifugation (UC) is one of the most widely 
employed techniques for isolating BEVs and is consid-
ered the gold standard. It allows for the size- and den-
sity-based separation and purification of BEVs, making 
it applicable for isolating particles of varying sizes and 

densities from solutions, such as organelles, vesicles, cell 
debris, and BEVs [94]. To isolate particles of the same 
size but different densities, density gradient centrifuga-
tion (DGC) can be employed for BEVs isolation [95]. This 
method yields higher BEVs purity compared to conven-
tional UC approaches; however, it comes with the draw-
backs of high cost and extended processing time.

Ultrafiltration (UF) represents another low-cost 
method for BEVs isolation. This technique utilizes 
nanomembranes with varying molecular weight cutoffs 
to isolate EVs based on molecular size and morphol-
ogy [96]. Owing to the occasional significant overlap in 
size ranges between BEVs and the proteins and cell frag-
ments they are isolated from, in series configuration 
and sequential ultrafiltration, a majority of particles are 
retained between the membranes, resulting in a reduc-
tion in the purity of BEVs. Tangential flow filtration (TFF) 
prevents particle entrapment, allowing for the retention 
of more BEVs and enhancing the purity of the target 
product [97]. The selection of filtration membranes also 
impacts the purity of the final product. Generally, regen-
erated cellulose membranes are the preferred choice; 
however, in samples with high protein concentrations, 
polyethersulfone membranes can be used to enhance the 
purity of the end product [98].

Size-exclusion chromatography (SEC) purifies BEVs 
without compromising their integrity, purity, or bio-
logical activity [99]. It allows for the separation of BEVs 
from soluble protein impurities. The effectiveness of 
SEC in purifying BEVs may surpass that of DGC [100]. 
Importantly, SEC also eliminates unbound molecules 
from chemical modifications [101], filtering out residual 
impurities from post-engineering modifications of BEVs, 
thereby enhancing the safety of the final product.

Immunoaffinity chromatography (IAC) leverages spe-
cific antibodies that target various BEVs surfaces for 
separation and purification, thus producing highly puri-
fied BEVs. Immobilized metal affinity chromatography 
(IMAC) is one of the most commonly employed methods 
for the purification of recombinant proteins [102]. Alves 
et al. obtained, through engineered modifications of EcN 
[103], His-tagged mutant bacteria. BEVs produced by 
these mutants demonstrated excellent capture efficien-
cies for IMAC purification. Furthermore, they could 
separate cargo-loaded BMVs from non-loaded BEVs, 
effectively enhancing the concentration of active drugs in 
the final product.

A combination of these separation methods eliminates 
contaminants from complex culture media and further 
enhances the purity of BEVs. The isolation of Akkerman-
sia muciniphila-derived BEVs was achieved by combin-
ing UF and DGC, resulting in significantly elevated BEVs 
purity [104]. Following BEVs isolation and purification, it 

Fig. 2 The secretion of Bacterial Extracellular Vesicles (BEVs) from B. 
thetaiotaomicron is divided into three stages: in the first stage, cell 
size increases, BEVs are formed non-lytically, and are accompanied 
by the release of formate. In the second stage, cell size decreases, BEV 
production decreases and is accompanied by the release of lactate. 
In the final stage, the number of cells decreases, BEVs are mainly 
formed lytically, and are accompanied by the release of DNA [76]. 
Reproduced with permission from Wiley Publications, copyright 2024
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is advisable to either use them immediately or store them 
at − 80 °C until needed [105]. Storage under 4 °C condi-
tions should not exceed one week [106]. As BEVs exceed 
the designated storage period, alterations in their compo-
nents may occur, potentially leading to latent toxic side 
effects [107]. Simultaneously, the consideration of meas-
ures such as freeze-drying or the incorporation of addi-
tives can be explored to enhance the storage stability of 
BEVs during transportation [108]. However, it is impera-
tive to exercise caution, ensuring that these interventions 
do not perturb the effective components carried by BEVs, 
nor compromise their characterization.

Characterization of BEVs
Following BEVs isolation, it is imperative to ascertain 
the characteristics and concentration of the final prod-
uct. Currently, techniques such as transmission elec-
tron microscopy (TEM), nanoparticle tracking analysis 

(NTA), and flow cytometry can be employed to charac-
terize BEVs and elucidate their size, shape, and concen-
tration. It is noteworthy that, regardless of the chosen 
method for separation and purification, utmost atten-
tion must be paid to preserving the integrity of the BEVs 
structure and the activity of the biomolecules. These fac-
tors significantly affect the biological characteristics of 
BEVs.

NTA is a methodology employed to measure particle 
size and concentration in BEVs formulations. This tech-
nique facilitates the measurement of particles as small 
as 50  nm [109]. NTA exhibits suboptimal accuracy in 
estimating the particle concentration and size [85]. This 
phenomenon may result from the inability of the NTA 
system to discriminate between BEVs particles and other 
fragments present in the suspension. Additionally, factors 
such as instrumentation, software versions, and improper 
operational procedures also contribute to measurement 

Table 2 Different methods for isolating and charactering BEVs

Isolation methods

Based on Methods Advantages Disadvantages Refs.

Size Size exclusion chromatography High purity; preserves bioactive charac-
teristics

limited application in mass production [77]

Density Density gradient centrifugation High purity High cost; time-consuming [78]

Size and density Ultracentrifugation Simple and economical process; great 
homogeneity

Limited efficiency; limited purity [79]

Size and morphology Ultrafiltration Faster isolation; high BEVs yields; high 
biological activity

Limited purity; potential damage 
to BEVs; potential filter blockage

[80]

Tangential Flow Filtration Higher yield than UF High cost [81]

Protein precipitation ExoPRISM Simple process; suitable for large-scale 
separation

Limited purity; sample pretreatment 
is required

[82]

Receptor-ligand binding Affinity chromatography High purity High cost; affects activity; receptor 
required

[83]

Charactered methods

Analysis results Methods Advantages Disadvantages Refs.

Size DLS Suitable for describing the average size 
and size distribution of BEVs

Not efficient with polydisperse samples 
and containing big EVs

[84]

Size and density NTA Compatible fluorescence detectors; 
automated sample measurement

Hardware and software can affect 
the accuracy of the results

[85]

TRPS High sensitivity and reproducibility Size distributions need parameterized; 
Incompatible fluorescence detectors

[86]

AF4-MALS Suited to measure the size of polydis-
perse samples

Potential sample loss; High purity 
required

[87]

Size and morphology TEM High-resolution Dehydrating preparations causing 
shrinkage of EVs

[88]

Protein characteristics WB Suitable for detecting multiple target 
proteins

Protein extraction process required 
and time-consuming

[89]

ELISA Convenient reagent kit High-cost [90]

Size, quantity and pro-
tein characteristics

SP-IRIS Particles down to 50 nm can be 
detected; multi-channel measurement

Specific biomark are required; High 
disposable costs

[91]

Flow cytometry Compatible fluorescence detectors 
and fast characterization

Limited potential for sorting nano-sized 
vesicles

[92]
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errors [110, 111]. Therefore, when employing NTA for 
BEVs characterization, rigorous sample separation and 
dilution are imperative before detection. Strict training 
of personnel is essential to ensure the accuracy of opera-
tions. It is recommended to employ a combination of 
various separation and purification methods before char-
acterization to enhance the product purity and minimize 
errors.

Flow cytometry is typically employed to detect parti-
cles larger than 500 nm [112], which exceed the general 
size range of BEVs. However, Puca et  al. successfully 
characterized BEVs using an optimized flow cytometry 
approach [113], demonstrating rapid and reproducible 
results. This achievement establishes the feasibility of 
employing flow cytometry to characterize BEVs.

TEM operates on principles akin to optical micros-
copy and utilizes the diffraction patterns generated by 
the scattering of electrons to examine the samples. This 

technique allows for qualitative measurements of the 
size and purity of BEVs [80]. Dynamic light scattering 
(DLS) is employed for the measurement of nanoparticle 
size and is particularly well-suited for delineating the 
average size and size distribution of BEVs [84].

Because of the absence of specific biomarkers in 
natural BEVs, many studies on natural BEVs have not 
employed protein detection methods for characteriza-
tion. However, for engineered BEVs, protein detection 
techniques such as WB and ELISA are essential [114]. 
These methods detect the expression of specific pro-
teins in engineered BEVs, aiding the identification of 
the effectiveness of engineered modification strategies.

Reagent kits are convenient tools for assessing the 
pertinent indicators in BEVs formulations. For instance, 
the BCA reagent kit facilitates the determination of 
protein concentration in BEVs formulations, whereas 
the recombinant C-factor endotoxin assay kit enables 
quantitative analysis of endotoxin levels (Fig. 3) [115].

Fig. 3 The preparation of Bacterial Extracellular Vesicles (BEVs). a Cultivating bacteria under optimal conditions. b Clarifying bacterial culture 
medium by low-speed centrifugation and retain supernatant. c Filtration of the supernatant to preliminary remove bacteria and other impurities. d 
Select an appropriately sized tangential flow filtration (TFF) device to concentrate BEVs. e Size-exclusion chromatography (SEC) is used to increase 
the purity of EVs and remove non-vesicular protein. f Protein detection methods such as WB and ELISA are used to detect the expression of specific 
proteins in BEVs. g Transmission electron microscopy (TEM) is utilized for examining the morphological characteristics of BEVs. h Finally, BEVs are 
stored under appropriate conditions. (Created with biorender.com)
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BEVs in RM
Overview of RM
Advancements and challenges in RM
RM is a comprehensive concept that employs various 
methodologies based on biological and engineering prin-
ciples to repair and regenerate tissues and organs with 
compromised functionality. The objective is to restore 
these structures to normalcy in both form and function, 
ultimately enhancing the quality of life of patients [116]. 
Modalities such as organ transplantation, tissue engi-
neering, stem cell therapy, miRNA therapy, and the like 
fall within the purview of RM [117].

Currently, the RM field is replete in terms of opportu-
nities and challenges. When addressing the treatment of 
specific diseases, the issues of efficiency and safety have 
emerged as the most challenging facets within the realm 
of RM [118]. Stem cell therapy, a crucial component of 
RM, has been extensively researched for several years 
[119]. However, allogeneic stem cells face the challenge of 
immune system elimination, requiring the use of immu-
nosuppressants by patients to overcome this hurdle. This 
practice results in significant side effects, including severe 
complications such as infections [120]. Although the use 
of autologous stem cells circumvent these drawbacks, 
factors such as high cost and low production efficiency 
impede their clinical applicability [121]. Furthermore, 
the clinical application of stem cell therapy has resulted 
in various side effects, including tumor formation, immu-
nological rejection, and genetic instability [120, 122]. In 
conclusion, the pivotal challenge in the therapeutic appli-
cation of stem cell therapy within the field of RM cur-
rently lies in the lies in the biosafety, complex operation, 
and high-cos.

Thus, EVs are promising alternatives to whole-cell 
therapy. MSC-hEVs deliver miRNAs to target cells, 
thereby promoting wound healing in diabetic rat mod-
els [123]. Although engineered EVs from stem cells have 
demonstrated high targeting capabilities and therapeu-
tic efficacy, the low extraction efficiency and complexity 
of engineering modifications limit the clinical applica-
tion of MSC-hEVs [124]. Therefore, the current field of 
RM urgently requires a safe and efficient therapeutic 
approach to address the limitations associated with both 
stem cells and extracellular vesicles.

How engineered BEVs address the current challenges in RM
Engineered BEVs are regarded as next-generation drug 
delivery platforms owing to their outstanding char-
acteristics, including stable payload capacity, unique 
nanoscale structure, and excellent biocompatibility [125]. 
The current shortcomings in drug delivery materials 
within the field of RM persist. Synthetic nanomaterials, 

despite achieving significant success in preclinical trials, 
face challenges such as low biocompatibility, material-
related toxicity, and high production costs, thereby limit-
ing their specific clinical applications [126, 127]. With an 
in-depth understanding of bacteria-based drug delivery 
systems, the application of BEVs in RM has emerged as 
a novel trend. Bacteria exhibit high yields and use mature 
cultivation methods. Compared with MSC-hEVs, the 
engineering modification of bioactive BEVs is relatively 
simpler [128]. Additionally, the direct extraction of BEVs 
from bacteria effectively circumvents the medical and 
ethical concerns associated with stem cells or other RM 
therapies. It also eliminates cellular mutation issues and 
immune rejection reactions commonly associated with 
stem cells [129]. We have summarized the current engi-
neering methods of BEVs that may be applied in RM, and 
the results are shown in Table 3.

Surface engineering of BEVs enhances their targeting 
characteristics and increases the local drug concentra-
tion in target tissues [141], thereby reducing side effects 
and maximizing therapeutic efficacy. Simultaneously, 
certain BEVs, owing to their unique biological properties, 
traverse the intestinal and blood–brain barriers [142], 
facilitating drug delivery to sites that are challenging for 
conventional carriers. This offers an effective vehicle for 
regenerative therapies targeting specific locations.

The internal engineering modification of BEVs ena-
bles them to carry drugs or active substances that pro-
mote regeneration, effectively protecting the biological 
effects of the payloads [143]. It is worth noting that the 
potential toxicity of endogenous proteins in BEVs is one 
of the major challenges hindering their use in RM [144]. 
The application of the CRISPR-Cas9 system can reduce 
the quantity of endogenous proteins in BEVs while rela-
tively increasing their internal loading space, thereby 
reducing the inherent toxicity and enhancing their load-
ing capacity [144]. Other engineering methods, such as 
protein display technology, sonication, and freeze–thaw 
techniques, can also be employed to modify natural BEVs 
[145, 146]. Recently, the concept of synthetic biology has 
been introduced, which facilitates the rational design 
of complex biological systems [147]. This can serve as a 
reference for constructing engineered BEVs, combining 
the aforementioned engineering methods in a scientific 
and efficient manner to address the limitations of natural 
BEVs. As a result, BEVs have the potential to become one 
of the safe and effective drug carriers in the field of RM 
(Fig. 4).

Integration of BEVs with tissue engineering
Tissue engineering is an emerging interdisciplinary field 
that combines cell biology and engineering to construct 
tissues or organs and serves as a burgeoning discipline 
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Table 3 The currently available BEV engineering strategies for RM

Engineering methods BEVs from Biological effects Refs.

Membrane-coated E. coli K1 Cross the blood–brain barrier [130]

Membrane-coated L. animalis Ultrasound-driven anti-infection [131]

Membrane-coated E. coli Nissle 1917 Anti-inflammatory [132]

Incubation E. coli Nissle 1917 Anti-inflammatory [133]

Incubation E. coli ATCC 25922 High yield and purity [134]

Electroporation E. coli K12 Promoted neural repair [135]

Electroporation P. aeruginosa Drug loading [136]

Electroporation E. coli Nissle 1917 Bone targeting ability [128]

Synthetic biology technology E. coli Nissle 1917 Bone targeted osteogenic effect [137]

CRISPR-Cas9 E. coli Nissle 1917 Gene therapy [138]

CRISPR/Cas9 E. coli MG1655 Non-inflammatory [59]

Recombinant DNA technology E. coli MG1655 Targeting and bactericidal properties [139]

Recombinant DNA technology E. coli K12 Improved biocompatibility [140]

Ultrasound E. coli High yield and low immunogenicity [38]

Single emulsion evaporation E. coli DH5α Sonodynamic therapy [39]

Fig. 4 Advantages and main challenges of bacterial extracellular vesicles (created with biorender.com)
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to substitute for natural tissues or organs. As a pivotal 
branch of RM, it has achieved success in the regenerative 
treatment of organs [148]. In recent years, rapid progress 
has been made in the application of bioactive materials 
in tissue engineering. Hydrogel materials with a structure 
resembling that of the natural extracellular matrix are 
commonly acknowledged as promising biomaterial scaf-
folds in tissue engineering because of their potential for 
tissue regeneration [149]. They simulate the extracellu-
lar matrix space, providing a suitable three-dimensional 
environment for various cellular functions, including 
adhesion, migration, proliferation, and differentiation.

Interestingly, because of the nanoparticulate nature 
of EVs, they can be more effectively loaded onto bioac-
tive materials than into cells [150]. When the hydrogel 
scaffold loaded with engineered BEVs reaches the target 
site, the encapsulated engineered BEVs undergo a slow 
release. This controlled release mechanism governs the 
therapeutic scope of drugs, prolongs their efficacy, and 
ultimately leads to more effective tissue repair. Reka et al. 
observed that employing 3D tissue culture enhances EV 
production [151], thereby potentially further increasing 
the BEVs yield. Benefiting from the characteristics of bio-
active scaffold materials, the utilization of 3D bioprinting 
technology to load engineered attenuated strains or low-
toxicity strains, such as probiotics, onto scaffold materi-
als provides a sustained supply of beneficial BEVs [152]. 
The application of this technique in regenerative therapy 
represents a broad prospect for tissue engineering.

BEVs regulatory processes in RM
BEVs administration pathways
To ascertain the safety of engineered BEVs for applica-
tion in RM, it is of utmost importance to investigate the 
specific administration processes and underlying mecha-
nisms. Current administration strategies for BEVs can 
be categorized as systemic or local. Systemic approaches 
include intravenous injection, oral administration, and 
intranasal delivery, whereas local routes involve direct 
injection of BEVs suspensions or loading BEVs into bio-
materials [153–155].

Current treatments for systemic diseases based on EVs 
primarily rely on intravenous injections. Intravenous 
administration is the fastest and most widely applied 
method of drug delivery in this context [156]. Simulta-
neously, local administration is less practical for certain 
deep-seated tissues. This challenge can be addressed by 
engineering the surfaces of BEVs to enhance their tar-
geting characteristics. Alternatively, additional meas-
ures, such as photodynamic therapy can be employed to 
achieve systemic delivery while limiting the impact on 
specific local tissues [154], thereby significantly reduc-
ing the potential side effects of the administered drugs. 

However, intravenous injection poses a challenge to drug 
clearance, limiting the ability of BEVs to reach the target 
site and exert therapeutic effects [157]. Further research 
is required to address this issue. Engineered BEVs exhibit 
certain adverse effects. Feng et  al. observed that the 
direct injection of high concentrations of BEVs into the 
vascular system may lead to fatal outcomes [156]. There-
fore, when employing intravenous injection as the route 
of administration, strict control of the dosage and purity 
of BEVs is imperative.

Oral administration is a relatively safe therapeutic 
approach that enhances patient compliance. Jones et  al. 
discovered that BEVs could be internalized by intesti-
nal epithelial cells and sorted into endolysosomal vesi-
cles [153]. Subsequently, they traverse the intestinal 
epithelium to enter the systemic circulation. During 
this process, BEVs safeguard the internal cargo, allow-
ing it to reach organs, including the brain, through the 
bloodstream [135, 158]. This demonstrates the possibil-
ity that BEVs enter the systemic circulation through oral 
administration, exerting their effects on various tissues 
and organs. Although BEVs traverse the gastrointestinal 
barrier in healthy individuals, the presence of gastroin-
testinal enzymes and the low pH environment still pose 
obstacles to the oral administration of BEVs [159]. Liu 
et  al. developed a dopamine polymerization-mediated 
decoration method to protect probiotics from the influ-
ence of gastric acid and bile salts [132]. Similar designs 
may potentially apply to BEVs to enhance their oral effi-
ciency and augment their effectiveness in the gastro-
intestinal context. Moreover, when intestinal epithelial 
cells are designated as target cells, oral administration is 
deemed appropriate.

A localized administration route is highly beneficial for 
targeted therapy of specific tissues. By anchoring BEVs 
to biomaterials, the scope of BEVs action can be con-
trolled, minimizing potential systemic adverse reactions 
caused by the drug [160]. This approach aims to achieve 
sustained release, thereby improving therapeutic effi-
cacy. More importantly, the bioscaffold material not only 
offers adhesion for surrounding cell regeneration but 
also serves as a supportive structure by providing a filling 
effect at the defect site. This, in turn, provides the neces-
sary space for tissue regeneration [161]. The integration 
of advanced multiphase biomaterial scaffolds with the 
temporospatial release of BEVs holds significant prom-
ise for a wide range of applications [162]. This approach 
provides sustained and tailored physiological stimuli to 
achieve long-term regenerative effects.

Internalization of BEVs
The internalization of BEVs is noteworthy once they 
reach the targeted administration site through various 
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pathways. Specific internalization mechanisms may vary 
depending on the cell or BEVs type involved. Several pri-
mary pathways for the internalization of BEVs have been 
proposed [163]. These include phagocytosis, macropino-
cytosis, membrane fusion, caveolae-mediated processes, 
and clathrin-mediated endocytosis, which are facilitated 
by grid proteins. These internalization mechanisms are 
not mutually exclusive; they can coexist simultaneously 
[164]. In particular, endocytosis is considered the pri-
mary mode by which mammalian host cells take up BEVs.

The internalization of BEVs is influenced by various 
factors, with size as a contributing element. Lorinda et al. 
observed that BEVs ranging from 20 to 100  nm prefer-
entially undergo caveolae-mediated endocytosis to enter 
epithelial cells [165]. In contrast, BEVs with sizes between 
90 and 450 nm enter host epithelial cells through macro-
pinocytosis and endocytosis. In addition, proteins or LPS 
carried on the surface or within BEVs may interact with 
or bind to receptors present on lipid rafts [166]. This 
interaction can facilitate the adhesion and entry of BEVs. 
For instance, BEVs possessing O-antigens enter cells 
through a TLR2-mediated lipid raft-dependent pathway, 
whereas BEVs lacking O-antigens are internalized via 
clathrin-mediated endocytosis facilitated by grid proteins 
[47, 167].

In addition to the intrinsic factors of BEVs, the host 
cell type also affects BEVs internalization. In immune 
phagocytic cells such as neutrophils, dendritic cells, and 
macrophages, the primary pathway for BEVs internaliza-
tion is phagocytosis [168]. In non-phagocytic cells such 
as epithelial cells, BEVs can be internalized through 
macropinocytosis, clathrin-mediated endocytosis facili-
tated by grid proteins, and lipid raft-mediated processes 
[169, 170]. After entering host cells, the cargo of BEVs are 
released through pathways mediated by early endosomes. 
Different cellular responses are then induced based on 
the composition and quantity of the cargo. Furthermore, 
BEVs directly interact with cell surface receptors, induc-
ing diverse cellular responses through various signaling 
pathways [156].

In conclusion, different target cells and BEVs may be 
involved in distinct internalization and mechanisms of 
action. This aspect should be considered carefully when 
applying BEVs to RM. Designing BEVs with appropriate 
sizes and characterization for specific cell types is crucial 
for achieving optimal therapeutic effects.

Engineering strategies of BEVs
Intercellular communication is a crucial pillar of both 
tissue engineering and RM. The messenger role of EVs 
in intercellular communication has sparked signifi-
cant interest in the potential applications of EVs in tis-
sue engineering and RM [171]. BEVs influence host 

functions by transmitting information and crucial mol-
ecules such as proteins, nucleic acids, and lipids [172]. 
Therefore, employing various engineering strategies to 
modify BEVs, altering their contents or surface-associ-
ated proteins, enables BEVs to exert diverse functions. 
Subsequently, these modified BEVs are synthesized with 
composite multifunctional biomaterials with specific bio-
logical functionalities [88, 173]. Importantly, the unique 
biological mechanisms of BEVs, such as vesicular cell 
death and explosive cell lysis, enable BEVs to carry mol-
ecules from the surrounding environment during their 
formation [174]. This provides a convenient pathway for 
drug loading in the context of BEVs.

Currently, the modification strategies for BEVs fall into 
two main categories. The first involves the modification 
of the parental bacteria to obtain engineered strains, 
thereby generating customized BEVs. The second cate-
gory entails various engineering modifications applied to 
BEVs to achieve customized functionality. In addition, a 
combination of these two approaches is feasible, wherein 
further engineering modifications can be applied to BEVs 
produced by engineered bacterial strains, resulting in 
BEVs with specific functionalities.

Utilization of BEVs generated by engineered bacteria in RM
Engineered bacteria generate BEVs with diminished toxicity
Previously, the mitigation of BEVs toxicity induced by 
LPS often involved treatment with detergents, such as 
deoxycholate and Brij-96 [175]. However, this method 
may damage the lipoproteins on the surface of BEVs, 
causing disruption of their natural characteristics [176]. 
The CRISPR-Cas9 system or λ-red recombination engi-
neering system is a crucial tool for modifying bacterial 
genes and altering the characteristics of BEVs [177]. The 
deletion of certain bacterial genes enhances their natural 
characteristics for better application in RM. The absence 
of specific genes does not compromise the integrity and 
stability of bacterial membranes [178]. This ensures that 
the removal of BEVs toxicity does not impair its biologi-
cal properties.

Thomas et  al. utilized the λ-red recombination engi-
neering system to develop hypervesiculating E. coli 
Nissle [140]. This engineered strain produced BEVs with 
enhanced targeting characteristics and improved bio-
compatibility, making it an excellent carrier. Similarly, the 
knockout of genes, such as msbA, msbB, lpxLl, and lpxM, 
or the overexpression of genes encoding lipid A deacylase 
in gram negative bacterial strains yields low toxicity BEVs 
[59, 179–181]. This results in the production of efficient 
and safe BEVs carriers, subsequently loaded with specific 
contents to form multifunctional BEVs that play a crucial 
role in RM.



Page 14 of 27Guo et al. Journal of Nanobiotechnology            (2025) 23:4 

Engineered bacteria generate BEVs with specific 
functionalities
The latest advances in genetic engineering have made it 
possible to modify the natural cell membrane structure 
to generate more targeted cell membranes, laying the 
foundation for the design of BEVs based on synthetic 
biology [147]. Through engineered modifications of the 
parental bacterial strain, exogenous proteins or anti-
genic peptides can be present on the surface of BEVs to 
achieve specific functionalities. Zhao et  al. employed 
recombinant DNA technology to display various antigens 
on BEVs to facilitate natural immune responses [182]. Su 

et al. constructed a recombinant probiotic EcN-pET28a-
ClyA-BMP-2-CXCR4, where the surface protein ClyA of 
their BEVs was fused and overexpressed with BMP-2 and 
CXCR4 [137]. This formulation exhibited excellent bone-
targeting properties and facilitated bone function in vivo, 
demonstrating the potential of BEVs in bone regenera-
tion therapy (Fig. 5).

Overexpression of specific genes generates BEVs with 
specific functionalities. Lu et al. used lactobacilli capable 
of overexpressing the vascular endothelial VEGF to cre-
ate a delivery system [183]. This delivery system confines 
the bacteria to the wound site and promotes angiogenesis 

Fig. 5 The engineered Escherichia coli Nissle 1917-pET28a-ClyA-BMP-2-CXCR4, generated through genetic recombination techniques, is capable 
of displaying BMP-2 and CXCR4 on the surface of its produced Bacterial Extracellular Vesicles (BEVs), exhibiting excellent bone-targeting 
and osteogenic properties [137]. Reproduced with permission from Wiley Publications, copyright 2024
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in the surrounding injured tissue [184]. Host–bacterial 
communication reliant on the secretion of BEVs. This 
suggests that the regenerative effects observed in this 
delivery system are likely attributable to the BEVs pro-
duced by lactobacilli. This review enumerates bacteria 
that have been discovered to possess regenerative func-
tions. It is conceivable that BEVs with corresponding 
functionalities can be generated through engineered 
modifications of these bacteria. This serves as a refer-
ence for the potential application of engineered BEVs in 
RM and the specific investigation of their mechanisms of 
action (Table 4).

Engineered bacteria improve the yield of BEVs
Differential gene expression affects the BEVs yield. For 
instance, a comparative study between two strains of 
P. aeruginosa, PA01 and PA14, under identical growth 
conditions reported a significantly higher production 
of BEVs by PA14 than by PA01 [74]. The yield of BEVs 
can be increased through overexpression or silencing of 
respective genes. Specific mutations associated with the 
attenuation of OM-PG connections have been identified 
to improve the yield of BEVs. These mutations include 
those in the OmpA, rmpM, and LPP genes [209–211].

Building upon this foundation and incorporating the 
optimization of culture conditions further enhances the 
production yield of BEVs. This advancement has the 
potential to address the challenges of clinical translation 
posed by an insufficient EVs yield. Shi et  al. cultured E. 
coli in the presence of magnetic iron oxide nanoparticles 
(MNPs), resulting in the formation of BEVs containing 
MNP [134]. The BEVs yield obtained by magnetic har-
vesting was 60 times higher than that obtained by ultra-
centrifugation. In addition to the enhanced yield, the 
BEVs obtained using this method can also leverage mag-
netic targeting to specific sites (Fig. 6).

Although engineered bacteria yield reusable parental 
strains, significantly enhancing production efficiency, rig-
orous testing of various properties of the final product is 
essential. This ensures that their physicochemical prop-
erties and biological safety, among other aspects, remain 
unchanged during large-scale production processes.

Engineering of isolated BEVs for applications in RM
In addition to engineering the parental bacterial 
strains, engineering modifications can also be applied 
to isolated BEVs. This strategy helps circumvent 
potential issues related to environmental changes 

Table 4 Selected bacteria with regenerative function

Functions Bacteria Related cells or targets Vitro or vivo Refs.

Skin regeneration Staphylococcus aureus Keratinocytes, IL-1R-MyD88 signaling Vitro and vivo [185]

Wound healing Lactobacillus delbrueckii Fibroblast cells, TGF-β1, FAK Vitro [186]

Staphylococcus epidermidis CD8+ T cells, TH17, CXCL 10, IFN Vitro and vivo [187]

Lactobacillus plantarum Phagocyctes, AHLs Vitro and vivo [188]

Pseudomonas mendocina Fibroblasts cells, endothelial cells Vitro and vivo [189]

Bone regeneration Bifidobacterium longum IL-10, OclnOCLN gene, VEGFa Vivo [190]

Lactococcus lactis Mesenchymal stem cells, BMP-2 Vitro [191]

Propionibacterium acnes Mesenchymal stem cells, TLR2 Vitro and vivo [192]

Lactobacillus casei IL-6, IL-10, NF-κB, TNF-α Vivo [193]

Cartilage regeneration Bifidobacterium adolescentis Callus osteoclasts, IL-16, IL-6 Vivo [194]

Follicle regeneration Staphylococcus aureus Keratinocytes, HIF-1α, IL-1β Vitro and vivo [195]

Lactobacillus casei Macrophages, TNF-α, IL-6 Vitro and vivo [196]

Nerve regeneration Mycobacterium leprae Schwann cells, Twist-1, Sox 2, Msx2 Vitro and vivo [197]

Intestinal regeneration Early-life microbiota Intestinal stem cell, Erdr1, Wnt signaling Vitro and vivo [198]

Lactobacillus reuteri Intestinal epithelia, R-spondins Vitro and vivo [199]

Stem cell proliferation Lactobacillus rhamnosus Intestinal stem cells, IL-17, NF-κ B Vitro and vivo [200]

Remyelination Bifidobacterium breve HO-1, Nrf-2, Olig2 Vivo [201]

Liver regeneration Mycobacterium leprae Wnt/β-catenin signaling, FOXA1/2, HGF Vivo [202]

Angiogenesis Synechococcus elongatus Keratinocytes and fibroblasts, IL-6 Vitro and vivo [203]

Akkermansia muciniphila Type H vessels, M-CSF, CSF1 Vivo [204]

Cardiac repair Lactobacillus probiotic Myeloid cells, SCFA Vivo [205]

Re-epithelialization Streptococcus thermophilus Human immortal keratinocyte line, NOS2 Vitro [206]

Stem cell mobilization Bacillus coagulans Immune cells, G-CSF, IL-1β Vitro [207]

Stem cell migration Lactobacillus acidophilus Mesenchymal stem cells, VCAM-1, VEGF Vitro [208]
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during bacterial cultivation [212]. Furthermore, it rep-
resents a more direct and stable approach to obtaining 
functionalized BEVs. Current strategies for modifying 
BEVs are still in the exploratory phase, whereas modi-
fications of mammalian EVs (MEVs) have reached a 
relatively mature stage. Considering the similar mem-
brane structures of BEVs and MEVs, this review intro-
duces the engineering methods that have been applied 
to MEVs and BEVs.

Incubation
Drug loading into BEVs can be achieved through incuba-
tion, which represents a relatively convenient engineer-
ing strategy. This method is typically employed to load 
small hydrophobic molecules with a positive charge, as 
these molecules can traverse the lipophilic membrane 
[213]. Under special circumstances, the stability of the 
membrane can be altered by modifying the incuba-
tion environment strategy, thereby allowing the entry of 

Fig. 6 A method for enhancing the yield and purity of bacterial extracellular vesicles (BEVs) through co-cultivation of E. coli with magnetic iron 
oxide nanoparticles (MNPs) and utilizing magnetic force for harvesting [134]. Reproduced with permission from Wiley Publications, copyright 2022
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other biomolecules into BEVs [214]. In a previous study, 
the photosensitizer Ce6 and the chemotherapeutic drug 
doxorubicin were encapsulated within BEVs [215]. Sub-
sequently, a direct incubation approach was employed 
to load them into macrophages for laser-triggered 
release, combining phototherapy, chemotherapy, and 
immunotherapy.

Similarly, Yao et al. introduced plasmid-liposome com-
plexes into a solution containing EVs and incubated them 
at 37  °C for 12  h, yielding engineered EVs [216]. These 
engineered EVs were successfully utilized for delivery 
into MSCs using the CRISPR-Cas9 system, offering a 
potential avenue for in vivo gene editing procedures. Co-
incubating liposomes loaded with target molecules and 
EVs to generate engineered EVs represents a novel load-
ing strategy for drugs that face challenges in penetrating 
the EV membrane. By leveraging the biological charac-
teristics of liposomes and lipophilic membranes of EVs, 
this approach offers an improved means of achieving 
drug loading.

Saponification
Saponins induce the formation of small pores on the 
lipid membrane surface [217], in a process referred to 
as saponification. Saponification can assist in loading 
cargo into EVs, thereby enhancing the loading efficiency. 
Importantly, this process does not alter the size and zeta 
potential of EVs, thereby facilitating the preservation 
of their inherent biological characteristics [218, 219]. 
However, it is essential to note that the use of saponins 
for assisted engineering modification of EVs should be 
approached with caution because of their inherent tox-
icity [220]. Following this manipulation, it is advisable 
to eliminate any residual impurities from the solution to 
ensure the safety of the final product.

Physical methods
Physical methods for engineering EVs include electropo-
ration, ultrasound, extrusion, freeze–thaw, and other 
techniques. These methods disrupt the integrity of the 
membrane and facilitate the entry of cargo into the EVs.

Electroporation is primarily employed for loading 
hydrophilic molecules such as DNA and RNA. The load-
ing efficiency of this method depends on the sizes of both 
the cargo and EVs [221]. Larger EVs often have the capa-
bility to encapsulate a greater amount of linear and plas-
mid DNA. Electroporation inserts nanoparticles of any 
size below 10 nm into P. aeruginosa-derived BEVs [136]. 
This finding serves as a reference for efficient drug load-
ing. Importantly, this method does not compromise the 
biological properties of BEVs [222], thereby facilitating 
the preservation of membrane activity.

Extrusion primarily utilizes fluid pressure to disrupt 
membrane integrity, allowing drugs to enter during vesi-
cle formation. This method yields a higher production 
rate of engineered BEVs. However, challenges such as 
size heterogeneity exist, and the process may potentially 
have negative effects on the membrane structure [223]. 
Currently, research has shown that there are differences 
in the composition and subsequent biological effects 
between BEVs produced by extrusion and those natu-
rally secreted by bacteria [224]. Therefore, further assess-
ment of their safety effects should be conducted after 
production.

Ultrasound has been employed for the engineering 
modification of BEVs. Park et  al. conducted high-pH 
solution treatment of BEVs from E. coli, which led to 
the separation of membrane fragments from cellular 
components [38]. Subsequent ultrasound treatment of 
the membrane fragments resulted in the formation of 
spherical synthetic cell-derived vesicles. BEVs produced 
through this method exhibit similar morphology and size 
to natural BEVs, demonstrating lower cytotoxicity and 
the ability to induce appropriate immune responses.

The combined application of physical methods and 
other engineering approaches can further enhance the 
drug loading efficiency. Haney et  al. employed ultra-
sound, extrusion, and freeze–thaw techniques separately 
to incubate EVs [225]. The results demonstrate that the 
combined use of these techniques with incubation effec-
tively increased the cargo-loading efficiency of EVs. 
Notably, engineered EVs treated with ultrasound and 
extrusion exhibit the highest levels of activity.

Chemical methods
In addition to the methods mentioned above, engineering 
modifications of the BEVs outer membrane proteins can 
be achieved through two categories of chemical methods: 
covalent and non-covalent modifications.

Commonly employed strategies for covalent modifica-
tion include click chemistry, aldehyde-amine condensa-
tion, and amidation. Click chemistry involves conjugating 
targeting ligands, such as antibodies and peptides, to the 
membrane surface of EVs to enhance their ability to tar-
get specific cells [226]. This method offers advantages 
such as rapid reaction time, mild reaction conditions, 
and high specificity. Importantly, during the modification 
process, the stability of the EVs size is maintained. How-
ever, excessive modification of EV surfaces may inhibit 
the functionality of EV proteins. Therefore, during pro-
cessing, consideration should be given to whether the 
activity of the target functional proteins is altered [227]. 
Aldehyde-amine condensation and amidation enable the 
conjugation of EVs with aptamers. Aptamers, short oligo-
nucleotides or peptides with high specificity and affinity, 
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can be attached to EVs using these reactions [228]. Upon 
binding with aptamers, EVs exhibit excellent targeting 
capabilities, making them suitable for precise diagnos-
tics or personalized therapy. However, natural BEVs lack 
specific biomarkers, which hinders smooth conjugation 
reactions. This requires further foundational research to 
uncover additional potential binding sites on BEVs sur-
faces. In addition, whether covalent modification affects 
other sites on BEVs surfaces requires further elucidation, 
as this has implications for the safety, efficacy, and bio-
compatibility of the product.

Non-covalent modifications primarily involve altering 
the receptors or proteins on the surface of EVs through 
electrostatic interactions, receptor-ligand binding, or 
other methods. Multivalent electrostatic interactions 
exploit the characteristic negative zeta potential of EV 
surfaces, allowing the binding of highly charged cations 
to the negatively charged EV surface [229]. Zhan et  al. 
developed a multifunctional delivery system by coupling 
magnetic molecules and the endosome-disruptive pep-
tide L17 E to the membrane of EVs through ligand-recep-
tor coupling and electrostatic interactions [230]. This 
system exhibits enhanced tumor-targeting characteristics 

and improved endosomal escape capability, demonstrat-
ing significant inhibition of tumor growth.

The removal of residual materials after engineering 
modification is also a critical issue [231]. This requires 
the further separation and purification of BEVs. Sub-
sequent characterization of engineered BEVs was per-
formed using TEM and WB. These methods detect the 
expression of target proteins to ensure that membrane 
integrity and activity are maintained.

Clinical prospects of engineered BEVs in RM
Although the specific applications of BEVs in RM are 
currently limited, they have substantial potential. This 
review aims to analyze how future applications of BEVs 
may be applied in RM.(Fig. 7).

Antibacterial properties of BEVs
Bacterial infection adversely affects the regenerative 
process in the tissue repair environment of implant-
able biomaterials, and in severe cases, may even pose a 
threat to life [232]. There is an urgent need for a novel 
antibacterial strategy to address the widespread issue 
of antibiotic misuse and resistance. BEVs of certain 

Fig. 7 Clinical prospects of engineered Bacterial Extracellular Vesicles (BEVs) in regenerative medicine. a BEVs possess the ability to traverse 
the blood–brain barrier, serving as effective carriers to transport drugs. b BEVs exhibit anti-inflammatory properties and can ameliorate the local 
inflammatory microenvironment. c BEVs have the capability to directly promote tissue regeneration. d BEVs possess antibacterial properties, 
capable of inhibiting bacterial adhesion and proliferation during tissue regeneration processes. (created with biorender.com)
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bacteria can prevent the formation of bacterial biofilms 
by inhibiting bacterial adhesion [65]. This is crucial for 
applications in implant materials and organ transplan-
tation. The formation of biofilms exacerbates bacterial 
infections, potentially leading to bacteremia [233]. This 
is detrimental to the survival of transplanted organs 
and ultimately results in the failure of organ transplan-
tation surgeries.

More importantly, BEVs have been demonstrated to 
be applicable for targeted antibacterial therapy. Yuan 
et  al. obtained an msbB mutant E. coli strain through 
genetic editing and fused the ClyA encoding region 
with a targeting antibody fragment to produce BEVs 
capable of targeting A. baumannii. Furthermore [139], 
by subsequently coating the engineered BEVs onto the 
surface of ZnBq/Ce6@ZIF-8, a novel nanomedicine 
was developed, demonstrating excellent targeting and 
antibacterial performance in both in  vitro and in  vivo 
experiments (Fig. 8). In summary, the strategy of using 
engineered BEVs for specific targeted antibacterial 
activity holds great potential for enhancing the efficacy 
of various antimicrobial agents.

Anti‑inflammatory properties of BEVs
Wound healing typically involves four steps: hemosta-
sis, inflammation, proliferation, and remodeling. These 
processes must occur within the appropriate sequence 
and timeframe. Prolonged inflammation hinders wound 
healing [234]. BEVs produced by certain probiotic bac-
teria in the intestinal tract can alleviate inflammation. 
The anti-inflammatory properties of BEVs may facilitate 
wound healing. BEVs produced by Akkermansia mucin-
iphila can improve colitis symptoms by modulating the 
immune environment in intestinal tissues and regulat-
ing the production of the proinflammatory cytokine 
IL-6 [235]. Similarly, Hao et  al. discovered that BEVs 
produced by Synechococcus elongatus PCC 7942 may 
induce vascularization and wound healing by promoting 
the expression of IL-6 [203]. Importantly, BEVs formula-
tions exhibit enhanced activity compared with bacterial 
cultures, demonstrating a superior capability to facilitate 
wound healing.

After appropriate engineering modifications, the 
BEVs of these bacteria may be better utilized in RM. For 
instance, Li et  al. successfully utilized BEVs secreted by 
EcN to encapsulate manganese dioxide nanozymes. 

Fig. 8 By employing genetic editing techniques, bacterial extracellular vesicles were obtained with targeting functionality towards A. baumannii, 
and further combination with metal–organic frameworks materials exhibited excellent in vivo targeting and bactericidal properties [139]. Copyright 
© 2024, The American Association for the Advancement of Science
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These engineered BEVs adhere to inflamed epithelia 
[133], eliminate excessive reactive oxygen species in the 
intestinal tract, reshape the intestinal microenvironment, 
and demonstrate superior therapeutic effects compared 
with commercial inflammatory bowel disease drugs. 
Therefore, it can serve as an effective platform for treat-
ing these diseases.

Regenerative properties of BEVs
Direct utilization of the innate properties of BEVs to 
promote tissue repair and regeneration is a relatively 
convenient approach. The natural bone-targeting charac-
teristics and osteogenic properties of certain BEVs have 
garnered attention. The BEVs produced by Proteus mira-
bilis significantly affect apoptotic signaling pathways and 
mitochondrial function, exerting a bone-protective role 
through the inhibition of osteoclastogenesis and bone 
resorption [236]. The intestinal-bone axis effect mediated 
by gut microbiota BEVs offers possibilities for the utili-
zation of intestinal strains, especially probiotics, in bone 
regeneration therapy. Liu et  al. used engineered BEVs 
derived from EcN for siRNA delivery [128]. These BEVs 
demonstrated robust bone-targeting capabilities and pro-
mote the osteogenic differentiation of bone marrow mes-
enchymal stem cells, ultimately reversing osteoporosis. 
These therapeutic approach, based on engineered bacte-
ria or BEVs, offers novel strategies for RM.

BEVs properties related to traversing the blood–brain barrier
The presence of the blood–brain barrier hinders the entry 
of most drugs into the brain, posing significant challenges 
for the treatment of many neurological disorders [237]. 
Interestingly, certain BEVs possess the ability to traverse 
the blood–brain barrier [130], serving as effective carri-
ers to transport drugs across the barrier and achieving 
breakthrough advancements in regenerative therapy for 
neurological disorders. Recently, Pan et al. encapsulated 
pioglitazone (PGZ) in BEVs to form engineered BEVs@
PGZ nanocarriers [135]. These particles inherit the bio-
logical characteristics of BEVs, demonstrating their abil-
ity to traverse the blood–brain barrier, be engulfed by 
neutrophils, and suppress ferroptosis while inhibiting 
nucleotide oligomerization domain-like receptor protein 
3 inflammasome activation. The effective mitigation of 
reperfusion injury ultimately plays a neuroprotective role 
and promotes neural repair.

Challenges and prospects
Issues in the regulatory framework
Owing to the advantages of BEVs in drug loading, pro-
duction efficiency, and cell-free therapy, there is promis-
ing potential for their application in RM. However, before 
widespread application, numerous challenges must be 

overcome. Standardization of production and isolation 
methods is a critical issue that needs to be addressed for 
the clinical application of BEVs. It is necessary to stand-
ardize the manufacturing processes of BEVs to ensure 
that laboratories obtain relatively consistent test results. 
This standardization is advantageous for subsequent 
drug production and development. The standardization 
of BEVs isolation, characterization, and dosing is impera-
tive. As mentioned earlier, variations in isolation meth-
ods, operational standards, and even instrument software 
can result in inconsistent detection outcomes for the final 
product, hindering reproducibility.

Despite the existence of various separation methods for 
BEVs, most of them involve centrifugation and ultrafil-
tration, which require significant amounts of time. Con-
versely, commercially available assay kits, although more 
convenient, present challenges such as high cost and 
low purity. Further research on the foundational mecha-
nisms of BEVs formation is required to develop more effi-
cient separation and extraction protocols. Standardized 
parameters and guidelines of BEVs can serve as funda-
mental references for diverse laboratories. For example, 
the Minimal Information for Studies of Extracellular 
Vesicles was published by the International Society for 
Extracellular Vesicles [238]. This can reduce variations 
in detection outcomes arising from different methodolo-
gies. Furthermore, the establishment of optimal admin-
istration routes tailored to specific therapeutic goals to 
achieve rational biodistribution remains to be addressed. 
This necessitates the consideration of the metabolic 
aspects of BEVs and the efficiency of BEVs absorption by 
target cells.

Toxicity concerns associated with natural BEVs
The inherent toxicity and immunogenicity of natural 
BEVs constitute the primary challenges in the devel-
opment of BEVs-based drug delivery systems. Despite 
the enhanced safety of the delivery system facilitated 
by BEVs produced from attenuated and low-toxicity 
bacterial strains, the potential side effects remain a 
significant concern. Nevertheless, a substantial num-
ber of disease treatments based on BEVs have yielded 
significant efficacy. This also attests to the fact that the 
intravenous or oral administration of a certain dose of 
BEVs does not elicit conspicuous toxicity. It is notewor-
thy that BEVs at appropriate concentrations not only do 
not induce cytotoxic responses but also exert beneficial 
immunostimulatory effects. Significant progress has 
been made in bone-regeneration therapies using BEVs. 
At present, strategies to mitigate the toxicity of BEVs 
include the manipulation of parent strains through sys-
tems based on CRISPR-Cas9 or λ-red recombination 
engineering. Alternatively, direct treatment of BEVs 
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with high lysozyme and high pH or encapsulation with 
pH-sensitive calcium phosphate attenuates the toxicity 
of BEVs [239].

Another issue lies in the current focus on BEVs derived 
from gram negative bacteria, with relatively limited 
exploration of BEVs from gram positive bacteria. This 
disparity may be partly attributed to the thicker and sin-
gle-layered cell wall structure of gram positive bacteria, 
which may impede BEVs production and result in com-
paratively lower yields. However, gram positive bacteria-
derived BEVs lacking lipopolysaccharides significantly 
reduce the likelihood of safety concerns. Furthermore, 
the BEVs generated during biofilm growth may represent 
a potential avenue for acquiring low-toxicity BEVs. BEVs 
produced by bacteria within biofilms, in comparison to 
planktonic bacteria, lack cytoplasmic proteins and toxic 
factors. Moreover, biofilm-derived BEVs are approxi-
mately half the size of planktonic BEVs (with diameters of 
45 and 86 nm, respectively) [240, 241]. These distinctive 
characteristics of biofilm-derived BEVs may present addi-
tional potential applications in RM. Implementing the 
aforementioned strategies to further attenuate the toxic-
ity of BEVs will significantly enhance their applicability in 
RM.
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