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Abstract

Extracellular vesicle (EV)-mediated communication between proximal and distant cells is a highly 

conserved characteristic in all of the life domains, including bacteria. These vesicles that contain a 

variety of biomolecules, such as proteins, lipids, nucleic acid, and small-molecule metabolites play a  

key role in the biology of bacteria. They are one of the key underlying mechanisms behind harmful or 

beneficial effects of many pathogenic, symbiont, and probiotic bacteria. These nanoscale EVs mediate 

extensive crosstalk with mammalian cells  and deliver their  cargos to the host.  They are stable in  

physiological  condition,  can encapsulate diverse biomolecules and nanoparticles,  and their  surface  

could  be  engineered  with  available  technologies.  Based  on  favorable  characteristics  of  bacterial  

vesicles,  they  can  be  harnessed  for  designing  a  diverse  range  of  therapeutics  and  diagnosis  for  

treatment of disorders including tumors and resistant infections. However, technical limitations for 

their production, purification, and characterization must be addressed in future studies.
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Abbreviations

Acinetobacter.baumannii (A.  baumannii),  Akkermansia  muciniphila  (A.  muciniphila),  Alzheimer’s 

disease (AD), Arginine-Glycine-Aspartate (RGD), Bacterial extracellular vesicles (BEV), Bacteroides 

fragilis  (B.  fragilis),  Bacteroides  thetaiotamicron  (B.  thetaiotamicron),  Bacteroides  vulgatus  (B. 

vulgatus), Cluster of differentiation (CD), Cytolysin A (Cly A), Cytotoxic necrotizing factor (CNF),  

Deoxyribonucleicacid (DNA), Drug delivery systems (DDSs), Enzyme linked immunosorbent assay 

(ELISA),  Escherichia coli (E. coli), Extracellular vesicles (EVs), Green fluorescent protein (GFP), 

Helper T cell 1/2 (Th1/2), Human epidermal growth factor 2 (HER2), Inducible nitric oxide synthase 

(iNOS),  Interferon  (IFN),  Interleukin  (IL),  Keratinocyte  growth  factor-2  (KGF-2),  Klebsiella 

pneumonia (K. pneumonia), Lactobacillus acidophilus (L. acidophilus), Lactobacillus casei (L. casei), 

Lactobacillus  crispatus (L.  crispatus),  Lactobacillus  paracasei (L.  paracasei), Lactobacillus 

plantarum (L. plantarum), Lactobacillus reuteri (L. reuteri), Lactobacillus rhamnosus (L. rhamnosus), 

Lactobacillus  sakei  (L.  sakei),  Lipopolysaccharide  (LPS),  Membrane  vesicle  (MV),  Messenger 

ribonucleic acid (mRNA), Multispectral optoacoustic tomography (MOST), Nanoparticle (NP), NF-

κB (nuclear factor kappa-light-chain-enhancer of activated B cells), Outer membrane vesicle (OMV), 

Photothermal  therapy  (PTT),  Pseudomonas  aeruginosa (P.  aeruginosa),  Ribonucleic  acid  (RNA), 

Salmonella enterica (S. enterica), small Ribonucleic acid (sRNA), Staphylococcus aureus (S. aureus), 

Toll-like receptors (TLR ), Tumor necrosis factor alpha (TNF-α).
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Introduction

Nature has been a great source of inspiration for pharmaceutical scientists to design drug delivery 

systems  (DDS)  with  favorable  characteristics,  including  targeted  drug  delivery,  controlled  drug 

release,  and  stimuli-responsiveness  in  different  environments,  while  maintaining  maximum 

biocompatibility [1–3]. The domain of prokaryotes with fascinating diversity in species and habitats,  

have encouraged designing multifarious naturally inspired tools for biomedical applications. Recent  

advances in both nanotechnology and biotechnology have empowered developing bacteria-inspired 

DDSs to harness or mimic bacteria’s unique properties such as self-propulsion, ability of sensing the 

environment  and  responding  to  the  signals,  and  extensive  cross  talk  with  both  prokaryotic  and 

eukaryotic  cells.  In  this  regard,  versatile  platforms  have  been  developed  exploiting  pristine  and 

engineered alive bacterial cells, bacterial minicells, bacterial ghosts, bacterial organelles, and bacterial  

extracellular vesicles (BEVs), which the latter is the focus of this review [2,4–6].

Extracellular vesicles (EVs) are spontaneously formed membrane vesicles produced by different cells, 

both  in  prokaryotic  and  eukaryotic  domains  of  life  as  mediators  of  intercellular  communication.  

Considering the EVs role in physiology and pathology of various diseases, they have received a great 

deal of attention as potential therapeutic targets [7–10]. Besides, pronounced strides have been made 

for harnessing the EVs’ capability of delivering functional biomolecules for drug delivery purposes  

[11,12]. 

 Recent studies show that BEVs play an essential role in physiology and pathogenesis of prokaryotic  

cells  by  serving  as  detoxifying  mechanism,  vehicle  for  horizontal  gene  transfer,  transporter  of  

virulence factors, and cell-cell communication messenger. BEVs are key players in bacterial defense  

system against bacteriophages, other microbes, and host’s immune system, as well as environmental 

stressors.  Besides,  studies show that  BEVs are crucial  for formation and maintenance of bacterial  

communities [13–16]. However, studying BEVs is still in the infancy and great efforts is required to  

fully unravel basic phenomena such as BEV’s biogenesis and substance-packaging [15,17]. It is now 

clear that both Gram-negative and Gram-positive bacteria and even archaea produce several types of  

these BEVs with distinguishable composition and contents, through distinct biogenesis mechanisms. 

In  Gram-negative  bacteria,  BEVs  are  majorly  originated  from  the  outer  membrane  and  their 

components have roots in the periplasm between the inner and outer membrane of the bacteria. These 

so-called outer membrane vesicles (OMVs) are typically spherical and have diameter of 10-300 nm. 

Furthermore,  very  recent  studies  have  revealed  that  another  type  of  vesicles,  called  outer-inner  

membrane vesicles, are distinguishable among vesicles of several Gram-negative pathogenic and non-

pathogenic  bacteria,  which  carry  cytoplasmic  materials  (e.g. DNA  and  adenosine  tri-phosphate 

(ATP)). Despite OMVs of Gram-negative bacteria, BEVs from Gram-positive bacteria, addressed as 

membrane  vesicles  (MVs)  are  derived  from the  cytoplasmic  membrane,  contain  substances  from 

cytosol, and have a diameter of 20-400 nm. Figure 1 illustrates bacterial vesicles derived from Gram-

negative  and  Gram-positive  bacteria  and  their  differences.  It  is  also  considerable  that  archaeal 
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extracellular vesicles more resemble the OMVs of Gram-negative bacteria. However, different strains  

of archaea appear to produce spherical vesicles, with compositions similar or distinct from that of the  

cell membrane, which casts doubt on the origin of these vesicles [15,18–21].

Figure 1. Schematic depiction of the gram-negative and gram-positive membrane and the structure of 

bacterial membrane vesicles derived thereof.  Created with BioRender.com.

BEVs have favorable characteristics that can be harnessed for developing DDSs. BEVs are endowed 

with  the  ability  to  carry,  protect,  and  deliver  a  diverse  array  of  small  molecules  as  well  as  

macromolecules, including signaling molecules, proteins, DNA, and RNA, to other microorganisms 

and the host cells. BEVs can bind to host cells with various mechanisms, fuse with the cell membrane, 

and enter the cells via clathrin-mediated, caveolin-mediated, or lipid raft-mediated pathways, or via 

phagocytosis and macropinocytosis  [22,23]. It is noticeable that BEVs from particular bacteria can 

disrupt the mucosal and epithelial barrier integrity and facilitate widespread cargo transfer, which can  

be  advantageous  for  enabling  DDSs  to  pass  biological  barriers  [24].  BEVs  that  show 

immunomodulatory effect on the host’s immune system can potentially be harnessed for drug delivery 

to ameliorate inflammatory conditions  [24–26]. In contrast, because of their multi-antigenic nature, 

several types of BEVs elicit  a strong immune response against the parent bacteria,  involving both 

innate and adaptive immunity mechanisms in the host. During the past years, these BEVs have been  

extensively  investigated  for  developing  vaccines  and  immune  adjuvants  for  viral  and  bacterial 

infections, as well as cancer therapy [17,27]. BEVs can also open a new avenue in the human battle 

against multi drug-resistant pathogens. Bacteria that compete in the same niches release BEVs with  

antimicrobial contents that may have therapeutic significance  [28]. Moreover, BEVs from specific 

bacteria show antifungal activity that can be deployed in human mycoses [29]. It is also noteworthy 
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that BEVs from specific strains show a natural tendency for a specific cell type or can be engineered to 

develop such capability,  and hence can be used in  developing nanoscale diagnostics  and targeted  

DDSs  [30].  Additionally  BEVs  can  be  harnessed  to  provide  biomimicry  and  improved 

pharmacodynamics-pharmacokinetics  for  other  nanoparticulate  DDSs  by  cloaking  their  surface. 

Another merit of BEVs for developing smart DDSs is that, exclusive types of BEVs carry degradative 

enzymes  for  nutrient  acquisition  and  thereby,  can  be  candidate  platforms  for  designing 

nanobioreactors,  providing desired cascade reactions  for  triggered  in  situ production  and targeted 

release  of  therapeutic  molecules  [14,31–33].  This  review seeks  to  shed  light  on  the  potential  of 

bacterial vesicles of various species for designing multifunctional smart nanoparticles (NPs) as DDSs. 

1. Pathogenic bacteria

BEVs are one of the major mechanisms underlying the pathogenesis of harmful bacteria. Based on the 

parent  bacteria,  these  BEVs  may  affect  a  variety  of  mammalian  cells  including  epithelial  cells,  

endothelial  cells,  immune  cells,  platelets,  fibroblasts,  osteoblasts,  and  synovial  cells.  Pathogenic 

bacteria use the BEVs as conduit for transferring virulence factors, including enzymes, DNA, and 

small RNAs to their host cells, leading to cell damage and inflammatory responses. Besides, BEVs are  

produced as decoys to neutralize the host’s immune system reactions against the invading bacteria  

[34,35]. Table 1 presents several known biological effects and pathogen-host interactions associated 

with the BEVs from several species of pathogenic bacteria. 

Table 1. Biological effects of MVs derived from several pathogenic bacteria on host cells.

Bacteria Target cell in 
host

Marked  EV 
components 

MV-host cell interaction and the result Ref.

E. coli Intestinal 
epithelial cells

Heat-labile 
enterotoxin LT

Binding  to  the  cell  ,   being  internalized, 
localized in a non-acidified compartment

[36]

E. coli Enterocyte- 
like cells 

virulence 
proteins,  heat 
labile  endotoxin 
LT,  and 
enterotoxins 

Internalized,  localized  in  the  perinuclear 
region,  Oxidative  stress,  DNA  damage, 
abnormal  cell  morphology,  induction  of 
aneuploidy

[37,38]

E. coli HeLa cells Cly A Forming pore in host’s cell membrane [39]

E. coli Endothelial 
cells 

LPS Inducing  NF-κB pathway,  Up-regulation  of 
adhesion molecules and cytokines

[40]

E. coli Intestinal 
epithelial 
cells, 
enterocyte- 
like cells
Lung 
endothelial 
cells

Flagellin, 
cytolethal 
distending  toxin 
V, LPS

Inducing  signaling  via  TLR-4,  TLR-5,  and 
NF-κB  pathways,  producing  IL-8  as  a 
neutrophil  chemo-attractant,  migration  of 
neutrophils 

[41,42]

E. coli human brain 
micro-
vascular 
endothelial 
cells, 
enterocyte-

Hemolysin Endocytosed,  localized  in  endolysosomal 
compartment,  liberated  the  toxin,  toxin 
escape  from  endolysosome,  targeting  the 
mytochondria, inducing apoptotic cell death

[43]
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like cells
E. coli Red  blood 

cells,  HeLa 
cells

α-hemolysin Possible  merging  of  OMVs with  the  cells, 
cell injury

[44]

E. coli Cardio-
myocytes 

LPS Binding to the cell ,  being internalized [45]

E. coli Polymorpho-
nuclear 
leukocytes

CNF1 Possible  merging  of  OMVs with  the  cells, 
impaired phagocytosis and chemotaxis

[46]

E. coli HeLa cells
Human 
uroepithelial 
cells

CNF1 Inducing apoptosis in uroepithelial cells [47,48]

S.  enterica 
serovars 
Typhi  and 
Paratyphi A 

Blood cells ClyA Pore forming leading to cytolysis [39,49]

S. enterica 
serovar 
Typhimurium 

Murine 
macrophage-
like cells

PagK-homologus 
proteins,  LPS, 
lysosome-
associated 
membrane 
protein 1 

Possible  convergence  of  OMVs  and 
intracellular compartments of the host cells. 
Possible role in hijacking exocytosis system 
of  the  host  cells  for  spreading  virulence 
factors

[50]

S. enterica 
serovar 
Typhimurium 

Epithelial 
cells

Cytolethal-
distending toxins 

Production of OMV-like vesicles by infected 
cells. 
OMVs entrance to bystander cells via active 
endocytosis.
Retrograde transport of the toxin through the 
Golgi complex leading to DNA damage

[51]

Shigella spp. Mouse 
peritoneal 
macrophages
CD4+ T cells

- Increase  in  both  proinflamatory  and  anti-
inflamatory cytokines
Upregulation  of  iNOS  mRNA  synthesis  in 
macrophages
Modulation  of  Th1/  Th2  balance  in  the 
systemic circulation

[52]

K. 
pneumonia

Human 
epithelial cells 

- Production  of  IL-1β  and  IL-8  can  lead  to 
local  inflammation  and  recruitment  of 
neutrophils and monocytes

[53]

K. 
pneumonia

Human 
epithelial cells 
and mast cells

- Production of IL-8, IL-1β, IL-24, and other 
substances with immunomodulatory effects

[54]

K. 
pneumonia

Lung 
epithelial cells

LPS,  Outer 
membrane 
protein A

Increase in production of IL-8, IL-6, IL-1β, 
TNF-α

[55]

P. 
aeruginosa

Lung 
epithelial cells

P. aeruginosa 
aminopeptidase

Internalization of OMVs and localization in 
endoplasmic reticulum

[56]

P. 
aeruginosa

Bronchial 
epithelial cells

sRNA Interaction of bacterial sRNA with host cell 
mRNA,  suppressing  IL-8  production  and 
neutrophil infiltration

[57]

P. 
aeruginosa

Lung 
epithelial cells

DNA Carrying bacterial  DNA into the nucleus of 
eukaryotic cells

[58]

A. baumannii Lung 
epithelium, 
macrophages

Outer  membrane 
protein A, tissue-
degrading 

Induction of apoptosis in host cell, Increased 
production  of  inflammatory  cytokines 
including IL-8, IL-6, IL-1β

[59,60]
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enzymes
S. aureus Macrophages DNA, RNA IFN-β response in host cells, modulating the 

host immune response against the infection
[61]

S. aureus Keratinocytes, 
skin models

S. aureus protein 
A

MV delivers the virulence factor beyond the 
skin barrier and to dermis
Mixed  Th-1/Th-2  immune  response, 
Enhanced  expression  of  chemokine  genes, 
Overall exacerbation of atopic dermatitis

[62]

S. aureus Human 
laryngeal 
epithelial cells

S. aureus protein 
A

Being internalized and inducing apoptosis in 
host cells

[63]

Acinetobacter.baumannii (A.  baumannii),  Cluster  of  differentiation  (CD),  Cytolysin  A  (Cly  A),  Cytotoxic  necrotizing  factor  (CNF),  

Deoxyribonucleicacid (DNA), Escherichia coli (E. coli), Inducible nitric oxide synthase (iNOS), Helper T cell 1/2 (Th1/2), Interferon beta 

(IFN-β), Interleukin (IL),  Klebsiella pneumonia (K. pneumonia), Lipopolysaccharide (LPS), messenger ribonucleic acid (mRNA), NF-κB 

(nuclear factor kappa-light-chain-enhancer of activated B cells),Outer membrane vesicle (OMV), Pseudomonas aeruginosa (P. aeruginosa), 

Ribonucleic acid (RNA),  Salmonella enterica (S. enterica), small Ribonucleic acid (sRNA),  Staphylococcus aureus (S. aureus), Toll-like 

receptors (TLR ), Tumor necrosis factor alpha (TNF-α).

In the  past  decade,  substantial  efforts  have been made to  employ biological  effects  of  BEVs for  

vaccination, diagnosis, and therapy of medical conditions. BEVs derived from pathogenic bacteria that  

specifically evade certain types of cells  can provide targeted delivery platforms  [64–67].  Besides, 

those with immunomodulatory effects can be used in a variety of inflammatory conditions,  while  

vesicles  with immunostimulatory potential  can be therapeutic  options  for  suppressed immunity in 

tumor sites [24]. Moreover,  BEVs of several common pathogens such as Pseudomonas and Shigella 

carry  natural  antibiotics  against  other  pathogens  [68,69].  Connecting  the  dots,  in  the  following 

paragraphs we report drug delivery systems that harness the favorable characteristics of  BEVs from 

pathogenic bacteria. 

1.1. Escherichia coli 

Escherichia  coli (E.  coli)  is  one of  the  most  important  tools  in  biotechnology,  being extensively 

studied and genetically engineered for various purposes, including biosynthesis of therapeutic proteins  

in pharmaceutical industry. This makes  E. coli a prominent candidate for developing and scale-up 

production of advanced therapeutics of the next generation  [70,71]. Similar to other Gram-negative 

bacteria, E. coli also produces OMVs that provide nanomedicine with an appropriate naturally-derived 

nanoscale  platform  that  can  be  engineered  for  medical  purposes;  nevertheless,  there  are  several 

concerns about the safety of E. coli OMVs because of its toxic components such as LPS. To address 

this concern, Kim et al. have utilized an engineered E. coli strain that does not produce the endotoxin 

[72]. The engineered strain had a higher production yield compared to that of the wild-type E. coli. 

Following intravenous administration, OMVs showed strong antitumor effects in a mouse model of 

CT26 colon adenocarcinoma with no significant adverse effects. Notably, treatment with these OMVs 

exerted a long-term memory effect leading to survival of the mice after a second and third tumor  

challenge,  suggesting the important  role  of  interferon (IFN)   in  the  therapeutic  effect  of  E.  coli 

OMVs. Further evaluations revealed that these OMVs also prevent the lung metastasis; nevertheless,  

the  effect  was  more  pronounces  against  primary  tumors.  This  study  has  opened  an  avenue  for 

evaluating the antitumor efficiency of bacterial OMVs, but it needs follow-up regarding long-term 
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biocompatibility  and  efficacy  in  more  complex  in  vivo models.  To  take  advantage  of 

immunostimulatory  effect  of  E.  coli OMVs,  which  enables  reprogramming  tumor-associated 

macrophages to an inflammatory phenotype,  Qing  et al. have also introduced another strategy for 

reducing  systemic  toxicity  of  the  OMVs following  intravenous  injection  [73].  They shielded  the 

OMVs with a pH-sensitive calcium phosphate shell (Figure 2.A), which broke down in the tumor’s  

acidic  environment  and  exerted  a  strong  antitumor  effect  without  inducing  off-target 

immunostimulatory response. To enable active targeting, the shell was further decorated with folic 

acid moieties (Figure 2.A), which led to increased tumor accumulation of the NPs in vivo. Taking a 

step forward, researchers equipped the shell with indocyanine green for combining tumor imaging and 

photothermal  therapy  (PTT)  with  immunotherapy.  It  was  observed  that  the  developed  platform 

dramatically increased maturation of dendritic cells, followed by infiltration of T cells into the tumor  

site, leading to significant tumor regression and increased survival of the subjects. Providing desirable 

biocompatibility and safety, this platform introduces a multifunctional modality with high flexibility to 

be  engineered  via  various  genetic  and  non-genetic  approaches  for  delivering  various  cargos  in  a  

targeted manner.

 Based on the ability of  E. coli for shedding OMVs that transfer virulence factors to the host cells, 

researchers have investigated the potential of E. coli OMVs for packaging heterologous proteins and 

introducing appealing characteristics to the host cells. In a proof-of-concept study, Kesty and Kuehn  

transfected  E.  coli with  plasmids  containing  an  outer  membrane  adhesin/  invasion  of  Yersinia 

enterocolitica, Ail, or another plasmid carrying the gene for green fluorescent protein (GFP), which is  

expressed in the periplasmic compartment. It was further revealed that these two heterologous proteins 

are present on the surface and luminal space of the E. coli OMVs, respectively [36,74]. According to 

the  potential  of  E.  coli OMVs  for  localizing  substances  both  on  the  surface  and  in  the  luminal 

compartment,  Chen  et  al.  have  designed  a  platform  for  biosensing  and  bioimaging  [75].  They 

genetically engineered an  E. coli strain with high yield of OMV production and used a lipoprotein 

(SlyB) in the periplasmic side of the E. coli for anchoring nanoluciferase (Nluc) to the luminal side of 

the OMVs. Simultaneously,  to enable targeting for these bioluminescent NPs, the gene for an ice 

nucleation protein, as an outward-facing anchor was introduced to the parent bacteria via a plasmid. A  

tri-functional  scaffold  for  enabling  additional  decoration  (e.g. GFP  attachment),  followed  by  an 

antibody-capturing Z-domain terminating to an antibody, were anchored to OMV’s surface via the ice 

nucleation  protein.  The  OMVs  could  successfully  detect  thrombin  and  a  cancer-specific  surface 

marker, with acceptable sensitivity for a detection method. The important advantage of this biosensing 

platform is its flexibility for detecting any protein of choice. Besides, it has a facile and cost-effective  

preparation method,  only requiring currently available technologies.  The same developed platform 

was further adapted for detection of IgG and showed significant sensitivity as well as reproducibility, 

comparable to the commercially available enzyme linked immunosorbent assay (ELISA) kit, with a 

relatively lower cost  [76]. In the next step, the researchers investigated biocompatibility and in vivo 
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efficiency of this platform as a bioluminescent agent for non-invasive optical imaging. Leaving no 

cytotoxicity and organ damage in vitro and in vivo, besides producing strong signal in vivo makes the 

developed multifunctional nanoplatforms a good candidate for bioimaging purposes  [77]. In another 

attempt for developing a diagnostic tool based on E. coli OMVs, a non-endotoxin producing strain was 

engineered to overexpress a tyrosinase enzyme. As a result, melanin was accumulated in the cytosol of  

the bacteria and was packaged within the released OMVs. The melanin-containing OMVs revealed 

promising  results  as  multispectral  optoacoustic  tomography  (MOST)  probes  and a  potential  for 

inducing apoptosis  in  4T1 breast  cancer  cells  via  PTT.  When injected intravenously  to  a  murine 

orthotopic model of breast cancer, the NPs accumulated in the tumor tissue according to the EPR 

effect and induced strong necrosis in the tumor mass of the subjects that received PTT, leaving no 

significant  damage  in  healthy  tissues  [78].  This  study  promises  biocompatible  and  effective 

theranostics  based  on  bacterial  OMVs;  however,  monitoring  long-term  safety  of  these  bacterial  

products, specifically their off-target toxicity must be considered in the first place.

Besides the potential of  E. coli for being engineered to produce multifunctional OMVs, they may 

theoretically be manipulated via non-genetic methods to attain desired characteristics. Gujrati  et al. 

have successfully combined genetic and non-genetic strategies for developing a tumor-targeted small  

interfering RNA (siRNA) delivery system [79]. They genetically engineered a mutant strain of E. coli 

with reduced endotoxicity to express anti-human epidermal growth factor 2 (HER2) affibody on the 

surface of the bacteria. They used a plasmid containing the gene for cytolysin A (ClyA), an outwardly  

facing protein of  the  E.  coli outer  membrane to  provide an anchor  for presentation of  the  HER2 

affibodies.  ClyA had been previously introduced as  a  keystone with enough plasticity  to  support 

presenting a variety of proteins on the OMV surface, while preserving their functionality  [80]. The 

produced OMVs selectively targeted and entered HER2-positive tumor cells.  In the next step,  the 

siRNA that targets kinesin spindle protein, – a protein that is exclusively overexpressed in tumor cells, 

– was loaded into the OMVs through electroporation. Then, the OMVs were intravenously injected to 

a  mouse  model  of  mammary carcinoma.  OMV-packaged siRNA remained intact  in  the  vesicles, 

revealed significant accumulation in the tumor site, and were retained in the tissue for a longer time 

compared to  free  siRNA, ultimately leading to  a  significant  growth inhibition in  the  tumor mass 

without leaving serious toxicity against the normal tissues [79]. This study confirms the potential of 

genetically and non-genetically engineered OMVs as flexible modalities for targeted gene delivery for  

various types of diseases, including cancer [81]. Combining the potential of genetic and non-genetic 

engineering to fabricate multi-modal OMVs, Peng et al. have also introduced an advanced approach 

for  transdermal  drug  delivery  and  melanoma  treatment  [82].  They  transformed  a  plasmid  DNA 

encoding the tumor necrosis factor related apoptosis-inducing ligand (TRAIL) gene to  E. coli and 

isolated the produced TRAIL-containing OMVs. To decrease OMVs toxicity, they were treated with  

lysozyme before further manipulation. Then, OMVs’ surface were modified with a synthetic  v3 

integrin-targeting  ligand  (RGP)  to  enable  active  targeting,  and  indocyanine  green  to  enable 
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photothermal therapy. When applied on the skin at the site of melanoma, OMVs penetrated through 

stratum corneum via the transfollicle route, as well as via intercellular and transcellular pathways and 

actively  targeted  melanoma cells  via  the  RGP ligands.  Upon  laser  irradiation,  indocyanine  green 

produced  singlet  oxygen  that  cleared  the  primary  tumor  spheroids  rapidly.  Furthermore,  laser  

irradiation  also  stimulated  the  release  of  TRAIL  from  OMVs,  which  induced  apoptosis  in 

disseminated tumor masses.  In vivo studies confirmed strong anti-melanoma effect of the designed 

platform, as well as delayed relapse and metastasis in the subjects. Finally yet importantly, because of  

the  detoxification  of  OMVs  and  targeted  nature  of  the  DDS,  no  signs  of  toxicity  was  observed 

following the treatment.  Therefore,  in the following steps,  potential  of  the developed strategy for  

overcoming resistance against TRAIL-based cancer therapy could be studied in larger animal models  

and human. This study suggests not only a promising platform for cancer therapy, but also a versatile 

tool for transdermal drug delivery in order to treat various skin pathologies [82].

The OMVs are not only an interesting platform for carrying versatile therapeutic molecules, but also 

they  are  good  candidates  for  cloaking  NPs.  Gao  and  colleagues  have  reported  wrapping  30-nm 

spherical gold NPs with E. coli  OMVs via extrusion to mimic the pathogen and induce antibacterial 

immunity [83]. As E. coli OMVs reveal a remarkable uptake by intestinal epithelium, Shi et al. have 

harnessed them for improving targeting properties of 5-fluorouracil-loaded mesoporous silica NPs to 

colon  cancer  [84].  To minimize  early  drug-leakage  in  gastric  juice  following oral  administration, 

OMV-wrapped particles were placed into enteric-coated capsules. It was observed that the designed 

DDS concentrated 5-fluoruracil in the colon, while drug-loaded silica NPs that were not cloaked in the  

OMVs  distributed  in  peripheral  organs,  leaving  significant  renal  and  hepatotoxicity.  This  study 

combines  high drug loading of  mesoporous silica  NPs  and natural  tendency of  E.  coli OMVs to 

intestinal  epithelium for  cancer  therapy  [84].  However,  in  further  studies  the  cross  talk  between 

various types of cells in the intestine, including immune cells, and the OMV-wrapped NPs must be 

fully investigated to obtain a clearer image of pharmacodynamics-pharmacokinetics of the developed 

DDS.  Besides,  for  translating  into  clinical  settings,  a  preliminary  step  could  be  comprehensive 

investigations for developing reproducible facile methods for fabricating such complex DDSs in large-

scale.  This  involves standardization of  methods to obtain homogenous products regarding various 

physicochemical parameters, such as composition, size, drug loading into synthetic NPs, NP loading 

into  OMVs,  and predictable  drug  release  pattern,  in  order  to  provide  dose-uniformity  in  clinical  

applications.  In  another  advanced study for  exploiting the crosstalk between bacterial  OMVs and 

immune cells, Li et al. have recently introduced NPs being covered with E. coli OMVs as a promising 

strategy for hitchhiking circulating neutrophils to deliver NPs to the inflammation site, and used this 

method for eradicating remained microtumors following PTT [85]. To this end, cisplatin or fluorescent 

dye-loaded  micelles  composed  of  poly  (ethylene  glycol)-b-  poly  (lactic-co-glycolic  acid)  were 

extruded with E. coli OMVs to fabricate nanopathogenoides. These NPs were injected intravenously 

to  the  breast  cancer-bearing  mice  treated  with  PTT.  Neutrophils  took  up  83.4% of  the  NPs  and 
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recruited in the tumor along the chemotaxis gradient. Following recruitment in the inflammation site, 

neutrophils released the NPs and delivered their cargo to the tumor cells,  leading to strong tumor  

suppression. Figure 2. B illustrates the design and expected mechanisms behind the efficacy of this  

DDs. This promising platform has a remarkable ability to overcome biological barriers,  which are  

important obstacles for conventional DDSs. Despite all  of the mentioned advantages, body weight 

measurement showed a transient weight-loss in mice treated with developed NPs, which was triggered 

by the OMVs; nevertheless, Li et al. have suggested that these toxicity concerns can be addressed by 

using less toxic pathogens and engineered bacterial strains with decreased potential of toxicity. 

Figure 2. Example of advanced strategies for designing DDSs based on BEVs and DDSs’ mechanisms 

of  action.  A)  Schematic  illustration  of  E.  coli  OMVs  are  decorated  with  folic  acid  moieties  for 

improved  tumor  targeting  and  shielded  with  calcium  phosphate  for  minimized  systemic 

immunostimulation [73]. Adapted with permission from Wiley–VCH GmbH. B) Drug or dye-loaded 

Synthetic NPs wrapped in E. coli OMVs hitchhike neutrophils to reach the microtumor foci according 

to  the  chemotaxis  gradient  and  prevent  metastases  following  PTT  [85].  C)  Treating  S.  aureus 

intracellular infection in macrophages is possible using antibiotic-loaded NPs cloaked in  S. aureus 

membrane vesicles [86]. Adapted with permission from American Chemical Society Publications.

Inspired by the nature, scientists have developed a variety of artificial organelles and nanobioreactors  

for in situ production of therapeutics from prodrugs, to maximize their therapeutic efficiency, as well  

as decreasing their systemic adverse effects  [87–89]. Theoretically, bacterial vesicles are endowed 

with characteristics that make them good candidates for this purpose. They provide functional space 

for the reactions both in their surface and in their lumen, which also protects sensitive cargos from  
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degrading enzymes in vivo. Their natural porin molecules, such as outer membrane protein (omp) F in 

E. coli, also allow controlling permeability of these bioreactors for various substances. Besides, they  

could be genetically and non-genetically modified to target specific sites,  and the most important,  

present versatile enzyme cascades for different therapeutic and diagnostic purposes [87,90]. Utilizing 

BEVs as a platform for designing nanobioreactors with therapeutic significance is still in the infancy;  

however,  several  platforms  for  cascade  enzymatic  reactions  based  on  E.  coli OMVs  have  been 

introduced for hydrolysis of cellulose [91], breaking down the warfare organophosphates  [80,92,93] 

and beta lactam antibiotics in the environment  [80]. These studies suggest the potential of  E. coli 

OMVs as  a  platform for  developing  nanobioreactors  in  enzyme  therapy  of  hard-to-treat  diseases 

including cancers [87]. 

As discussed in previous paragraphs, E. coli OMVs are not only capable of exerting pharmacological 

effects, but also they can be engineered via genetic or chemical approaches to display or package a  

variety of modalities, including small and large-molecule therapeutics, enzymes, nucleic acids, and 

even  NPs  for  improved  drug  and  gene  delivery.  Nevertheless,  using  E.  coli OMVs  for  clinical 

applications seems so near and yet so far. Further, addressing issues with safety of these vesicles, their  

interaction  with  different  host  cells  and  even  host  microbiota,  providing  standard  methods  for 

preparing  formulations,  as  well  as  methods  for  analysis  of  formulations  based  on  these  vesicles,  

specifically from an industrial perspective, will facilitate clinical translation of E. coli OMVs.

1.2. Salmonella

Various serotypes of Salmonella are among the most frequent foodborne pathogens. Salmonella exerts 

its pathogenicity through entering, surviving, and replicating in the host cells [94]. Using genetic and 

non-genetic engineering, recent studies have introduced Salmonella OMVs as flexible platforms for 

drug  and  vaccine  delivery  [95].  For  instance,  Jiang  et  al. have  reported  insertion  of  distearoyl 

phophatidylethanolamine-poly(ethylene  glycol)-biotin  (DSPE-PEG-biotin)  or  DSPE-PEG-folic  acid 

moieties in OMVs of  Salmonella typhimurium, which could be a ground for further modification of 

the  vesicles’  surface,  based on the well-adjusted interaction between biotin  and streptavidin  [96]. 

Besides providing a facile platform to be engineered for various purposes,  Salmonella OMVs have 

revealed  great  immunostimulatory  potential  that  has  been  used  for  developing  vaccines  against  

Salmonella itself, other pathogens such as Streptococcus pneumoniae, or against any antigen of choice 

[97–101]. Accordingly, Chen  et al. have harnessed the immunogenicity of  Salmonella typhimurium 

OMVs for cancer immunotherapy [102]. To maximize the effect of immunotherapy, researchers chose 

combination therapy with 5-flurouracil prodrug, tegafur, whose active form not only induces apoptosis 

in  cancer  cells,  but  also  sensitizes  them to  cytotoxic  T cells.  To  this  end,  in  the  first  step  they  

incorporated tegafur in nanomicelles based on the triblock copolymer, Pluronic F127, which allow 

controlled drug release in the lower pH of the tumor site. Next, the tegafur-loaded nanomicelles were 

cloaked  in Salmonella  OMVs,  which  were  previously  modified  with  Arginine-Glycine-Aspartate 

(RGD) ligand for enhanced tumor targeting, and polyethylene glycol for improved circulation time. In 
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vivo biodistribution studies indicated that following intravenous injection, the particles accumulate in  

the  tumor  rapidly  and  efficiently.  Post-injection  investigations  on  cytokines  concentration  and 

leukocytes population implied robust activation of macrophages for stimulating T cells, resulting in a 

striking rise  in  immunostimulatory cytokines  and tumor cell  lysis.  Besides,  tumor challenge after 

receiving  the  developed  DDS  revealed  a  strong  antitumor  memory,  which  postponed  the  tumor 

development until 24 days post injection, while in subjects that received saline, tumor growth was  

significant in day 13, and in those receiving tegafur-loaded micelles or RGD-decorated OMVs, tumor 

occurrence postponed only until day 17 and 21, respectively. In addition to the robust antitumor and  

vaccine-like effect of the developed DDS, in vivo studies also revealed meaningful inhibition of lung 

metastasis of the melanoma cells in the subjects [102]. In a further step, the same research group has 

harnessed the immunostimulatory potential of Salmonella OMVs for designing a hybrid platform both 

for exerting antitumor vaccine-like effects and for cancer PTT. To prepare the nanoparticles, first poly  

(lactic-co-glycolic acid) and indocyanine green as the PTT modality were assembled into nanospheres 

of  ~50  nm.  Then  they  were  encapsulated  within  a  hybrid  shell,  obtained  from  co-extrusion  of  

Salmonella OMVs, acting as immunoadjuvant and cytomembrane vesicles of melanoma cancer cells, 

acting as antigen. In vitro investigations confirmed efficient uptake of the DDS by both the DCs and 

the tumor cells, which are the prerequisites for immunostimulation in the absence of irradiation and 

improved cytotoxicity of PTT in the presence of irradiation respectively. It was also confirmed that the 

developed  DDS  is  endowed  with  the  potency  for  initiating  an  antitumor  response,  including 

maturation  of  DCs,  followed  by  activation  of  T  cells  and  production  of  antitumor-associated 

cytokines, including IL-12 and TNF-, which exerts both prophylactic and therapeutic effects in vivo 

[103]. To ensure safe application of Salmonella OMV-based platforms, various strategies were used in 

previous studies, including using less endotoxigenic mutants of the parent bacteria and PEGylation of  

the vesicles. Nevertheless, there is still a long distance to go for clinical translation of DDSs based on 

Salmonella OMVs for safety concerns, because they also accumulate in sites other than their main 

target, including kidney and liver, and may exert off-target toxicity. Another direction to follow in 

further studies could be focusing on technological advancements for fabricating these complex DDSs, 

because even if the issues regarding safe application are very well addressed, reproducible, facile, and  

inexpensive manufacturing methods are required for bringing OMV-based therapeutics to the patients’ 

bedsides[104–106]. 

1.3. Shigella

Shigella  are  rod-shape,  gram  negative,  and  facultative  anaerobic  pathogens,  which  invade 

macrophages  and  colon  epithelial  cells,  leading  to  mucosal  damage  and  mucoid  bloody diarrhea  

[107,108].  The ability  of  Shigella for  inducing cell  death in  macrophages has  been harnessed for 

eradicating tumor-associated macrophages to induce tumor regression [109]. Shigella circumvents the 

host immune system, hiding and surviving in the intracellular compartment. This characteristic has  

been also employed for gene delivery [110]. However, according to the risks of using live  Shigella, 
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using its  OMVs for  therapeutic  purposes  has  been proposed as  a  safer  strategy.  As a  supporting  

evidence,  Kadurugamuwa  et  al. have reported that  Shigella OMVs can deliver  their  cargo to  the 

cytoplasm  of  mammalian  cells  [111].  In  this  study,  non-membrane  permeating  antimicrobial 

gentamicin was incorporated within the Shigella OMVs to treat the intracellular infection of the same 

bacteria in human intestinal epithelial cells. It was observed that the OMVs released their content in 

the cytoplasm following being phagocytosed, which significantly hindered bacterial multiplication.  

Kadurugamuwa et al. have also reported that Shigella OMVs can integrate into outer membrane of E. 

coli and Salmonella species, which holds promise for developing novel antimicrobials [112]. One of 

the  major  steps for bringing such OMV-based formulations  to patients’  bedsides  is  their  scale-up 

production.  To this  end,  Scorza  et  al.  have  suggested  genetically  engineered  mutants  along with 

specific  fermentation  set  up  for  high  yield  production  of  Shigella OMVs  [113].  Finally  yet 

importantly, short and long-term safety concerns regarding the clinical application of Shigella OMVs 

must be addressed in further studies.

1.4. Klebsiella

The rod-shaped, capsule-forming bacteria of Klebsiella spp. are among the leading causes of hospital-

acquired infections.  The most clinically-relevant species of Klebsiella are Klebsiella pneumoniae (K. 

pneumoniae)  and  Klebsiella  oxytoca,  that  cause  urinary  tract  infections,  pneumonia,  septicemia, 

meningitis,  liver  abscess,  and  soft  tissue  infections.  Klebsiella has  developed highly  virulent  and 

multi-antimicrobial resistant strains that can transmit their antimicrobial resistance plasmids to other 

members of  Enterobacteriaceae, which raises concerns about their associated health burdens  [114–

116].  Moreover,  K.  pneumoniae can  survive  in  the  macrophages  and  neutrophils,  which  make 

treatment of its infection even more difficult  [117,118]. Similar to the other Gram-negative bacteria, 

Klebsiella  produces  OMVs that  may  have  a  role  in  intercellular  communication  and  delivery  of 

virulence factors. Lee  et al. have reported that  K. pneumoniae  OMVs are not cytotoxic to human 

laryngeal epithelial cells as well as human monocytes; however, they can induce the innate immune  

system  and  elicit  a  proinflammatory  response  in  the  human  laryngeal  epithelial  cells  [53].  The 

immunostimulatory  potential  of  Klebsiella OMVs  has  been  recently  employed  for  cancer 

immunotherapy. To this end, doxorubicin was incorporated within OMVs of an attenuated strain of K. 

pneumonia. The designed NPs entered the tumor cells successfully and exerted a vigorous apoptosis 

and  necrosis  in  the  tumor  mass  in  vivo.  This  phenomenon  is  attributed  to  macrophage-mediated 

antitumor immunity induced by Klebsiella OMVs.  In vivo pharmacokinetic studies further revealed 

favorable tumor accumulation of the doxorubicin-encapsulated OMVs, their significant stability in the  

blood stream, and increased plasma half-life of doxorubicin  [119]. This study is another evidence, 

implying the potential of bacterial OMVs for designing multi-functional drug delivery systems with 

favorable pharmacodynamic-pharmacokinetic characteristics for hard-to-treat diseases. However, the 

immunogenicity  of  the  bacterial  OMVs  are  double-edged  swords  and  their  safety  must  be  fully 

addressed before taking them in to clinical application.

15



1.5. Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative opportunistic pathogen associated with a 

variety  of  nosocomial  infections,  including  bacteremia  and infections  of  urinary  tract,  respiratory 

system, gastrointestinal tract, skin, soft tissues, bones and joints, especially in immunocompromised 

patients. Developing various subtle mechanisms for immune evading and antimicrobial resistance, P. 

aeruginosa infections are hard to treat and cause significant mortality [120]. OMVs have a key role in 

biology and pathogenesis of  P. aeruginosa. OMVs help the bacteria to form biofilms and compete 

their prokaryotic rivals in their environment [121]. It is also confirmed that P. aeruginosa OMVs can 

integrate into the membrane of other bacteria [112]. Accordingly, antibacterial effect of P. aeruginosa 

OMVs on other  Gram-negative and Gram-positive  pathogens have been studied  [68,69,122].  It  is 

observed that priming the parent P. aeruginosa with gentamicin leads to the biogenesis of gentamicin-

containing  OMVs  that  induce  even  a  stronger  bactericidal  effect  [68,123,124].  These  studies 

emphasize importance of extensive exploration of bacterial OMVs as a novel class of antibiotics.

1.6. Acinetobacter baumannii

Acinetobacter  baumannii (A.  baumannii)  is  a  Gram-negative  opportunistic  pathogen.  It  tends  to 

colonize the skin as well as respiratory and oropharynx of patients, specifically immunocompromised 

individuals  and  those  requiring  long-term  hospitalization.   Developing  several  mechanisms  of 

antibiotic resistance, there is a rising concern toward treatment of A. baumannii–associated infections 

[125]. One of these mechanisms is encapsulating antibiotics within the OMVs and releasing them in 

the  environment.  Accordingly,  Huang  et  al.  has  suggested  collecting  these  antibiotic-containing 

OMVs and evaluating their antibacterial effects against other species of pathogenic bacteria  [126]. 

They  revealed  that  being  enveloped  within  the  OMVs  improves  stability  and  storability  of  the  

levofloxacin, while decreasing its minimum inhibitory concentration against enterotoxigenic  E. coli 

via  direct  drug  delivery  to  the  pathogenic  bacteria.   Following  oral  administration,  levofloxacin 

presence in intestine was prolonged and decreased the pathogen burden in fecal samples, leaving no 

significant adverse effects in the study’s time-course. This study represents how natural procedures 

can inspire designing drug delivery systems. Besides, this study improves understanding of substance-

packaging into bacterial OMVs, which could be harnessed for large-scale production of OMVs with 

desirable contents for theranostic purposes.

1.7. Staphylococcus aureus

Unlike previously mentioned bacterial  species,  Staphylococcus aureus (S.  aureus)  is  an important 

Gram-positive pathogen. It causes severe bacteremia and lethal infections in soft tissues. The bacteria 

has developed various mechanisms of resistance against many classes of antibiotics and this reveals 

necessity of research for developing antibiotics that are more effective [127].  S. aureus vesicles can 

integrate into bacterial membranes as well as mammalian cells. Putting the biology into application,  

Gao et al. loaded PLGA NPs with rifampin or vancomycin and wrapped the NPs with S. aureus MVs 

to treat the intracellular infection of the same bacteria (Figure 2.C)  [86]. They reported significant 
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accumulation of nanoparticles in the major sites of infection, which are kidney and lung. The MVs 

were significantly taken up by infected cells, resulting in significant reduction of bacterial burden in 

infected  cells.  Both  in  vitro and  in  vivo studies  implied  the  Trojan  horse  effect  of  the  designed 

platform for delivering antibiotics to intracellular pathogens; However in further steps interaction of  

these vesicles with immune system and their overall safety must be considered for preparing optimized 

and more effective antimicrobials. Besides being used as antibiotic carrier, MVs of S. aureus can be 

utilized for  cancer  therapy based on their  cytotoxic  effects.  Kim  et  al.  have reported intravenous 

injection of these vesicles to a mouse model of colon carcinoma, which led to tumor accumulation 

according to the EPR effect and long-term tumor regression  [72]. This study suggest that antitumor 

efficiency of S. aureus MVs is mediated by the surface proteins that stimulate secretion of IFN-γ in 

host; Nevertheless, more experiments must be conducted to determine the specific components behind 

this phenomenon and to optimize designer platforms for minimizing their off-target toxicity.

Summarizing the benefits of using EVs of pathogenic bacteria in drug delivery, we mentioned their  

potential for  carrying and protecting various cargos.  Based on the targets of  their  parent  bacteria,  

BEVs may also have the potential to target certain types of host cells or pathogens, which should be 

studied thoroughly in further steps. Besides, if their natural immunogenicity is optimized, these EVs 

can  be  harnessed  for  cancer  immunotherapy,  as  well  as  for  development  of  vaccines  against  the 

bacteria  itself  or  any  other  antigen  of  choice.  However,  different  levels  of  immunogenicity  and 

targeting might be required for different applications, including designing diagnostics, drug carriers,  

vaccine adjuvants, and even multifunctional platforms. 

2. Commensal and probiotic bacteria

The Human Microbiome Project  has  listed over  2000 species  of  prokaryotes  being isolated from 

human  beings,  most  of  them being  a  member  of  Proteobacteria,  Firmicutes,  Actinobacteria,  and 

Bacteroidetes  phyla  [128].  It  is  estimated  that  500-1000  distinct  species  of  bacteria  reside  in 

gastrointestinal tract, respiratory tract, urogenital system, and on the skin of every individual  [129]. 

During their evolution, commensal bacteria have developed a complicated relationship with their host,  

which  directly  correlates  to  the  health  and  disease  conditions  [130–133].  There  is  accumulating 

evidence that BEVs play an essential role not only in inter-species communication of the microbiome,  

but also in the inter-kingdom cross talk between the bacteria and host cells. They regulate the integrity  

of intestinal barrier and control the inflammatory response of intestinal immune cells against various  

bacterial antigens  [134,135].  BEVs can interact with nearby cells, or even travel via body fluids to 

distant areas  [136]. In this regard, some studies have discussed the relationship between BEVs of  

microbiota and Alzheimer’s disease (AD).  Wei et al. have revealed that BEVs derived from feces of 

patients with AD can increase permeability of blood-brain barrier upon intravenous injection to mice.  

Besides, OMVs that crossed the blood-brain barrier induced inflammation and tau phosphorylation in 

the subjects’ brain, which are common pathological hallmarks of AD. As expected, such damage in  
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the tissue level led to significant cognitive impairment in mice [137,138]. On the other hand, there are 

symbiont and non-symbiont bacteria that are introduced to market as probiotics according to their  

benefits for food digestion, inhibiting colonization of pathogens, and alleviating symptoms of several  

immune-related disorders [139,140]. Some studies have suggested that  BEVs can mediate beneficial 

effects of probiotic bacteria,  while minimizing potential risks of consuming living microorganisms 

[141]. Table 2 summarizes biological effects of EVs from several commensal and probiotic bacteria 

and their possible benefits for drug delivery purposes are discussed in the following paragraphs. 

Table 2. Examples of biological effects that commensal and probiotic bacterial EVs exert.

Bacteria Target cell in host Marked EV 
components 

MV-host cell interaction Ref.

E. coli
 strains 
ECOR12 and 
Nissle 1917

Peripheral blood 
mononuclear cells, 
Intestinal epithelial 
cells.

Cell wall 
peptidoglyca
ns of OMV
Flagella 
associated 
proteins in 
OMVs

Regulation of immune response in 
leukocytes. Stimulating production of 
antimicrobial peptides in gut epithelium.
Immunomodulation in gut, intestinal barrier 
protection, contribution in microbiome 
balance in gut.

[142,
143]

E. coli
 strains 
ECOR63 and 
Nissle 1917

Intestinal epithelial 
cells 

- Strengthening the tight junctions and 
maintaining intestinal barrier in intact 
epithelium and during the infection with 
enteropathogenic E. coli.

[144,
145]

B. fragilis Dendritic cells Capsular 
polysacchari
de 

Immune modulation and prevention of 
experimental colitis in vivo.

[146]

Bacteroides 
thetaiotamicro
n

Intestinal and 
circulating 
dendritic cells

- Balance in secretion of inflammatory and 
anti-inflammatory cytokines and 
immunomodulatory effect in healthy colon.

[147]

Bacteroides 
vulgatus strain 
mpk 

Dendritic cells TLR-2 and 
TLR-4 
ligands on 
OMVs

Immunomodulatory effect by inducing a 
semi-mature tolerant state in dendritic cells 
and insensitivity to inflammatory stimuli.

[148]

Akkermansia 
muciniphila

Intestinal epithelial 
cells

Improving barrier integrity and function in 
gut.
Significantly preventing production of 
proinflammatory cytokines upon stimulation 
with LPS.

[149,
150]

Lactobacillus 
acidophillus

Opportunistic 
pathogen 
Lactobacillus 
delbrueckii

Bacteriocin 
peptides

Inhibit growth and compromising membrane 
integrity of the pathogenic strain.

[151]

L. plantarum 
strain WCFS1

Intestinal epithelial 
cells

- Being taken up and up regulating 
transcription of host defense genes.

[152]

L. plantarum Intestinal epithelial 
cells

- Decreasing inflammatory response by down 
regulating TNF‐α and upregulating IL-10.
Improving barrier function.

[153]

L. rhamnosus Immune cells - Inhibiting inflammatory response involving 
production of IFN-γ and IL-17A from T- and 
NK cells in a monocyte dependent manner

[154]

L. rhamnosus Liver and cervix 
cancerous cell lines

Inducing upregulation of apoptosis-related 
genes, leading to antitumor activity.

[155,
156]

Bifidobacteriu
m bifidum 

Dendritic cells and 
naïve T cells

- Inducing regulatory T cells and relative high 
IL-10 production, implying an anti-

[157]
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LMG13195 inflammatory response.
Bacteroides  fragilis  (B.  fragilis),  Bacteroides  thetaiotamicron  (B.  thetaiotamicron),  Bacteroides  vulgatus  (B.  vulgatus),  Akkermansia 
muciniphila (A. muciniphila), Lactobacillus acidophillus (L.acidophilus), Lactobacillus plantarum (L. plantarum), Lactobacillus rhamnosus 
(L. rhamnosus)

2.1. Escherichia Coli

Well-established  laboratory  and  industrial  procedures  for  engineering  the  bacteria  and  scale-up 

production of desired biomolecules can be a ground for developing therapeutics based on  E. coli 

OMVs; however, it is necessary to address the safety concerns regarding the toxicity of E. coli OMVs 

in the first step. Accordingly, several studies have proposed using less toxicogenic commensal and  

probiotic strains of E. coli as source of OMVs. They have also suggested desirable health benefits for 

OMVs of several probiotic and commensal  E. coli. For instance, it has been reported that OMVs of 

probiotic strain E. coli Nissle 1917 and commensal ECOR63 protect the barrier function of intestine 

by upregulating tight  junction  proteins  [144].  Besides,  oral  administration of  E.  coli Nissle  1917 

OMVs significantly improves histological  and clinical  hallmarks  of  inflammation in  experimental 

models of colitis  [158]. Immune response of dendritic cells to OMVs of probiotic and commensal  

E.coli seems to be strain-specific and stronger immunomodulatory effect is recorded for OMVs of 

probiotic strain E. coli Nissle 1917 [159]. Besides, treating macrophages with OMVs of E. coli Nissle 

1917  not  only  elicit  an  anti-inflammatory  response  in  macrophages,  but  also  improves  the 

macrophages antibacterial activity in vitro [160]. Nevertheless, it is reported that E. coli Nissle 1917 

carries the same genes responsible for pathogenicity of toxic strains  [161], which can be activated 

upon  unpredicted  circumstances  and  reduce  the  biocompatibility  of  the  OMVs.  This  observation 

implies the necessity of choosing the bacterial source of OMVs carefully and not overestimating the  

safety of OMVs produced by probiotic and commensal bacteria. Summing all up together, OMVs of  

commensal and probiotic strains of E. coli could be harnessed as functional drug carriers, specifically 

for immunotherapy of intestinal inflammatory disorders; however, further studies should investigate 

possibility  of  transforming  the  non-pathogenic  to  pathogenic  strains  and  guarantee  the  safety  of 

produced OMVs for clinical applications.

2.2. Bacteroides 

Bacteroides  are one of the major constituents of human gut microbiota and play a pivotal role in  

immune modulation of healthy GI tract. There are accumulating evidence that OMVs of Bacteroides 

are involved in inducing tolerance in host immune cells even against antigens of other commensal  

species [24,148,162]. Various studies have reported immunomodulatory effects of Bacteroides fragilis 

(B. fragilis), Bacteroides thetaiotamicron (B. thetaiotamicron), and Bacteroides vulgatus (B. vulgatus) 

by controlling maturation of dendritic cells and suppressing secretion of inflammatory cytokines [146–

148]. Furthermore, Badi  et al. have reported that  B. fragilis and B. thetaiotaomicron OMVs contain 

tolerable amounts of endotoxin, which makes them suitable candidates for biomedical applications 

[163].  B. thetaiotaomicron OMVs can be taken up by intestinal epithelial cells or transmigrate via 

paracellular route, reach systemic organs, and accumulate in liver following oral administration [164]. 

To make good use of the biology, Carvalho  et al. has reported packaging a therapeutic protein in 
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lumen  of  B.  thetaiotaomicron OMVs  via  genetic  engineering  of  the  parent  bacteria.  In  oral 

administration, OMVs containing human keratinocyte growth factor-2 (KGF-2) accelerated wound 

healing, reduced inflammation, and improved clinical symptoms in an animal model of colitis. This  

study  clearly  implies  the  potential  of  commensal  Bacteroides’  OMVs  for  developing  engineered 

mucosal  delivery  platforms  for  biologically  active  macromolecules  [165].  However,  reproducible 

scale-up  production  of  Bacteroides  OMVs  as  well  as  their  in  vivo safety  must  be  thoroughly 

investigated in further studies.

2.3. Akkermansia muciniphila

Akkermansia  muciniphila  (A.  muciniphila)  is  another  member  of  human  gut  microbiota,  whose 

population is significantly reduced in metabolic disorders such as type 2 diabetes. There are evidence 

that not only these bacteria and specifically their OMVs have immunomodulatory effect, but also they 

are essential for regulating tight junctions and hence, permeability of the intestinal barrier in healthy 

individuals  [149,150].  Accordingly,  it  is  hypothesized  that  oral  administration  of  A.  muciniphila 

OMVs regulates gut permeability, which is severely impaired in obesity and type 2 diabetes. This 

therapeutic strategy in mice with high fat diet-induced type 2 diabetes led to meaningful decrease in  

body weight and improved glucose tolerance via improving integrity and function of intestinal barrier 

[166].  Additionally,  a  similar  study  has  reported  a  decrease  in  inflammatory  markers  as  well  as  

regulated lipid metabolism following oral administration of  A. muciniphila OMVs in animal models 

on high fat diet  [167]. However, further investigations need to address several questions regarding 

active components in  A. muciniphila  OMVs and the molecular mechanisms behind improving the 

metabolic  functions.  Besides,  investigating  the  biodistribution  and  fate  of  A.  muciniphila OMVs 

following oral administration, their off-target effects, and safety of consuming these bacterial products 

as  a  promising  therapeutic  intervention  in  obesity  and  metabolic  disorders,  are  other  important 

questions left to be answered. Taking a step forward, future studies may also harness these OMVs with 

favorable pharmacological effects for drug delivery purposes.

2.4. Lactobacilli 

One of the most important Gram-positive bacteria among symbionts and probiotics are  Lactobacilli 

[141]. It is reported that both planktonic and biofilm Lactobacilli produce MVs that contain various 

effector molecules, including lipids, proteins, and DNA [168]. To investigate whether MVs mediate 

beneficial effects of  Lactobacilli  or not, several studies have been conducted on a variety of strains. 

Studies  show that  oral  administration of  MVs produced by  Lactobacillus  reuteri  (L.  reuteri)  can 

induce  gut  motility,  just  likewise  the  parent  bacteria,  that  could  be  beneficial  for  treatment  of 

constipation  and  infantile  colic  [169].  Another  important  role  of  probiotic  bacteria  is  inhibiting 

colonization of pathogens. Dean  et al.  have recently reported that upon treatment of  Lactobacillus 

acidophilus (L. acidophilus) with lactacin B-inducing peptide,  bacteriocins that  have antimicrobial 

effects,  are enriched in secreted MVs  [151]. Such MVs that serve as conduits for delivering their 

antimicrobial content to opportunistic pathogens, can inspire designing safe and functional antibiotic 
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carriers  to  treat  resistant  infections.  Carrying  antibiotics  is  not  the  only  mechanism that  MVs of  

Lactobacillus family members use to compete pathogens in their niche. It is observed that MVs of  

Lactobacillus plantarum (L. plantarum), activate the host defense system against vancomycin-resistant 

Enterococci by upregulating defense-related genes in the host cells [152]. Another evidence for effect 

of Lactobacilli MVs on host immunity is increased production of IgA by murine Peyer’s patch cells 

after  treatment  with  MVs  of  Lactobacillus  sakei  (L.  sakei)  [170]. Besides,  it  is  suggested  that 

inhibitory role of vaginal-residents Lactobacillus crispatus (L. crispatus) and Lactobacillus gasseri (L. 

gasseri) against HIV-1 infection is partly mediated by bacterial MVs via reducing interaction of virus 

with  host  cells  [171].  MVs  derived  from  various  strains  of  Lactobacilli have  exerted 

immunomodulatory effects  that  could be harnessed in  designing drug carriers  for  management  of 

inflammatory  disorders.  Accordingly,  studies  showed  that  MVs  of  Lactobacillus  paracasei (L. 

paracasei)  have  an  immunoregulatory  effect  in  LPS-induced  intestine  inflammation  [172].  Also, 

Lactobacillus rhamnosus (L. rhamnosus) GG and L. reuteri  produce MVs that block IFN-γ and IL-

17A  responses  from  T  cells  and  NK  cells  in  a  monocyte-dependent  manner  [154].  MVs  of  L. 

plantarum can effectively induce a phenotype shift in macrophages from inflammatory M1 to anti-

inflammatory M2 in vitro, which is proposed as a potential therapy for inflammatory diseases of skin 

[173]. Recently, Kuhn et al. have reported attachment of MVs derived from Lactobacillus casei (L. 

casei) and  L. plantarum on microparticles as a platform for mimicking anti-inflammatory effects of 

probiotic bacteria. This safe cell-free platform addresses concerns about consuming living probiotic 

organisms  in  immunocompromised  individuals,  because  unlike  their  parent  bacteria,  the 

probiomimetics  neither  can  replicate  nor  develop  pathogenic  traits  under  specific  circumstances 

[153]. In addition to anti-infection and anti-inflammatory role, Lactobacilli MVs have been studied for 

their antitumor effect. Behzadi et al. have reported that L. rhamnosus GG MVs increase incidence of 

apoptosis  in  a  hepatic  carcinoma cell  line  [155].  There  is  also  evidence  that  L.  plantarum  MVs 

penetrate blood-brain barrier after systemic injection and reduce the effect of stress on secretion of  

brain-derived  neurotrophic  factor,  leading  to  an  anti-depression  effect  in  mice  [174].  Considering 

development of various methods for manipulating the parent bacteria  [175],  Lactobacilli MVs with 

their safety and favorable pharmacological effects can be promising natural nanoparticles for drug 

delivery. In this regard, understanding the mechanisms that the parent bacteria have developed for  

substance packaging in MVs, as well as developing optimal methods for direct cargo loading into the  

vesicles can accelerate the procedure of designing precision therapeutics based on MVs.  Furthermore,  

possible targeting properties of MVs of different sources must be investigated in future works, because  

such evaluations can be useful in improving accumulation of therapeutics in their site of action, and  

hence improved safety of DDSs.

3. Other non-pathogenic bacteria
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According the diverse habitats that bacteria occupy, only a few number of bacterial strains have a  

relationship, including pathogenicity or commensalism toward human cells.  These bacteria can be  

investigated  as  a  valuable  source  for  natural  products  with  biomedical  applications.  Table  3 

summarizes  studies  that  suggest  natural  vesicles  of  non-pathogenic  bacteria  as  therapeutic  or 

therapeutic  carriers.  For  instance,  to  address  emerging  multi-antimicrobial  resistance  in  human 

pathogens, researchers have investigated natural and synthetic routes for obtaining novel antibiotics. 

Bacteria that are not human pathogens, specifically predatory bacteria, which feed on other bacteria  

and yeasts, have been proposed as a diverse source for new antimicrobials. It has been reported that  

several  species  of  these  bacteria  produce  and  release  antimicrobials  within  membrane  vesicles 

[176,177]. Lysobacteria are Gram-negative species, majorly inhabiting soil and fresh water reservoirs. 

These bacteria secrete OMV-associated bacteriolytic enzyme L5 with significant lytic effect against  

clinically-relevant  species  including  S.  aureus,  Bacillus  subtilis,  and  E.  coli,  as  well  as  moderate 

toxicity against several types of yeasts [29,178]. Another Gram-negative soil-resident bacteria, whose 

OMVs exert  broad-spectrum antimicrobial  effect  against  other  bacteria  and fungi  is  Burkholderia 

thailandensis. This effect is according to a variety of active biomolecules, including peptidoglycan 

hydrolases,  4-hydroxy-3-methyl-2-(2-nonenyl)-quinoline,  and  long-chain  rhamnolipid  [179]. 

Chromobacterium violaceum is another resident of soil  and fresh waters in specific regions of the 

world, which in rare cases can be pathogenic to human. It  produces OMV-associated violacein,  a  

lipophilic small-molecule antibiotic. These violacein–containing OMVs show significant bactericidal 

effect against S. aureus [180,181]. Violacein also shows an antitumor effect against various types of 

cancer cells  [182]; however, to the best of our knowledge OMV-associated violacein has not been 

studied  for  this  purpose.  Myxobacteria are  also  members  of  soil  microbial  community  with 

significance in production of antimicrobials. It is reported that Myxococcus xanthus OMVs fuse with 

the outer membrane of E. coli and deliver hydrolase to kill the prey bacteria [183,184]. Furthermore, 

Schulz et al. have reported that OMVs derived from Cystobacter velatus Cbv34 contain cystobactamid 

antibiotics,  which  can  be  transferred  to  E.  coli as  model  Gram-negative  bacterium  and  exert 

bactericidal  effects  comparable  to  gentamicin.  Besides,  Cbv34  vesicles  and  those  of  another  

mycobacteria  Sorangiineae  species  strain  SBSr073  revealed  acceptable  biocompatibility  and  low 

endotoxin  activity  toward  mammalian  cells  [185].  Taking  a  step  forward,  Goes  et  al.  have  also 

investigated  antibacterial  effects  of  OMVs  from  two Myxobacteria,  Cbv34  and  Cystobacter 

ferrugineus strain Cbfe23. They reported that both vesicles have bactericidal and bacteriostatic effects 

against planktonic and intracellular  S. aureus, respectively, which is greater than free cystobactamid 

and gentamicin.  Studying OMVs’ interaction with mammalian cells, it was revealed that macrophages  

took up Cbfe23 OMVs faster; However, Cbv34 OMVs, specifically in high concentrations, showed 

greater biocompatibility toward mammalian cells [186]. Pharmacological effects of bacterial OMVs is 

not  limited  to  antimicrobial  activity.  Recently,  Yin  et  al.  have  reported  that  OMVs  of  the 

Cyanobacterium  Synechococcus elongatus PCC 7942 are not only biocompatible, but also promote 
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angiogenesis and burn wound repair in vitro and in vivo [187]. Summing up all, BEVs of various nan-

pathogenic bacteria can be noticed as underexplored source for biomedical applications, specifically  

for designing antibiotic-delivery platforms against resistant and intracellular infections. To this end,  

standard  protocols  must  be  developed  for  harvesting,  substance  packaging,  surface  modification, 

physicochemical analysis, and storage of these vesicles. 

Table 3. Therapeutic potential of non-pathogenic bacteria

Pharmacological 
effect

Parent bacteria Identified EV components Ref.

Antibacterial 
and/or antifungal

Lysobacter 
enzymogenes C3

A  complex  mixture  of  molecules  with  antifungal 
activity, including kitinase enzymes

[29]

Lysobacter sp. XL1 Bacteriolytic enzyme L5 [178]

Lysobacter  capsici 
VKM B-2533T

α- and β-lytic proteases and lysine-specific protease [188]

Burkholderia 
thailandensis

A  complex  mixture  of  molecules,  including 
peptidoglycan  hydrolases,  4-hydroxy-3-methyl-2-(2-
nonenyl)-quinoline, and long-chain rhamnolipid

[179]

Chromobacterium 
violaceum

Violacein [181]

Myxococcus 
xanthus

Hydrolase enzymes [183,184]

Cystobacter  velatus 
Cbv34

Cystobactamids [185,186]

Cystobacter 
ferrugineus strain 
Cbfe23

Cystobactamids [186]

Wound healing Synechococcus 
elongatus PCC 
7942

- [187]

Discussion and conclusion

Producing EVs for communicating with the environment is a highly conserved trait in all domains of  

life  from  archaea  to  eukaryotes.  Recently,  EVs  have  received  growing  attention  for  biomedical  

application, specifically as disease markers, vaccine materials, therapeutic agents, and diagnostic/drug 

carriers  [189,190].  Nevertheless,  the  potential  of  BEVs  has  remained  relatively  underexplored 

compared to mammalian EVs. To the best of our knowledge, about 300 clinical trials on extracellular 

vesicles and exosomes are registered at clinicaltrials.gov, while only less than 20 studies are directed 

to BEVs, which are all for vaccination purposes. In this review, we have tried to emphasize that how 

diversity of bacteria provides an extensive source to mine BEVs for biomedical applications, including 

designing  multimodal  therapeutics  for  currently  untreatable  disorder,  e.g.  cancer  and  resistant 

infections. Some of the investigated BEVs are endowed with appealing characteristics for designing 

drug delivery systems, including biocompatibility, intrinsic targeting toward particular types of tissues, 

intrinsically  loaded  pharmacologically  active  components,  nanoscale  size,  and  stability  in 

physiological condition. Besides, recent advances in the fields of biotechnology, nanotechnology, and 
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chemical engineering have enabled designing vesicles with improved biocompatibility, tuned surface 

decoration, and desired cargos [191,192]. Indeed, decades of liposome research have also provided a 

technical basis for purification, modification, and in vitro/ in vivo evaluation of BEVs as natural lipid-

based nanoparticles [193]. 

As reflected in the manuscript, investigating biomedical applications of BEVs is still in the infancy. 

Several categories of questions  need to be answered in future steps to ensure safety and efficacy of  

using these vesicles in the clinics (Box 1).  First, there are questions regarding the biology of these  

vesicles, including tangible mechanisms underlying BEV formation and substance packaging, as well 

as  parameters  that  affect  their  composition  [194–196].  Second,  there  are  questions  regarding 

interaction of these vesicles with their host tissues, including their identification and attachment to the  

target,  internalization,  and content  release.  Moreover,  introducing therapeutic  BEVs to a  complex 

biological system may impair physiological interaction of the cells and their EVs in the target site, 

which must  be studied in detail  in future studies  [197].  Of similar  importance are the safety and 

biocompatibility issues regarding clinical application of BEVs, because they may contain several toxic  

or  foreign components  such  as  LPS.  Recently,  Elsharkasy  et  al. have nicely  reviewed up-to-date 

information  regarding  the  safety  profile  of  EVs  for  biomedical  applications  [190].  Although  the 

suggested safety of mammalian EVs cannot be generalized to BEVs, these pieces of evidence provide  

at least a methodological basis for investigating biocompatibility of BEVs. Previously in this review, 

we mentioned at least three approaches for addressing the safety issues, which are treating the vesicles  

with chemical reagents, reducing unnecessary exposure of toxic components to the host for example 

by incorporating the vesicles into NPs, and using strains of bacteria that produce a reduced amount of 

toxic agents, whether naturally or via genetic engineering. Accordingly, using commensal bacteria, 

which have evolved during a close relationship with complex biological environment of mammalian 

hosts, may provide a ground for designing personalized therapeutics. The third category of questions  

are those regarding the physiochemical properties of BEVs, as they are extremely heterogeneous in  

composition,  size,  and  surface  charge,  which  affects  their  capacity  of  drug  loading  and  surface  

modification,  as  well  as  their  in  vivo pharmacokinetics.  Optimizing  BEVs  regarding  these 

physicochemical  parameters  is  a  pivotal  step  toward  their  industrial  translation  for  clinical  use 

[191,198]. Regarding mass production, the fourth category of questions focus on developing standard 

protocols  for  production,  purification,  and  characterization  of  the  vesicles  from  an  industrial  

perspective, as well as developing novel applicable formulations that provide predictable outcomes in 

the clinic. Even after addressing all of these issues, there are still questions about advantages of BEV-

based therapeutics over numerous synthetic nanoparticulate platforms, which unlike complex biogenic 

nanoparticles, including BEVs, are quite predictable in clinic and their production is cost-effective.  

Nonetheless, it should be noticed that drug delivery based on biogenic NPs is an emerging field that  

basically  tries  to  address  shortcomings  of  synthetic  NPs,  including  biocompatibility  and  lack  of  

intrinsic  targeting  properties.  Accordingly,  unraveling  the  biology  of  BEVs  and  future  technical  
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advances in manufacturing bacterial products open a window for developing BEV-based DDSs that  

put  the merits  of  both synthetic and biogenic modalities together for obtaining  therapeutics with 

maximum efficiency and safety.

Box 1. Future research directions for using BEVs in drug delivery

Perspective for future research on application of BEVs in drug delivery

 Unraveling the biology.

Parameters that dictate rate of vesicle production, composition, and substance packaging in BEVs 

 Investigating toxicology, pharmacodynamics and pharmacokinetics of BEVs of various sources

Interaction with various host cells, interaction with host microbiota, interactions with host’s own EVs 

Possibility of using individuals’ microbiota for personalized therapy

 Optimizing physicochemical characteristics of the vesicles.

Homogeneity of vesicles according to composition, size and morphology, surface characteristics, drug loading 

and release for obtaining reproducible therapeutic outcome

 Improving  methodologies  for  manufacture,  evaluation,  and  formulation  of  BEVs  from  an 

industrial standpoint.

Standardizing organisms and protocols for production, purification, modification, and evaluation of BEV-based 

therapeutics

Designing applicable dosage forms for convenient clinical use

 Comparing BEVs with other natural and synthetic NPs.

Mammalian EVs, Liposomes, etc.
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