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Nanoscale and non-self-replicating outer membrane vesicles (OMVs) are naturally secreted by some
bacteria with their structures and compositions similar to that of the outer membrane of parental
bacteria. With some specific bacterial physiological characteristics, e.g., immunomodulations and
intercellular communications, OMVs have been intensively studied and extensively used and engineered
as vaccines, immunotherapeutic drugs, anti-bacterial agents, and drug delivery carriers. In this review,
we describe the extraction, characterization, and functionalization of OMVs with emphasis on the latest

rsc.li/materials-b

1. Introduction

Outer membrane vesicles (OMVs) are natural spherical vesicles
that are mainly produced by Gram-negative bacteria." OMVs
are 20-250 nm in diameter and are composed of a bilayer lipid,
outer membrane proteins, lipopolysaccharide (LPS), adhesins,
and encapsulated cargoes (e.g., DNA, enzymes, toxins, and
periplasmic proteins (Fig. 1)),>* which are all inherited from
parental bacteria. Although the production mechanisms have
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progress and prospects in biomedical applications.

not been elucidated, lipoproteins, misfolded proteins (and
envelope components), and lipids are thought to be involved
in the OMV biosynthesis.> Presumably, OMVs are released
through (1) the detachment of the outer membrane from
peptidoglycan via the disintegration of the connective
lipoproteins,® (2) the disrupted crosslinks between the outer
membrane and peptidoglycan via accumulated misfolded
proteins and envelope components,” and (3) the enhanced
membrane fluidity and curvature by enriched LPS, phospholipids
and LPS-associated molecules,” respectively.

OMVs play significant roles in bacterial physiological pro-
cesses, e.g., intercellular communications and stress responses.
OMVs mediate communications with host cells and bacteria by
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Fig.1 OMVs are vesicles composed of a lipid bilayer, bacterial proteins,
lipids, multiple PAMPs, and other molecules.

transporting virulence factors and DNA.*” For example, OMVs
from Moraxella catarrhalis deliver outer-membrane-bound
super antigen Moraxella immunoglobulin D-binding protein
into B cells to activate Toll-like receptor 9 signalling.® In
addition, bacteria clean up misfolded proteins and environ-
mental harmful components by releasing OMVs (stress
responses) for bacterial survival.’

Based on the inherent bacterial components and character-
istics, OMVs have been widely developed for biomedical appli-
cations. First, OMVs can be efficiently recognized and
internalized by immune cells through their robust pathogen-
associated molecular patterns (PAMPs) including LPS and
lipoprotein.> Thus, OMVs can produce strong humoral and
cellular immunity,"° leading to the direct use or engineering of
OMVs as vaccines. In addition, OMVs can be used as a bacterial
simulant to competitively inhibit the adhesion of bacteria to
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Fig. 2 The extraction, characterization and functionalization of OMVs.
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host cells via adhesins.*

Recently, OMVs were explored for
mediating antitumor therapy because of the induced production
of interferon-y (IFN-y) and subsequent long-term antitumor
immune responses.’? Finally, OMVs can be used as efficient drug
delivery carriers. In this case, drug can be covalently connected to
the vesicle surface or encapsulated in the lumen for targeted drug
delivery to specific sites, e.g., tumor and brain.'*>'* Therefore,
OMVs have shown great potential in biomedical fields.

In this review, we introduce recent advances regarding
extractions, functionalization, and characterization of OMVs
with emphasis on the latest progresses and prospects on
biomedical applications. Based on the discussion in this
review, we hope that the production and transformation of
OMVs can be upgraded and they can be optimized as vaccines,
immunotherapeutic drugs, anti-bacterial agents, and drug
delivery carriers for broader clinical applications.

2. Extraction of OMVs

OMVs are usually isolated from supernatants of bacterial
cultures unless otherwise specified. For various applications,
different extraction methods (e.g., ultrafiltration plus centrifu-
gation, immunoaffinity chromatography, and detergent-based
extraction) have been reported and can be chosen to success-
fully collect highly purified OMVs with specific characteristics
(Fig. 2a).

2.1. Ultrafiltration plus centrifugation

Ultrafiltration plus centrifugation is the most commonly used
method for separating and extracting OMVs.'” First, the
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supernatants of bacterial cultures were acquired by centri-
fugation at 4000-6000 x g for 10 minutes.'*"® Then, residual
large impurities (e.g., bacteria and/or bacterial debris) in the
supernatant can be removed by passing through 0.22 or
0.45 pm filters. Using 0.22 um filters may reduce the yield of
OMVs by blocking the passage of OMVs larger than 220 nm.
Then the supernatant was ultrafiltered to concentrate OMVs.
After the ultrafiltration, OMVs can be obtained by ultracentri-
fugation, with the centrifugal force ranging from 38400 x g to
150000 x g'”'® and the time ranging from 1 h to 4 h (ultra-
filtration plus centrifugation method)."®*° OMVs can be
obtained by only ultracentrifugation without ultrafiltration as
well (centrifugation method). Reimer et al. compared these two
OMYV isolation methods, ultracentrifugation with or without
ultrafiltration, with respect to the final OMV quantities, size
distributions, and morphologies using a hypervesiculating
Escherichia coli K12 AtolA mutant. For AtolA OMVs extracted
by ultrafiltration plus ultracentrifugation, the average vesicle
size and the yield were 125.2 nm and 1945.6 particles per mL,
while that for ultracentrifugation-extracted AtolA OMVs were
116.7 nm and 4870.7 particles per mL, respectively. The reason
for these differences may be that ultracentrifugation promotes
aggregation of vesicles due to repeated pelleting steps, while
ultrafiltration prefers to select smaller and more uniform
particles.”

2.2. Immunoaffinity chromatography extraction

Immunoaffinity chromatography extraction is based on the
specific interaction of target molecules and immobilized
ligands (such as the interaction between antigen and antibody)
to separate specific molecules in a mixture or remove a specific
component from reaction systems.*! After bioengineering, the
surface of OMVs can bear a variety of specific tags or ligands
that can be used as markers for immunoaffinity chromato-
graphic isolation. For example, OMVs with a 6x His-tag fused to
outer membrane protein A can be obtained directly from the
culture medium by affinity chromatography.*

2.3. Detergent-based extraction for attenuated OMVs

Detergent-based attenuated OMVs (dOMVs) are traditionally
prepared via detergent-based-extraction techniques to remove
endotoxins and improve biocompatibility. Detergents, such as
deoxycholate (DOC), which have a high affinity for hydrophobic
components such as LPS lipid A and thus can replace LPS to
form vesicles, have been used to extract dOMVs from bacteria
themselves.?® First, precipitated bacteria (after centrifugation at
5000 x g at 4 °C for 20 min) are resuspended in PBS, homo-
genized by sonication in an ice water bath, and centrifuged at
2900 x g at 4 °C. The precipitate is resuspended in buffer with
DOC to form dOMVs and centrifuged at 20000 x g at 4 °C to
remove the precipitated cell debris. The addition of DOC
replaced LPS to stabilize dOMVs. Then, dOMVs in the super-
natant are further precipitated at 125000 x g at 4 °C to finally
obtain the dOMV pellets."*

Lysozyme can also be used to prepare attenuated OMVs.
Lysozyme has a high affinity with LPS, and the complex formed

7386 | J Mater. Chem. B, 2022, 10, 7384-7396

View Article Online

Review

by lysozyme and LPS can reduce the LPS-mediated inflammatory
response.”* Therefore, OMVs can be detoxified after incubation
with lysozyme.*® Although these attenuated OMVs may have
improved biocompatibility, these OMV preparation approaches
may also result in the loss of lipoproteins and other compositions
and further weaken the adjuvant properties of OMVs.>®

2.4. Discussion

There are some problems to be addressed with regard to OMV
extraction. The compositions of OMVs are susceptible to various
methods, e.g., detergents will remove the lipoprotein and LPS in
OMVs while other mentioned methods do not,*® so they are
supposed to be further investigated. Besides, the extraction
methods require optimization to improve the OMV yield for
better clinical translation. Despite the markedly increased yield
by DOC, the stability of OMVs declines a lot simultaneously for
the lack of phospholipid.>” Additionally, in consideration of
OMV biosafety, nonpathogenic bacteria are more recommended
to be the source of OMVs.

3. Characterization of OMVs

3.1. Size-based characterization

OMVs are nanoscale and spherical vesicles. Dynamic light
scattering (DLS) analysis is often used to simultaneously measure
the hydrodynamic diameter, size distribution and zeta potential
of extracted or engineered OMVs. For OMV size characterization,
DLS analysis has the advantages of high accuracy, rapidity and
repeatability. Grande et al. performed DLS analysis and deter-
mined that the OMVs from the Helicobacter pylori planktonic
phase had an average diameter of 123.7 nm, the polydispersity
index of 0.217, and a zeta potential of —25 mV.?®

Nanoparticle tracking analysis (NTA) utilizes the character-
istics of light scattering and Brownian motion of particles to
characterize size information of particles in liquid suspensions.
NTA can not only measure the size of OMVs, but also has the
capacity to count the number of particles, which can be used to
reflect the yield of OMVs.>**° The mean hydrodynamic dia-
meter of OMVs from Haemophilus influenzae was found between
80 and 100 nm by NTA,"® and that of OMVs from Escherichia coli
strains was found in the range of 118-156 nm.*'

It is worth noting that NTA can measure extremely small
vesicles (~50 nm).>” If the isolated OMVs contain extremely
small impurities such as undissolved salt, medium compo-
nents or cell debris carried in the bacterial culture medium, the
measured size would be less accurate (Fig. 2b)."

3.2. Morphology-based characterization

The morphology of OMVs can be observed by various optical
microscopes, such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), cryo-electron microscopy
(cryo-EM) and atomic force microscopy (AFM).**7*® TEM is the
most commonly used method to analyze the morphology and
structure of OMVs, which can provide high-resolution morpho-
logical, size and structural information. The typical spherical

This journal is © The Royal Society of Chemistry 2022
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structure of OMVs can be observed through TEM images. OMVs
can be used to encapsulate solid nanoparticles (NPs) con-
structed from polymers, e.g., poly(lactic-co-glycolic acid).®”°
Under TEM, OMV-coated NPs were found to present a core-
shell structure with increased diameter compared with that of
uncoated NPs.'® SEM can display the three-dimensional struc-
ture of OMVs. For example, the spherical budding OMVs out of
rod-shaped Enterobacter cloacae can be observed through
SEM.'® However, the resolution of SEM is lower than TEM. In
addition, both TEM and SEM need the samples to be fixed and
stained before observation, which may damage the morphology
of OMVs. However, cryo-EM does not require additional sample
processing, which can avoid morphological changes caused by
dehydration and chemical fixation, preserving the original
structure of OMVs."” Cryo-EM can directly determine the mor-
phology of OMVs and measure the size and total number of
OMVs. Unlike the electron microscope, which needs to be
operated in a high vacuum environment, AFM can use the
probe to visualize OMVs in air or fluid in real time without any
special treatment of the sample, minimize the impact of
sample preparation on the original characteristics of OMVs,
and obtain the exact three-dimensional structure information
of the OMV surface.”” The disadvantage of AFM is that the
imaging range is narrow, the speed is slow, and it is easily
affected by the probe.*' According to different research goals,
all these technologies can be used to better characterize the
morphology of OMVs (Fig. 2b).

3.3. Composition-based characterization

The qualitative and quantitative analysis of protein in OMVs
mainly include bicinchoninic acid (BCA) assay, Sodium Dodecyl
Sulfate (SDS)-Polyacrylamide Gel Electrophoresis (PAGE), western
blotting, enzyme-linked immunosorbent assay (ELISA) and mass
spectrometry analysis, etc. For the LPS-mediated toxicity analysis
of OMVs, photometry methods (e.g., colorimetric analysis and
limulus reagent chromogenic endotoxin quantitative assay) and
gel methods are usually adopted (Fig. 2b).

The BCA method was mainly used to determine the total
amount of protein in OMVs, which can be used to measure the
overall extraction efficiency.'”*® For example, according to the
BCA measurement, the OMV yield of Haemophilus parasuis
culture was 6.8 mg protein per liter of bacterial medium.>°

OMVs can be qualitatively analyzed by SDS-PAGE gel electro-
phoresis to ensure the extraction of the desired OMVs.*> Kothary
et al. utilized SDS-PAGE to analyze OMVs obtained from
Cronobacter sakazakii, Cronobacter malonaticus, and Cronobacter
turicensis, and showed the existence of approximately 11 major
protein bands with the molecular weight ranging from 18 kDa to
100 kDa.*® After further analysis, these protein bands were
identified as Outer membrane protein X, MltA-interacting pro-
tein, contaminated flagellin, Outer membrane protein A, Outer
membrane protein C, Outer membrane protein E, Outer
membrane protein F, conjugated plasmid transfer protein and
OM autotransporter.

Western blotting and ELISA are mainly used to specify target
proteins in OMVs.** For example, Soltani et al. used western

This journal is © The Royal Society of Chemistry 2022
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blotting analysis and demonstrated the expression of all three
main protective immunogens (pertussis toxin, pertactin, and
filamentous hemagglutinin) in Bordetella pertussis.*®

Mass spectrometry can perform proteomic analysis of OMVs
due to its high throughput, to reveal the biogenesis and
pathophysiological functions of OMVs.*® Bhar et al. determined
protein cargoes of Enterobacter cloacae OMVs by using shotgun
mass spectrometry, obtaining the sequence of a total of 7179
different peptides, which mapped to 229 proteins of E. cloacae.
47 out of 229 proteins were membrane-bound and worked as
molecule transporters, signal factors, and receptors. The sec-
ond abundant class of proteins was enzymes (21 proteins),
including 13 hydrolases.*®

The inherent toxicity of OMVs mainly comes from LPS
components. The OMV toxicity is often characterized by deter-
mining LPS content. At present, methods for measuring the LPS
content are mainly divided into photometry and gel methods.
Photometry methods include colorimetric analysis and limulus
reagent chromogenic endotoxin quantitative assay, etc. The col-
orimetric assay determines LPS concentration by measuring 2-
keto-3-deoxyoctonate, which forms the oligosaccharide core of
LPS molecules.”” For example, through the colorimetric assay,
the content of LPS in OMVs from Escherichia coli JC8031 was
0.35 nmol LPS pg " total protein.*® The principle of the limulus
chromogenic endotoxin quantitative method is that LPS can react
with an enzyme in Limulus amebocyte lysate to release yellow
p-nitroaniline. The release of p-nitroaniline can be stopped by the
addition of glacial acetic acid or SDS, and the concentration of
the substrate can be calculated by measuring the absorbance at
545 nm.*® By using this method, the OMV endotoxin contents of
Cystobacter velatus CBV34 and Sorangianeae specialties SBSR073
were found to be 0.75 EU mL ™" and 0.5 EU mL ™" respectively.*’
The gel method utilizes SDS-PAGE to visualize LPS and to per-
form quantitative analysis by silver staining. For example, in
OMVs of Neisseria meningitidis serogroup X,*° LPS was deter-
mined through monoclonal antibody and quantified by SDS-
PAGE and silver staining. The percent of LPS in OMVs was from
2.1% to 4.5% in relation to the total amount of protein.

3.4. Discussion

There are several points that deserve attention. For size measure-
ment, DLS can be utilized to detect the hydrodynamic diameter
while an electron microscope is required to determine the true
diameter. The compositions of OMVs are still uncertain, e.g.,
periplasmic proteins exist in OMVs by chance without a convin-
cing mechanism,® thus thorough analyses are needed. Moreover,
not only LPS induces OMYV toxicity, but also other virulence factors
like lipoproteins are threatening. Further removal of these compo-
nents will be conducive to enhancing the biosafety and broadening
the biomedical applications of OMVs.

4. Functionalization of OMVs

OMVs have become a unique platform for biomedical applica-
tions due to the inherent biological characteristics of OMVs.

J. Mater. Chem. B, 2022, 10, 7384-7396 | 7387
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Further functional modification can not only help overcome
the toxicity problems of bacterial OMVs, but also enable fine
control of OMV performance as required, greatly expanding the
application of OMVs. This section introduces several major
OMV functionalization methods, some of which rely on tradi-
tional physicochemical methods, while others rely on genetic
engineering (Fig. 2c).

4.1. Physical functionalization

Physical functionalization is commonly used to load drugs into
the OMVs lumen. Incubation with drugs during bacteria cultur-
ing or after extraction of OMVs is the easiest loading strategy. For
example, Huang et al. physically loaded antibiotics into OMVs by
directly adding drugs into the culture.”® However, this method
often requires large quantities of drugs and has very high
requirements for drug stability in the incubation environment.
In addition, the physical drug loading by simple incubation is
usually low.”* For example, the loading capacity of Gemcitabine
by OMVs was only 2.79 & 0.72% through simple incubation.>®
Other physical methods, such as electroporation, sonication and
extrusion, can also be applied in drug loading and OMV
functionalization.>*> Electroporation is usually used to load
exogenous substances including therapeutic macromolecules
and gold NPs into OMVs. Higher loading capacity, e.g., 11.68 +
3.68% for the sonication method,*® 15% for electroporation®*
and 7.13% for extrusion,”® and other advantages endow these
methods with wider applications than simple incubation.

In general, the methods of physical functionalization can be
used for the loading of small molecules, but may be not
efficient enough for macromolecules.

4.2. Chemical functionalization

Besides physical methods, chemical coupling reactions are also
often used for OMV functionalization. The 1-ethyl-3-3-dimethyl-
aminopropyl]-carbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS) reaction is one of the classical coupling reactions to
achieve biological conjugation. This reaction is commonly used
for OMV labeling. For example, OMVs were labelled by Cy7
through this reaction.”®

OMVs can be functionalized with targeting ligands through
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-polyethylene
glycol (DSPE-PEG) to endow OMVs with the targeting function.
DSPE-PEG could readily fuse into the lipid structure of OMVs
because of the similar lipid nature of OMVs to that of DSPE. For
example, OMVs from attenuated Salmonella were functionalized
with DSPE-PEG and tumor-targeting RGD peptide for a tumor-
targeting ability.>*

These physical or chemical methods should be carefully
selected according to the chemical and biological properties of
the materials to be functionalized. The need of further purification
often limits the application of physical and chemical methods in
OMV functionalization.

4.3. Genetic engineering functionalization

With the help of recombinant DNA technology, genetically
engineered Escherichia coli can be viewed as a micro-factory to

7388 | J Mater. Chem. B, 2022, 10, 7384-7396
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efficiently produce OMVs with robust modifications.
pared with physical and chemical methods, genetic engineering
methods have obvious advantages in OMV functionalization. First,
this method is more environmentally friendly and cost-effective.
Genetic modification of OMVs allows extremely high controllabil-
ity and preciseness, and functionalized OMVs can be produced on
a large scale in a simple bacterial culture process, which is
economical and efficient. Second, genetic engineering does not
require additional purification. Besides, genetic engineering
enables the indicated placement of the desired modification
materials, providing flexibility for specific applications. For exam-
ple, Li et al. generated OMVs with expression of programmed
death-1 (PD-1) ectodomain on their surface by fusing the coding
region for the mouse PD-1 ectodomain with that of ClyA (an OMV
surface protein).** This modification did not affect the immuno-
stimulatory abilities of OMVs. The surface-modified OMVs were
able to bind with programmed death-L1 (PD-L1) on the tumor cell
membrane, and to be further internalized by tumor cells, thereby
blocking the inhibition of T cell proliferation by tumor cells.

Genetic engineering can also be applied to detoxify OMVs by
knocking out the genes encoding toxic proteins. At present,
modifying the genes responsible for LPS synthesis or LPS acyl
chains and phosphate groups, e.g., msbA, msbB, IpxL1, and
IpxM,">%"% is a common and general method to attenuate LPS-
mediated endotoxicity.*® After mutation of the relA gene and spot
gene, which regulate the expression of virulence factors in
Salmonella typhimurium, the pathogenicity of the source bacteria
decreased.®” The extracted OMVs from these engineered bacteria
didn’t cause an obvious inflammatory response and systemic
toxicity with normal biochemical indexes and histological tests
after intravenous injection, indicating the biocompatibility of these
OMVs.®®

This detoxification by genetic engineering can remove LPS
more efficiently than detergent-based methods with little effect
on the immunogenicity of OMVs. For OMVs obtained from
Neisseria meningitidis, the LPS content was found to be 24.3 +
6.6% for wild-type OMVs, 2.8 + 0.4% for dOMVs,*® and 0.011%
for AmsbB Escherichia coli OMVs.®® The detoxification by
genetic engineering may be better than other methods.

4.4. Discussion

Despite the significant effort devoted to functionalization of
OMVs, there still exist certain problems. For physical functionali-
zation, simple incubation is limited by low drug loading; other
physical methods, e.g., electroporation, sonication and extrusion
will enhance the drug loading but may alter the surface properties
of OMVs. For chemical functionalization, the chemical linkage
sites possibly conflict with the active sites, thus affecting the
function of OMVs; besides, the density of surface-modified ligands
is supposed to be adjusted for the most appropriate affinity
between ligands and receptors, which is not only sufficient for
targeted delivery of the drug, but also prevents the OMV entrap-
ment due to a low degree of dissociation.®””° The development of
genetic detoxification methods may slow down due to different
virulence genes of various bacteria. In summary, the functionaliza-
tion methods of OMVs require further optimization.

This journal is © The Royal Society of Chemistry 2022
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5. OMV-related biomedical
applications

OMVs are promising for various biomedical applications based
on their various properties.

5.1. Vaccines

5.1.1. OMYV vaccine. Vaccines activate innate and adaptive
immunity by triggering the immune system to produce strong
pathogen-specific immunity in a certain period of time. Non-self-
replicating OMVs carry a large amount of virulence factors of
bacteria. Through lymphatic drainage and phagocytosis, OMVs
reach lymph nodes, enter antigen presenting cells (APCs),”* and
then activate the immune system, which can specifically remove
the cells infected with related bacteria (Fig. 3a).%°

At present, OMV vaccines have been developed from initial
inactivated vaccines, live attenuated vaccines to the emerging
genetic engineering vaccines and subunit vaccines. Among them,
the most representative and successful vaccine is the attenuated
OMYV vaccine against meningitis.'® Attenuated OMV vaccines for
the prevention of epidemic cerebrospinal meningitis caused by
Neisseria meningitidis group B were approved as early as the 20th
century. This OMV vaccine has been put into production and
promotion in Cuba, Norway, New Zealand and China, etc., proving
the practical and effective use of OMV vaccines.””* With reduced
LPS and subsequent weakened toxicity, detoxified OMVs (e.g,
DOC-based dOMVs) may show reduced immunogenicity and
effectiveness.”* In order to overcome this limitation, OMV vaccines
containing multiple membrane antigens by a non-detergent detox-
ification process have been evaluated under clinical research.”
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Fig. 3 OMVs with surface PAMPs have been used as powerful vaccines.
(@) OMVs can be recognized by APCs including macrophages and dendritic
cells, causing adaptive immunity and activating cellular and humoral
immunity with the production of cytokines and antibodies. (b) OMVs have
been engineered to express heterologous antigens for mediating multiple
immune responses.
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OMV vaccines for Helicobacter pylori and Vibrio cholerae are
already at an advanced stage of development. OMV vaccines for
other bacteria such as Mycobacterium tuberculosis and Staphylococcus
aureus are also in the development stage as well.”*””

Besides the retained immunogenicity of bacteria, OMV
vaccines also have advantages such as non-self-replication,
safety, effectiveness and practicality, endowing OMVs with the
potential for being ideal vaccines.

5.1.2. OMV vaccine platform. OMVs have also been engi-
neered to express heterologous antigens for designing novel
OMV vaccines. For example, the matrix protein M2 of influenza
A virus has been successfully transfected into the exons of
Escherichia coli. The newly-prepared OMV vaccine was shown to
be able to resist the invasion of homotype influenza virus.”®
In addition, heterologous OMV vaccines such as Neisseria
meningitidis OMVs for Lyme disease,”® Vibrio cholerae OMVs
for enterotoxigenic Escherichia coli,*® and Salmonella typhimur-
ium OMVs for pneumonia,®’ and pulmonary tuberculosis®>
are also in different stages of research and development
(Fig. 3b).

5.2. Anti-bacterial agents

Bacterial infection is still one of the major causes of human
illness and death.5*%* Due to the spread of resistant bacteria,
the effectiveness of antibiotics in treating bacterial diseases is
being challenged. OMVs from Pseudomonas aeruginosa could
inhibit the growth of Escherichia coli, Bacillus subtilis, Enterococcus
flatus and Staphylococcus aureus by autolysin and peptidoglycan
hydrolases in Pseudomonas aeruginosa OMVs.**® Autolysins and
peptidoglycan hydrolases are able to hydrolyze the N-acetyltericin-
N-acetylglucosamine peptidoglycan bone frame and further
degrade bacteria, exhibiting antibacterial properties without the
development of drug resistance.®”*®

Bacterial infections often begin with bacterial adhesion to
host cells and tissues.®* Competitively inhibiting the initial
adhesion of bacteria has become a promising approach to
combat bacterial infection.’”®" This strategy can exert antibacterial
effects without inducing bacterial resistance.”> A combination of
anti-adhesion therapy with antibiotics can act synergistically to
inhibit bacterial growth more effectively.”*

The anti-adhesive agents have been developed increasingly.
Some agents exercise the anti-adhesive function by targeting
specific adhesins on the surface of bacteria. Some agents act as
analogues of bacterial adhesins and competitively weaken the
adhesion of bacteria.”**> OMVs inherit multiple bacterial adhesins
and thus can inhibit bacterial binding to the host with the
efficiency higher than synthetic compounds. For example, Helico-
bacter pylori OMV-coated NPs have been reported to block the
adhesion of Helicobacter pylori to gastric epithelial cells and mouse
gastric tissues in a dose-dependent manner,"’ suggesting the
potential of OMVs to inhibit bacterial adhesion to host tissue
and thus prevent bacterial infection (Fig. 4).

Genetic engineering can further make OMVs express specific
adhesins and enhance the antibacterial effect.’® Moreover, with
the advantage of loading drugs, OMVs can simultaneously
inhibit adhesion and achieve targeted drug delivery for an
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Fig. 4 OMVs competitively inhibit the adhesion of parental bacteria to
host cells and tissues.

enhanced curative effect.®”%®

field of antibacterial agents.

OMVs have great potential in the

5.3. Tumor immunotherapy

In recent years, with the rapid development of molecular
biology and tumor immunology, immunotherapy has become
one of the most potential tumor treatment methods. OMVs can
induce the body to produce some inflammatory factors to
enhance the innate protective immune response. In addition,
there is an important relationship between tumor biology and
chronic inflammation, endowing inflammation-targeted bacteria
and related carriers with the ability to realize tumor immuno-
therapy.”® For example, the injection of partially attenuated
bacteria was shown to be able to induce the body’s spontaneous
immune response to identify and kill tumors.'® %> However, live
bacteria have severe safety issues because of a variety of patho-
gens and the strong self-replication ability, which limits related
applications. With the advantages of non-self-replication, immuno-
genicity, biosafety, and tumor targeting, OMVs possess enormous
potential to effectively and safely activate the immune response of
the body.'%

5.3.1. OMVs regulating tumor immunosuppressive micro-
environments. The highly immunosuppressive microenvironment
in solid tumors often reduces the immunotherapy efficiency.'®*'*>
Recently, Qing et al. realized the successful regulation of the tumor
immunosuppressive microenvironment via stealth OMVs, which
were covered by a calcium phosphate shell to avoid the toxicity and
side effects of OMVs.'® When the covered OMVs reach tumor
tissues, the slightly acidic tumor environment can dissolve the
calcium phosphate shell to expose OMVs to promote the infiltra-
tion of cytotoxic T cells by upregulating immune activation-related
genes and downregulating immune-suppressive genes. Mean-
while, the dissolution of the calcium phosphate shell neutralizes
H' in the tumor microenvironment, leading to the polarization of
M2-type macrophages to M1-type macrophages. The transformed
OMVs effectively inhibited the tumor growth via changing the
immunosuppressive microenvironment and enhancing the effect
of immune cells (e.g:, macrophages) (Fig. 5a).

5.3.2. OMVs inducing specific tumor immune responses.
OMVs can be genetically engineered to express specific peptides
or antigens to target tumor cells and to trigger specific tumor
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immune responses. Recently, Pan et al. developed LyP1-modified
OMVs to deliver PD-1 plasmids.'”” These PD-1 plasmid-loaded
LyP1-modified OMVs were obtained by extracting OMVs from
LyP1-expressed Escherichia coli and encapsulating the PD-1 plas-
mid. After intravenous injection, these engineered OMVs were
efficiently accumulated in tumor tissues through the targeting
ability of OMVs LyP1, leading to the expression of PD-1 in tumor
cells. The expressed PD-1 by tumor cells was found to bind with
tumoral PD-L1 to achieve self-blocking and reactivate cytotoxic T
lymphocytes (CTLs) to eliminate tumor cells. In addition, OMV
membrane proteins can recruit cytotoxic lymphocytes and
natural killer cells (NK cells) to tumor tissues, to stimulate the
secretion of IFN-y and improve the antitumor activity of PD-1/
PD-L1 self-blocking therapy. OMVs were also found to differentiate
CTLs into central memory T cells to produce long-lasting
immunity (Fig. 5b).

This strategy significantly improved the therapeutic effect of
tumors, and provided a new idea for the development of tumor
immunotherapy nanomedicines. OMVs can also induce specific
anti-tumor immune responses by expressing antigens on the
surface of OMVs.'”® Tumor antigens were fused with OMV
surface ClyA protein to mediate the transfer of tumor antigens
to the OMV surface. These tumor antigens on the surface of
OMVs were proved to be able to induce specific antitumor
immunity mediated by T cells. In addition, different tumor
antigens can be simultaneously displayed on the surface of
OMVs with the plug and play technologies, leading to synergistic
anti-tumor immune responses. This strategy can tailor the specific
immune response according to different immunogenicity and
provides the possibility for the development of various tumor-
targeted vaccines in the future (Fig. 5b).

In addition to genetic engineering, membrane fusion can
also contribute to inducing specific tumor immune effects.
Chen et al. prepared a co-delivery nanovaccine composed of
antigen and adjuvant separately from tumor cell membranes
(TCMs) of autologous tumor tissue and Escherichia coli cyto-
membrane (Ems).'® Ems can induce dendritic cells to mature,
thus activating splenetic T cells, finally eliciting robust innate
and tumor-specific adaptive immune responses against tumors
with the help of TCMs. Similarly, Li et al. designed a vesicular
cancer nanovaccine with PLGA NPs as the core whose surface
was coated with the fused bacterial OMVs and TCMs, namely
BTs."*® The bacterial PAMPs in BTs could target dendritic cells,
and promote the complete maturation of dendritic cells and
antigen presentation by dendritic cells. TCMs in BTs provided
tumor endogenous antigens, which can produce multi-antigenic
anti-tumor immunity. The nanovaccine showed an excellent tumor
prevention effect in vivo. Besides, Chen et al. fused melanoma cell
membrane vesicles (CMVs) with attenuated Salmonella OMVs.""*
The fused vesicles inherited and enhanced the immunogenicity of
the two parental components, and worked as a preventive vaccine
which could stimulate the immune system, trigger an anti-tumor
immune response and inhibit tumor occurrence. In conclusion,
the combination of tumor antigens and immunogenic bacterial
membranes is a promising strategy to induce effective anti-tumor
immunity.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 OMVs play a critical role in tumor immunotherapy. (a) OMVs effectively improve the tumor immunosuppressive microenvironment by promoting
the polarization of M2-type macrophages to M1-type macrophages. (b) Bioengineered OMVs deliver PD-1 plasmid into tumor cells, and then the self-
expressed PD-1 bind to the PD-L1 expressed by itself or adjacent tumor cells, inducing the self-blocking mediated tumor death. OMVs are able to
differentiate CTLs into central memory T cells to produce long-lasting immunity as well. (c) Bacterial OMVs deliver chemotherapeutic drug to tumor cells

and meanwhile promote CTL infiltration, achieving dual anti-tumor effects.

5.3.3. Combination of OMVs with chemotherapeutic drugs
to synergistically improve tumor immunotherapeutic efficacy.
The combination of OMVs and chemotherapeutic drugs can
simultaneously initiate immunotherapy and chemotherapy,
with the potential to synergistically improve the therapeutic
effect.>'"> For example, OMVs of Escherichia coli BL21 (AmsbB)
modified with mannose, and loaded with paclitaxel and Redd1
siRNA were designed by Guo et al. to regulate tumor cell growth
and immune cell metabolism in tumor microenvironments
(TME).""® Redd1 can promote tumor progression by inhibiting
the mTOR signaling pathway, and the deficiency of Redd1
in tumor associated macrophages (TAMs) can prevent vessel
leakiness and tumor metastasis.'**'® After injection, the
chemotherapeutic drug paclitaxel was released first, directly
killing tumor cells. The rest of the system regulated the
metabolism of macrophages by Redd1 siRNA, promoting TAM
repolarization and TME remolding. In addition, OMVs
promoted the infiltration of immune cells in tumor tissues by
stimulating innate immunity, playing a synergistic role in
inhibiting tumor growth. In summary, TME remodeling, tumor
immune activation and chemotherapeutic effects were found to
contribute to the tumor therapy (Fig. 5¢)."*?

Attenuated Salmonella OMVs were functionalized with poly-
ethylene glycol and targeting peptides to deliver Tegafur-loaded

This journal is © The Royal Society of Chemistry 2022

nano-micelles. The drugs loaded inside micelles can simulta-
neously play chemotherapeutic and immunomodulatory effects
by directly killing cancer cells and sensitizing cancer cells to
CTLs, which synergically enhanced the therapeutic effects via
immunotherapy and chemotherapy, providing a very useful
reference for the clinical trial and transformation of OMVs
for tumor treatment.”*

5.4. Drug delivery

With the vesicle-like structure, OMVs are supposed to possess
enormous drug delivery potential.'*”

The natural existence of OMVs may simplify the preparation
and characterization technologies of OMV-based drug delivery
systems (DDSs). With the property of nanoscale dimension,
OMVs can be passively accumulated in tumor regions through
the enhanced permeability and retention effect. OMVs also have
an outstanding targeting ability for bacteria or inflammatory
sites by modification with the surface functional proteins.'* The
expression of specific targeting ligands on the surface of OMVs
by genetic engineering can further strengthen the targeting
effects.'®” PAMPs on OMVs make OMVs more easily recognized
and ingested by immune cells, which can be used for targeted
drug delivery toward immune cells. Thus, OMVs hold great
potential for drug delivery.
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5.4.1. Tumor-targeted drug delivery. Ning et al. developed
a,fB; integrin targeting and indocyanine green loaded OMVs to
induce phototherapy against melanoma. The developed OMVs
showed excellent stratum corneum penetration and melanoma
targeting. Under near-infrared light stimulation, the developed
OMVs induced robust photothermal and photodynamic
responses, and activated TRAIL-induced apoptosis in diffused
tumor cells, thus eliminating melanoma completely. This OMV-
based DDS may have wide application prospects in cancer
treatment (Fig. 6a).>>

5.4.2. Immune cell-targeted drug delivery. OMVs inherit
the surface antigen from parental bacteria, so it is easy to
activate an immune response, be recognized and ingested by
immune cells, and realize targeted delivery. It has been
reported that neutrophils have chemotactic effects and can
spontaneously return to the inflammatory area, which has a
profound and lasting effect and therefore is one of the ideal
targets.''® The efficiency of DDSs is hampered by a variety of
biological barriers, such as the mononuclear phagocyte system
and vascular and interstitial barriers. To overcome these barriers,
Li et al. reported a nano-pathogen (NPN) system that can target
neutrophils and enhance the therapeutic effect in combination
with photothermal therapy.''® The surface of NPNs encapsulated
by OMVs carried the PAMPs of natural bacteria, which can be
effectively recognized and internalized by neutrophils to promote
their migration to the inflammatory area of the tumor. After
penetrating the blood vessels to the deep tumor, the released
NPNs played a role in killing tumor cells. The combination
of photothermal therapy and NPNs can completely cure the
tumor-bearing mice, showing strong potential for clinical trans-
formation (Fig. 6b).

(a) Passive & active tumor targeting
LYoy &,
/\ S !
(b) Inflammation chemotaxis

Imemalixalio!\ N~
> g==ig,)
Blood el

(c)

-

5%&:@ SN §
/\ . “Gj‘ﬁ? N

/0 oMV o® Drig < % Tumor { @] Neutrophil

A~

v

Fig. 6 OMVs are promising drug delivery carriers for target sites, including
(a) tumor tissues, (b) immune cells and (c) brain.
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5.4.3. Brain-targeted drug delivery. Brain-targeted DDSs
are deeply troubled by the blood-brain barrier (BBB). The BBB
strictly controls the material exchange between blood and brain,
and hinders the delivery and accumulation of therapeutic drugs
for intracranial diseases, making it difficult for brain-targeted
drug therapies to achieve the expected effect.">*'>"

In recent years, many nanotechnology-related studies have
been devoted to the effective intracerebral delivery of therapeutic
drugs for brain diseases,'*” such as the DDS based on low density
lipoprotein receptor associated protein (LRP1)'** and prostate-
specific membrane antigen (PSMA) that can mediate endo-
cytosis,"** the DDS based on activating endothelial cell Kxrp to
promote BBB permeability,* the DDS that regulates endothelial
Mfsd2a to antagonize its inhibition of transcytosis,'****” and the
DDS that avoids basal LRP1 mediated brain clearance, etc.'*®
However, the brain targeting efficiency is still not enough to
achieve efficient treatment. Thus, new strategies urgently need to
be explored.

Recently, a new brain-targeted DDS based on the bacterial
OMVs has been reported. Inspired by the contribution of the
bacterial outer membrane to Escherichia coli K1 (EC-K1) binding
to and invasion of BBB endothelial cells in bacterial meningitis,
Chen et al. utilized the BBB invasion ability of the EC-K1 outer
membrane for brain-targeted drug delivery and constructed a
biomimetic self-assembled nanoparticle with the surface featur-
ing an LPS-free EC-K1 outer membrane. This biomimetic
nanoengineering strategy endowed the loaded drugs with pro-
longed circulation, high intracranial accumulation more than
most brain-targeted DDSs, and extremely high biocompatibility,
which reveal the great potential of OMVs in brain and brain
tumor DDS (Fig. 6¢)."*

5.5. Discussion

OMVs have been extensively utilized in biomedical applica-
tions, while there are many challenges in OMV development.
(1) OMVs from various bacteria, e.g., pathogenic bacteria and
symbiotic bacteria, may possess completely different functions.
There is a need to clarify the forming and action mechanisms
of different OMVs, which can endow these OMVs with more
accurate usage for biomedical application. (2) When exploiting
the immunogenicity of OMVs for treatment, e.g., vaccines and
immunotherapeutic agents, how to induce a sufficient immune
response but few potential side effects is an important issue to
be addressed. It is necessary to avoid the excessive production
or consumption of the immune response, because the former
can induce inflammation and the latter will weaken the
therapeutic effect. (3) Many OMV-related reports are still in
the stage of laboratory research. This is supposed to enlarge
the scale of samples for future clinical translation. (4) The
preparation of OMVs should be optimized, e.g., enhancing the
drug loading, maintaining the biological activity, conducting
thorough safety tests and other operations, to ensure the
consistency between batches and quality stability of products.
(5) Additionally, the targeting efficiency of OMV-based brain-
targeted DDS compared with parental bacteria demands more
investigation.

This journal is © The Royal Society of Chemistry 2022
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6. Conclusions

In this review, the extraction, characterization, functionalization,
detoxifications and the most recent application cases of bacterial
OMVs are comprehensively updated. Meanwhile, we clarify
the strengths and weaknesses of the aforementioned methods,
providing a more reliable theoretical basis for the subsequent
improvement of OMV production.

Furthermore, the applications of OMVs in the biomedical
field are illustrated as well, including vaccines, anti-bacterial
agents, immunotherapeutic drugs and drug delivery carriers. In
particular, we put emphasis on the breakthrough of OMV-based
brain-targeted DDS, which helps broaden the mind in the
clinical treatment. In summary, OMVs have made encouraging
progress in biomedical applications. Despite a few challenges,
OMVs show significant application prospects and deserve
further exploration.
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