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Abstract Bacterial outer membrane vesicle (OMV) is a kind of spherical lipid bilayer nanostructure naturally
secreted by bacteria, which has diverse functions such as intracellular and extracellular communication,
horizontal gene transfer, transfer of contents to host cells, and eliciting an immune response in host
cells. In this review, several methods including ultracentrifugation and precipitation for isolating OMVs
were summarized. The latest progresses of OMVs in biomedical fields, especially in vaccine develop-
ment, cancer treatment, infection control, and bioimaging and detection were also summarized in this
review. We highlighted the importance of genetic engineering for the safe and effective application and
in facilitating the rapid development of OMVs. Finally, we discussed the bottleneck problems about
OMVs in preparation and application at present and put forward our own suggestions about them.
Some perspectives of OMVs in biomedical field were also provided.
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INTRODUCTION

Living organisms tend to secrete factors such as pro-
teins, molecules, polysaccharides, and other substances
directly or indirectly to sustain their physiological
activities (Brown et al. 2015; Schwechheimer and Kuehn

2015). Besides direct excrete of some cellular factors,
many factors are secreted through the extracellular
vesicles (EVs), indicating that the vesicles may play an
important role in the living process. Different from
exosomes, EVs, or membrane structures obtained from
cell lysis, bacterial outer membrane vesicle (OMV) is
naturally derived from the cell envelope of Gram-
negative and Gram-positive bacteria (Brown et al. 2015;& Correspondence: luoy@cqu.edu.cn (Y. Luo),
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Shen et al. 2012; Turnbull et al. 2016). As shown in
Fig. 1, OMV is a spherical nanostructure with a diameter
of 20–250 nm and contains the phospholipid bilayers
that are incorporated with various bacterial proteins,
lipopolysaccharides (LPS), and lumens carrying
periplasmic constituents (Kaparakis-Liaskos and Fer-
rero 2015; Kim et al. 2015a, b). The discovery of the
OMV under various growth conditions and other natural
environments in all investigated bacteria indicates that
the secretion of OMV seems to be an evolutionary con-
served process (Orench-Rivera and Kuehn 2016). OMV
has a fundamental role in microbial physiology and
pathogenesis, including intracellular and extracellular
communication, horizontal gene transfer, transfer of
contents to host cells, and eliciting an immune response
in host cells (Kuehn 2012; Kulkarni and Jagannadham
2014). OMV obtained from Escherichia coli (E. coli) was
first reported in the 1960s, but the existent OMV pro-
duced by Gram-positive bacteria (Bacillus subtilis and
Bacillus cereus) was first mentioned in literature in 1990,
which may be caused by the different structure of cell wall
between Gram-negative and Gram-positive bacteria
(Bishop and Work 1965; Dorward and Garon 1990).

The biogenesis of OMV is a complex process (Kulkarni
and Jagannadham 2014; Ruiz et al. 2006; Schwech-
heimer and Kuehn 2015). Here, we briefly introduce four
major models that had been proposed to elucidate the
formation mechanisms of OMV (Fig. 1). Loss or reloca-
tion of covalent linkages, via lipoproteins or other ways,
exists between the outer membrane and the underlying

peptidoglycan layer. When the defect occurs, faster
growth rate of the outer membrane than the underlying
cell wall allows the outer membrane to protrude and
finally generate OMV. This is the principle of the first
model (Kulkarni and Jagannadham 2014; Kulp and
Kuehn 2010). The establishment of the second model is
based on the interaction between the outer membrane
and turgor pressure, which is generated from the accu-
mulation of peptidoglycan fragments or misfolded pro-
teins in the periplasmic space and cause the outer
membrane to bulge and finally to pinch off (Haurat et al.
2015). It is hypothesized that increasing the amount of
membrane curvature-inducing molecules, such as
B-band LPS and quinolone Pseudomonas aeruginosa (P.
aeruginosa) quinolone signal (PQS) of Pseudomonas
aeruginosa, can enhance anionic repulsions between LPS
molecules, which will result in membrane blebbing by
sequestering divalent cations (Kulp and Kuehn 2010;
Schertzer and Whiteley 2012). Through a mechanism of
asymmetric expansion of the outer leaflet of the outer
membrane, the PQS can induce the formation of OMV.
And based on this hypothesis, the third model is con-
structed. Although the PQS-based model is one of the
best studied so far, it is limited by the fact that PQS is
only produced by P. aeruginosa and therefore species
specific. Based on the phenomenon that knockout or
repression of VacJ/Yrb, two genes associated with
phospholipid transporter, will increase OMV production
in some Gram-negative bacteria, the forth model is
proposed (Roier et al. 2016). In this model, phospholipid
will accumulate in the outer leaflet of the outer mem-
brane when vacJ and/or yrb genes are silenced or
deleted, which then results in an asymmetric expansion
of the outer leaflet and subsequently promotes an out-
ward bulging of the outer membrane. In both leaflets, the
enrichment of positive and negative curvature induced
by phospholipids facilitates the budding of the outer
membrane, which finally pinches off to form an OMV
(Fig. 2). This model can act in concert with all other
three OMV formational models proposed hereinbefore
and can almost perfectly represent the mechanism of
secretion of OMV by Gram-negative bacteria. However,
this model cannot fully explain why the OMV contains
substances, such as DNA, that are inside the bacterial
inner membrane. Therefore, more sophisticated models
are needed to further explain the mechanism of OMV
formation.

Beside obtained from the natural secretion, treatment
of bacteria with external stimulus such as detergent,
oxidative stress, and temperature stress can also pro-
mote the production of OMV (Baumgarten et al. 2012;
MacDonald and Kuehn 2013; van de Waterbeemd et al.
2013). There are some differences between naturally

Fig. 1 Structure and contents of Gram-negative bacterial OMV
(Kaparakis-Liaskos and Ferrero 2015)
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and artificially OMV, and many works have shown that
OMV can differ in their structure and composition gen-
erated from the subtle differences during the formation
processes (Gnopo et al. 2017). According to these dif-
ferences, OMV can be carefully classified into several
different categories (Fig. 3). Based on the differences in
the preparation process between OMVs produced nat-
urally from native bacteria vesiculation and produced
by mechanical means, Kuehn et al. divided the OMVs
into native and non-native. However, in recent review by
Yehou M.D. Gnopo et al. (2017) and van der Ley et al.
(2015), OMVs were classified into four types including
detergent OMVs (dOMVs), native OMVs (nOMVs), spon-
taneous OMVs (sOMVs), and engineered OMVs (gOMVs).
The dOMVs lack some typical components found in a
bacterial outer membrane because of the use of deter-
gent in the productive process. However, nOMVs are
produced by using sonication but not detergent. The
sOMVs are produced naturally from budding of bacteria,
the equivalent of Kuehn’s native category (Kulp and
Kuehn 2010). And the gOMVs, abbreviated as sOMVs in
the original review, are extracted from genetically
engineered bacteria and have been widely used in
biomedical applications. A recent review summarized
by Toyofuku et al. (2019) divided the bacterial mem-
brane vesicles from Gram-negative bacteria into outer-
inner membrane vesicles (OIMVs), explosive outer-
membrane vesicles (EOMVs), and traditional OMVs
according to their formation routes, structures, and

compositions, which extended the scope of the bacterial
membrane vesicles. In addition, the OMVs secreted from
Gram-positive bacteria are termed as cytoplasmic
membrane vesicles (CMVs) and considered as one
independent bacterial membrane vesicle (Fig. 3).

Although the OMVs have been discovered for a long
time, there are still only a few methods to prepare and
purify the vesicles, and some defects still exist in the
existing methods during the isolation process. This
review outlines several major methods that have been
successfully applied to prepare the OMVs, including
ultracentrifugation and precipitation. Meanwhile, this
review will demonstrate some significant progresses of
OMVs, especially the genetically modified OMVs, which
have made in vaccine development, tumor treatment,
bacterial infection, and biological detection in recent
years.

METHODS FOR PREPARATION OF OMV

OMV is a subcellular component that consists of the
phospholipid bilayer, membrane protein, lipopolysac-
charide, nucleic acid molecule, and other substances,
and shown as a spherical nanostructure with a cavity
inside. For the same bacteria, different culture condi-
tions and growth stages will result in different compo-
nents on the surface of OMV, so it is difficult to acquire
the homogeneous OMVs (McCaig et al. 2013;

Fig. 2 A typical biogenesis of OMV of Gram-negative bacteria (Roier et al. 2016)
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Orench-Rivera and Kuehn 2016). We will introduce two
major ways that have been successfully applied to pre-
pare the OMVs as follows (Fig. 3).

Ultracentrifugation

In 1960s, ultracentrifugation was first used to prepare
OMVs, and the first TEM images of what have been
identified as OMVs from Gram-negative bacteria were
reported in 1966 (Knox et al. 1966). Since then, ultra-
centrifugation method has gradually become the most
important method for preparation of OMVs. The process
of the ultracentrifugation includes the following steps.
Firstly, bacteria were cultured in the suitable fluid
medium for a specified time. Bacterial cells and debris
distributed in the culture are removed by centrifugation
and the collected supernatant is subsequent filtration
through a 0.45-lm pore size filter to remove residues.
The cell-free filtrate is then concentrated to small vol-
umes with a 100-kDa hollow filter membrane. Finally,
the concentrated supernatant is pelleted by ultracen-
trifugation at 100,000–200,000 g for a certain time, and
the obtained pellet is OMVs while the soluble proteins
remain in the supernatant. By optimizing the cultural

conditions and the centrifugal speed and time in the
preparation procedure, more uniform OMVs would be
prepared through this method (Fig. 4).

To further improve the purity and quality of OMVs,
sequential density gradient centrifugation can be
adopted after the ultracentrifugation. Samples are
added into an inert gradient medium for centrifugal
settlement or settlement balance, and the target prod-
ucts will be distributed to certain specific position in the
gradient under a certain centrifugal force during the
process of ultracentrifugation. Iodixanol, sucrose, dex-
tran, and other substances that meet the requirements
can be used to prepare the inert gradient medium. Post-
process about the sequential density gradient ultra-
centrifugation is as follows: the pellet got from the
previous step is then resuspended in the prepared inert
gradient medium of highest gradient concentration and
ultracentrifugation at 200,000 g for a specific time. And
the purified OMVs can be harvested from the certain
layer.

Based on this method, OMVs generated from many
non-genetically or genetically modified Gram-negative
bacteria such as E. coli, P. aeruginosa and Salmonella
typhimurium have been successfully extracted with

Fig. 3 Different routes lead to the formation of distinct membrane vesicle types. Gram-negative bacteria have two main routes for vesicle
formation: blebbing of the outer membrane and explosive cell lysis. Endolysin also triggers ‘bubbling cell death’ in Gram-positive bacteria,
in which it gives rise to cytoplasmic membrane vesicles (CMVs). CMVs can contain membrane and cytoplasmic components. Other
peptidoglycan-damaging enzymes and treatments may have similar consequences as endolysin (Toyofuku et al. 2019)
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uniform morphology and homogeneous size (Guidi
et al. 2013; Kim et al. 2017a, b; Mashburn and
Whiteley 2005). OMVs from Gram-positive bacteria
such as Staphylococcus aureus (S. aureus), Bacillus
subtilis, and Streptococcus pneumoniae can also be
isolated through this method (Lee et al. 2009;
Toyofuku et al. 2017; Yuan et al. 2018). The successful
application of the ultracentrifugation not only provides
favorable assistance for extraction of OMVs but pro-
motes the development and application of OMVs in
many fields.

Although the ultracentrifugation method has been
widely used in the preparation of OMVs, there are still
some deficiencies. The complex operative procedure
and the cost of a lot of time are two main problems of
this method. Meanwhile, the machine of the ultracen-
trifugation has potential risk when operated, which
challenges the operational skills and psychology of
operator during the process. In addition, the machine is
very expensive and difficult to popularize to every
researcher in the field. This, in turn, will limit the
development of the OMVs and affect the progress of the
follow-up lines of research.

Precipitation

For a protein solution, the balance of surface charges
and hydrogen bonds that keep the soluble stable can be
destroyed when the high concentration of salt is added.
And the proteins will subsequently aggregate with each
other and lead the mass addition of the aggregation
making isolation by centrifugation easier. This mecha-
nism is also suitable for isolation of OMVs, indicating
that precipitation can be another practical approach for
extracting OMVs (Klimentova and Stulik 2015). There
are two main routes to achieve the extraction of OMVs
through precipitation. Adding the saturated salt solution
prepared previously to the supernatant that the bacte-
rial cells and debris have been removed. After the
general centrifugation, the OMVs can be precipitated
successfully. However, added large volumes of saturated
salt solution to the supernatant may complicate its
further processing. To avoid this problem, the homoge-
nized solid salt like ammonium sulfate (AS) with high
solubility in water and adequate ionic strength can be
directly added to the supernatant. It should be noted
that the solid salt should be homogenized and the

Fig. 4 Isolation of OMVs. A The general protocol for purifying OMVs derived from bacteria (Brown et al. 2015). TEM images of OMVs
isolated from genetically modified E. coli (Kim et al. 2017a, b) (B) and Acinetobacter baumannii (Li et al. 2015) (C)
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addition procedure must be performed very slowly to
control the size of the formed crystal and to avoid the
formation of overconcentrated zones, respectively.
Finally, the precipitated and centrifuged OMVs from
both routes should be dialyzed to remove the soluble
solid salt before further use (Klimentova and Stulik
2015).

Based on the precipitation, OMVs from Porphy-
romonas gingivalis are collected by using the AS at 40%
saturation (Li et al. 1998). The saturation of the salt
solution may increase after the precipitation, which was
proven by Oishi et al. When OMVs are collected, the
saturation of salt solution increases from 40% to 75%,
indicating that there are some free extracellular pro-
teins released from bacteria that may non-specifically
bind to the salt (Oishi et al. 2010). The saturation of the
salt solution should be determined carefully and some
corresponding inhibitor for these undesired proteases
should be added into the media prior to the concen-
tration step, which will improve the quality and main-
tain the stability of the surface proteins of OMV
(Bauman and Kuehn 2006). In order to further improve
the purity and size homogeneity of the obtained OMVs
by precipitation, density gradient centrifugation as well
as gel filtration (gel sieving, size exclusion chromatog-
raphy) is also needed (Kataoka et al. 2014). Unlike the
density gradient centrifugation, gel filtration is a tech-
nique of elution and separation based on molecular
sieves of particles with porous network structures and
the different molecular weights of each component in
the tested samples. OMVs with the same protein
molecular weight will be purified through this method
while OMVs with the same buoyancy density will be
collected by density gradient centrifugation.

Compared with ultracentrifugation, the key and dif-
ficult point of precipitation is to prepare salt solution
with proper concentration and saturation as well as the
rotation speed used to concentrate the formed crystal.
The whole process is also complex, and the proteins on
the OMVs will be threatened by the high concentration
proteases released from bacteria when centrifugation.
Moreover, the addition of protease inhibitors into the
filtered culture media prior to the concentration step
will increase the useless contents of the solution, which
will set up a barrier for further purification of the OMVs.

Limited by the purity, quality, and homogeneity of the
prepared OMVs, other methods like ultrasonication are
only used within a limited kind of bacteria. Moreover,
OMVs obtained through these two methods often need
further purification by any of the above two methods, so
it is rarely used alone of these two methods for prepa-
ration of the OMVs. In general, the separation and
purification of OMVs are very complicated. Although

OMVs with stable morphology and uniform size have
been able to extract by the ultracentrifugation and
precipitation methods, the complexity of the operation
process, a lot of time and energy consumed in separa-
tion and purification, and high cost of the methods still
existed subsistent, which cannot meet the requirements
from other lines of research and will seriously limit its
development and application in the biomedical field.
Therefore, it is very urgent to upgrade the existing
techniques or develop simple and feasible methods.

BIOLOGICAL APPLICATIONS OF OMV

OMV carries many characteristics of the outer mem-
brane of the bacteria. LPS is one of the special compo-
nents on the surface of the OMV, which makes the OMVs
toxic to host cells. For Gram-positive bacteria, the
component that plays the same role like LPS is the
lipoteichoic acid (LTA), which could only be found in the
bacterial cell wall (Bitto and Kaparakis-Liaskos 2017).
LPS can be found exclusively in the outer leaflet of the
outer membrane of Gram-negative bacteria besides
OMVs and have been introduced carefully in previous
studies (Silhavy et al. 2010). Together with other fea-
tures presented on parent bacterium, the OMV can act
as a mini-bacterium to participate in mediating diverse
physiological functions, including assisting bacterial
communication with each other, increasing bacterial
adaptation and survival in the hostile host environment,
resisting the attack of antibiotics, and promoting deliv-
ery of virulence factors and pathogenesis (Kulkarni et al.
2014; Manning and Kuehn 2011; Schwechheimer and
Kuehn 2013).

OMV may directly interact with epithelial cells or
pattern-recognition receptors such as toll-like receptor
(TLR) to induce or inhibit the production of cytokines
and chemokines by epithelial cells to regulate inflam-
matory cells (Kaparakis-Liaskos and Ferrero 2015)
(Fig. 5). At the same time, the interaction between OMVs
and epithelial cells can also disturb the cellular mucosa,
promote the transfer of OMVs and the entry of bacterial
toxic factors into the submucosa, thereby promoting the
interaction of OMVs with neutrophils, dendritic cells,
and macrophages (Kaparakis-Liaskos and Ferrero
2015). OMV contains a large number of immune anti-
gens with auxiliary characteristics, which can activate
innate immunity and promote the occurrence of adap-
tive immune response (Ellis and Kuehn 2010). Thus,
OMV has a potential function in vaccine delivery.
Although the presence of these TLR antagonists sub-
stantiates the immuno-stimulatory effects of OMVs, they
can cause uncontrolled responses like inflammation
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when the OMVs are used in excess (Gnopo et al. 2017;
Xue et al. 2015). For example, treatment with high levels
of LPS will induce the strong protection from the
immune system of the animals, which will lead to fever
and septic shock (Kuipers et al. 2015). Thus, in order to
prepare a safe and effective vaccine within the tolerance
level of the body, the usual amount of these immune
antigens on the surface of OMVs needs to be effectively
managed. Safety also needs to be addressed with OMVs
from these hosts to become a suitable option for other
types of applications.

There are mainly two approaches to remove the
endotoxins from OMVs. First approach is an artificial
method that does not change the genes that code for
LPS in the bacteria strain and can be applied to
post-OMV (van de Waterbeemd et al. 2010). Profiting
from the characteristics of structure of LPS, appropriate
chemical reagents such as non-ionic detergents and

chelating agents are used during the process of prepa-
ration to treat the OMVs, sequentially reduce or dissolve
the LPS. Based on the genetic engineering, another
elegant approach that acts on LPS-synthesis pathway in
the host bacteria strain is proposed to prepare the OMVs
with attenuated forms of LPS (Needham et al. 2013;
Needham and Trent 2013). Although satisfied OMVs can
be got through both methods, improper use of chemical
reagents will cause loss of lipoproteins and other
enzymatic proteins as well as the activity, which would
impair the ability of OMVs to initiate cross-protective
immunity. In contrast, the transformation of bacteria
strain through genetic engineering not only attenuates
LPS exclusive, but also maintains the ability for inducing
desired pathogen-specific immune responses of OMVs,
which is more suitable for non-endotoxin transforma-
tion of OMVs (Bitto and Kaparakis-Liaskos 2017; Kim
et al. 2017a, b; van der Pol et al. 2015). Next, this review

Fig. 5 Interactions of OMVs with epithelial and innate immune cells. OMVs from multiple pathogens interact with epithelial cells and
innate immune cells in various ways to either facilitate (orange boxes) or limit (yellow boxes) inflammation and the recruitment of
inflammatory cells to the mucosal epithelial cell surface (Kaparakis-Liaskos and Ferrero 2015)
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will highlight the latest advances of genetically engi-
neered OMVs in vaccine development, infection control,
cancer treatment, and bioimaging and detection
(Table 1).

Genetically engineered OMVs for vaccine
development

With the continuous aggravation of bacterial drug
resistance and the failure of traditional vaccines in
serious side effects including inflammation, toxicity, and
poor stimulation of cell-mediated or mucosal immunity,
it is urgent to develop new vaccines for preventing and
controlling bacterial pathogens (Pathirana and
Kaparakis-Liaskos 2016). Profiting from their immuno-
genic properties, OMVs from Gram-negative and Gram-
positive bacteria have been investigated as antigen
adjuvant or vaccine candidate for many years (Bjune
et al. 1991; Petousis-Harris et al. 2017). In fact, the
OMV-based vaccine like Bexsero, a meningococcal group
B vaccine, is approved by the U.S. Food and Drug Admin-
istration (FDA) for preventing invasive disease caused by
Neisseria meningitidis serogroup B in individuals 10
through 25 years of age (Vernikos and Medini 2014).

Bacterial OMVs obtained from some bacteria can
increase the antibody levels and result in strong cell-
mediated and humoral immune responses in mice,
which will reduce the bacterial burden and prolong the
survival of mice (Huang et al. 2014; Yuan et al. 2018).
Based on the cavity structure, OMVs can also be used as
antigen delivery device for increasing the antigen pre-
sentation and immune response. The polysaccharide
produced by Bacteroides fragilis can be loaded in the
corresponding OMVs, and the system can prevent
experimental colitis by promoting regulatory T cell
responses and suppressing proinflammatory cytokine
production (Shen et al. 2012). OMVs derived from
Bacillus anthracis contain one or more biologically
active toxins that can induce the immune system of mice

to produce a robust IgM response, which would protect
mice from challenge of Bacillus anthracis again (Rivera
et al. 2010). However, these OMVs possess the self-
adjuvanting properties naturally, and employing them
as the devices for transporting the target adjuvants or
antigens may cause serious side effects like septic shock
for human body in some cases, which will reduce the
therapeutic effect for bacterial infections (Chin et al.
2013). For these reasons, some modifications are
required for improving the biosafety of OMVs. The
genetic engineering technique is one of the alternative
approaches.

OMV can be used as a safe vaccine delivery device or
antigen adjuvant after minimizing amount or passivat-
ing activity of the components like LPS or LTA (van de
Waterbeemd et al. 2010). Compared to traditional
method like chemical modification based on the struc-
ture of LPS or LTA, the biosafety of OMV will be
improved after the rational genetic manipulation, which
will further increase the therapeutic potential of OMV
(Choi et al. 2015). Some studies have shown that OMVs
from genetically engineered bacteria such as E. coli,
Neisseria meningitidis and S. aureus show low toxicity
and can effectively induce antibody-mediated immunity
or innate immune response (Fantappie et al. 2014;
Zariri et al. 2016).

Heterologous oligosaccharide and polysaccharide
antigens can be displayed on the OMVs by remodeling
the carbohydrate portion of LPS (Valentine et al. 2016).
The geOMVs, meaning glycoengineered outer membrane
vesicles, generated from non-pathogenic E. coli that had
been modified by genetic engineering demonstrate the
target glycan of the pathogen on their surface and can
be used as vaccines to against Streptococcus pneumoniae
and Campylobacter jejuni (Price et al. 2016). Another
example is the glycosylated OMVs, glycOMVs, which can
be obtained from several different pathogenic bacteria
by engineered modification (Chen et al. 2016). The
glycOMVs can play a role of vaccine and delivery

Table 1 Biomedical applications of OMVs and their superiority and deficiency

Application Superiority Deficiency Example

Vaccine
development

Easily customization;

Target ability;

Safe delivery device for
vaccine and proteins;

Stimulate the body to
generate immune
protection;

Protect the protein and
soluble materials within it

Complex preparation process;

Inducing adverse reactions like excessive immune
response and subsequent inflammation

Petousis-Harris et al. (2017),
Thoma et al. (2018)

Infection
control

Huang et al. (2016), Gao et al.
(2015), Yuan et al. 2018.

Cancer
treatment

Kim et al. (2017a, b), Gujrati
et al. (2014)

Bioimaging
and
detection

Gujrati et al. (2014), Chen et al.
(2017)
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platform at the same time and are able to induce the
antibody response and T-cell response, protecting the
mice from lethal challenge. Similar vaccines that prevent
infections caused by other pathogens can be obtained
quickly through the same way.

The target objects like antigens and proteins can be
anchored on the outer membrane of bacteria through
genetic engineering, resulting in the formation of OMVs
with specific protein, which can effectively elicit specific
immune responses (Thoma et al. 2018). By genetically
fusing to the anchor protein cytolysin A (ClyA), OMVs
demonstrating several heterologous proteins were
constructed from E. coli and Salmonella enterica (Chen
et al. 2010). Based on the ClyA, the green fluorescence
protein (GFP) can also be expressed on OMVs, which can
act as vaccine and fluorescent booster at the same time.
The influenza matrix protein 2 (M2e) can also be inte-
grated on the surface of OMV isolated from E. coli
through the same way, and the prepared M2e OMV
vaccine can induce high IgG titers in mice and provide a
strong protection against lethal PR8, H1N1, and H3N2
influenza challenge in mice (Watkins et al. 2017).

Like adjuvants or vaccines, OMVs can induce immune
protection that can protect human body from related
bacterial infections. OMVs with specific function can be
obtained by genetic engineering and the associated
vaccines have been approved for the treatment of
meningitis in clinic, which will accelerate the advance of
the OMVs in turn.

Genetically engineered OMVs for infection
control

Previous studies have shown that OMVs can effectively
aggregate at the infected site, stimulate the body to
produce a strong and last protective immune response
and humoral immunity in infected mice (Kaparakis-
Liaskos and Ferrero 2015; Jang et al. 2015). This is an
antigen-specific IgG and/or IgA antibody-responsive
process (Fantappie et al. 2014; Romeu et al. 2014). The
antigens will be presented to CD4? T cells through
antigen-presenting cells (APCs), and then stimulate the
body to generate the antigen-specific B-cell responses
that will wipe out the antigens and establish the
immunoprotection (Apostolico Jde et al. 2016; Sharpe
et al. 2011). During the infection with pathogens such as
Shigella flexneri, E. coli, S. Typhimurium, H. pylori, and V.
cholerae, the secreted OMVs can induce the protective
immune responses that can relieve the burden from
infection and defend the mice against sepsis or death
(Chatterjee and Chaudhuri 2013; Kim et al. 2013; Vanaja
et al. 2016). At the same time, interferon-c (IFN-c) and
interleukin-17 (IL-17) can be produced through

immune system under the stimulation of OMVs, which
will then induce the Th1- and Th17-based cell response
to achieve the effective killing of homologous bacteria
in vivo. Another study has shown that with the immu-
nity of OMVs, the polymorphonuclear leukocytes from
body show effective destruction against Neisseria
meningitidis, suggesting that neutrophils may contribute
to OMV-mediated protection against this pathogen (Kim
et al. 2013).

Assisted by recombinant genetic technology, an outer
membrane protein of A. baumannii, Omp22, was dis-
played on E. coli DH5a-derived OMVs (Huang et al.
2016). The obtained Omp22-OMVs can effectively
induce the generation of Omp22-specific antibodies and
Omp22-OMV immunization that could protect mice
from assault originated from a clinically isolated A.
baumannii strain, reduce bacterial burdens in many
organs, suppress serum levels of inflammatory cyto-
kines, and finally increase the therapeutic effect. These
results strongly suggested that OMVs can protect the
activity of the heterologous protein, which will ulti-
mately lead to achieve controllable induction of specific
antibody response for homologous bacterial infection.

Gao et al. (2015) reported a kind of bacterial outer
membrane-coated AuNPs (BM-AuNPs) that preserved
the biological characteristics of bacteria and could serve
as a natural antigen to the immune system (Fig. 6A). For
mice inoculated with BM-AuNPs, the dendritic cells in
lymph nodes will be induced and maturated rapidly, and
the consequent antibody responses are durable and
more avid than those elicited by OMVs only. The pro-
duction of IFN-c and IL-17 was also increased, demon-
strating that the strong TH1- and TH17-based cell
responses to pathogenic bacteria can be triggered by
BM-AuNPs. This study shows that the reasonable com-
bination of OMVs and nanomaterials will give full play
to the advantages of both and promote the application
of the complex in vaccine design.

Compared with the OMVs secreted from Gram-
negative, the OMVs generated from Gram-positive
bacteria are naturally free of LPS and theoretically have
better safety. Thus, they are more valuable to become
the carrier of vaccine delivery. Yuan et al. (2018) con-
structed a S. aureus membrane vesicle delivery system
(DagrMVs) from an agr locus deletion mutant of the S.
aureus strain (RN4220-Dagr) (Fig. 6B). The virulence of
the membrane vesicles generated by the agr system of
S. aureus which had been knocked was greatly reduced.
And at least four high-abundance proteins, Mntc-FLAG,
PdhB-FLAG, PdhA-FLAG, and Eno-FLAG, with the ability
to carry foreign antigen molecules were identified from
the bases of the membrane vesicles. Using the specific
antigens of four serotypes of dengue virus as the model,
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the protective antigens (EDIIIconA/B) of two kinds of
dengue virus were recombined to the coding genes of
the principal components of the membrane vesicle by
genetic engineering technology. And the polyvalent
dengue membrane vesicle vaccine was developed and
prepared by the membrane vesicle secretion mechanism
of S. aureus. The preliminary evaluation of immunological
efficacy shows that the prepared vaccines can induce
the body to produce protective neutralizing antibody,
which had a good ability against all the four serotypes
virus of dengue.

Through genetic modification, OMVs can be
endowed with the ability to deliver proteins and
stimulate the body to generate immune protection.
And more functions of OMVs will be discovered after
further detailed study. Some studies have shown that
OMVs from Gram-negative bacteria tend to inhibit the
growth of hostile bacteria, which will protect their
own parent bacterium. However, limited by the
unclear mechanism and the general bactericidal abil-
ity, this interesting phenomenon has not been studied
thoroughly. Perhaps through the genetic engineering,
OMVs can obtain amplified and controlled bactericidal
ability, and the relative mechanism will be understood

eventually in the future (Li et al. 1998; Schulz et al.
2018).

Genetically engineered OMVs for cancer
treatment

Cancer is the leading cause of the death in our society.
There are probably 18.1 million new cancer cases and
9.6 million cancer deaths worldwide in 2018 (Bray et al.
2018). No time to lose in the fight against cancer
(Motevalli et al. 2019; Sun et al. 2018). Previous lines of
research have reported that bacteria such as Bifi-
dobacterium bifidum and E. coli have ability to target
tumor, proliferate in specific tumor cells, and trigger
effective antitumor through specific immune factor-
mediated immune response (Kim et al. 2015a, b;
Pawelek et al. 2003). The OMVs derived from the above-
mentioned bacteria have many similar components like
their parent bacterium, which may endow them same
abilities for cancer treatment.

Kim et al. reported that the DmsbB OMVs obtained
from the lipid A acyltransferase (msbB)-deficient E. coli
can be used as cancer immunotherapeutic agents and be
successfully accumulated in tumor tissue via enhanced

Fig. 6 Application of genetic modified OMV. A An unique bacterial membrane-coated nanoparticle system as a new and exciting
antibacterial vaccine (Gao et al. 2015). B A safe multivalent nanoscale staphylococcal platform (DagrMVs) developed from the
Staphylococcus aureus strain (RN4220-Dagr). The DagrMV was authenticated as a capable tool for delivering heterologous viral antigens
and against viral infections (Yuan et al. 2018). C OMVs derived from DmsbB mutant E. coli that bacterial endotoxin like LPS had been
inactivated could be employed as therapeutic agents to treat cancer via immunotherapy (Kim et al. 2017a, b). D Engineering multi-
functional OMV as modular nanodevice for biosensing and bioimaging (Chen et al. 2017)
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permeability and retention (Kim et al. 2017a, b). Pro-
voked by trypsin-sensitive surface proteins of OMVs, the
body could produce interferon (IFN)-c in the tumor
microenvironment, which would activate antitumor
responses and inhibit the tumor growth. Compared with
OMVs purified from wild-type E. coli, the DmsbB OMVs
are considered safe (Fig. 6C). What needs to be pointed
out is that the E. coli DmsbB had no direct antitumor
effect and can lead to adverse reactions under certain
circumstances.

Through a sorting mechanism, the various heterolo-
gous proteins can be carried by OMVs and their activi-
ties can also be retained. Thus, OMVs are advantageous
for delivering the proteins and small-interfering RNA
(siRNA) that are destructive to tumors. In the study of
Vipul Gujrati et al.’s, the ClyA, an outer membrane-
enriched virulence factor, with high affinity to human
epidermal growth factor receptor 2 (HER2)-targeting
protein was genetically fused with an antibody and
finally anchored on the OMV surface (Gujrati et al.
2014). The prepared AffiHER2OMVs with low immuno-
genicity were used to deliver siRNA that can target
kinesin spindle protein and kill cancer cells in mice.
Different from positive target like enhanced perme-
ability and retention of OMVs as described above, in this
work, OMVs were first given the ability to actively target
tumors through the genetic engineering, which will
effectively broaden the applicable scope of OMVs
(Kaparakis-Liaskos and Ferrero 2015). In addition,
OMVs will express a cancer-specific targeting ligand to
deliver their payload like siRNA in a cell-selective
manner after the modification of genetic engineering.

OMVs containing the bacteriotoxin like LPS possess
the ability to provoke uncontrolled adverse responses
like inflammation in the body, which limit their appli-
cation in cancer treatment (Bonnington and Kuehn
2014). The OMVs obtained after special modification by
genetic engineering do not show the original antigen
toxicity any more, which provides the possibility for safe
delivery of therapeutic agents in vivo. At the same time,
the engineered OMVs not only can maintain the protein
activity but also possess enhanced target ability and
therapeutic effect for cancer treatment.

Genetically engineered OMVs for bioimaging
and detection

Anchoring fusion proteins with special functions on
bacterial outer membrane vesicles can achieve multiple
purposes such as targeted protein transport, fluorescent
molecular labeling, and tumor treatment. It can be
achieved by anchoring the fusion proteins on the OMV

membranes-associated protein through genetic modifi-
cation. With the help from these membrane proteins,
fusion proteins were successfully fixed to the OMVs for
vaccine preparation, enzyme assembly, siRNA silencing,
cellular target, and living cell imaging as demonstrated
in other synthetic systems (Park et al. 2014).

It is reported that antibody-decorated OMVs by
genetic engineering can target the HER2, a receptor
protein overexpressed in many malignant tumors
(Baselga and Swain 2009). After loading TAMRA-labeled
kinesin spindle protein (KSP) siRNA, the resultant
AffiHER2OMVsiRNA-TAMRA can effectively inhibit tumor
growth by KSP silencing and track the siRNA-Loaded
AffiHER2OMVs in vitro and in vivo (Gujrati et al. 2014).
Since there is no direct fluorescence labeling of the
OMVs, more information about the activity of OMVs
cannot be known in vivo. The proteins modified on
OMVs often have a single function and the role of other
anchors on OMVs cannot be effectively utilized, which
would limit the application of the modified OMVs. Thus,
the abilities about OMVs decorated with multiple
functional protein moieties need to be further studied.

The E. coli has the natural ability to classify proteins
as interior and exterior of OMVs, which makes the
proteins in the interior and exterior membrane have
obvious specificity. Through simultaneous decorations
of both interior and exterior membranes with functional
capturing and reporting moieties assisted by gene
engineering, Chen et al. (2017) developed one kind of
dual-functionalized OMVs as a modular platform for
intracellular imaging (Fig. 6D). The SlyB, existed to the
side of periplasm of the outer membrane of E. coli, was
immobilized to the interior of OMVs for anchoring target
fluorescin (Plesa et al. 2006). In order to realize multi-
targeting, anchors like ice nucleation protein on the
exterior of the OMVs were used to exhibit an antibody-
binding Z domain for antibody binding simultaneously
(Shimazu et al. 2003). To further modify the existing
system with corresponding dockerin-tagged GFP for
OMV imaging, the Scaf3 that contains three orthogonal
cohesin domains was inserted between the ice nucle-
ation protein and Z domain (Tsai et al. 2009). The
detectable concentration of thrombin was as low as
0.5 nmol/L through this OMVs, which indicated that the
multi-functionalized OMVs had a powerful ability for
biosensing and bioimaging.

Not much attention has been paid to the biosensing
and bioimaging using the engineered OMV at present.
However, to benefit from the easily customized by
genetic modifications, many OMVs with special capa-
bilities will be assembled for a broad of applications
including live imaging.
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SUMMARY AND PERSPECTIVE

OMV secreted throughout the life of all Gram-negative
and Gram-positive bacteria that have been investigated
is essential for bacteria to maintain their normal physi-
ological activities. OMV is a spherical nanostructure with
a size of 20–250 nm and consists of almost same com-
ponents of the parent bacterium, and can be used as a
tool for bacteria to resist the external pressure. OMV has
many functions such as bacterial intercellular commu-
nication, DNA transfer, transportation of virulence fac-
tors, and interception of bacteriophages. Although many
studies have reported the biogenesis of OMV, the process
of formation needs more attention. Ultracentrifugation
and precipitation are two major methods for the
preparation of OMVs. The OMVs with regular morphol-
ogy and uniform size can be obtained by ultracentrifu-
gation, which is the most common method for the
preparation of OMVs. However, the process is very
complex. Although the OMVs can be prepared by pre-
cipitation method through a simple process, the salt
solution with unsuitable saturation can destroy the
protein on the surface of vesicles easily, so it is rarely
used. The density gradient centrifugation and gel filtra-
tion can usually be used to purify the prepared vesicles.

OMV is a kind of natural immune adjuvants, which
play an important role in vaccine preparation, infection
prevention and control, tumor treatment, drug trans-
portation, and biological imaging. However, under the
influence of surface bacteriotoxin such as LPS and LTA,
excessive immune response and subsequent inflamma-
tion are often induced during the application process. To
solve these problems, chemical or genetic engineering
techniques are often used to remove or passivate the
bacteriotoxin on the surface of OMV. Chemical method is
easy to inactivate or degrade proteins on the membrane
surface while gene engineering technology is control-
lable, safe, and targeted, so more commonly used in
practice. In recent years, genetically modified OMVs have
been widely used in the biomedical field. And the OMV-
based vaccine like Bexsero has been approved by the FDA
for clinical treatment of meningitis. Through the proper
use of protein sites on the surface of bacteria, target
antigens, proteins, or other substances can be expressed
on the surface of OMV, and the safer and more effective
vaccine can be developed. When induced by OMV, IFN-c
can be produced from the immune system and finally kill
the cancer cell. At the same time, IFN-c and IL-17 can be
produced through immune system under the stimulation
of OMVs, which will then induce the Th1- and Th17-
based cell response to achieve the effective killing of
homologous bacteria in vivo.

Great progress has been made in related areas since
the discovery of OMV. However, there are still some
problems needed to be addressed: (1) the existing bio-
genesis cannot fully explain the formation process of all
bacterial vesicles, so further studies are needed; (2) the
separation and purification processes of OMV are com-
plex, which will restrict the development of relative
research; (3) OMV is rarely used in other biomedical
fields except research and development of vaccines;
(4) how to balance the surface antigen activity and
toxicity effectively need further research. To overcome
these obstacles, more dynamic monitoring strategies like
fluorescence imaging or in situ electron microscopy
should be applied for understanding the biogenesis of
OMV. Developing functional molecules, proteins, or
enzymes that possess the ability to inhibit the activity of
bacterial toxins on the OMVs’ surface may be an effective
strategy to reduce the immunogenicity of OMVs. And
inspired by the strategies such as immunoaffinity
capture, exosome precipitation, size-based and
microfluidics-based isolation techniques that have been
successfully applied to extract exosome from cells,
similar extractive methods based on the characteristics
of OMV can be developed (Li et al. 2017). There are
reasons to believe that with the solution of the existing
problems and the further studies, OMV-based nan-
otechnology will be evolved into a powerful toolkit for
vaccine development, disease diagnosis, cancer therapy,
and other related fields.
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