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Abstract

Bacterial infections cause acute and chronic diseases. Antimicrobial resistance and aging-related 

immune weakness remain challenging in therapy of infectious diseases. Vaccines are however an 

alternative to prevent bacterial infections. Here we report a facile method to rapidly generate 

bacterium-membrane-formed nanovesicles as a vaccine using nitrogen cavitation. The vaccine is 

comprised of double-layered membrane vesicles (DMVs) characterized by cryo-TEM, 

biochemistry and proteomics, showing DMVs possess the integrity of bacterial membrane and 

contain a wide range of membrane proteins required for vaccination. In the mouse sepsis model 

induced by Pseudomonas aeruginosa, we found that DMVs can improve mouse survival after mice 

were immunized with DMVs. The increased adaptive immunity and unique biodistribution of 

DMVs were responsible for enhanced protection of bacterial infection. Our studies demonstrate 

that this simple and innovative approach using nitrogen cavitation would be a promising 

technology for vaccine developments.
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1. Introduction:

Bacterial infections cause severe acute and chronic inflammation resulting in tissue damage 

and multi-organ failure, such as acute lung injury and sepsis (1-3). The incidence of 

infectious diseases dramatically increases due to antimicrobial resistance (4,5) and aging-

related weakness of immune systems (6), therefore, it is needed to develop novel approaches 

and technologies to tackle infectious diseases (7,8).
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One of the strategies is vaccination, a process of administration of antigens that activate the 

host response to eliminate bacteria from the body. Antigen subunits of a bacterium were 

exploited to generate vaccines, for example, lipopolysaccharide (LPS), O-polysaccharides 
(9-11) and multivalent LPS-based vaccines have been evaluated in several disease 

models(12-15). The vaccines act by targeting specified toxins (16,17), but the multiple cellular 

pathways regulate the host responses to bacterial infections (18-20), therefore, this type of 

vaccination is unlikely effective for a wide range of pathogens.

Nanotechnology is a powerful tool to generate and assemble materials to form nanoscale 

structures with bio-functionality (21-26). Nanoparticles have been exploited in vaccine 

developments (27-29), for instance, nanoparticle-based vaccines were formulated by 

nanoparticles carrying antigens and adjuvants to mimic microbes (30-33). Nanoparticles are 

easily taken up by antigen-presenting cells (APCs) that induce T cell activation (34). 

However, nanoparticle-based vaccines are inadequate to replicate multiple pathways induced 

by a bacterium because a wide array of antigens expressed on a bacterium is required for the 

effectiveness of vaccines (35,36).

Outer membrane vesicles (OMVs) are derived from bacterial membrane and have gained 

much attention in the applications of vaccination and targeted drug delivery (37-45). For 

example, a gram-negative bacterium is comprised of outer and inner membranes, 

peptidoglycan and antigens across both membranes(46). It has been shown that bacteria 

constantly liberate OMVs to extracellular space(47,48), and OMVs show a single-layered 

spherical membrane with diameters of 20-250 nm (49). Despite their promising applications, 

OMVs have several limitations (45). Since OMVs are secreted from culture media, their 

composition, size and reproducibility vary batch by batch(50). In addition, scalability of 

OMVs is challenging using current approaches (51). Another issue is related to the stability 

of OMVs in vivo due to their single-layer cell membrane. To resolve this problem, gold 

nanoparticles were inserted in OMVs to increase their stability and long circulation time in 
vivo resulting in enhanced vaccination efficacy (50).

Herein, we report a facile approach to generate bacterial membrane nanovesicles using 

nitrogen cavitation. We show that nanovesicles are comprised of a whole bacterial 

membrane with inner and outer membrane components, and they act as a vaccine to prevent 

severe infections from bacteria. To demonstrate the principle of concept, we used 

Pseudomonas aeruginosa (P. aeruginosa) as a model, a major pathogen in infectious diseases 
(52,53). Vaccines against P. aeruginosa have been widely explored (54), however, there still 

remaining challenges, such as poor efficacy (55) and clinical safety (56,57). Our studies reveal 

that the nitrogen cavitation approach may be a simple technology to rapidly generate 

bacterial membrane nanovesicles for vaccine developments to overcome the safety issues of 

whole bacterial vaccines.

2. Materials and Methods:

2.1 Materials:

Gram-negative bacteria of P. aeruginosa (PA-103) were purchased from ATCC (29260™). 

HBSS (without Ca2+, Mg2+ and Phenol red) was purchased from Corning (Inc, NY). A 
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nitrogen cavitation vessel was purchased from Parr instrument (Moline, IL). Sarkosyl and 

RIPA buffer were purchased from Sigma-Aldrich (St. Louis, MO, USA). DiD (3H-Indolium, 

2-(5-(1,3-dihydro-3,3-dimethyl-1-octadecyl-2H-indol-2-ylidene)-1,3-pentadienyl)-3,3-

dimethy l-1-octadecyl-, perchlorate) [Ex(640nm)\Em(670nm)], DAPI, Penicillin 

streptomycin (pen strep) and glutamine (100x) were purchased from Life Technologies 

(Grand Island, NY). A QuantiFluor dsDNA detection kit was purchased from Promega. 

Pierce™ BCA protein assay kit was purchased from Thermo Fisher Scientific. rmGM-CSF, 

anti-CD11c Abs, anti-CD40 Abs, anti-CD80 Abs, anti-CD86 Abs, murine IL-6 ELISA kit, 

murine IL-1β ELISA kit and murine TNF-α ELISA kit, murine IL-12p70 ELISA kit and 

murine IL-2 ELISA kit were purchased from Biolegend.

2.2 Bacteria culture and Generation of Bacterial Outer Membrane Vesicles

Gram-negative bacteria of P. aeruginosa were cultured in Luria broth agar overnight at 

37 °C. A single colony was incubated in LB medium. Following incubation, the medium 

was cultured in a shaker at 37 °C until OD600 of the medium reached mid log phase 

approximately 1.0, indicating the logarithmic growth phase. P. aeruginosa OMVs were 

produced following the published protocol (58). Briefly, bacterial culture media were pelleted 

at 6,000 g for 30 min, the supernatant was filtered through a 0.45 μm filter followed by 0.22 

μm filtration. The resultant suspension was concentrated via a 100 kDa tangential filtration 

concentration unit (Pall-Gellman). OMVs were pelleted at 200,000 g for 4 h and 

resuspended in HBSS buffer (1 ml) for future experiments.

2.3 Preparation of double-layered membrane vesicles (DMVs) from bacteria.

P. aeruginosa cells (1 L) were cultured and 100 mL cells were collected and washed with 

HBSS (without Ca2+, Mg2+ and Phenol red, Corning, Inc, NY). Then, these 100 mL cells 

were collected and were resuspended in HBSS at a concentration of 1-1.5×109 ml−1. The 

cell suspension (10-20 ml) was placed in a nitrogen cavitation vessel (Parr instrument, 

Moline, IL) under a pressure of 1500 psi for 20 min and the pressure was quickly released to 

disrupt cells. To completely disrupt cells, nitrogen cavitation was repeated twice. The 

resulting suspension was centrifuged at 6,000 g at 4 °C for 30 min. The resulting supernatant 

was centrifuged at 100,000 g at 4 °C for 30 min (Ultra TLX Beckman). After the 

supernatant was removed, a pellet was suspended in HBSS (1 ml). After cells were disrupted 

via nitrogen cavitation, the product after each centrifugation was quantitatively analyzed. 

Protein concentrations were determined via the BCA assay. The final vesicles after 

lyophilization were weighted for in vitro and in vivo experiments.

2.4 Characterization of DMVs

DMVs were characterized using dynamic light scattering (DLS) and cryo-TEM. The particle 

sizes and zeta potentials were measured by Malvern Zetasizer Nano ZS90 (Westborough, 

MA). Measurements were usually repeated five times. For cryo-TEM, a drop of vesicle 

solution (1 mg ml−1) was deposited on a carbon-coated grid discharged by PELCO 

easiGlow. After soaked by a piece of filter paper, the grid was quickly dropped in liquid 

nitrogen and stored overnight. The vesicles were imaged using TF20 TEM with a liquid 

nitrogen stage. Stability of nanovesicles was measured via monitoring nanovesicle size over 

time using DLS. The vesicles were labeled for imaging and biodistribution studies. Briefly, a 
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pellet after ultracentrifuge was resuspended and the suspension was quickly mixed with DiD 

dye (1 μl, 1 mM) at 37 °C for 30 min in water bath. The suspension was centrifuged at 

100,000 g twice to remove free dye molecules. To investigate whether DMVs contain 

specific antigens from their source of bacteria, a 96-well plate was coated with purified 

DMVs or P. aeruginosa, respectively, at a concentration of 100 ng per well in HBSS, then 

blocked with BSA/HBSS (1%), and loaded with anti-OmpA antibody (Gift). OmpA 

concentration in OMVs was measured as control. OmpA protein concentration were 

detected using secondary peroxidase-conjugated anti-mouse IgG Abs followed by adding a 

chemiluminescent substrate.

2.5 Proteomics and analysis of DMVs

P. aeruginosa outer membrane protein extracts were prepared based on papers published 
(49,59). Briefly, P. aeruginosa were pelleted as previously described and resuspended in Tris-

HCl (1 ml, 20 mM, PH 8.0) containing 20% sucrose. Lysozyme (5 μl, 15 mg ml−1) and 

EDTA (10 μl, 0.5 M) were added to the suspension cells, followed by 40 min incubation on 

ice. Then MgCl2 (20 μl, 0.5 M) was added and the spheroplasts were pelleted at 9,500 g for 

20 min. The supernatant containing periplasmic components was stored at −80 °C. The 

pellet was resuspended in ice-cold Tris-HCl (1 ml, 10 mM, PH 8.0) and then sonicated and 

centrifuged at 8,000 g for 5 min. The whole membrane then was pelleted from the 

supernatant at 40,000 g for 1 h, washed with Tris-HCl (10 mM, PH 8.0), resuspended in 

distilled water, and freeze-thawed. The membranes were then incubated with sarkosyl 

(0.5%, Sigma-Aldrich, St. Louis, MO, USA) at 25 °C for 20 min, and then the outer 

membrane was pelleted at 40,000 g for 90 min. Finally, these pellets were resuspended in 

ice-cold Tris-HCl (10 mM, PH 8.0) and stored in −80 °C. Proteins (5 μg) from outer 

membrane and purified DMVs fractions were electrophoresed on 10% SDS-PAGE. After 

electrophoresis, the gel was stained with CBB R-250 (Bio-Rad). Three bands from DMVs 

were dissected from SDS-PAGE gel for proteomics analysis.

For P. aeruginosa total proteins and P. aeruginosa-derived DMV protein extract preparations, 

the samples were collected and delipidation was performed by preparing an aqueous 

solution of protein (1-2 mg) in sterile milli-Q water (10 ml). An equal volume of Tris-

buffered phenol was added and the mixture vortexed followed by heating at 70 °C for 10 

min. The samples were placed on ice and centrifuged at 5,000 g for 10 min at 4 °C. The 

aqueous phase was discarded, and phenol extraction was repeated using equal volume of 

milli-Q water. Then, ice-cold acetone (2-fold volumes) was added to the phenol phase and 

centrifuged at 5,000 g for 10 min at 4 °C and this step was repeated twice. The pellet was 

left dry and dissolved in milli-Q water and stored at −20 °C.

Proteomics of P. aeruginosa and P. aeruginosa-derived DMVs were conducted in Tissue 

imaging & Proteomics Lab in Washington State University, Pullman. P. aeruginosa protein 

and genome database were obtained from Uniprot (release 15.12) and Pseudomonas 

Genome Database (60). Thermo Scientific™ Orbitrap FusionTM Tribrid™ Mass 

Spectrometer was used. Proteome Discoverer™ software was used to identify proteins. 

SEQUEST was utilized during peptide and protein identification processes.
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2.6 P. aeruginosa -derived DMVs evoke innate immunity

(0.8 mg/kg) DMVs were i.p injected into CD1 mice and sera were collected at 12 h,24 h 

post injections. LPS (10 mg kg−1) injection was conducted as a positive control. Pro-

inflammatory cytokines (IL-6, IL-1 β and TNF- α ) were measured via ELISA according to 

the manufacturer’s instructions (Biolegend).

2.7 Ex vivo studies of DCs activation

2.7.1 Bone marrow-derived DCs isolation—In bone marrow-derived DCs (BMDCs) 

isolation, CD1 mice (20-25 g) were euthanized and femur were dissected and trimmed at 

both ends. Marrow contents were flushed with HBSS (2 ml) using 1-ml insulin syringe with 

a 29G × ½ needle. The contents were collected into a sterile 50-ml centrifuge tube and 

washed twice. Bone marrow cells were seeded at a density of 2×106 cells per 90 mm petri 

dish and cultured with culture medium (RPMI-1640 +10% FBS+20 ng ml−1 rmGM-CSF 

+20 mM penicillin/streptomycin). Bone marrow cells were incubated at 37 °C, 5% CO2, and 

95% humidity in CO2 incubator. A fresh culture medium (10 ml) was added into each petri 

dish at day 3. Primary BMDCs in each petri dish were harvested by collecting non-adherent 

cells by gently pipetting them with culture medium. BMDCs were washed twice with HBSS 

and collected for the future ex vivo studies of isolated DCs (61).

2.7.2 Ex vivo studies of DCs activation—For ex vivo study of DMV uptake by DCs, 

bone marrow-derived DCs were seeded on a cover slip at a concentration of 1.5 × 105 in a 

12-well plate. Labeled vesicles (2 mg ml−1) were added into each well and incubated at 

37°C for 25 min under continuous agitation. Cells were washed twice with HBSS and fixed 

with 4% PFA for 10 min on ice. Cells were then incubated with mouse anti-CD11c Abs 

(Dendritic cells marker, Biolegend). After incubated with anti-CD11c Abs, cells were 

washed twice with HBSS and were mounted on a slide with a mounting reagent containing 

DAPI (Life technologies Grand Island, NY). Cells were imaged using a confocal microscope 

(Nikon A1R+ laser scanning confocal microscope).

To test activation and maturation of dendritic cells, bone marrow-derived dendritic cells 

were cultured as described and plated at 50% confluency in a tissue culture-treated 6-well 

plate. For the study of DCs cytokine release, various doses (0, 10, 100 and 1000 ng ml−1) of 

DMVs were added into DCs at a density of 104 cells /well in 96-well plate and co-cultured 

for 48h. The supernatant was collected for ELISA assay of IL-12p70, IL-1β and IL-6. For 

maturation studies of DCs, DMVs (0, 5 and 10 μg ml−1) were incubated with dendritic cells 

for 48 h before the cells were collected by scraping and washed 3 times using HBSS with 

bovine serum albumin (2%, BSA, Sigma Aldrich). The cells were then immunostained with 

Alexa Fluor 488 anti-mouse CD11c Abs (N418, Biolegend), Alexa Fluor 647 anti-mouse 

CD40 Abs (HM40-3, Biolegend), PE anti-mouse CD86 Abs (GL-1, Biolegend) and PE/Cy7 

anti-mouse CD80 Abs (16-10A1, Biolegend) for 20 min at room temperature in the dark 

followed by washing with BSA HBSS (3 ml, 0.1%) under centrifugation for three times. 

Cells were then resuspended in BSA HBSS (400 μl, 0.1%) and analyzed by Accuri C6 flow 

cytometer (BD Biosciences, San Jose, CA).
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2.8 P. aeruginosa-derived DMVs evokes adaptive immunity

2.8.1 Immunization procedure—In the immunization experiments, mice were i.p. 
administered with DMVs every week for three times. Vaccines were prepared with DMVs 

dissolved in HBSS and an equal volume of either Freund’s complete adjuvant(62,63) (1st) or 

Freund’s incomplete adjuvant (62,63) (2nd, 3rd). The control group was HBSS with the same 

volume of Freund’s adjuvants.

2.8.2 DMVs -protein specific B cell and T cell responses—For evaluating the 

DMVs -protein specific IgG, mice were immunized with P. aeruginosa derived -DMVs (0 

μg, 1 μg and 5 μg/mouse) as described in Section 2.8.1 and sera were harvested via facial 

vein 7 days after each immunization from DMVs and sham-immunized mice. The 96-well 

plates were coated with purified DMVs at the concentration of 100 ng per well in HBSS, 

and then were blocked with BSA/HBSS (1%) and were loaded with serum samples (1:5000 

dilutions in 1% BSA/HBSS). DMVs-protein specific IgG were detected by secondary 

peroxidase-conjugated anti-mouse IgG Abs followed by adding a chemiluminescent 

substrate. The antibody IgG titer was measured by a plate reader at the greatest dilution 

(1:5000).

To study the stimulation of T cell response, mice (n=4 per group) were immunized via i.p. 
injection with DMVs (1 μg) as described in Section 2.8.1. On day 21, mice were sacrificed, 

and their spleens were collected to make splenocyte single cell suspensions. Briefly, the 

collected spleens were minced and passed through a 40 μm cell strainer and red blood cells 

were removed by RBC lysis Solution (5 PRIME). The collected cells were washed and 

resuspended with HBSS. The cells in each suspension were then counted and seeded onto a 

12-well plate at a density of 2 × 105 cells per well in RPMI1640 containing fetal bovine 

serum (10%), β-mercaptoenthanol (50 μM) and antibiotics. In each well, heat-killed P. 
aeruginosa (1 × 107CFU) of were added and the cells were incubated with heat-killed P. 
aeruginosa for 72 h at 37 °C and 5% CO2. Following the incubation, the supernatants from 

each well were collected and IL-2 was measured by ELISA MAX™ Deluxe assay kits 

(BIOLEGEND).

2.9 P. aeruginosa-derived DMVs immunization and bacterium-induced sepsis

In the bacteria induced sepsis model, mice were immunized with DMVs or OMVs (1 μg) 

following the immunization protocol as described in Section 2.8.1. Sera were collected via 

facial vein for IgG titer measurements and mice were alive for the further challenge of P. 
aeruginosa (1×1010CFU). Sera were collected from DMVs or OMVs-immunized mice and 

sham-mice at 6 h after the bacteria challenge. In the survival study, P. aeruginosa-dedved 

DMVs or OMVs (1 μg) were i.p. administrated in CD1 mice following the immunization 

routine as described in Section 2.8.1. 7 days after the final immunization, the mice were 

challenged with a lethal dose (1×1010 CFU) of live P. aeruginosa. The mice were monitored 

every 12 h for 5 days.

2.10 DMVs or OMVs-protein specific B cell and T cell responses

For evaluating the DMVs or OMVs -protein specific IgG, mice were immunized with 

P.aeruginosa derived -DMVs or OMVs (1 μg) as described in Section 2.8.1 and sera were 
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collected via facial vein 7 days after each immunization from DMVs or OMVs and sham-

immunized mice. DMVs or OMVs -protein specific IgG were measured via the method 

described in section 2.7.2. The antibody IgG titer was determined at the greatest dilution 

(1:5000).

To study the stimulation of DMVs or OMVs - specific T cell responses, mice (n=4 per 

group) were immunized via i.p. injection with DMVs or OMVs (1 μg) as described in 

Section 2.8.1. On day 21, mice were sacrificed, and their spleens were collected to make 

splenocyte single cell suspensions. DMVs or OMVs - specific T cell responses were 

measured via the method described in section 2.7.2.

2.11 In vivo bio-distribution of DMVs and OMVs

DiD-labeled DMVs or OMVs (15 μg) were intraperitoneally injected into CD1 mice, and 

tissues (Heart, liver, spleen, lung and kidney) were dissected at 3 h and 24 h. Tissues (100 

mg) were weighted and homogenized in RIPA buffer (1 ml, Sigma-Aldrich, R0278-50ML) 

and centrifuged at 20,000 g for 10 min. The supernatant was collected and diluted for 

measurement. Sera and peritoneal fluid were collected and diluted for the further 

measurement as well. DiD standard curve was performed with a series of dilutions. DiD 

signals were measured at wavelength of 640 nm(Ex)/670 nm(Em).

2.12 Measurement of cytokines

Levels of cytokines in serum, cell-culture supernatants were measured by ELISA according 

to the manufacturer’s instructions (Biolegend Inc.): IL-6, TNF-α and IL-1β in serum; IL-6, 

IL-1β, IL-12p70 in supernatants of DCs, and IL-2 in supernatants of isolated splenocyte 

single cell suspensions.

2.13 Statistical Analysis

Data are expressed as mean ± SD. Statistical analysis was conducted using one or two-way 

T-test using Origin 8.5. p values< 0.05 are considered significant (*). p values< 0.001 are 

considered extremely significant (***).

3. Results

3.1 Double-layered Structure of Nanovaccines:

Scheme 1 shows our hypothesis that double-layered membrane vesicles (DMVs) directly 

derived from pathogens (such as bacteria) are made using a facile approach of nitrogen 

cavitation, and DMVs act as a vaccine that prevents bacterial infections. Here, we proposed 

a physical method to generate bacterial membrane vesicles using nitrogen cavitation. 

Nitrogen cavitation can generate membrane-formed nanovesicles comprised of a whole cell 

membrane since nitrogen cavitation is a mechanic force formed in a chamber to rapidly 

disrupt cell membrane, and subsequently intracellular contents are released and cellular 

membrane automatically forms a nanosized compartment (64,65). Fig.1A shows a detailed 

process of generation of bacterial membrane nanovesicles. Bacteria (here as P. aeruginosa) 

were collected and disrupted via nitrogen cavitation at a pressure of 1500 psi, and then we 

performed a series of differential centrifugations to isolate membrane-formed nanovesicles. 
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We analyzed proteins using BCA assay after each step of centrifugation (Fig. S1). The pellet 

after the centrifugation at 6,000 g showed 10% proteins of the cell lysate. Subsequently, the 

resulting supernatant was centrifuged at 100,000 g, and it contained 98.53% ± 10.03%of 

proteins of the cell lysate. The proteins in the pellet were quantified, indicating 1.5% of 

proteins existed in the pellet which is supposedly associated with membrane vesicles. 

Furthermore, we analyzed nucleic acids in the pellet and found that it contained a small 

amount of DNA (Fig. S1). Together, the combination of nitrogen cavitation and differential 

centrifugations enables to remove most intracellular contents of their parent cells.

We further analyzed the structure and size of the pellet using cryo-TEM (Fig. 1B). P. 
aeruginosa-derived OMVs were used as control. Cryo-TEM indicated that the pellet 

contained many vesicles with a spherical structure and their wall thickness was 13 nm, so-

called DMVs. P. aeruginosa was also imaged, showing that the average membrane thickness 

of P. aeruginosa was observed around 15.1 nm, which was close to that of DMVs. In 

contrast, the average thickness of OMVs was 4.8 nm (Fig. 1C). Together, the data indicated 

that the thickness of DMVs was similar to that of their source of P. aeruginosa and was 

thicker than that of OMVs by almost 2 times. Because a gram-negative bacterium possesses 

double-layered membrane structure (inner and out membrane), the analysis on the wall size 

of DMVs suggests that DMVs are directly formed from a whole bacterial membrane (Fig. 

1B). Furthermore, the average size and zeta-potential were measured using dynamic light 

scattering (Fig. 1D and Fig. 1E). The average size of DMVs was about 250 nm in diameter 

that was much smaller than that of the parent cells. Moreover, OMVs (−10 mV), DMVs (−9 

mV) and P. aeruginosa (−5 mV) were negatively charged (Fig. 1E), implying that OMVs and 

DMVs demonstrated the similar surface properties to their source of P. aeruginosa. The 

results indicated that DMVs were derived from the membrane of their source cells. We also 

investigated the stability of DMVs and OMVs over time using dynamic light scattering. The 

result showed that there was not a significant change in size in 7 days at 4°C, suggesting that 

OMVs and DMVs were stable (Fig. 1F).

3.2 Proteomics of DMVs:

Fig. 1 shows that DMVs possess the whole membrane compartment of P. aeruginosa, so we 

asked whether DMVs contain antigens located in both inner and outer membranes, and 

whether these antigens are related to the immunization potential of DMVs. First, we 

performed SDS-PAGE to analyze proteins in the outer membrane of P. aeruginosa and 

DMVs (Fig. 2A). Our result showed that DMVs had a similar pattern to that of outer 

membrane proteins (49,51,66,67). Using LC-MS/MS analyses of in-gel digested tryptic 

peptides of three major vesicular protein bands, we identified that OprF, OprH/G and AtpF/

OprL were the most abundant proteins in DMVs. Interestingly, these proteins were present 

in both P. aerugniosa and P. aeruginosa-derived OMVs (49,51,66,67). To further determine the 

protein composition of P. aeruginosa-derived DMVs, we performed an in-solution digestion 

and LC-MS/MS of tryptic peptides. Using the P. aeruginosa protein database from Uniprot 

(release 15.12), we identified 698 proteins in P. aeruginosa and 502 proteins in P. 
aeruginosa-derived DMVs, finding that 394 proteins were detectable and identical in both 

DMVs and P. aeruginosa. Further analysis of proteins expressed on cell membrane showed 

that 26 out of 27 outer membrane proteins in DMVs were also shown in P. aeruginosa (Fig. 
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2B), and nearly 87% of membrane proteins in P. aeruginosa were in DMVs. Collectively, our 

results suggest that DMVs contain most of membrane proteins of P. aeruginosa, implying 

that DMVs are made from the whole bacterial membrane, consistent with the double-layer 

structure of DMVs as shown in Fig. 1B and Fig. 1C.

Furthermore, we performed an ELISA assay to detect the expression of major antigen 

OmpA (outer membrane protein A). Compared to P. aeruginosa and P. aeruginosa-derived 

OMVs, OmpA protein was also detected on P. aeruginosa-derived DMVs (Fig. 2C). To 

determine the origins and locations of proteins identified in Fig. 2B, we categorized proteins 

in P. aeruginosa and P. aeruginosa-derived DMVs using the Pseudomonas Genome Database 
(60) and quantified the percentage of each type protein in identified proteins (Fig. 2D). There 

were the similar composition and content of proteins in both DMVs and their source cells, 

such as extracellular proteins, cytoplasmic membrane proteins, and outer membrane proteins 

(Fig. 2D). This result clearly indicates that P. aeruginosa-derived DMVs are double-layered 

membrane nanovesicles that are directly derived from the membrane of their source. This is 

consistent with the wall thickness of DMVs imaged by cryo-TEM (Fig. 1B). Furthermore, 

Gene Ontology (GO) (68,69) was used to analyze several biological functions of proteins such 

as, transporter activity, ion-binding, protein localization, and peptidase activity and 

proteolysis in 502 proteins in P. aeruginosa-derived DMVs (Fig. 2D). The percentages of the 

proteins in DMVs were similar with those in P. aeruginosa, implying that DMVs are derived 

from the membrane of their source cells. As the immunogenic characteristics of P. 
aeruginosa mainly depend on the outer membrane proteins and extracellular proteins (70), 

our proteomics analysis demonstrated that DMVs could be a vaccine candidate.

3.3 Activation of B cells and T cells after immunization of DMVs:

The host defense strongly relies on the activation of both Ag-nonspecific innate immunity 

and Ag-specific immunity. Dendritic cells (DCs), professional APCs (antigen presentation 

cells), evoke the Ag-specific adaptive immunity via both the innate and adaptive immune 

responses (71). DCs encounter a pathogen and activate B cells and T cells to produce 

antibodies and cytokines, thus leading to a full adaptive immune response. To evaluate 

DMVs as a potential vaccine candidate, we examined how both immune responses were 

activated and how DCs recognized and responded to DMVs in eliciting protective effects on 

acute systemic infections. To determine the innate immunity activated by DMVs in vivo, we 

examined the functions of DMVs on the acute systemic inflammation. DMVs (0.8 mg/kg) 

were injected into CD1 mice intraperitoneally and sera were collected at 12 h, 24 h post 

injections. LPS (10 mg kg−1) injection was conducted as a positive control and mice were 

injected with a same volume of HBSS as a negative control. Our results (Fig. S2) suggested 

that serum levels of IL-6, IL-1β and TNF-α were increased after injection of DMVs, 

indicating that DMVs can evoke the innate immune response in vivo and caused earlier 

systemic inflammation. Therefore, our findings demonstrate that DMVs were immunogenic, 

thus providing a basis for utilizing DMVs as a potential vaccine candidate against bacterial 

infections.

Next, we examined uptake of P. aeruginosa-derived DMVs by DCs. When bone marrow-

derived CD11c+ DCs were co-cultured with DiD-labeled DMVs in 37 °Cfor 30 min, DiD-
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labeled DMVs were detected in the cytoplasm of CD11c+ DCs via a confocal microscope, 

indicating that DMVs were internalized by CD11c+ DCs (Fig. 3A). To determine the 

efficiency of P. aeruginosa-derived DMVs in eliciting activation and maturation of CD11c+ 

DCs, CD11c+ DCs were treated with various doses of DMVs and several cytokines were 

measured, including IL-12p70, IL-6 (Th-1 and Th-17-polarizing cytokines) and IL-1β 
(Th-17 cytokines). Our result showed that DMVs can induce the cytokines and their 

production was dose-dependent (Fig. 3B). When CD11c+ DCs were treated with DMVs (0 

μg ml−1, 5 μg ml−1 and 10 μg ml−1 in total protein) for 48 h, we found a shift of CD11c+ 

DCs from immature to mature phenotype because of upregulation of co-stimulatory 

molecules, for example, CD40, CD80 and CD86 markers (Fig. S3). Quantification of flow 

cytometry showed that CD11c+ DCs matured after the stimulation by DMVs in two doses 

(Fig. 3C). The results are consistent with the previous studies that OMVs can activate DCs 

in vitro (48). Our studies suggest that immunization with DMVs can effectively promote the 

maturation and activation of CD11c+ DCs.

To address whether P. aeruginosa-derived DMVs activate the adaptive immunity, we 

assessed the effect of P. aeruginosa-derived DMVs immunization on induction of Ag-

specific B and T cell responses. We measured the antibody production using ELISA assay 

(Fig. 3D) after we immunized mice once a week for three times. P. aeruginosa-derived 

DMVs-protein specific IgG proteins increased with the immunization frequency, however 

the control of the sham-immunized mice did not produce specific IgG. When increasing the 

dose of DMVs to 5 μg, we did not observe the increase of IgG production, suggesting that 

antibody production was not dose-dependent. Therefore, the dose of 1 μg DMVs was used 

for the survival studies in bacterial infection. Our results show that P. aeruginosa-derived 

DMVs immunization can evoke B cells to produce DMVs-protein specific IgG antibodies to 

establish the adaptive immunity.

Next, we evaluated whether T cells respond to DMVs. Splenic cells were isolated from 

immunized and sham-mice after the last immunization and stimulated with heat-killed P. 
aerugniosa (1 × 107 CFU) for 72 h. T cell activation was quantified by measuring interleukin 

2 (IL-2) in culture medium. The results showed that the production of IL-2 was dramatically 

increased in the mice immunized with P. aeruginosa-derived DMVs compared to in sham-

mice (Fig. 3E). The production of IL-2 is correlated to the activation of T cells, promoting 

the proliferation and differentiation of naive T cells (72). The result indicated that P. 
aeruginosa-derived DMVs can effectively activate T cells as compared with the control 

group. Collectively, the studies (Fig. 3D-E) demonstrate that DMVs can promote the 

adaptive immunity that produces antibodies from B cells and the cytokine from T cells 

against P. aeruginosa antigens.

3.4 Prevention of P.aeruginosa-Induced Sepsis by DMVs:

To address the usefulness of P. aeruginosa-derived DMVs as a vaccine, we examined 

whether they can improve the mouse survival in P. aeruginosa-induced sepsis. CD1 mice 

were first immunized with P. aeruginosa-derived DMVs and OMVs, respectively (Fig. 4A). 

Briefly, mice were intraperitoneally administered with P. aeruginosa-derived DMVs or 

OMVs (1μg in total protein) once a week for three times. 7 days after the final 
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immunization, the mice were challenged with a lethal dose (1×1010 CFU) of live P. 
aeruginosa. The mice were monitored every 12 h for 5 days (Fig. 4B). It was observed that 

sham-mice were dead 24 h after bacterial challenge, and P. aeruginosa-derived OMVs 

immunization extended the mouse life to 48 h. However, P. aeruginosa-derived DMVs 

allowed 50% mice to live. Collectively, our study suggests that DMVs-based vaccination 

demonstrates the increased protection of bacterial infections compared to OMVs-based 

vaccination.

Bacterium-induced sepsis is strongly correlated to the systemic inflammation (73) and 

upregulation of cytokines would cause the acute cytokine storm, resulting in the tissue 

damage and organ failure. We measured pro-inflammatory cytokines, such as IL-6, IL-1β 
and TNF-α in serum 6 h post infection induced by P. aeruginosa. We found that both DMVs 

or OMVs immunized mice showed the decreased pro-inflammatory cytokines (IL-1 β, TNF- 

α and IL-6) compared to sham mice (Fig. 4C), suggesting that the reduction of cytokines 

might contribute the early protection of survival of immunized

However, immunization with DMVs showed the higher protection in sepsis in a long period, 

but OMVs did not prevent the death from bacterial infection. We asked whether the sepsis 

protection after immunization might be related to the adaptive immunity. After DMVs or 

OMVs were administered into CD1 mice at a dose of 1 μg (protein), specific IgG were 

measured (Fig. 5A). It was observed that both DMVs and OMVs produced specific IgG and 

the production was dependent on immunization frequency, however, the immune response of 

DMVs was stronger than that of OMVs. Furthermore, activation of T cells was analyzed 

after mice were challenged with DMVs or OMVs (Fig. 5B). DMVs increased activation of T 

cells compared to OMVs (Fig. 5B). Therefore, the long-term protection from sepsis induced 

by bacteria is related to the strong adaptive response after the immunization of DMVs, thus 

increasing mouse survival.

The traffic of DMVs might be another factor that contributes the enhanced adaptive 

immunity. To address this question, we investigated the kinetics of bio-distribution of DMVs 

and OMVs. DiD-labeled P. aeruginosa-derived DMVs were intraperitoneally administered 

into CD1 mice and their bio-distribution was analyzed quantitatively in several organs at 3 h 

and 24 h post injection. To address whether intraperitoneal injection of DMVs disseminated 

in the blood circulation, we measured their concentrations in peritoneal fluid and serum (Fig. 

5C). We observed the high concentrations of DMVs in serum 3h after i.p. injection and we 

also found most DMVs were detected in spleen and liver. In parallel, we investigated the 

bio-distribution of OMVs (Fig. 5D), showing a distinct distribution pattern of OMVs 

compared to DMVs. The results showed OMVs mainly accumulated in liver rather than in 

spleen in both 3 h and 24 h, consistent with the previous report (74). However, we observed 

that DMVs in blood were 3-4 folds higher than OMVs after 24h, indicating that DMVs may 

accumulate in spleen in a long period to increase immunization compared to OMVs. The 

different bio-distribution of DMVs might be associated with their unique double-layered 

Membrane structure.
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4. Discussion:

Bacterial infections can cause severe diseases, but therapies are limited because of drug-

resistance and aging-related deficiency of immunity (75,76). Vaccination is an optional 

therapy to protect invasion of pathogens, but it is still challenging to develop effective 

vaccines because bacteria have a wide range of antigens and mutate rapidly. Bacterial 

membrane antigens play a central role in regulating the innate and adaptive immune systems 

to respond to invasion of pathogens and to eliminate them. Facile and novel approaches are 

needed for vaccine developments.

Here we report a strategy to generate membrane-formed nanovesicles derived from P. 
aeruginosa (gram-negative) using nitrogen cavitation. Nitrogen cavitation is the mechanic 

force formed in a chamber to quickly break cells, and afterwards intracellular contents 

(proteins and genetic molecules) are released and the broken cell membranes form 

nanovesicles. Cryo-TEM allows us to visualize the intact structure of nanovesicles in 

suspension. We observed that nanovesicles possess a whole membrane of P. aeruginosa with 

a thickness of 13 nm comprising the inner and outer membrane (Fig. 1B and Fig. C). In 

contrast, OMVs showed the wall size with 4.8 nm, consistent with a layer of outer 

membrane (Fig. 1B and Fig. 1C). The result clearly indicates that double-layered membrane 

vesicles (DMVs) are formed from the whole bacterial membrane. Furthermore, the analysis 

on the surface charge of DMVs (Fig. 1D) and their proteomics (Fig. 2) indicate that DMVs 

possess the integrity of bacterial membrane. The unique structure of DMVs may be a good 

candidate for vaccination.

Vaccination is strongly associated with activation of adaptive immunity. Dendritic cells 

(DCs), professional APCs, can promote the Ag-specific adaptive immunity via both innate 

and adaptive immune responses. We studied the activation and maturation of DCs after DCs 

were challenged with DMVs (Fig. 3A-C). Activation of B cells and T cells is required to 

develop the long-term immunity. We observed that B cells can produce specific IgG 

antibodies to DMVs and T cells released IL-2 required for T cell activation (Fig. 3D-E). 

Together, the results indicate that DMVs can possibly activate innate and adaptive immune 

systems to enhance the protection when P. aeruginosa infection occurs. Indeed, we have 

demonstrated 50% mice survived in P. aeruginosa-induced sepsis after immunization with 

DMVs compared to OMVs (Fig. 4B).

To address the mechanism in which DMVs increased the survival in mouse sepsis, we 

investigated the adaptive immune responses (Fig. 5A-B). We observed increased activation 

of B cells and T cells after mice were immunized with DMVs compared to OMVs. 

Furthermore, DMVs accumulated in the spleen (a major tissue for the adaptive immunity) 

(Fig. 5C-D), so it might be a secondary mechanism for more benefit of DMVs. The unique 

bio-distribution of DMVs might be associated with the double-layered structure of DMVs.

OMVs are comprised of outer membrane of bacteria and contain antigens required for 

vaccination. OMVs are spontaneously secreted in culture media, and OMVs show 

heterogeneous sizes and compositions batch by batch. Most importantly, the production of 

OMVs for translation remains difficult because of lacking scalability.
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Here we used nitrogen cavitation to generate bacterial membrane-formed nanovaccines as a 

vaccine. Compared to generation of OMVs, nitrogen cavitation can quickly generate 

nanovaccines if pathogens (bacteria) are identified. Although we produced P. aeruginosa-

derived nanovaccines with 15-20 ml cell suspension using nitrogen cavitation, the cavitation 

chamber can be easily scaled up to tens of liters for clinical use without losing 

reproducibility since the fast and uniform forces are applied to individual cells (77) . Unlike 

other cell lysis methods, there is no heat or chemical damage to membrane proteins during 

the nitrogen cavitation procedure. Moreover, nitrogen gas can protect DMVs from oxidation 

when nitrogen cavitation is performed. Therefore, nitrogen cavitation could be a promising 

approach to quickly generate bacterial membrane-based vaccines. Further studies should be 

performed to examine whether our nitrogen cavitation approach is applicable to other 

bacteria, particularly for fast mutated pathogens.

5. Conclusions:

In summary, we report a simple and novel method to generate membrane nanovesicle-based 

vaccines made from their source of bacteria via nitrogen cavitation. Quantitative studies 

using cryo-TEM, biochemistry and proteomics demonstrate the unique double-layered 

membrane-formed nanovesicles that contain a wide range of antigens expressed on bacterial 

membrane. The immunization studies in the sepsis model induced by P. aeruginosa show 

that DMVs can effectively promote the innate and adaptive immunity required for the 

defense of bacterial infection, thus improving mouse survival. Our top-down approach to 

design vaccines would shift to a new paradigm: identifying pathogens, generating 

bacterium-membrane-formed nanovesicles, and utilizing these nanovesicles as a vaccine to 

prevent infections caused by their source of pathogens. This simple and innovative approach 

would be a promising technology for vaccine developments.
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Figure 1. Generation and characterization of double-layered membrane vesicles (DMVs) from P. 
aeruginosa.
A) Schematic illustrates a procedure to generate DMVs, including cell disruption by 

nitrogen cavitation and differential centrifugations. B) Cryo-TEM (transmission electron 

microscopy) images of P. aeruginosa bacteria, DMVs and OMVs using TF20 electron 

microscope. C) Membrane thickness of P. aeruginosa, DMVs and OMVs measured via cryo-

TEM images. D) Hydrodynamic size and E) zeta-potential of P. aeruginosa, DMVs and 

OMVs using dynamic light scattering. F) Sizes of DMVs and OMVs in HBSS measured by 

dynamic light scattering in 7 days.
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Figure 2. Proteomics of P. aeruginosa DMVs.
A) Coomassie Brilliant Blue-stained SDS-PAGE of P. aeruginosa outer membrane proteins 

and DMVs. Rectangles indicate three major bands associated with membrane proteins. 

OprF, OprH/G and atpF/OprL were identified by LC-MS/MS analyses. M: Molecular weight 

marker; OM: Outer membrane protein. B) Venn diagrams show total proteins and outer 

membrane proteins identified by LC-MS/MS in P. aeruginosa and P. aeruginosa-derived 

DMVs. C) OmpA expression in OMVs, DMVs and P. aeruginosa. D) Proteomics and 

functional categorization of DMVs and P. aeruginosa. Subcellular localizations (a); Specific 

proteins in DMVs and P. aeruginosa (b).
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Figure 3. P. aeruginosa DMVs evoke the innate and adaptive immune responses.
A) DiD labeled DMVs uptake by DCs studied by confocal fluorescence microscopy. B) 

Measurement of Th1 (IL-12p70) and Th17 (IL-6, IL-1β) cytokines associated with 

activation of DCs by ELISA (n=6). C) Maturation of CD11c+DCs analyzed by flow 

cytometry after DCs were treated with different concentrations of DMVs. D) B cell response 

to DMVs in vivo. Serum IgG specific to DMVs measured by ELISA (n=4). E) T cell 

response to DMVs(1μg) in vivo. The production of IL-2 from splenocyte T cells was 

measured by ELISA after they were challenged with dead P. aeruginosa for 72 h (n=5). *p 

<0.05, **p<0.01, ***p<0.001
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Figure 4. P. aeruginosa-derived DMVs enhance mouse survival in P. aeruginosa-induced sepsis.
A) Experimental protocol for DMVs immunization in P. aeruginosa infection. B) Survival 

rates of DMVs-, OMVs-and sham-immunized mice after mice were challenged with a lethal 

dose of P. aeruginosa (1×1010 CFU) (n=10). The procedure was shown in Figure 4A, and the 

immunization of DMVs or OMVs was performed at 1 μg injection each time. * p<0.05 

shows the comparison of DMVs to either OMVs-immunized mice or sham mice. No 

significance between OMVs and sham mice. C-E) Serum IL-1β, IL-6 and TNF-α 6 h after P. 
aeruginosa challenge (n=4). The procedure was shown in Figure 4A. *p <0.05, **p<0.01, 

***p<0.001
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Figure 5. Efficacy of DMVs is associated with enhanced adaptive immunity and their trafficking.
A) IgG production in serum after mice were challenged with DMVs or OMVs at 1 μg 

(protein). B) T cell response after mice were immunized with DMVs or OMVs at1 μ g 

(protein). IL-2 produced by splenocyte T cells after T cells were challenged with dead P. 
aeruginosa (n=5) for 72 h. ***p<0.001. In vivo bio-distribution of DiD-labeled DMVs (C) 

and OMVs (D) in mice after i.p. injections.
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Scheme 1. 
Schematic illustrates development of a new vaccine made of DMVs from bacterial 

membrane
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