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ABSTRACT 

 

 
Background and Objectives: Different types of antibiotics have been indicated to enhance the secretion of OMVs from 

Pseudomonas aeruginosa. We aimed to investigate the effect of meropenem and amikacin antibiotics on inducing the secre- 

tion of OMVs and immunologic features in P. aeruginosa. 

Materials and Methods: The OMVs were prepared from P. aeruginosa under hypervesiculation condition (treatment with 

amikacin and meropenem), and extraction was carried out by the sequential ultracentrifugation. Physicochemical features of 

extracted OMVs were evaluated by electron microscopy and SDS-PAGE. To quantify antibody synthesis and function after 

immunization with OMV, we used ELISA, serum bactericidal activity, and opsonophagocytosis. Production of cytokines 

from splenocytes of immunized mice was measured with ELISA. 

Results: Specific-antibody IgG production, particularly IgG1 subclass, increased in mice primed with hypervesiculation-de- 

rived OMVs compared to normal condition-derived OMVs. Serum bactericidal activity and opsonophagocytosis of secreted 

antibody was enhanced in mice primed with hypervesiculation-derived OMVs. Investigation of cytokine production showed 

the upregulation of IL-8, IL-12, IL-17, and TNF-α and downregulation of IL-10. 

Conclusion: Based on our findings, OMVs production can be increased by treating P. aeruginosa with amikacin and mero- 

penem antibiotics. Moreover, hypervesiculation-derived OMV scan possibly activate the humoral and cellular immune re- 

sponse more than normal OMVs. 
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INTRODUCTION 

 
Pseudomonas aeruginosa (P. aeruginosa) is an 

opportunistic Gram-negative pathogen that may give 

rise to dangerous nosocomial and community-ac- 

quired infections in the urinary tract, lower respirato- 

ry tract, and surgical or burn wounds (1, 2). Through 

vesiculation of the outer membrane, pathogenic 

Gram-negative bacteria secrete spherical particles, 

known as outer membrane vesicles (OMVs), with 20- 

200 nm in diameter. OMVs are generally composed 

of glycerol-phospholipids, lipopolysaccharide (LPS), 

and outermembraneproteins (OMPs), while the lumen 

of these vesicles contains periplasmic components 

such as DNA, RNA, and cytoplasmic proteins (3). 

OMVs of P. aeruginosa (PA-OMVs) are comprised 

of several virulence factors, including phospholipase 

C, alkaline phosphatase, proelastase, hemolysin and 
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Pseudomonas quorum sensing molecules (4). Puri- 

fied PA-OMVs have ability to stimulate alveolar ep- 

ithelial cells and release IL-8 in vitro. They are also 

capable of generating inflammation in the lung, in- 

dependent of live bacterial cell, through TLR2 and 

TLR4 molecules in vivo (5, 6). PA-OMVs are able 

to transport various enzymes and virulence factors 

into the host cells, which play a critical role in the 

pathogenesis of this infection (7). Different types of 

antibiotics have been indicated to enhance the secre- 

tion of OMVs from P. aeruginosa (8, 9). 

This study aims to investigate the effect of mero- 

penem and amikacin antibiotics on OMV secretion 

and to assess the OMVs features, including immu- 

nogenicity, protein concentration, size and cytokine 

profiles in PAO1. 
 

 
 

MATERIALS AND METHODS 

 
Bacterial strains and animal samples. P. aeru- 

ginosa PAO1 reference strain was acquired from the 

Collection of Standard Bacterial at the Pasteur Insti- 

tute of Iran, Tehran. Female BALB/c mice (6-8 weeks) 

were also obtained from Pasteur Institute of Iran, 

Tehran. All the experimental procedures on animals 

were approved by the Ethical Committee of Tarbiat 

Modares University (Tehran, Iran; Ref: 52D/8165). 

 
Determination of minimum inhibitory concen- 

trations (MIC). The stocks of antimicrobial agents, 

meropenem and amikacin, were prepared as de- 

scribed earlier (10). Meropenem and amikacin were 

chosen to study their effects on OMVs production in 

P. aeruginosa. MIC for these two antibiotics was de- 

termined using the broth dilution method. 

 
OMV production of P. aeruginosa under hy- 

pervesiculation conditions. In normal conditions, 

OMVs were produced from P. aeruginosa using a 

technique described elsewhere (11). Briefly, 30× the 

MIC concentration of each antibiotic was used for 

the induction of OMVs. After the first two hours, 

meropenem and amikacin were separately added to 

Luria-Bertani broth containing bacteria (P. aerogi- 

nosa) until the optical density (OD) of the bacteria 

reached 0.9-1.1. The OMVs were ultimately isolated 

using a standard method (12). 

 
Composition  quantification of  OMVs.  Follow- 

ing OMVs extraction, the stability and integrity of 

these vesicles were analyzed by transmission electron 

microscopy (TEM), as described previously (13). In 

summary, ultrasonication was employed to disperse 

the OMVs and attach to Formvar/carbon-coated nick- 

el grids. The grids were then washed with PBS (0.01 

M) supplemented with 0.5% bovine serum albumin 

(BSA-Sigma, USA) and 0.1% gelatin (PBG-Sigma, 

USA). Subsequently, the fixation of vesicles were car- 

ried out with 1% glutaraldehyde in PBS on grids and 

negatively stained with potassium phosphotungstate 

(pH 6.0). The grids were finally analyzed by TEM 

(Zeiss, Germany) at 80 kV. 

 
Protein assay and proteomic analysis of the 

OMVs. The concentration of total protein in OMVs 

was determined using the Bradford method with bo- 

vine serum albumin as the standard (14). The protein 

composition of OMVs was investigated by SDS- 

PAGE in 12% gel using a Mini-protean II electropho- 

resis apparatus (Bio-Rad, USA). Protein standards 

(Bio-Rad) were used as molecular weight markers. 

Coomassie brilliant blue (Thermo Scientific, USA) 

was employed for gel staining subsequent to the elec- 

trophoresis. 

 
Toxicity test. Three groups of BALB/c mice were 

used. On days zero or one, each of the animals were 

immunized intra-peritoneally with 200 µL (10 µg) 

of OMVs, i.e. both OMVs produced in normal con- 

ditions and those produced under antibiotic (amika- 

cin and meropenem) stress conditions. The immuni- 

zation of negative control mice was also performed 

with 200 µL of PBS. These mice were kept under 

completely sterile conditions in separate containers 

for one week, and their survival was monitored. The 

weight of mice and the number of their death in each 

group were recorded daily during a one-week obser- 

vation period post OMV administration. The survival 

rate and weight loss was calculated for each group at 

end point. 

 
Immunization. Immunization test was performed 

to investigate the immune response following OMV 

administration. To  this  end,  each  mouse  received 

three times the intradermal injection of the same 

OMVs (200 µL) used in the toxicity test in two-week 

intervals. Mice were then sacrificed, and their serum 

samples were collected and kept at -80°C until the 

assessment of antigen-specific antibodies. PBS was 
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used as a control. 

 
Detection of antigen-specific antibodies. To eval- 

uate specific total sera IgG, IgG1, and IgG2a antibody 

response in mice immunized against PA-OMVs, in- 

direct ELISA (enzyme-linked immunosorbent assay) 

was applied. Briefly, isolated OMVs from P. aeru- 

ginosa, under normal and hyper-vesiculation condi- 

tions, were coated on 96-well Maxisorp plates at a 

concentration of 5 µg/mL in PBS (pH 7.4) and incu- 

bated at 4°C overnight. The plates were washed three 

times with PBS (0.05% Tween 20) and blocked with 

PBS (1% BSA) at 37°C for 2 h. Mice sera was then 

added and incubated at 37°C for 90 min. After wash- 

ing 5×, anti-mouse IgG conjugated with HRP (Sigma, 

USA) was added as a secondary antibody at 37°C for 

90 min. Tetra-methyl-benzidine (TMB, Sigma) was 

used as a substrate to generate color for 30 min. Color 

generation was stopped with 100 µL of H SO (2N), 

and OD was read at 450 nm using an ELISA reader 

(Biotek, USA). 

 
Cytokines measurements. Spleen tissues of the 

control and immunized mice with normal OMVs, 

OMVs-amikacin and OMVs-meropenem (5 mice/ 

group) were isolated after 14 days. Spleen cells were 

isolated and its red blood cells (RBC) were treated by 

a lysis buffer. Subsequently, the splenocytes (2 × 106 

cell/well) were cultured in 24-well plates supplement- 

ed with RPMI-1640 (Gibco, USA), fetal bovine serum 

(FBS), and penicillin-streptomycin (Gibco, USA). 

The cells were treated with tested OMVs (5 µg/mL) 

in wells and incubated in a humidified atmosphere 

(5% CO2) at 37°C for 72 h. The culture supernatants 

were aliquoted and kept at -80°C until use. The pro- 

tein levels of IL-8, IL-10, IL-12, IL-17, and TNF-α 

were measured in the culture supernatants using a 

Mouse ELISA Kit (eBioscience, USA), according to 

the manufacturer’s instructions. 

 
Opsonophagocytosis test. The activity of serum 

antibodies to P. aeruginosa opsonization was as- 

sessed as previously explained (15, 16). In brief, 100 

µL of serum samples (dilutions: 1:4-1:64) were added 

to 100 µL of bacterial suspension (106  CFU/ml of P. 

aeruginosa) and incubated at 37°C for 30 min. This 

suspension was washed with PBS. Then 100 µL of 

isolated mouse macrophages (106/ml) and 100 µL of 

10% rabbit serum as a complement source were add- 

ed to the mixture and incubated at 37°C for 90 min. In 

the control wells, RPMI medium (Gibco, Germany) 

was used instead of antibody, macrophages, or com- 

plement. In the end, 100 µL of the mixture was cul- 

tured in Mueller-Hinton agar and incubated at 37°C 

for 18 h for colony count. The opsonic activity of the 

serum was calculated using this equation: [1-(CFU 

immune serum at 90 min/CFU of pre-immune serum 

at 90 min)] ×100. 

 
Statistical analysis. GraphPad Prism software 

version 8 was used for statistical analyses. T-test and 

one-way and two-way analysis of variance (ANOVA) 

test was used to analyze statistically the data. P≤0.05 

was considered as the statistical significant level. 
 

 
 
RESULTS 

 
MICs of the antibiotics and characterization of 

OMVs. The MIC of meropenem and amikacin for P. 

aeruginosa were 0.5 µg/mL and 4 µg/mL, respective- 

ly. After extraction and purification of the OMVs under 

normal and hypervesiculation conditions, OMVs were 

imaged using electron microscopy (Fig. 1A). The ob- 

tained OMVs contained multiple spherical vesicle and 

ranged between 50 and 150 nm in size. In the presence 

of amikacin (59.5 µg/mL) and meropenem (129.5 µg/ 

mL),the protein content of hyper-vesiculation-derived 

OMVs increased relative to OMVs attained in the nor- 

mal condition (38.5 µg/mL) Fig. 1C. To evaluate the 

protein components of the extracted PA-OMVs, the 

samples were subjected to SDS-PAGE, followed by 

Coomassie staining (Fig. 1B). 

 
Antigen-specific humoral immune response. To 

investigate the antibody response induced by immu- 

nization with PA-OMVs and to determine the anti- 

gen-specific IgG antibodies by indirect ELISA, serum 

samples  were  collected  before  each  immunization 

(on days 1, 14, and 28) and two weeks after the last 

immunization (day 42). For PA-OMVs-immunized 

and PBS-treated groups, there was no detectable an- 

tigen-specific IgG antibody before the first immuni- 

zation. After the first and second boost immunization, 

high levels of IgG were observed in all mice primed 

with hypervesiculation-derived OMVs (amikacin 

OMVs and meropenem OMVs) on day 14 (1.03 ± 

0.09 and 1.25 ± 0.08) and on day 28 (1.65 ± 0.09 and 

1.9 ± 0.12), compared to the normal condition-de- 

rived OMVs (day 14 [0.71 ± 0.12] and day 28 [1.34 
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Fig. 1. Characterization of OMVs isolated from P. aeruginosa. The electron microscopic images of OMVs prepared from P. 

aeruginosa. The integrity and size of the OMVs was assayed by electron microscopy (A). Coomassie blue-stained SDS–PAGE 

of PA-OMVs (B). Hyper-vesiculation-derived OMVs protein content were measured by Bradford method and normalized to 

normal-OMVs (C). 

 
± 0.14]; P <0.0001), respectively. Moreover, 14 days 

after the last immunization, there were higher levels of 

IgG compared to days 14 and 28. For PBS-immunized 

group, no antigen-specific IgG antibody was found 

throughout the immunization process (Fig. 2A). The 

levels of the PA-OMVs-specific IgG subclasses, IgG1 

and IgG2a, were evaluated in the serum samples at 

day 42 of immunization (Fig. 2B). However, the im- 

munization of mice with hyper-vesiculation-derived 

OMVs (amikacin OMVs and meropenem OMVs) in- 

creased the titer of IgG1 (0.97 ± 0.18 and 1.04 ± 0.14) 

more than IgG2a (0.57 ± 0.12 and 0.56 ± 0.08) when 

compared to the normal condition-derived OMVs 

(0.62 ± 0.16 for IgG1 and 0.37 ± 0.04 for IgG2a with 

P=0.0008 and P=0.0001, respectively). 

 
PA-OMVs-induced cytokine production. The cy- 

tokine profiles in the spleen cells of mice in each im- 

munized group were determined two weeks after the 

last boost immunization by ELISA. As shown in Fig. 

5, the elevated levels of IL-8, IL-12, IL-17, and TNF-α 

were observed in PA-OMVs-immunized group, but 

not in the PBS control group (P=0.0017, P=0.024, 

P=0.0001, and P=0.0001, respectively). In addition, 

IL-10 concentration reduced in PA-OMVs-treated 

group compared to PBS-treated one (P=0.0079; Fig. 

5E).  Besides,  TNF-α  production  increased  signifi- 

cantly in hyper-vesiculation condition (amikacin [7.9 

± 1.2-fold change; P=0.002] and meropenem [8.2 ± 

1-fold change; P=0.001]) relative to the normal condi- 

tion (5 ± 0.8-fold change). Amikacin and Meropenem 

induced OMVs (5.3 ± 1.7-fold change) could produce 

a significantly increased level of IL-17 compared to 

normal OMVs (2.9 ± 0.57 fold change; P= 0.02) Fig. 

5C. 

 
Opsonophagocytic killing activity. At serum dilu- 

tion series from 1:2 to 1:64, the opsonic killing activi- 

ty of mice immunized with hyper-vesiculation condi- 

tion-derived PA-OMVs (amikacin OMVs and mero- 

penem OMVs) was 84.2%-24.6% and 87%-28.6%, 

respectively, which was higher than mice immunized 

with OMV derived from the normal condition (Fig. 

4). These events are also seen in serum bactericidal 

activity test (Fig. 3). 
 

 
 
DISCUSSION 

 
OMVs have a wide range of functions that can po- 

tentially affect bacterial survival and pathogenesis 

(11, 33). In this study, we aimed to compare normal 

OMVs with OMVs induced by P. aeruginosa in re- 

sponse to amikacin and meropenem antibiotics. In 

addition, we examined the OMVs features, including 

protein concentration (Bradford) and size, as well as 

immunogenicity and cytokine profiles. 

In the current study, both antibiotics led to a signifi- 

cant upregulation in OMVs secretion, maybe due to 

the disturbed structure of cell wall or protein pro- 

duction compared to normal conditions. An earlier 

study has supported our finding and indicated the 
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Fig. 2. Total antigen specific IgG antibodies elicited against PA-OMVs. High levels of OMVs-specific IgG were detected 

in all mice primed with hyper-vesiculation derived OMVs (Amikacin-OMVs and Meropenem-OMVs) compared to normal 

condition derived OMVs (A). The level of PA-OMVs specific IgG1 and IgG2a was evaluated at day 42 in serum samples. 

The level of anti-OMVs IgG1 and IgG2a subclasses were increased in mice primed with hyper-vesiculation derived OMVs 

(Amikacin-OMVs and Meropenem-OMVs) compared to normal condition derived OMVs (B). The data are presented as 

Mean±SD. *** p<0.001. 

 

 

 
Fig. 3. The serum bactericidal activity of immunized mice 

with PA-OMVs derived in different condition. The serum 

bactericidal activity of each group against P. aeruginosa was 

measured two weeks after the final immunization. Error bars 

represent the Means ± SD. * p< 0.05, ** p< 0.01. 

Fig. 4. Upregulation of the opsonic killing activity of serum 

in immunized mice with PA-OMVs against P. aeruginosa. 

The opsonic killing activity of several dilutions series of 

serum were measured in immunized mice with PA-OMVs 

against P. aeruginosa. Error bars represent the mean ± SD. 

*p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
 

 
 

important effects of stress, such as antibiotics, in 

the upregulation of OMVs production (17). Elevat- 

ed PA-OMVs production in our research work is in 

agreement with parallel results demonstrated for 

meropenem in P. aeruginosa (18), for imipenem in 

Stenotrophomonas maltophilia (19), and for poly- 

myxin B in non-enterohemorrhagic Escherichia coli 

(EHEC) (20) and P. aeruginosa (21). It has also been 

reported  that  ciprofloxacin, meropenem,  fosfomy- 

cin, and polymyxin B maximize the production of 

OMVs in E. coli O104:H4 and O157:H7 (22). Another 

study has suggested that the treatment of the clinical 

strains of Acinetobacter baumannii with imipenem 

could upregulate OMVs production and alter OMVs 

protein components and increased pathogenicity for 

cultured cells (23). In addition, an investigation of 

human tear fluid and lysozyme component of tear 

fluid on P. aeruginosa strain PAO1 has demonstrated 

that OMVs secretion intensely increases compared 

to controls (PBS) (24). Meanwhile, antigen-specific 

antibodies have been demonstrated to be essential for 

FliC- and OprF-medicated protection (25). 

Our data exhibited that immunization with PA-OM- 

Vs significantly elevates IgG levels in all mice primed 

http://ijm.tums.ac.ir/
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Fig. 5. The cytokines production by spleen cells of immunized mice. The concentrations of IL-8, IL-12, IL-17, IL-10 and 

TNF-α in supernatant of splenocytes of control and immunized mice groups measured with indirect ELISA. The IL-8, IL-12, 

IL-17 and TNF-α production from splenocytes were increased in immunized groups compared to control (5 mice/group). The 

IL-10 cytokine concentration was reduced in immunized groups against control (5 mice/group). Bars represent mean ± SD. 

*p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 

 
with hyper-vesiculation-derived OMVs (amikacin 

OMVs and meropenem OMVs) compared to the nor- 

mal condition-derived OMVs. The opsonic activity 

of antibodies elicited from mice immunized with 

hyper-vesiculation condition-derived PA-OMVs sig- 

nificantly increased in all dilution series (P<0.0001) 

in comparison to OMV groups derived from the 

normal condition. Based on the data presented here 

in hyper-vesiculation condition-derived PA-OMVs 

showed robust immunogenicity when used as anti- 

gen, and one boost immunization is sufficient to in- 

duce a high level of the humoral immune response. 
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Other studies have reported that intact vesicles pro- 

voke an extremely superior inflammatory response 

rather than response to purified LPS. Therefore, both 

proteins and LPS participated in specific vesicle cy- 

tokine responses (26, 27). 

IgG subtypes analysis showed that the immuni- 

zation of mice with amikacin and meropenem de- 

rived OMVs could elevate the titer of IgG1 more than 

IgG2a, as compared to normal condition-derived 

OMVs. Therefore, these findings propose that immu- 

nization with PA-OMVs in three groups could elicit 

both the Th1 and Th2 arms of the immune response. 

However, immunization of mice with hyper-vesicu- 

lation-derived OMVs significantly upregulated IgG1 

levels and could induce more Th1 response com- 

pared to normal OMVs. 

In the present study, by the measurement of in- 

flammatory and  anti-inflammatory cytokines  pro- 

duction, we observed that T-cell response enhanced 

against OMVs. Our findings demonstrated signifi- 

cantly higher levels of IL-8, IL-12, IL-17, and TNF-α 

production, but decreased level of IL-10, in mice im- 

munized with hypervesiculation condition-derived 

PA-OMVs compared to normal OMVs. 

A number of studies have described how vesicles 

activate the innate inflammatory response. Heli- 

cobacter pylori- and P. aeruginosa derived OMVs 

have been reported to induce IL-8 production (28- 

31), and OMVs from Salmonella enterica have been 

shown to stimulate dendritic cells to secrete IL-12 

and TNF-α (32). This inflammation is linked with the 

local upregulation of several cytokines and chemo- 

kines, including CCL2, CXCL1, and TNF-α, IL-1β, 

IFN-γ, and IL-6 (33). The analysis of antibodies and 

cytokines indicated the induction of a mixed humor- 

al and cellular immune response against PA-OMVs 

immunization. However, it was not clear what type 

of immune response could be efficient in clearing the 

infection. 

In summary, the treatment of the P. aeruginosa 

with amikacin and meropenem antibiotics augments 

OMVs production. Moreover, hypervesiculation con- 

dition-induced OMVs with the two antibiotics could 

potentially activate humoral and cellular immune re- 

sponse more than normal condition-induced OMVs. 
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