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ABSTRACT Pseudomonas aeruginosa, a pathogen capable of causing diseases ranging 
from mild to life-threatening, has a large arsenal of virulence factors. Notably, extracellu­
lar vesicles have emerged as significant players in the pathogenesis of this organism. 
However, the full range of their functions is still being studied, and difficulties related 
to vesicle purification (long protocols, low yields, and specialized instruments) have 
become a major obstacle for their characterization. In this context, the utility of rapid 
new methods of vesicle isolation from clinical strains is still unknown. Here, we analyze 
the utility of the ExoBacteria OMV isolation kit for a collection of clinical strains of P. 
aeruginosa. We first phenotypically characterized 15 P. aeruginosa strains to ensure that 
our samples were heterogeneous. We then determined the best conditions for purifying 
vesicles from P. aeruginosa PAO1 reference strain by the rapid method and used them 
to isolate vesicles from clinical strains. Our results indicated that M9 minimal medium is 
the best for obtaining high purity with the rapid isolation kit. Although we were able to 
isolate vesicles from at least four strains, the low yield and the large number of strains 
with unpurifiable vesicles showed that the kit was not practical or convenient for clinical 
strains. Our findings suggest that although fast procedures for vesicle purification can be 
of great utility for Escherichia coli, the more complex phenotypes of clinical isolates of P. 
aeruginosa are a challenge for these protocols and new alternatives/optimizations need 
to be developed.

IMPORTANCE Pseudomonas aeruginosa is recognized as an opportunistic pathogen 
in humans and animals. It can effectively colonize various environments thanks to a 
large set of virulence factors that include extracellular vesicles. Different methods were 
recently developed to reduce the time and effort associated with vesicle purification. 
However, the utility of rapid vesicle isolation methods for clinical strains of P. aerugi­
nosa (which are recognized as being highly diverse) is not yet known. In this context, 
we analyzed the utility of the ExoBacteria OMV Isolation kit for vesicle purification 
in P. aeruginosa clinical strains. Our findings showed that the kit does not seem to 
be convenient for research on clinical strains due to low vesicle recovery. Our results 
underscore the importance of developing new rapid vesicle purification protocols/tech­
niques for specific clinical phenotypes.

KEYWORDS extracellular vesicles, Pseudomonas aeruginosa, bacterial phenotype, 
vesicle purification

P seudomonas aeruginosa is an opportunistic pathogen of humans that can survive in 
a wide range of environments due to its large genome and ample set of virulence 

factors (1–4). It is best known for infecting immunocompromised people, patients with 
chronic lung diseases (e.g., cystic fibrosis, non-cystic-fibrosis bronchiectasis, obstructive 
chronic pulmonary disease), and burn patients (1–5). Understanding the mechanisms 
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by which P. aeruginosa establishes infections is imperative for developing effective 
therapeutic strategies. In this context, the vesicles produced by P. aeruginosa and 
their role in virulence have attracted significant research in the last 10 years (6, 7). Also 
known as extracellular vesicles (EVs), these vesicles are recognized players in intercellular 
communication, and bacterial pathogenicity and survival strategies, among others (6). 
Since vesicles can carry a wide range of biomolecules, such as proteins, lipids, nucleic 
acids, and virulence factors (8), they function as a highly developed means of delivering 
bacterial cargos to host cells. Hence, EVs aid immune evasion, modify host responses, 
and promote the onset and spread of infections (9). Their study is crucial for understand­
ing the range of pathogenicity of P. aeruginosa strains.

Extracellular vesicles have also shown promise as carriers for drug delivery, vaccines, 
and diagnostic tools (6, 10). Unraveling the intricate biology of P. aeruginosa vesicles is, 
therefore, not only crucial for understanding bacterial pathogenesis but is also a key 
for developing innovative approaches for therapeutic intervention. Ongoing research 
is focused on elucidating the biogenesis (11), composition (12), and functions (13) of 
bacterial vesicles, for which vesicle purification is crucial. Unfortunately, the purification 
of EVs from different samples currently has low yields and is time-consuming, laborious, 
and expensive. This limits the possibilities of EV research by a wider community and is 
one reason why, despite their importance, EVs have not been used in research on a larger 
scale. Various methods are available for the isolation of vesicles; they include differen-
tial centrifugation (low-speed and ultracentrifugation), size-exclusion chromatography 
(SEC), hydrostatic filtration dialysis (HFD), and affinity purification (8). All require specific 
equipment and/or are time-consuming.

To overcome this obstacle, some fast methods (including commercial kits) have 
recently been developed. These are simpler and improve purity, reducing the time 
needed for the procedure. However, the utility of these rapid methods with clinical 
strains of P. aeruginosa, known for their phenotypic variability (14), has not yet been 
investigated. Here, we studied the utility of the ExoBacteria OMV Isolation Kit (System 
Biosciences), a rapid method for the purification of vesicles, applied to a heterogeneous 
collection of clinical strains of P. aeruginosa.

MATERIALS AND METHODS

Bacterial strains and culture media

Pseudomonas aeruginosa strains were grown in King’s B (KB) medium and maintained 
on cetrimide agar plates. For long-term storage, they were kept in glycerol at −80°C. 
A complete list of the strains used in this study can be found in Table 1. For growth 
curves, KB medium [prepared as previously described (15)] and 2xTY [10 g yeast extract, 
5 g NaCl, and 16 g peptone per liter, as described by Sambrook and Russel (16)] were 
used. M9 minimal medium containing 1× M9-salts, 18.7 mM NH4Cl, 0.2 mM CaCl2, 2 mM 
MgSO4, and 0.4% glucose was prepared. All strains were cultured at 37°C. King A medium 
(also known as “Pseudomonas Agar P,” #60788, Millipore) and Cetrimide agar (#70887, 
Millipore) were prepared according to the manufacturer’s instructions.

Growth experiments

Strains were grown overnight in KB medium with continuous shaking and then used 
to inoculate a 96-well plate containing 100 µL KB or 2xTY media. The 96-well plate 
was incubated in a Tecan reader (Infinite 200Pro) for 24 h at 37°C under continuous 
shaking. OD 600 and pyoverdine fluorescence (excitation 400 nm; emission 455 nm) 
were read every 30 min. The growth of each strain was analyzed in triplicate. Pyoverdine 
production was expressed as the highest measurement of relative fluorescence units 
(RFU) normalized to growth at that specific time point (OD600).
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Vesicle isolation

The fast purification method, ExoBacteria OMV Isolation Kit (System Biosciences), was 
used. Strains were maintained on cetrimide agar plates and used to inoculate 2 mL of 
KB medium. The cultures were grown during the day at 37°C under continuous shaking 
(150 rpm) and used to inoculate 25 mL of M9 minimal medium (incubation at 37°C under 
shaking). The overnight cultures were used for vesicle isolation with the ExoBacteria OMV 
Isolation Kit (System Biosciences) according to the manufacturer’s instructions with small 
modifications. Briefly, cultures were centrifuged twice at 4,000 g for 25 min at 4°C, and 
supernatants were filtered with a 0.22 µm filter. The kit was then used according to the 
instructions, and the vesicles were recovered in 1 mL of elution buffer.

For ultrafiltration/ultracentrifugation, strains were grown overnight in KB medium 
and used to inoculate 100 mL of fresh KB or M9 minimal medium. The cultures were 
then incubated at 37°C under shaking for 4–5.5 h (until they reached exponential phase) 
and centrifuged for 30 min at 4,000 g and 4°C. Later, the protocol described by Tan 
and colleagues was used with small modifications (20). First, the supernatants were 
filtered twice with a 0.22-µm filter, followed by processing with an ultrafiltration device 
(Vivaspin 20, 100 kDa MWCO PES, Cytiva), including buffer exchange to 1× PBS. The 
samples collected were then stored at −80°C. Finally, the samples were thawed and 
ultracentrifuged for 1 h at 4°C and 100,000 g. The supernatant was discarded, and the 
pellet was resuspended in 1 mL PBS and stored at −80°C.

Phenotypic characterization of strains

For pigment production (including pyoverdine) and mucoid phenotype detection, 
strains were streaked into cetrimide, King A and King B agar plates, and incubated 
overnight at 37°C. For colony morphology assay, strains were grown in 2xTY, and then, 
5 µL was inoculated onto cetrimide and 2xTY agar. Later, the plates were incubated at 
37°C, and pictures were taken under visible and UV light. Pyoverdine was also meas­
ured during the growth experiments, as previously mentioned. The experiments were 
performed in triplicate. To analyze hemolytic phenotype, strains were inoculated into 
TSA with 5% Sheep Blood (Biomerieux) and incubated at 37°C up to 48 h.

Immunodetection of OprF

Dot blot experiments: Samples directly eluted from the column were spotted onto a 
nitrocellulose membrane and left to dry for 1 h. The membrane was then blocked (3% 
BSA in TBS) and incubated on a rocker shaker for 1 h at RT. After that, primary antibody 

TABLE 1 List of strains used in this study

Name (strains) Year of isolation Origin Source

PAO1 1954 Wound (17)
ATCC 27853 1971 Blood (18)
LS01 2023 Bronchoalveolar lavage This work
LS03 2023 Sputum This work
LS04 2023 Bronchial aspirate This work
LS05 2023 Bronchial aspirate This work
LS06 2023 Urine This work
LS07 2023 Cerebrospinal fluid This work
LS08 2023 Tracheal aspirate This work
LS09 2023 Urine This work
Z33 2005 Sputum (cystic fibrosis patient) (19)
Z34 2006 Sputum (cystic fibrosis patient) (19)
Z37 2008 Sputum (cystic fibrosis patient) (19)
M1 2002 Sputum (cystic fibrosis patient) (19)
M25 2002 Sputum (cystic fibrosis patient) (19)
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solution (containing anti-OprF, Thermo Fisher PA5-117553, diluted 1:2,500 in TBS +0.05% 
Tween, 3% BSA) was added and incubated 1 h at RT on a rocker shaker. Later, the solution 
was removed, and the membrane was washed three times with TBS +0.05% Tween (10 
min each time) on a rocker shaker at RT. A secondary antibody solution containing goat 
anti-rabbit IgG H&L (HRP) (Abcam 97051) diluted 1:20,000 in TBS +5% skimmed milk 
was added and incubated for 1 h at RT on a rocker shaker. Again, the membrane was 
washed three times with TBS +0.05% Tween (10 min each time) on a rocker shaker at 
RT. Finally, the buffer was discarded, and ECL Select Western Blot Detection Reagent kit 
(Cytiva RPN2235) was added on top of the membrane (according to the manufacturer’s 
instructions) and incubated for 5 min at room temperature. The final image was captured 
using a LAS Imager (settings: precision, auto, high resolution, chemiluminescence).

SDS-PAGE and western blot experiments: Vesicle samples washed with 1× PBS and 
concentrated (~5×) using an Amicon Ultra 0.5 centrifugal filter (100 kDa cutoff) were 
used for SDS-PAGE (12% mPAGE precast gels (Merck) in 1× MES SDS, 120 V for 50 min) 
and western blot analysis (following the protocol described for Dot blot). For transfer, a 
Trans-Blot Turbo Mini 0.2 µm Nitrocellulose Transfer Pack (Bio Rad) was used according to 
the manufacturer’s instructions.

Protein quantification

To determine the concentration of protein in vesicles, the Peterson assay was performed 
(21).

Antibiotic susceptibility

Susceptibility of clinical strains to three different antibiotics (ceftazidime, meropenem, 
and amikacin) was determined by BD Phoenix at Le Scotte Hospital (Siena, Italy), 
while LS04 strain was sent for analysis to Centro Diagnostico Senese (Siena, Italy). The 
interpretation criteria recommended by EUCAST (Breakpoint Tables v. 14.0) were used for 
all strains.

Dynamic light scattering

Vesicle samples were thawed, mixed with 1 vol of 1× PBS, and analyzed by dynamic light 
scattering (DLS) (Zetasizer Malvern). Conditions were 25°C; dispersant RI 1.33; dispersant 
viscosity 0.887, and dispersant dielectric constant 78.5.

Transmission electron microscopy

For electron microscopy analysis, vesicle samples obtained with ExoBacteria OMV 
Isolation kit were washed with 1× PBS and concentrated (~5×) using an Amicon Ultra 
0.5 centrifugal filter device (100 kDa cutoff). Later, 3 µL of each sample was loaded onto 
formvar-coated 400 mesh Cu grids (Ted Pella Inc., Redding, CA) for 2 min at RT. After 
removing the excess, 3 µL of 1% uranyl acetate (Polysciences Inc., Warrington, PA) in 
distilled water was added for 30 s. Finally, the samples were analyzed using a Thermo 
Fisher Scientific Tecnai G2 Spirit 120 kV transmission electron microscope (equipped with 
a TVIPS TemCam-F216 CMOS camera).

UPGMA analysis and dendrogram generation

The phenotype data (pyoverdine production, colony size, pigment production, mucoid 
phenotype, ability to grow in M9 medium, resistance to ceftazidime, meropenem, and 
amikacin) was used to build a distance matrix. Jaccard coefficient and cluster analysis 
were done by UPGMA, using DendroUPGMA (http://genomes.urv.cat/UPGMA/) (22).

Statistical analysis

GraphPad Prism 9 software was used to generate growth curves (biological triplicates) 
and DLS graphs.
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RESULTS

Phenotypic characterization of clinical strains of P. aeruginosa

To analyze the phenotypic variability of clinical strains of Pseudomonas aeruginosa, we 
selected 13 clinical isolates and studied them alongside the reference strains P. aerugi­
nosa PAO1 and ATCC 27853 (Table 1).

First, we performed a colony morphology assay. The strains were inoculated as 
droplets on 2xTY (a rich medium) and cetrimide agar [a selective medium for Pseudo­
monas which induces production of the fluorescent siderophore pyoverdine and other 
pigments such as pyocyanin (23)] and photographed under UV and visible light after 
overnight incubation. The results indicated that while all strains were able to grow on 
cetrimide agar, not all were able to produce the fluorescent siderophore pyoverdine 
(which is seen as white colonies without fluorescence) under these conditions (Fig. 
1A). It was also possible to observe differences in growth behavior, i.e., after overnight 
incubation some strains grew poorly, while others produced large colonies, suggesting 
higher growth and/or different colony morphology. Indeed, when these strains were 
grown as streaks in 2xTY agar plates, several of these large colonies (LS01, LS05, LS06, 
LS08, and sometimes Z37) were observed to have undulating edges or borders that 
extended or spread beyond the edge of the colony (Fig. 1B and C).

To better focus on the production of pyoverdine and other pigments, the strains 
were grown as streaks on cetrimide, King A and King B agar plates, which are media 
commonly used to induce the production of different pigments in Pseudomonas species 
(15, 23), at 37°C for 48 h (to ensure proper growth of all strains). Our results indicated 
that most strains were able to produce pigments such as pyocyanin (blue pigment), 
pyoverdine (yellow-green fluorescent pigment), and pyorubin (red pigment, also known 
as “pyorubrin”) (Fig. S1A and B); however, strain LS04 from bronchial aspirate did not 

FIG 1 Growth phenotype of clinical strains. (A) Colony morphology assay. Growth and pyoverdine production were analyzed by growing P. aeruginosa strains in 

cetrimide and 2xTY agar plates. Pictures were taken under UV and visible light after incubation at 37°C for 24 h. (B) Growth phenotype in 2xTY agar. The strains 

were inoculated as streaks in agar plates and incubated at 37°C for 24 h. (C) Comparison of colony size between LS05 and PAO1 strains in cetrimide agar. Colonies 

are indicated with black arrows.
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produce pyoverdine or any noticeable pigment under these test conditions. Also, most 
strains simultaneously produced pyoverdine and pyocyanin.

To further investigate pyoverdine production and to determine the growth pheno­
type of the strains, we performed growth curves in 2xTY and King B media for 22 h. 
OD600 and pyoverdine fluorescence (excitation: 400 nm; emission: 455 nm) were read 
every 30 min. Our results indicated that strains M1 and M25 grew slowly in 2xTY and 
barely grew in King B medium, while strain Z37 only showed slower growth in King B 
(Fig. 2A). The reduced growth rate of these strains is in line with previous reports on 
isolates from cystic fibrosis patients (24). On the other hand, strains LS09, LS08, Z33, 
and Z34 reached a maximum OD at about 13 h, showing a progressive reduction in 
absorbance from 18 h on. This was only seen in KB medium (Fig. 2A; Fig. S2). The 
difference in growth observed between these two culture conditions could be partly 
linked to pyoverdine production in some strains, as previously reported (25, 26). Indeed, 
the LS08 strain showed maximum pyoverdine production when its growth started to 
decline (Fig. 2A and B). However, pyoverdine production dynamics do not explain all 
cases, as seen for LS09 (a strain that barely produced pyoverdine in this assay) (Fig. 2B). 
Last of all, we corroborated the absence of pyoverdine production by strain LS04 grown 
under these conditions.

To continue with the phenotypic characterization, strains were inoculated into blood 
agar plates. Our results indicated that only three strains (Z37, M1, and M25) showed a 
mucoid phenotype, as previously reported for these isolates by Valzano et al. (19). In 
parallel, all strains showed a hemolytic phenotype after 48 h of incubation although only 
a few strains had produced hemolytic colonies after 24 h (Table S1).

FIG 2 Growth phenotype of clinical strains of P. aeruginosa. (A) The growth pattern of clinical strains of P. aeruginosa in 2xTY and King B (KB) media was studied 

in 96-well plates incubated at 37°C for 22 h under continuous shaking. Pyoverdine production was analyzed by the measurement of fluorescence (excitation: 

400 nm; emission: 455 nm). Graph (B) shows fluorescence normalized to growth (RFU/OD600). The experiment was performed in triplicate.
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Finally, we characterized the strains according to their susceptibility to three different 
antibiotics: ceftazidime, meropenem, and amikacin. We selected these antibiotics as 
representatives of three antibiotic classes (cephalosporins, carbapenems, and aminogly­
cosides, respectively) and because they are widely used in clinical settings. Our results 
indicated that some strains were multidrug-resistant, while most were sensitive to at 
least two antibiotics (Table 2).

The phenotyping data were used to generate a distance matrix. The results (pyo­
verdine production, colony size, pigment production, mucoid phenotype, ability to 
grow in M9 medium, and resistance to ceftazidime, meropenem, and amikacin) were 
transformed into binary values and used for UPGMA analysis (Table S2). The resulting 
dendrogram indicated that only a few strains could be grouped according to phenotype, 
suggesting that our collection of samples was a heterogeneous group of isolates (Fig. 3). 
Taken together, these results indicate that our clinical strains were highly diverse isolates 
and illustrate the elevated phenotypic variability of clinical strains of P. aeruginosa.

Selection of conditions for isolating vesicles

To isolate vesicles from P. aeruginosa strains at a quality level that allowed further 
molecular characterization by mass spectrometry and/or electron microscopy analysis, 
we performed the extraction from cultures of P. aeruginosa PAO1 reference strain, grown 
in King B medium (rich medium) and in M9 minimal medium supplemented with 0.4% 
glucose. For this particular step, solely to evaluate contamination of the sample with 
particles from the original culture medium and by way of comparison, we also used 
an ultrafiltration/ultracentrifugation protocol that was not developed for P. aeruginosa 
[and was, therefore, not optimized to exclude contaminants, such as bacterial flagella, 
for which there are other widely recommended protocols, e.g., the one described by 
Bauman and Kuehn (27)].

Our dynamic light scattering results showed a particle population peak for the 
negative control (KB medium without vesicles) using ultracentrifugation/ultrafiltration 
(Fig. 4A). The polydispersity index of this measurement, a dimensionless value indicating 
the level of sample heterogeneity (28), was 0.3548, suggesting a moderate particle size 
distribution. These particles are most likely protein aggregates generated by the peptone 
of the medium (which can also be seen after purification with ExoBacteria kit, Fig. 4B), as 
previously described for other media (29).

In contrast, the processing of M9 minimal medium without bacteria (negative control) 
with ultracentrifugation/ultrafiltration did not produce any noticeable peak by DLS 
analysis (triplicate readings by Zetasizer showed non-overlapping curves and a poor 

TABLE 2 Antibiotic susceptibility of clinical strains of Pseudomonasb

Strain Ceftazidime Meropenem Amikacin

MIC Interpretationa MIC Interpretation MIC Interpretation

LS01 4 I 0.25 S 2 S
LS03 64 R 1 S 2 S
LS04 >32 R 8 I >32 R
LS05 4 I 0.25 S 4 S
LS06 4 I 0.5 S 4 S
LS07 4 I 1 S 4 S
LS08 >16 R >8 R 4 S
LS09 32 R 8 I 32 R
Z33 2 I 0.125 S 8 S
Z34 >256 R 16 R 16 S
Z37 64 R 2 S 8 S
M1 4 I 8 I 64 R
M25 2 I <=0.06 S 4 S
aInterpretation according to EUCAST.
bR, resistant; I, susceptible, increased exposure; S, sensitive.
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correlation function), implying that no specific particle population was detected (Fig. 4C). 
This suggested that M9 minimal medium was the best option for molecular analysis of 
vesicles, as we also did not observe any particle population in the negative control with 
the ExoBacteria kit (Fig. 4D and E). We, therefore, selected this condition for further 
purifications. Later, we used the ExoBacteria OMV isolation kit to purify vesicles of 
Pseudomonas aeruginosa PAO1 in M9 minimal medium. Our results indicated that the kit 
allowed purification of vesicles from just 25 to 30 mL of M9 minimal medium (Fig. 1F and 
G) although the protein concentration of the sample was low even after concentration 
(0.05 µg/µL).

Vesicle isolation from clinical strains

After characterizing enough diverse clinical strains and choosing the optimal culture 
conditions for vesicle purification, we used the rapid purification method to isolate 
vesicles. To do so, we grew all strains during the day on M9 minimal medium. After 
overnight incubation at 37°C, our first finding was that not all clinical strains were able 
to grow on M9 minimal medium (Table S3). In fact, four strains, including three isolates 
from patients with cystic fibrosis, failed to grow on this medium even after 72 h of 
incubation, suggesting either the presence of auxotrophies or an extremely slow-grow­
ing phenotype. We then purified vesicles from the 11 cultures by the rapid purification 
method. Screening for vesicles was first done by immunodetection of the porin OprF 
(a membrane protein of P. aeruginosa) using a dot blot. We used an antibody against 
this porin because although deletion mutants of P. aeruginosa have been described 
for OprF in biofilm-producing strains (30), its presence in clinical isolates seems to be 

FIG 3 Dendrogram of phenotype characteristics of 15 P. aeruginosa strains. The dendrogram plot was generated using 

http://genomes.urv.cat/UPGMA/.
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quite constant due to its link to pathogenicity (31–33). The particle population profile 
of the samples was analyzed in parallel by DLS. Our results showed that only five 
strains, namely, ATCC 27853, LS03, LS07, Z34, and the control PAO1, were positive for 

FIG 4 Analysis of growth media for vesicle purification by DLS showing (A, C, D, F) the results of sample analysis using DLS (Zetasizer). A correlogram (left) and a 

graph indicating size distribution by intensity (right) are shown for each set. (A–C) An ultracentrifugation/ultrafiltration protocol was used with (A and B) King B 

medium without bacteria (negative control for KB) and (C) M9 medium without bacteria (negative control for M9 medium). (D–G) ExoBacteria OMV Isolation Kit 

was used to purify vesicles/particles from M9 minimal medium: (D–E) without bacteria (negative control for M9 minimal medium) or (F and G) inoculated with 

P. aeruginosa PAO1 strain. The three curves in each graph represent the three readings of the instrument (triplicate). PDI, polydispersity index. (B, E, G) Electron 

microscopy images of (B) samples obtained with ultrafiltration/ultracentrifugation, protein aggregates (black arrow) of KB medium without bacteria; (E) samples 

obtained with ExoBacteria OMV Isolation kit M9 minimal medium (negative control); (G) vesicles of P. aeruginosa PAO1 grown in M9 minimal medium.
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OprF (indicating the presence of vesicle membranes in the eluates) (Fig. 5A). Further 
processing of the samples by dynamic light scattering revealed that only three (PAO1, 
LS03, and Z34) of these five eluates had a profile suggesting the presence of vesicles (Fig. 
5B and D) although in the case of samples LS07 and ATCC 27853, the combination of 
vesicles with other molecules of different sizes could not be ruled out. Analysis of protein 
concentrations in positive samples ATCC 27853, LS03, LS07, and Z34 again showed 
very low concentrations: 0.08 µg/µL (after concentration), 0.156 µg/µL, 0.07 µg/µL, and 
0.02 µg/µL, respectively. Finally, immunodetection of OprF in the positive clinical samples 
by western blot indicated that only two, LS03 and Z34, were positive (Fig. S3). This 
suggested that the dot blot result for LS07 was not specific (in line with the dynamic light 
scattering results).

DISCUSSION

In this study, we analyzed 13 phenotypically diverse clinical strains of P. aeruginosa. The 
high level of phenotypic variability in clinical isolates of P. aeruginosa has been described 
in many other cases (14, 34–36) and may be a reason why purification of vesicles from 
these strains can be difficult. Indeed, some strains isolated from cystic fibrosis patients 
were particularly challenging due to their growth behavior. This is in line with previous 
reports that these isolates seem highly adapted to the host, as suggested by their 
typically slow growth (24) and auxotrophies (37).

Here, we showed that the culture medium selected to grow P. aeruginosa strains is 
essential to obtain vesicle samples of good quality for molecular biology. As we observed 
in our experiments, the KB culture medium is rich enough to ensure rapid bacterial 
growth but produces aggregates that can then be purified by ultrafiltration/ultracentrifu-
gation and the rapid purification method. These aggregates can be seen by electron 
microscopy (Fig. 4B) and could be a serious problem for mass spectrometry if appropriate 

FIG 5 Immunodetection of porin OprF by dot blot and DLS analysis. (A) Dot blot using anti-OprF antibody. Samples eluted by Exobacteria OMV Isolation kit 

were spotted onto nitrocellulose membrane and used for dot blot. The positive (+) control corresponds to the first antibody solution and negative (−) control to 

blocking solution (3% BSA in TBS). Control strains were blotted twice (PAO1 from different purifications). (B–D) Analysis of eluates that showed the highest dot 

blot signals by DLS (Zetasizer). The curves obtained for (B) PAO1, (C) LS03, and (D) Z34 samples are shown. The three curves in each graph indicate the triplicate 

readings of the instrument. PDI, polydispersity index.
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controls are not used. Indeed, other research groups, such as Le and colleagues (29), have 
described the importance of a culture medium that does not produce protein aggre­
gates for the purification of bacterial vesicles. In this context, our results highlight the 
need to use different techniques, such as immunodetection, particle size analysis, and 
electron microscopy, to monitor for vesicles in the final samples since measuring protein 
or lipid concentrations cannot specifically distinguish vesicles from other carry-over 
products.

We found that the ExoBacteria OMV Isolation kit could only isolate vesicles from 4 
of the 11 samples tested (including the two reference strains). The vesicle yield was 
low in all the positive eluates, suggesting that the kit does not seem to be convenient 
for clinical strains, where diverse phenotypes could influence its efficacy. This result 
may be due to specific phenotypes producing different quantities of OMVs of differ-
ent quality although further analysis is needed to prove or disprove this speculation. 
Alternatively, this result could also be related to differences between the LPS composi­
tion of P. aeruginosa and E. coli (organism for which the ExoBacteria OMV isolation kit 
was originally designed). Our findings suggest that rapid vesicle purification methods 
do not currently seem to be the best option for clinical strains of P. aeruginosa, where 
other protocols (more laborious, but with better purity and yield) are recommended 
(27). Indeed, traditional protocols such as ultracentrifugation are helpful in getting rid 
of common contaminants of vesicle samples in Pseudomonas, such as flagella. In this 
context, the addition of a prior centrifugation step before using the kit in order to 
remove the flagella (16,000 × g for 30 min at 4°C) would be recommended (38, 39).

Taken together, our findings highlight the need to carefully standardize vesicle 
purification protocols in relation to the analyses to be performed downstream and the 
phenotypic and growth differences of the specific organisms to be grown. In conclusion, 
the present study contributes to our understanding of vesicle production and purifica-
tion in P. aeruginosa strains and highlights the need for new rapid alternative/optimized 
protocols for phenotypically diverse populations.

ACKNOWLEDGMENTS

We thank Clelia Cortese for her help with the photographs of certain agar plates, 
Alessandro Paffetti for his help with ultracentrifugation, and Juan Henriquez Apablaza 
for his suggestions regarding culture media.

T.H. and C.F. received funding from MSCA SoE@UNISI 2022 PEPCAV.

AUTHOR AFFILIATIONS

1Department of Medical Biotechnologies, University of Siena, Siena, Italy
2Department of Biotechnology, Chemistry and Pharmacy, University of Siena, Siena, Italy
3Department of Life Sciences, University of Siena, Siena, Italy
4Department of Biology, University of Florence, Florence, Italy

AUTHOR ORCIDs

Tania Henriquez  http://orcid.org/0000-0003-0543-9250
Francesco Santoro  http://orcid.org/0000-0003-3052-3518

AUTHOR CONTRIBUTIONS

Tania Henriquez, Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Project administration, Software, Supervision, Validation, Visualization, 
Writing – original draft, Writing – review and editing | Francesco Santoro, Data cura­
tion, Formal analysis, Investigation, Resources, Validation, Writing – review and editing 
| Donata Medaglini, Resources, Writing – review and editing | Lucia Pallecchi, Data 
curation, Resources, Writing – review and editing | Ilaria Clemente, Data curation, Formal 
analysis, Investigation, Visualization, Writing – review and editing | Claudia Bonechi, 
Resources, Writing – review and editing | Agnese Magnani, Resources, Writing – review 

Research Article Microbiology Spectrum

October 2024  Volume 12  Issue 10 10.1128/spectrum.00649-2411

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

09
 O

ct
ob

er
 2

02
4 

by
 1

93
.2

05
.5

.2
.

https://doi.org/10.1128/spectrum.00649-24


and editing | Eugenio Paccagnini, Formal analysis, Investigation, Methodology, Visualiza­
tion, Writing – review and editing | Mariangela Gentile, Formal analysis, Investigation, 
Methodology, Visualization, Writing – review and editing | Pietro Lupetti, Resources, 
Writing – review and editing | Massimiliano Marvasi, Data curation, Formal analysis, 
Investigation, Resources, Writing – review and editing | Alessandro Pini, Writing – review 
and editing | Luisa Bracci, Writing – review and editing | Chiara Falciani, Funding 
acquisition, Project administration, Resources, Writing – original draft, Writing – review 
and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum00649-24-s0001.docx). Tables S1 to S3; Fig. S1 to S3.

REFERENCES

1. Iglewski BH. 1996. Pseudomonas. In Baron S (ed), Medical microbiology. 
The University of Texas Medical Branch at Galveston, Galveston TX.

2. Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, 
Brinkman FS, Hufnagle WO, Kowalik DJ, Lagrou M, et al. 2000. Complete 
genome sequence of Pseudomonas aeruginosa PAO1, an opportunistic 
pathogen. Nat New Biol 406:959–964. https://doi.org/10.1038/35023079

3. Palleroni NJ. 2015. Pseudomonas, p 1. In Bergey's manual of systematics 
of archaea and bacteria

4. Kung VL, Ozer EA, Hauser AR. 2010. The accessory genome of 
Pseudomonas aeruginosa. Microbiol Mol Biol Rev 74:621–641. https://doi.
org/10.1128/MMBR.00027-10

5. Bodey GP, Bolivar R, Fainstein V, Jadeja L. 1983. Infections caused by 
Pseudomonas aeruginosa. Rev Infect Dis 5:279–313. https://doi.org/10.
1093/clinids/5.2.279

6. Henriquez T, Falciani C. 2023. Extracellular vesicles of Pseudomonas: 
friends and foes. Antibiotics (Basel) 12:703. https://doi.org/10.3390/
antibiotics12040703

7. Tashiro Y, Uchiyama H, Nomura N. 2012. Multifunctional membrane 
vesicles in Pseudomonas aeruginosa. Environ Microbiol 14:1349–1362. 
https://doi.org/10.1111/j.1462-2920.2011.02632.x

8. Zhu Z, Antenucci F, Villumsen KR, Bojesen AM. 2021. Bacterial outer 
membrane vesicles as a versatile tool in vaccine research and the fight 
against antimicrobial resistance. mBio 12:e0170721. https://doi.org/10.
1128/mBio.01707-21

9. Ellis TN, Kuehn MJ. 2010. Virulence and immunomodulatory roles of 
bacterial outer membrane vesicles. Microbiol Mol Biol Rev 74:81–94. 
https://doi.org/10.1128/MMBR.00031-09

10. Collins SM, Brown AC. 2021. Bacterial outer membrane vesicles as 
antibiotic delivery vehicles. Front Immunol 12:733064. https:​//doi.org/
10.3389/fimmu.2021.733064

11. Kulp A, Kuehn MJ. 2010. Biological functions and biogenesis of secreted 
bacterial outer membrane vesicles. Annu Rev Microbiol 64:163–184. 
https://doi.org/10.1146/annurev.micro.091208.073413

12. Toyofuku M, Nomura N, Eberl L. 2019. Types and origins of bacterial 
membrane vesicles. Nat Rev Microbiol 17:13–24. https://doi.org/10.
1038/s41579-018-0112-2

13. Juodeikis R, Carding SR. 2022. Outer membrane vesicles: biogenesis, 
functions, and issues. Microbiol Mol Biol Rev 86:e0003222. https://doi.
org/10.1128/mmbr.00032-22

14. Grosso-Becerra M-V, Santos-Medellín C, González-Valdez A, Méndez J-L, 
Delgado G, Morales-Espinosa R, Servín-González L, Alcaraz L-D, Soberón-
Chávez G. 2014. Pseudomonas aeruginosa clinical and environmental 
isolates constitute a single population with high phenotypic diversity. 
BMC Genomics 15:318. https://doi.org/10.1186/1471-2164-15-318

15. King EO, Ward MK, Raney DE. 1954. Two simple media for the demon­
stration of pyocyanin and fluorescin. J Lab Clin Med 44:301–307.

16. Russell DW, Sambrook J, eds. 2006. The condensed protocols from 
molecular cloning: a laboratory manual

17. Holloway BW. 1955. Genetic recombination in Pseudomonas aeruginosa. 
J Gen Microbiol 13:572–581. https://doi.org/10.1099/00221287-13-3-572

18. Medeiros AA, O’Brien TF, Wacker WE, Yulug NF. 1971. Effect of salt 
concentration on the apparent in-vitro susceptibility of Pseudomonas 
and other gram-negative bacilli to gentamicin. J Infect Dis 124 
Suppl:S59–S64. https://doi.org/10.1093/infdis/124.supplement_1.s59

19. Valzano F, Boncompagni SR, Micieli M, Di Maggio T, Di Pilato V, 
Colombini L, Santoro F, Pozzi G, Rossolini GM, Pallecchi L. 2022. Activity 
of N-acetylcysteine alone and in combination with colistin against 
Pseudomonas aeruginosa biofilms and transcriptomic response to N-
acetylcysteine exposure. Microbiol Spectr 10:e0100622. https://doi.org/
10.1128/spectrum.01006-22

20. Tan TT, Morgelin M, Forsgren A, Riesbeck K. 2007. Haemophilus 
influenzae survival during complement-mediated attacks is promoted by 
Moraxella catarrhalis outer membrane vesicles. J Infect Dis 195:1661–
1670. https://doi.org/10.1086/517611

21. Peterson GL. 1977. A simplification of the protein assay method of Lowry 
et al. which is more generally applicable. Anal Biochem 83:346–356. 
https://doi.org/10.1016/0003-2697(77)90043-4

22. Garcia-Vallvé S, Palau J, Romeu A. 1999. Horizontal gene transfer in 
glycosyl hydrolases inferred from codon usage in Escherichia coli and 
Bacillus subtilis. Mol Biol Evol 16:1125–1134. https://doi.org/10.1093/
oxfordjournals.molbev.a026203

23. Brown VI, Lowbury EJ. 1965. Use of an improved cetrimide agar medium 
and other culture methods for Pseudomonas aeruginosa. J Clin Pathol 
18:752–756. https://doi.org/10.1136/jcp.18.6.752

24. Bartell JA, Sommer LM, Haagensen JAJ, Loch A, Espinosa R, Molin S, 
Johansen HK. 2019. Evolutionary highways to persistent bacterial 
infection. Nat Commun 10:629. https://doi.org/10.1038/s41467-019-
08504-7

25. Becker F, Wienand K, Lechner M, Frey E, Jung H. 2018. Interactions 
mediated by a public good transiently increase cooperativity in growing 
Pseudomonas putida metapopulations. Sci Rep 8:4093. https://doi.org/
10.1038/s41598-018-22306-9

26. Butaitė E, Baumgartner M, Wyder S, Kümmerli R. 2017. Siderophore 
cheating and cheating resistance shape competition for iron in soil and 
freshwater Pseudomonas communities. Nat Commun 8:414. https://doi.
org/10.1038/s41467-017-00509-4

27. Bauman SJ, Kuehn MJ. 2006. Purification of outer membrane vesicles 
from Pseudomonas aeruginosa and their activation of an IL-8 response. 
Microbes Infect 8:2400–2408. https://doi.org/10.1016/j.micinf.2006.05.
001

28. Danaei M, Dehghankhold M, Ataei S, Hasanzadeh Davarani F, Javanmard 
R, Dokhani A, Khorasani S, Mozafari MR. 2018. Impact of particle size and 
polydispersity index on the clinical applications of lipidic nanocarrier 
systems. Pharmaceutics 10:57. https://doi.org/10.3390/pharmaceu­
tics10020057

Research Article Microbiology Spectrum

October 2024  Volume 12  Issue 10 10.1128/spectrum.00649-2412

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

09
 O

ct
ob

er
 2

02
4 

by
 1

93
.2

05
.5

.2
.

https://doi.org/10.1128/spectrum.00649-24
https://doi.org/10.1038/35023079
https://doi.org/10.1128/MMBR.00027-10
https://doi.org/10.1093/clinids/5.2.279
https://doi.org/10.3390/antibiotics12040703
https://doi.org/10.1111/j.1462-2920.2011.02632.x
https://doi.org/10.1128/mBio.01707-21
https://doi.org/10.1128/MMBR.00031-09
https://doi.org/10.3389/fimmu.2021.733064
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1128/mmbr.00032-22
https://doi.org/10.1186/1471-2164-15-318
https://doi.org/10.1099/00221287-13-3-572
https://doi.org/10.1093/infdis/124.supplement_1.s59
https://doi.org/10.1128/spectrum.01006-22
https://doi.org/10.1086/517611
https://doi.org/10.1016/0003-2697(77)90043-4
https://doi.org/10.1093/oxfordjournals.molbev.a026203
https://doi.org/10.1136/jcp.18.6.752
https://doi.org/10.1038/s41467-019-08504-7
https://doi.org/10.1038/s41598-018-22306-9
https://doi.org/10.1038/s41467-017-00509-4
https://doi.org/10.1016/j.micinf.2006.05.001
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.1128/spectrum.00649-24


29. Le LHM, Steele JR, Ying L, Schittenhelm RB, Ferrero RL. 2023. A new 
isolation method for bacterial extracellular vesicles providing greater 
purity and improved proteomic detection of vesicle proteins. J Extracell 
Biol 2:e84. https://doi.org/10.1002/jex2.84

30. Cassin EK, Tseng BS. 2019. Pushing beyond the envelope: the potential 
roles of OprF in Pseudomonas aeruginosa biofilm formation and 
pathogenicity. J Bacteriol 201:e00050-19. https://doi.org/10.1128/JB.
00050-19

31. Bukhari SI, Aleanizy FS. 2020. Association of OprF mutant and 
disturbance of biofilm and pyocyanin virulence in Pseudomonas 
aeruginosa. Saudi Pharm J 28:196–200. https://doi.org/10.1016/j.jsps.
2019.11.021

32. Moussouni M, Berry L, Sipka T, Nguyen-Chi M, Blanc-Potard AB. 2021. 
Pseudomonas aeruginosa OprF plays a role in resistance to macrophage 
clearance during acute infection. Sci Rep 11:359. https://doi.org/10.
1038/s41598-020-79678-0

33. Kazemi Moghaddam E, Owlia P, Jahangiri A, Rasooli I, Rahbar MR, 
Aghajani M. 2017. Conserved OprF as a selective immunogen against 
Pseudomonas aeruginosa. Iran J Pathol 12:165–170.

34. Scheffler RJ, Bratton BP, Gitai Z. 2022. Pseudomonas aeruginosa clinical 
blood isolates display significant phenotypic variability. PLoS One 
17:e0270576. https://doi.org/10.1371/journal.pone.0270576

35. Newman JN, Floyd RV, Fothergill JL. 2022. Invasion and diversity in 
Pseudomonas aeruginosa urinary tract infections. J Med Microbiol 
71:001458. https://doi.org/10.1099/jmm.0.001458

36. Clark ST, Diaz Caballero J, Cheang M, Coburn B, Wang PW, Donaldson SL, 
Zhang Y, Liu M, Keshavjee S, Yau YCW, Waters VJ, Elizabeth Tullis D, 
Guttman DS, Hwang DM. 2015. Phenotypic diversity within a 
Pseudomonas aeruginosa population infecting an adult with cystic 
fibrosis. Sci Rep 5:10932. https://doi.org/10.1038/srep10932

37. Barth AL, Pitt TL. 1995. Auxotrophic variants of Pseudomonas aeruginosa 
are selected from prototrophic wild-type strains in respiratory infections 
in patients with cystic fibrosis. J Clin Microbiol 33:37–40. https://doi.org/
10.1128/jcm.33.1.37-40.1995

38. Renelli M, Matias V, Lo RY, Beveridge TJ. 2004. DNA-containing 
membrane vesicles of Pseudomonas aeruginosa PAO1 and their genetic 
transformation potential. Microbiol (Reading) 150:2161–2169. https://
doi.org/10.1099/mic.0.26841-0

39. Schooling SR, Beveridge TJ. 2006. Membrane vesicles: an overlooked 
component of the matrices of biofilms. J Bacteriol 188:5945–5957. https:
//doi.org/10.1128/JB.00257-06

Research Article Microbiology Spectrum

October 2024  Volume 12  Issue 10 10.1128/spectrum.00649-2413

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

09
 O

ct
ob

er
 2

02
4 

by
 1

93
.2

05
.5

.2
.

https://doi.org/10.1002/jex2.84
https://doi.org/10.1128/JB.00050-19
https://doi.org/10.1016/j.jsps.2019.11.021
https://doi.org/10.1038/s41598-020-79678-0
https://doi.org/10.1371/journal.pone.0270576
https://doi.org/10.1099/jmm.0.001458
https://doi.org/10.1038/srep10932
https://doi.org/10.1128/jcm.33.1.37-40.1995
https://doi.org/10.1099/mic.0.26841-0
https://doi.org/10.1128/JB.00257-06
https://doi.org/10.1128/spectrum.00649-24

	Analysis of the utility of a rapid vesicle isolation method for clinical strains of Pseudomonas aeruginosa
	MATERIALS AND METHODS
	Bacterial strains and culture media
	Growth experiments
	Vesicle isolation
	Phenotypic characterization of strains
	Immunodetection of OprF
	Protein quantification
	Antibiotic susceptibility
	Dynamic light scattering
	Transmission electron microscopy
	UPGMA analysis and dendrogram generation
	Statistical analysis

	RESULTS
	Phenotypic characterization of clinical strains of P. aeruginosa
	Selection of conditions for isolating vesicles
	Vesicle isolation from clinical strains

	DISCUSSION


