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Abstract

The bacterial membrane vesicles (MVs) are non-replicative, nanoscale structures that carry specific cargos and play
multiple roles in microbe-host interactions. An appropriate MV isolation method that mimics complex pathogen
infections in vivo is needed. After bacterial MVs extraction, flagella or pili can be frequently observed along with
MVs by transmission electron microscope (TEM). Recently, MVs from Pseudomonas aeruginosa were found to
coexist with Pf4 phages, and this MV—phages complex exhibited a different impact on host cell innate immunity
compared with MVs or phages solely. The presence of this MVs—phages complex simulates the real condition of
complex pathogen infections within the host. This protocol outlines the extraction of the MVs and Pf4 phages
complex of P. aeruginosa PAOI, including the respective isolation and qualification approaches. Our step-by-step
bacterial MVs—phages complex extraction protocol provides valuable insights for further studying microbe—host cell
interactions and the development of novel phage therapies.

Key features

e Detailed density gradient extraction procedures of MVs—phages complex
e TEM, plaque assay, and PCR to verify the coexistence of MVs and phages
e The obtained MVs—phages complex can be used for exploring phage—microbe—host cell interactions
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Background

Pseudomonas aeruginosa is an opportunistic pathogen that often causes serious hospital-acquired infections and
can lead to a variety of infectious diseases including pneumonia, wound infections, and septicemia [1]. Due to the
high mortality rate of these infections, P. aeruginosa was recognized as one of the most life-threatening bacteria and
listed as a priority pathogen for research and development of new antibiotics by the World Health Organization [2].
The Pf phage, a filamentous inovirus specifically associated with P. aeruginosa, is a type of temperate phage, which
can be classified from Pf1 to Pf8. Approximately half of P. aeruginosa isolates harbor Pf phage operons within their
genomes [3,4]. Pf phages are about 6—7 nm in diameter and vary in length from 0.8 to 2 um, with a single-stranded
DNA (ssDNA) as the genetic material packaged within a helical filamentous structure major coat protein CoaB [3].
Of these, Pf4 phage is an important member, and its genome is integrated into the P. aeruginosa PAOI as the
prophage. Thus, Pf4 phage can emerge inside the bacteria [5]. The core genes of the Pf4 phages mainly include
xisF4, PA0720, PA0723, PA0724, and PA0726, which encode excisionase, single-stranded DNA binding protein,
major coat protein CoaB, minor coat protein CoaA, and morphogenesis protein, respectively [3,5]. A recent study
showed that Pf4 phages can be transmitted between bacteria and have various effects on P. aeruginosa, including
reducing twitching motility, altering biofilm production, and affecting the release of virulence factors, which are
important in the pathogenesis of P. aeruginosa [6—8]. However, how Pf4 is transmitted has remained elusive.
Bacterial membrane vesicles (MVs) are structures produced by bacteria with a diameter ranging from 40 to 400 nm
that carry specific cargo and travel a long distance (centimeter scale) to play essential roles in cell—cell
communications [9,10]. Gram-negative bacteria MVs could be divided into two types: B (blebbing)-type vesicles,
which are formed via blebbing from the outer membrane, and E (explosive)-type vesicles, which are formed due to
explosive cell lysis [11,12]. Studies have suggested that P. aeruginosa E-MVs can be formed under certain stresses
and bacteriophage lysis conditions induced by Pf4 phages [3].

Many previous works observed that after the crude MV extraction step, flagella can also be observed by TEM [13].
A recent study investigated the combined effects of P. aeruginosa MVs with phages upon the recognition function
of the host’s innate immune system. In a mouse model of acute lung infection, treatment with MVs-Pf4 phages
complex resulted in reduced infiltration of neutrophils in the lung alveoli, thus suppressing the occurrence of
inflammatory reactions [3].

In this protocol, we establish a bacterial MVs—phages co-extraction platform from P. aeruginosa PAO1 as a model
organism. The MVs—phages extract effectively mimics the complex MVs—phage coexistence condition in vivo
within the host during pathogen infections. Overall, this is an optimized method for extracting the MV—phage
complex based on density gradient centrifugation (Figure 1), with feasibility verified through TEM, PCR, and plaque
assays. It will provide a reliable protocol for studying bacteriophage—microbe—host cell interactions.
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Figure 1. Flowchart of MV-phage complex extraction. The bacterial culture is centrifuged to retain the
supernatant. After filtering and ultrafiltering, bacteria and small molecules can be removed. After density gradient
ultracentrifuging, flagella and pili can be removed. Then, purified MVs—phage samples can be obtained.

Materials and reagents

The following materials and equipment are recommended for this protocol, but alternatives from other sources can
also be used when proven to be equivalent.

Biological materials

1. P aeruginosa PAOL strain (strains are preserved at -80 °C in our laboratory)
2. P aeruginosa PAO1 APf4 strain (strains are preserved at -80 °C in our laboratory)

Reagents

Opti-Prep gradient medium (Sigma-Aldrich, catalog number: D1556)
Phosphate-buffered saline (PBS) (Servicebio, catalog number: G4202)
2% Phosphotungstic acid solution (Acmec, catalog number: AG1599)
LB liquid medium (Servicebio, catalog number: G3103)

Premix Taq™ Version 2.0 (Takara, catalog number: R004Q)

1% agarose gel (Baygene, catalog number: 192255)

DNA marker (Coolaber, catalog number: D2000)

Pancreatic digest of casein (peptone) (Beyotime, catalog number: ST800)
Soybean digest (Sigma-Aldrich, catalog number: C7210)

10. NaCl (Dogesce, catalog number: Sodium Chloride)

11. Agar (Dogesce, catalog number: Agar)

12. CaClz (Macklin, catalog number: C915443-500g)

13. MgCl> (Macklin, catalog number: M813766-500g)

14. Mitomycin C (AbMole, catalog number: M5791)

15. GelRed 10000x gel staining solution (I-PRESCI, catalog number: P202-01)

XN AP
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Solutions

1. TSB culture medium (see Recipes)
2. 1.5% LB agar solid medium (see Recipes)
3. 0.75% LB agar semi-solid medium (see Recipes)

Recipes

1. TSB culture medium
The composition of the medium includes distilled water, 1.5% pancreatic digest of casein (peptone), 0.5%
soybean digest, and 0.5% NacCl.

2. 1.5% LB agar solid medium
100 mL LB liquid medium with 1.5 g of agar.

3. 0.75% LB agar semi-solid medium
100 mL LB liquid medium with 0.75 g agar, 1 mM CaClz, and 1 mM MgCl..

Laboratory supplies

LB agar plate (Servicebio, catalog number: G3104-0910)

50 mL cell culture tube (Bioland, catalog number: ATS05-12-50)

13.2 mL ultracentrifuge tube (Beckman, catalog number: 344059)

1.5 mL centrifuge tube (Eppendorf, catalog number: 0030108051)

PCR tube (Eppendorf, catalog number: 0030124359)

500 mL filter flask with 0.45 um filter (Biosharp, catalog number: BS-500-XT)

Glow-discharged 200-mesh carbon grid (Beijing Zhongjingkeyi Technology, catalog number: BZ11022B)
250 mL centrifuge bottle (Beckman, catalog number: 356011)

NS R =

Equipment

Intelligent high-efficiency centrifuge (Avanti, model: JXN-26)

Masterflex easy-load machine (Sartorius AG, model: VFA013)

100 KD Vivaflow membranes (Sartorius AG, model: VF20H4)

Ultracentrifuge machine (Beckman, model: Optima XE-100)

High-pressure sterilization pot (Yamato, model: SQ810C)

Constant temperature shaker (Shanghaiminquanyiqi, model: MQT-60R)

Tecan Spark 10 M plate reader (Tecan Group Ltd., model: Tecan Spark 10 M)

Transmission electron microscope (Hitachi, model: HT7700)

Nano Sight nanoparticle tracking analysis machine (Malvern Instruments Ltd, model: NS300)

NP WDD =

Procedure

A. Preparation of the culture medium

1. Prepare 3 L of TSB culture medium (see Recipes).
Note: Adjust volume depending on bacteria. We use 3 L for one sample to obtain abundant MVs. The
expected protein quantification concentration of the post-enriched MVs solution is 200 ng/uL.
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2. Sterilize the medium in a high-pressure autoclave (121 °C, 21 min).
B. Bacterial culture

1. Select P. aeruginosa PAO1 from the -80 °C refrigerator, streak on a 1.5% solid LB plate, and culture upside
down overnight at 37 °C.

2. Using a 50 mL cell culture tube, inoculate a single bacterial colony into the sterilized 20 mL of TSB culture
medium and incubate it on a shaking bed at 37 °C until the ODgoonm reaches 0.6.

3. Sub-culture bacteria into 3 L of TSB culture medium and culture on a shaking bed at 37 °C overnight until
it reaches the exponential phase (ODsoonm> 1.0).

C. Extraction of MV and filamentous structures complex

1. Transfer all the above-mentioned cultures to 250 mL centrifuge tubes and centrifuge at 10,000 g for 15
min at 4 °C.

2. Filter the supernatant through the 500 mL filter flask with the 0.45 pum filter to remove any remaining
bacterial cells.

3. Transfer the above solution to a 3 L conical flask. Connect 100 KD Vivaflow membranes to the outlet end
of the Masterflex Easy-Load system, start the system, and concentrate the solution to 72 mL.

Note: This is a rate-limiting step: 2 L of solution normally needs 1 h to be concentrated.

4. Transfer the concentrate into ultracentrifuge tubes with 12 mL in each tube. Ultracentrifuge concentrated
supernatant at 50,000% g for 2 h at 4 °C to precipitate crude MVs. Remove the supernatant.

5. Add the Opti-Prep gradient medium into the ultracentrifuge tube and then add the crude extracted MV to
the top of the solution. Perform density gradient centrifugation purification of the crude MVs using Opti-
Prep gradient medium with a gradient range of 15%—-60% at 4 °C and centrifuge at 100,000x g for over 16
h overnight. The purified MVs will be located in the 35%—45% density layer (Figure 2).

—
—156%
—25%
—35%
} MVs-Phage complex
—45%
—55%
—60%
]
S’

Figure 2. Stratification of the MVs-phages complex in the Opti-prep medium. After centrifugation at
4 °C for 16 h at 100,000x g, the MVs—phages complex is distributed in the 35%—-45% layer of the Opti-

prep gradient. Purified MVs can be taken using a 1 mL syringe.

6. Take the purified MVs using a 1 mL syringe into a 1.5 mL centrifuge tube and wash them continuously by
ultracentrifugation with 4 °C 1x PBS at 50,000x g for 2 h at 4 °C.
Notes: The 1.5 mL centrifuge tubes must be soaked in 75% alcohol overnight.

7. Resuspend the purified MVs in 1 mL of PBS and store at 4 °C.

D. Validation of the MV—phage coexistence
1. Nanoparticle tracking analysis (NTA) to assess the quality of MVs

a. The quantification and size characterization of the MVs were analyzed using the Nano Sight NS300
for NTA.
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Note: Nano Sight NS300 is an instrument used for size analysis and counting of nanoparticles and
biological particles. It uses the laser to track the movement of particles in a fluid and analyzes these
movement trajectories to calculate the size, concentration, and distribution of the particles.

b. MV samples were diluted (500%) in PBS to obtain a concentration within the recommended
measurement range (1-10 x 10 particles/mL). The size and concentration measurements were
conducted using the 448 nm laser in scatter mode.

c. Using a 1 mL syringe, the sample was injected into the instrument and videos were captured in
triplicate for 30 s. The mean values for size and concentration were analyzed using NanoSight (NTA
software, version 3.0).

2. Coexistence of MV and phage visualized by negative staining TEM

a. Incubate 5 puL of the purified MVs on a glow-discharged 200-mesh carbon grid for 1 min to allow
binding.

b. Contrast the grids with a 2% phosphotungstic acid solution.

c.  Fit the microscope with a high-sensitivity real-time charge-coupled device camera for image capture.

d. View the grids on an HT7700 transmission electron microscope operating at 100 kV.

3. Plaque assay to verify the coexistence of phages in bacterial MVs

a. Pour 25 mL of sterilized 1.5% LB medium with agar into a Petri dish and let it solidify as the
underlayer. Take another sterilized 25 mL of LB semi-solid medium (containing 0.75% agar), add 600
uL of freshly cultured APf4 bacteria (ODsoonm= 0.6) into this medium, and mix thoroughly. Then pour
onto the solidified underlayer as the upper layer.

b. Prepare the bacteriophage: add 0.5 pg/mL mitomycin C to the culture medium and culture the bacteria
overnight. Take 1 mL of the culture fluid for centrifugation and filter the supernatant twice through a
0.22 pm filter.

c. The bacteriophages to be tested should be diluted in sterile PBS in a 10-fold serial dilution. After each
dilution, take 5 pL of the bacteriophage solution, spot it onto the surface of a bacterial semi-solid agar
plate, and allow it to dry.

d. Incubate the plate inverted at 37 °C overnight. The following day, count and analyze the plaques
formed.

4. PCR validation of the coexistence of Pf4 phages in bacterial MVs

a. Design primers of Pf4 phages for the target genes PA0720, PA0724, and PA0726 based on the gene
sequence of the Pf4 bacteriophage using SnapGene software (Table 1). Synthesize the primers and
dissolve them.

Note: When validating the binding of other types of bacteriophages in experiments, it is necessary to
design primers for specific genomic loci of the bacteriophage according to the actual situation.

Table 1. Primer sequences for PA0720, PA0724, and PA0726.

PA0720 PA0724 PA0726
Effj:[d ACGAACACCCGTGGTTGGCT ~ AAGGCGTAACGGGTGCTCTG — CTCGATCAGATCATCGCCTT
;;V;;SC TAGGCCTGTTGCCATGCGAG ~ GCGGCATACATGCTGCGGAT —~ TGGTGTCGTCGAAGAACAAC

b. Using 1 pL of purified MVs as templates, perform PCR by adding primers. The PCR reaction system
is as follows (Table 2 and Table 3).

Table 2. PCR reaction master mix

Reagent Amount
Premix Taq™ Mix 25 uL
Template 1 pL
Forward primer 2uL
Reverse primer 2 uL
ddH-0 20 uL
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Table 3. PCR cycling conditions

Steps Temperature Time Cycles
Initial denaturation 98 °C 10 min 1
Denaturation 98 °C 10s

Annealin 55°C 30s

Extensiof 72 °C 1 Kb/min 35 cycles
Final extension 72 °C 5 min 1

Hold 4°C Hold

After the reaction, prepare 50 mL of 1% agarose gel, heating it in a microwave until completely
dissolved. Let it cool down to around 50 °C, then add 5 pL of GelRed 10000% gel staining solution,
mix well, and pour the mixture into a gel tray.

Load the samples and DNA marker onto the gel and perform electrophoresis at a constant voltage of
164 V for 20 min using an electrophoresis apparatus.

Visualize the gel using a gel imaging system for observation.

Data analysis

In this protocol, MVs require stringent validation and quality control measures. To this end, an initial step focuses
on the measurement and analysis of the size of the extracted MVs, which is an essential aspect of assessing the
quality of the MV extraction process. Techniques such as TEM, plaque assay, and PCR are performed to verify the
coexistence of MVs and Pf4 phage. Herein, we analyze the data obtained to provide experimental references

according to Liu et al. (2024) [14].

A. NTA test analysis of MVs size and concentration

Using the NTA method, the size and concentration of the extracted MV's can be measured to assess the quality
of the extracted P. aeruginosa MVs. Results show that the (mean) size and concentration of MVs in PAO1 WT

are 67.19 nm and 2.03 x 10'° particles/mL, respectively (Figure 3).

Sample Concentration : 2.03E+10 particles/mL

175
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Figure 3. Bacterial membrane vesicles (MVs) concentration and size measured by the nanoparticle
tracking analysis (NTA) method. Based on the NTA measurement and software analysis results, we can
conclude that the concentration of the measured sample is 2.03 x 10'* particles/mL, with sizes distributed
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mainly between 30 and 80 nm and with a mean size of 67.19 nm.
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B.

TEM observation of the coexistence of MVs and filamentous structures

We used negative staining TEM to observe the structures of the extracted complex. M Vs, flagella, and phages
can be observed directly through this method (Figure 4). TEM results clearly show that MVs are nearly 100—
200 nm in size and comprise spherical structures harboring membrane bilayers. However, it is hard to
distinguish whether the filamentous structures are phage or flagella from the outside structure. Thus, we
performed further verifications to confirm whether phages were included.

Figure 4. TEM observation to show the coexistence of membrane vesicles (MVs) and filamentous
structures. A. In the image, white spherical structures with a size of approximately 100—200 nm can be
observed, as indicated by the red arrow, which is the extracted MVs. B: Multiple filamentous structures can be
observed in the image, as indicated by the red arrow, which is a mixture of flagella and bacteriophages.

Plaque assay to verify the coexistence of phages and MVs

We utilized the supernatant of the bacterial strain culture fluid as a positive control and the supernatant of the
APf4 strain culture fluid as a negative control, demonstrating the presence of bacteriophages in the extracted
MVs. The concentration of bacteriophages in the original sample is expressed in plaque-forming units (PFU),
and the formula is PFU = (The number of plaques * Dilution factor)/ the volume of the inoculum.

Quantification results show that the number of plaque-forming units (PFU) dropped from 5.2 x 10* in the P
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aeruginosa phages to 600 in PAO1 MVs, thereby showing the coexistence of phages and MVs (Figure 5).
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Figure 5. Plaque assay to verify the coexistence of phages in bacterial MVs. A. Plaque assay of PAO WT,
APf4 phages, and PAO1 MVs on the APf4 bacteria lawn. B. Quantification of PFUs in PAO1 WT bacteria and
PAO1 MVs. Data are presented as means + SD (n =3, ***P <0.001, Mann-Whitney U test).

D. PCR verification of the coexistence of Pf4 phages and MVs

In this experiment, we selected three characteristic gene fragments, PA0720, PA0724, and PA0726, as important
indicators for detecting the presence of the Pf4 bacteriophage. After conducting PCR on the purified P.
aeruginosa M Vs, we detected the characteristic gene fragments of the Pf4 phage, PA0720, PA0724, and PA0726,
which further showed that P. aeruginosa MVs seemed to coexist with Pf4 phage (Figure 6).

m PAO720 PAO724  PAO0726

2000 bp
1000 bp

30 bp
250 bp
100 bp

Figure 6. PCR verification of coexistence of Pf4 phages in bacterial membrane vesicles (MVs). Lane 1:
DNA marker. The size of PA0720 is 816 bp, and enrichment is visible in lanes 3 and 4; the size of PA0724 is
399 bp, and enrichment is visible in the 250-500 bp region of lanes 5—7; the size of PA0726 is 1937 bp, and
significant enrichment is visible around 2,000 bp in lanes 8—10. This confirms the presence of the Pf4 phage in
the extracts.

Validation of protocol

The whole procedure has been validated in Pennetzdorfer et al [3].
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General notes and troubleshooting

1. In this experiment, we chose P. aeruginosa PAO1 as the experimental subject. When using the protocol to
extract MV—phage complexes from other bacteria, it is important to select a more suitable culture medium.

2. Inthe bacterial culture step, it is necessary to cultivate the bacteria to the exponential growth phase and monitor
that the ODsoo value exceeds 1.0 to obtain a sufficient number of bacteria and MVs. If the ODeoo value is too
low, it may reduce the yield of MVs. If the MV extraction concentration is low, it may be helpful to attempt
further bacterial expansion.

3. Density gradient centrifugation is the most critical step in this experiment, requiring careful attention to
centrifugation speed, time, and temperature. Insufficient centrifugation time can lead to incomplete layer
separation and result in mixed impurities in the extract. When using a syringe to extract MVs—phage complexes
from the 35%-45% layer, caution is necessary to avoid contamination from other layers. If mixing between
layers occurs during this step, it is necessary to repeat this procedure.

4. For experimental rigor, we employed NTA, TEM, plaque assay, and PCR to confirm the coexistence of
extracted MVs with Pf4. During practical operations, depending on needs and lab equipment, you can select
necessary inspection methods to quality-check the extracted complex.

5. After extraction, the protein concentration of the extracted MVs can be determined by the BCA method for
preliminary quality inspection. Following the complete protocol procedure, the expected protein concentration
is approximately 200 ng/uL. If the measured protein concentration is too low, it indicates that the quantity of
extracted MVs is insufficient, and it may be necessary to consider repeating the bacterial culture steps to achieve
a higher initial bacterial concentration.
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