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Abstract

 Membrane vesicle secretion was pre-
dicted earlier as a method of elimination of pro-
teins, lipids, and RNA from the cell. At present 
vesicles are thought to be a brand-new type of 
intercellular communication and they are play-
ing a crucial role in numerous physiological and 
pathological processes. However, in this ex-
panding field, much remains unknown regard-
ing the origin, biogenesis, secretion, target and 
fate of these vesicles. Vesicle research might 
become a more established field as a result of 
a complete understanding of the isolation and 
analysis techniques currently in use, making it 
possible to utilize membrane vesicles in thera-
peutic settings. Thus, standardization of the iso-
lation of vesicles is in great need. This research 
article deals with the isolation and characteri-
zation of two distinct bacterial species-derived 
membrane vesicles namely, Lactobacillus aci-
dophilus a human gut Bacterial MVs and Pseu-
domonas syringae, a model phytopathogen.   

Keywords: Membrane vesicles, isolation, 
characterization, Lactobacillus acidophilus and 
Pseudomonas syringae.

Introduction

 Communication within the Bacterial 
MVs community and also between the Bac-

terial MVs and host was reported to happen 
through a quorum sensing system. Later, the 
nano-sized disposed material from the bacte-
rial cells known as membrane vesicles (MVs) 
which are released to maintain cell homeosta-
sis also shed light on cell-to-cell-communication 
(1). Further, vesicles are of greater interest due 
to their emerging appreciation for interspecies 
as well as interkingdom communication. These 
are considered extracellular carriers of nucleic 
acids and proteins. To avoid quick disintegration 
and circumvent immune surveillance, bacterial 
cells wrap cargo molecules in MVs resulting in 
both local and long-distance intercellular com-
munication. Growth stage and stress are two 
elements that have an impact on the production 
of outer membrane vesicles (OMVs), with prior 
studies indicating that production peaks during 
the late log and early stationary phase (2). Inter-
estingly, both pathogenic and non-pathogenic 
bacteria are capable of modulating their respec-
tive host immunity. Human health and food se-
curity are considered the two sides of the same 
coin with regard to health conservation. 

 The human gastrointestinal system, 
also referred to as the “Gut microbiome,” has 
the largest density of bacteria. Among these 
Lactobacillus acidophilus a well-known pro-
biotic prompts in revamped health benefits. 
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Membrane vesicles (MVs) of L. acidophilus size 
range fell within 20-400nm and are enriched 
with bacteriocin (LBA1805), inducer peptide 
(IP1800), mucus binding protein (Mub), surface 
protein FmtB and surface layer protein SlpX 
(3,4). 

 On the other hand, substantial research 
underwent in the context of interactions be-
tween bacterial vesicles and human hosts while 
meager evidence was shown to support bacte-
rial vesicles and plant host interactions. Thus, 
investigation into the interaction between bacte-
rial vesicles and plant hosts may shed light on 
effective immune modulation, plant health pro-
tection and disease control through inhibition of 
pathogen ingress. The plant-pathogen interac-
tion was the surging area of research interest 
whereas plant-pathogenic vesicle interaction 
might provide an in-depth knowledge in immu-
no-modulation which further supports sustain-
able agriculture. The model phytopathogenic 
bacteria Pseudomonas syringae, Gram-nega-
tive rod-shaped bacteria which causes infec-
tions in a wide range of plant species exhibits 
the property of vesiculation. Vesiculation of 
P.syringae was shown to be greatly influenced 
by growth stages and stressors (2). Outer mem-
brane vesicles (OMVs) of P. syringae are com-
prised of toxins and other virulence factors that 
are capable of internalization into host cells. The 
well-characterized research by McMillan (2) un-
veiled that the P.syringae OMVs modulate plant 
host immunity and the components that are re-
sponsible for modulating the host (Arabidopsis) 
include lipids, carbohydrates, small molecules 
and other molecules.  

 This article deals with the isolation and 
characterization of vesicles from both L. aci-
dophilus a probiotic human gut bacteria and P. 
syringae a phytopathogenic bacteria.

Materials and Methods

Bacterial strains and growth conditions

 Lactobacillus acidophilus MTCC 10307 
was regularly cultured in MRS broth and incu-
bated for 24hrs at 37 ̊ C. Subsequently sub-cul-

tured in MRS broth and incubated for 6hrs, 8hrs 
and 13hrs to obtain early log, mid-log and late 
log phase respectively. Similarly, Pseudomonas 
syringae MTCC 11950 was cultured in LB broth 
and incubated for 24hrs at 30 ± 7 ̊ C. Further, 
strains are sub-cultured in KB broth and incu-
bated for 9hrs, 11hrs and 13hrs to obtain early 
log, mid-log and late log phases respectively. All 
the three above-mentioned phases of both bac-
teria were subjected to MVs isolation.

Biofilm formation assay

Qualitative assay

 MRS and LB broth were dispersed in 
6 well plates of about 3mL in each well. Later, 
10µL of overnight cultures of L. acidophilus and 
P. syringae were inoculated in their respective 
media. The plates were swirled gently to equil-
ibrate the culture onto broth. Then sterile cov-
erslips were immersed onto each well and the 
plates were covered gently with lid and then in-
cubated at 37 ̊ C for 24 hrs. After incubation, the 
coverslips are taken out from the wells carefully 
and washed with PBS to remove non-adherent 
cells. Finally, the coverslips containing biofilms 
were fixed using 2.5% glutaraldehyde for 5 min-
utes followed by sequential dehydration using a 
series of 70 to 100% ethanol. Further, the fixed 
samples are utilized to visualize the biofilm of 
respective bacteria under Scanning Electron 
Microscopy (SEM). Samples were placed on 
a the Samples were then sputtered with Gold 
palladium . SEM imaging was facilitated by em-
ploying a Zeiss EVO/18 (Carl Zeiss) equipped 
with SmartSEM software under an acceleration 
voltage of 5 kV.

Quantitative assay

 Biofilm formation was assayed by the 
ability of cells to adhere to the wells of 96-well 
microtitre dishes using a previously reported 
protocol. 100µl were inoculated from a 1:100 
dilution of an overnight L. acidophilus and P. 
syringae culture. After inoculation, plates were 
incubated at 30 ̊ C for 12 h and 24 h. The su-
pernatants were removed and 125µl of a 1% 
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solution of Crystal violet(CV) were added to 
biofilm cells on each well. Then the plates were 
incubated at room temperature for 15 minutes, 
rinsed thoroughly and repeatedly with water and 
scored for the formation of a biofilm. Crystal vi-
olet(CV) attached to the biofilm cells were solu-
bilized in 200µl of 95% ethanol, of which 125µl 
were transferred to a new polystyrene microtitre 
dish and the absorbance was determined using 
a plate reader at 600 nm (5, 6).
Isolation and characterization of membrane 
vesicles

Isolation of membrane vesicles 

 Poly Ethylene Glycol (PEG) having a 
molecular weight of about 6000Da were used 
in isolating vesicles from L. acidophilus and P.
syringae. 16 percent of PEG solution was pre-
pared using 1M NaCl, as this concentration was 
reported to be optimal for retrieval of vesicles 
ranging from 20-1000nm. 30 mL of overnight 
cultures of L. acidophilus and P.syringae were 
centrifuged for 45 minutes at 7000 RPM. The 
supernatant were again centrifuged to remove 
further cell debris at 7000 RPM for 30 minutes. 
Further, the unfrosted supernatant of 10mL was 
transferred to tube containing an equal volume 
of PEG solution. This mixture was incubated 
overnight or a minimum of 12 hours at 4 ̊ C. Fol-
lowing incubation with PEG solution, the mix-
ture was centrifuged at 5000 RPM for 30 min-
utes. The centrifugation process was allowed to 
repeat subsequently until a visible pellet occurs. 
Finally, the obtained pellet was suspended in 
filtered PBS, stored at -80 ̊ C and utilized for 
further analysis(7).      

Characterization of isolated membrane ves-
icles

Estimation of vesicles size through particle 
size analyzer by dynamic light scattering

 Isolated OMVs were diluted 10:990 µL 
in PBS (pH 7.4) before analysis. Anton Paar 
Litesizer 500 was used to analyze the particle 
size of the isolated vesicles (8). 

Estimation of vesicles integrity by zeta po-
tential

 Isolated OMVs were diluted 10:990 µL 
in PBS (pH 7.4) before analysis. Anton Paar Li-
tesizer 500 was used to check the integrity of 
the isolated vesicles (9). 

Visualization of vesicles under fe sem

 10 µL of isolated vesicles were spotted 
at the center of the foil, air-dried and were fixed 
using 2.5% glutaraldehyde for 5 minutes. Fol-
lowing fixation, the samples were dehydrated by 
applying a series of ethanol ranging from 70 to 
100%. 

Protein estimation 

 Vesicles are enriched with proteins 
thus the protein estimation is necessary for the 
characterization of vesicles isolated. The pro-
tein quantity was obtained by utilizing Nanodrop 
spectrophotometer, Bradford and Characterized 
by SDS-PAGE assays. 

Nanodrop spectrophotometer

 Isolated vesicles are subjected to nan-
odrop spectrophotometer to measure the purity 
of protein. The A260/280 ratio should be ap-
proximately 0.57 for proteins to be considered 
as pure. 

Bradford assay

 Further to determine the concentration 
of the proteins present in vesicles Bradford 
assay was carried out. Bovine serum albumin 
(BSA) was used to generate a standard curve 
from which unknown concentrations of proteins 
were determined.

SDS-PAGE  analysis

12% gel was prepared and the isolated vesi-
cles were loaded after sonication for 1 minute. 
Low-intensity sonication was done to disarticu-
late proteins present inside the vesicles. After 
the gel run the separated proteins were stained 
overnight using coomassive and later visualized 
for visible bands after the de-staining process. 
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Results and Discussion

Biofilm formation Qualitative assay

 The quantitative analysis of biofilm formation 
displayed that comparatively 24h incubation 
results in higher biofilm formation than 12h in-
cubation. This further ensures the optimal selec-
tion of OD for isolating vesicles as biofilm may 
influence the enrichment of vesiculation. The 
biofilms are significant for the bacterial com-
munity which protects the bacteria from various 
stressors (10). Considering that, for colonization 
bacteria must attach themselves preferentially 
to a surface for instance, L. acidophilus as a 
probiotic has to adhere to the intestinal tracts 
whereas P. syringae would interact and adhere 
to the plant host. Which in the case of L. aci-
dophilus eventually increases the production of 
mucus extracellular polymeric substances, anti-
microbial bacteriocins, and results in enhanced 
inhibition of pathogens growth by modulating 
host immune system through the prevention of 

pathogen adherence and compete for binding 
sites (11). For P. syringae cellulose exopolysac-
charide, PsI like polysaccharide was produced 
as a result of biofilm which enhances the vir-
ulence of this phytopathogen (12). The biofilm 
formation initially starts with reversible attach-
ment and switches to forming irreversible at-
tachment under favorable conditions resulting 
in macro colony formation. The macro colonies 
of L. acidophilus were visualized using SEM as 
shown in Fig.1. a and b; the mature biofilm were 
visualized for P. syringae as shown in Fig.1.c. 
The level of magnification and resolution avail-
able with SEM allows for the examination of the 
overall morphology of the microorganisms mak-
ing up the biofilm as well as their spatial organi-
zation. Moreover, biofilm was a result of quorum 
sensing mediated cell-to-cell communication. 
The PsyI/ PsyR (signal synthase/receptor) were 
the QS system for P. syringae and the signal 
molecule produced was 3-oxo-C6-HSL and C6-
HSL(13)   
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Fig. 1: Visualization of biofilm (Qualitative assay) under SEM: a. Biofilm of L. acidophilus 
and b. P. syringae. 

Biofilm formation Quantitative assay: 

 a  b 

Fig. 1: Visualization of biofilm (Qualitative assay) under SEM: a. Biofilm of L. acidophilus and b. P. 
syringae.

Biofilm formation quantitative assay:

 Biofilm formation was largely depen-
dent on cross talk between the bacterial com-
munities and an increase in biofilm may result in 
enhanced vesiculation. Research by Zaborows-
ka (14) shows that biofilm-derived vesicles 

comprise increased drug-binding proteins than 
vesicles derived from planktonic cells. The qual-
itative as well as quantitative assay for biofilm 
states that L. acidophilus and P. syringae are ca-
pable of biofilm formation. Biofilm mass formed 
is directly proportional to the higher absorbance 
(15).
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Fig. 2. Bacterial biofilm formation-Quantitative 
assay

Membrane vesicle isolation and characteri-
zation

 To ascertain the size distribution of the 
MVs isolated from L. acidophilus and OMVs 
from P. syringae cultures, DLS technique were 
utilized. The sizes were ranging between 200-
300 nm in all the three phases of L. acidophilus 
Whereas P.syringae  the size distribution ranges 
between 250-400 nm. Results obtained to sup-
port that the isolated vesicles were in line with 
the pre-existing data. 

Fig. 3: MVs size analysis by DLS a-c - MVs of 
L. acidophilus obtained from early log, mid log 
and late log phases subjected to DLS analysis 
showed peak values of 267.8nm, 247.5nm and 
228.1nm respectively. d-f – OMVs of P. syrin-

gae obtained from early log, mid log and late 
log phases were shown to produce peak value 
of 391nm, 292.4 nm and 401.6 nm respectively. 

 The values of zeta potential of L. aci-
dophilus and P. syringae show that the vesicles 
isolated were in good integrity in all the selected 
three phases. As the surface charges are neces-
sary for maintaining integrity of the vesicles, the 
measurements acquired were negative which 
further ensures the stability of the isolated ves-
icles. According to the research by Midekessa 
16), reported that zeta potential was lower neg-
ative value during acidic pH along with aggre-
gation. Thus, obtained zeta potential records for 
both L. acidophilus MVs and P. syringae OMVs 
were lower negative value which might be due 
to vesicle aggregation formation.

Figure.4: MV’s integrity tested by zeta poten-
tial analysis a-c –MVs of L. acidophilus obtained 
from early log, mid log and late log phases re-
sults in the mean zeta potential of -14.9 mV, 
0.1mV and -1. 2mV respectively. d-f - OMVs of 
P. syringae from early log, mid log and late log 
phases showed the mean zeta potential of -11.1 
mV, -0.7 mV and -1. 1 mV respectively. 

 Vesicles were subjected to high resolu-
tion Field Emission Scanning Electron Micros-
copy (FE SEM). FESEM generates sharper, 
less distorted images with a resolution far clear-
er than conventional SEM due to the potential 
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ensures the stability of the isolated vesicles. According to the research by Midekessa [16], 
reported that zeta potential was lower negative value during acidic pH along with aggregation. 
Thus, obtained zeta potential records for both L. acidophilus MVs and P. syringae OMVs were 
lower negative value which might be due to vesicle aggregation formation. 

 

Figure.4: MV’s integrity tested by zeta potential analysis a-c –MVs of L. acidophilus 
obtained from early log, mid log and late log phases results in the mean zeta potential of -
14.9 mV, 0.1mV and -1. 2mV respectively. d-f - OMVs of P. syringae from early log, mid log 
and late log phases showed the mean zeta potential of -11.1 mV, -0.7 mV and -1. 1 mV 
respectively.  

Vesicles were subjected to high resolution Field Emission Scanning Electron Microscopy (FE 
SEM). FESEM generates sharper, less distorted images with a resolution far clearer than 
conventional SEM due to the potential gradient electron source [17]. The report predicts the size 
of the MVs isolated from early log, mid log and late log phases was 113.1nm, 242.5 nm and 
189.2 nm, 211.5 nm respectively. Whereas, P. syringae size ranges around 101.3 nm, 260.5 and 
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gradient electron source (17). The report pre-
dicts the size of the MVs isolated from early log, 
mid log and late log phases was 113.1nm, 242.5 
nm and 189.2 nm, respectively. Whereas, P. sy-
ringae size ranges around 101.3 nm, 260.5 and 
201.9 nm and which were obtained from ear-
ly log, mid log and late log phases respective-
ly. FESEM allows visualizing rounded vesicles 
with diameter ranged from 110-250±50 nm for 
L. acidophilus whereas, P. syringae ranged from 
100-260±50 nm in dm.   

Fig. 5: Membrane Vesicle morphology and 
shape analysis. a-c - MVs from L. acidophilus 
whereas, d-f - OMVs from P. syringae under FE 
SEM  

Membrane vesicle protein quantification 
analysis:

 The protein quantification assays con-
firmed that MVs and OMVs are having a reliable 
protein concentration and are in consistence 

with those reported earlier. The protein concen-
trations were measured using nanodrop and 
bradford assays. Based on nanodrop analysis 
our data indicated that the protein concentra-
tions was approximately 0.85, 0.10, 0.73mg/µL 
for the MVs, while protein concentrations was 
approximately 0.40, 0.64, 0.73mg/µL for P. sy-
ringae OMVs obtained from early log, mid log 
and late log phases respectively. Moreover, 
the protein concentration was reconfirmed with 
bradford assay. The values were ranging from 
173.61, 312.86, 221.62 µg/mL were obtained 
for L. acidophilus MVs. whereas, for P. syrin-
gae OMVs the protein concentration was about 
214.72, 268.18, 252.19 µg/mL. In the graph 
LB1, LB2, LB3 represents protein concentra-
tions of MVs isolated from early log, mid log 
and late log phases respectively whereas PS1, 
PS2, PS3 represents OMVs isolated from ear-
ly log, mid log and late log phases respectively. 
Though protein quantification can be observed 
by nanodrop reconfirmation is essential and 
could be efficiently done by good old bradford 
assay. We could observe slight variations in the 
protein concentrations obtained by nanodrop 
and bradford assays. Nanodrop would be reli-
able for nucleic acids and thus reconfirmed with 
bradford assay.     

Fig. 6: Protein estimation of isolated vesicles 
by Bradford assay: LB1, LB2, LB3 represents 
MVs isolated from early log, mid log and late log 
phases respectively whereas PS1, PS2, PS3 
represents OMVs isolated from early log, mid 
log and late log phases respectively.
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membrane and has porin and monoatomic ion transport activity. Further, Outer membrane 



Current Trends in Biotechnology and Pharmacy
Vol. 17(Supplementary issue - 3B) 1293-1302,September 2023, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2023.3s.64

Isolation and characterization of gram-positive and gram-negative bacterial membrane vesicles 
using poly ethylene glycol method

1299

Protein size analysis by SDS PAGE

 P. syringae OMVs composed of bac-
terioferritin with 17.9 kDa of molecular weight, 
which is an iron storage protein with ferroxidase 
activity. OmpA of 30 kDa are present in the out-

er membrane and has porin and monoatomic 
ion transport activity. Further, Outer membrane 
lipoprotein OprI of 46.1 kDa, lipoprotein of 7.7 
kDa, outer membrane porin OprD having 48.4 
kDa, were also present in OMVs of P. syringae 
as reported by Kulkarni et al,.
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Fig. 7: Protein size analysis by SDS PAGE: Lane 1 represents protein medium range 
ladder and lane 2 represents whole cells of P. syringae and Lane 3-5 represents P. syringae 
OMVs isolated from early log, mid log and late log phases respectively.   

In this study, the proteins obtained were under the molecular weight ranging of 50 to 100 kDa, 
thus it is predicted P. syringae OMVs may have the components of OmpA, OprI and OprD 
regard to existing reports ranging around 50 kDa. As the bands were not prominent further 
optimal confirmation was required. Further, as an interpretation of this experiment, the protein 
concentration might be low in the isolated OMVs. Thus, the Mass spectrometry method would 
be the possible way to further quantifying low-abundance proteins present in the isolated 
vesicles.   

The whole bacterial cell possesses a vast number of proteins in comparison with nanosized MVs 
which have less number of proteins due to size constrain. Eventually, bands obtained are 
satisfactory as whole cells have more proteins and OMVs show fewer bands. Further, as regards 
to aforementioned lack of a prominent band could be due to low protein concentration which 
could be rectified by standardization. Thus, PEG method-based vesicle isolation is exquisite for 
both Gram-positive and Gram-negative bacteria.   

Conclusion 

Membrane vesicles in the best of its position to engross researchers and are considered to be safe 
to utilize. Vesicles are made of distinct cargo with reference to various organisms and even differ 
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Fig. 7: Protein size analysis by SDS PAGE: Lane 1 represents protein medium range ladder and 
lane 2 represents whole cells of P. syringae and Lane 3-5 represents P. syringae OMVs isolated 
from early log, mid log and late log phases respectively.  
 In this study, the proteins obtained were 
under the molecular weight ranging of 50 to 
100 kDa, thus P. syringae OMVs may have the 
components of OmpA, OprI and OprD regard 
to existing reports ranging around 50 kDa. As 
the bands were not prominent further optimal 
confirmation was required. Further, as an inter-
pretation of this experiment, the protein concen-
tration might be low in the isolated OMVs. Thus, 
the Mass spectrometry method would be the 
possible way to further quantifying low-abun-
dance proteins present in the isolated vesicles.  

 The whole bacterial cell possesses 
a vast number of proteins in comparison with 
nanosized MVs which have less number of pro-
teins due to size constrain. Eventually, bands 
obtained are satisfactory as whole cells have 
more proteins and OMVs show fewer bands. 

Further, as regards to aforementioned lack of 
a prominent band could be due to low protein 
concentration which could be rectified by stan-
dardization. Thus, PEG method-based vesicle 
isolation is exquisite for both Gram-positive and 
Gram-negative bacteria.  

Conclusion

 Membrane vesicles in the best of its po-
sition to engross researchers and are consid-
ered to be safe to utilize. Vesicles are made of 
distinct cargo with reference to various organ-
isms and even differ within organisms from the 
same genus. This diversified cargo can modu-
late various hosts immune system and the exact 
mechanism of how the vesicles activate immune 
response in their Host’s cell is undiscovered 
till now. Researchers are attracted to existing 
scanty reports on vesicle mediated immune ac-
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tivation, while lodestone will be laid in the near 
future by distinctive applications of vesicles. 
The vesicle-host interaction would be crucial 
in engaging research for developing new tech-
nologies for disease management. A study by 
Garcia-Romero [19] recorded that PEG renders 
a higher harvest of vesicles in comparison with 
the ultra-centrifugation and the kits used (Exo-
Quick and PureExo). This provides additional 
confirmation of utilization of PEG will result in 
good yield of vesicles and are more reproduc-
ible [20]. PEG-based vesicle isolation prompts 
that the L. acidophilus membrane vesicles and 
P. syringae outer membrane vesicles are re-
leased efficiently on all three selected phases. 
The isolated MVs and OMVs could possibly be 
explored in future applications. For instance, 
MVs of Gram-positive probiotic strains of the 
genera Lactobacillus have demonstrated the 
ability to treat skin infections and inflammatory 
conditions in the intestine, namely Irritable Bow-
el Syndrome (IBS) and Inflammatory Bowel Dis-
ease (IBD), by altering the host’s immune sys-
tem. The mobilization of inflammatory cells was 
inhibited by treatment with a mixture of the Lac-
tobacillus-derived MVs, which also decreased 
myeloperoxidase (MPO) activity.  The fact that 
MVs generated from Lactobacillus can interact 
with pathogens and stop HIV-1 replication pro-
vides yet another piece of evidence. Additional-
ly, MVs secreted from L. acidophilus were found 
to have the ability to destroy the opportunistic 
gut pathogen L. delbrueckii. So, at present pro-
biotics are thus being replaced by bacterial MVs 
[21, 22, 23]. On the other hand, OMVs from 
P. syringae were able to protect bacteria from 
chemical stress induced by the growth-inhibitory 
effects of membrane-active antibiotics. Further, 
research showed that OMVs from P. syringae 
activate plant immune responses that protect 
against bacterial and oomycete pathogens [2]. 
P. syringae OMVs can be explored as a tool to 
uncouple plant growth and defense activation 
which may further signify immuno-modulatory 
properties. Furthermore, omics-based studies 
including proteomics and transcriptomics will 
be done for the isolated vesicles which can be 

utilized for future in vivo and in silico studies. 
Using in silico studies predictions can be made 
to understand the exact mechanisms and the 
molecular pathways involved in the interactions 
of vesicles-hosts interaction.  

 References

1. Jeppesen, D. K., Zhang, Q., Franklin, 
J. L., & Coffey, R. J. (2023). Extracellu-
lar vesicles and nanoparticles: emerging 
complexities. Trends Cell Biol, https://doi.
org/10.1016/j.tcb.2023.01.002

2. McMillan, H. M., Zebell, S. G., Ristaino, 
J. B., Dong, X., & Kuehn, M. J. (2021). 
Protective plant immune responses are 
elicited by bacterial outer membrane ves-
icles. Cell Rep, 34(3), 108645. https://doi.
org/10.1016/j.celrep.2020.108645

3. Dean, S.N., Leary, D.H., Sullivan, C.J. et 
al. (2019). Isolation and characterization of 
Lactobacillus-derived membrane vesicles. 
Sci. Rep 9, 877. https://doi.org/10.1038/
s41598-018-37120-6

4. Dean, S. N., Rimmer, M. A., Turner, K. B., 
et al. (2020). Lactobacillus acidophilus 
Membrane Vesicles as a Vehicle of Bac-
teriocin Delivery. Front Microbiol 11, 710. 
https://doi.org/10.3389/fmicb.2020.00710

5. O’Toole G. A. (2011). Microtiter dish biofilm 
formation assay. JoVE, (47), 2437. https://
doi.org/10.3791/2437 

6. Nair, S., Kwatra, N. & Abraham, J. (2022). 
Isolation and Characterization of Biofilm 
Producing Bacteria from Water Treatment 
Tank. Curr Trends Biotechnol Pharm, 
15(6), 34–39. https://doi.org/10.5530/
ctbp.2021.6.7

7. Vargoorani et al., (2018). A polyethylene 
glycol based method for extraction of ex-
tracellular vesicles from Lactobacillus ca-
sei as vaccine delivery vehicle. J. Vaccine 



Current Trends in Biotechnology and Pharmacy
Vol. 17(Supplementary issue - 3B) 1293-1302,September 2023, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2023.3s.64

Isolation and characterization of gram-positive and gram-negative bacterial membrane vesicles 
using poly ethylene glycol method

1301

Res 5(2), 57-62.

8. Gupta, M. K., Sreedharan, S. K. & Sa-
jeeth, C.I. (2023). Experimental Design 
Development and Characterization of Ro-
suvastatin Loaded Nanosuspension for 
Solubility Enhancement. Curr Trends Bio-
technol Pharm, 17(1), 627–636. https://
doi.org/10.5530/ctbp.2023.1.4

9. Rao T, C. K., G, R. ., Mangamuri, U. K., 
Sikharam, A. S., Devaraj, K., Kalagatur, N. 
K., & Kadirvelu, K. (2022). Biosynthesis of 
Selenium Nanoparticles from Annona mu-
ricata Fruit Aqueous Extract and Investiga-
tion of their Antioxidant and Antimicrobial 
potentials. Curr Trends Biotechnol Pharm, 
16(1), 101–107. https://doi.org/10.5530/
ctbp.2022.1.10

10. Preda, V. G., & Săndulescu, O. (2019). 
Communication is the key: biofilms, quo-
rum sensing, formation and prevention. 
Discoveries (Craiova), 7(3), e100. https://
doi.org/10.15190/d.2019.13

11. Salas-Jara, M. J., Ilabaca, A., Vega, M., & 
García, A. (2016). Biofilm Forming Lacto-
bacillus: New Challenges for the Develop-
ment of Probiotics. Microorganisms, 4(3), 
35. https://doi.org/10.3390/microorgan-
isms4030035

12. Heredia-Ponce, Z., Gutiérrez-Barranque-
ro, J.A., Purtschert-Montenegro, G. et al. 
(2020). Biological role of EPS from Pseu-
domonas syringae pv. syringae UMAF0158 
extracellular matrix, focusing on a Psl-like 
polysaccharide. npj Biofilms Microbiomes 
6, 37. https://doi.org/10.1038/s41522-020-
00148-6

13. Morohoshi, T., Oshima, A., Xie, X., & 
Someya, N. (2021). Genetic and function-
al diversity of PsyI/PsyR quorum-sensing 
system in the Pseudomonas syringae com-
plex. FEMS Microbiol Ecol, 97(2), fiaa254. 

https://doi.org/10.1093/femsec/fiaa254

14. Zaborowska, M., Taulé Flores, C., Vaziri-
sani, F., Shah, F. A., Thomsen, P., & Trobos, 
M. (2020). Extracellular Vesicles Influence 
the Growth and Adhesion of Staphylococ-
cus epidermidis Under Antimicrobial Se-
lective Pressure. Front Microbiol, 11, 1132. 
https://doi.org/10.3389/fmicb.2020.01132

15. Wilson, C., Lukowicz, R., Merchant, S., 
et al. (2017). Quantitative and Qualitative 
Assessment Methods for Biofilm Growth: 
A Mini-review. J. Eng. Technol, 6(4), http://
www.rroij.com/open-access/quantita-
tive-and-qualitative-assessment-meth-
ods-for-biofilm-growth-a-minireview-.pdf 

16. Midekessa, G., Godakumara, K., Ord, J., 
et al. (2020). Zeta Potential of Extracellular 
Vesicles: Toward Understanding the Attri-
butes that Determine Colloidal Stability. 
ACS omega, 5(27), 16701–16710. https://
doi.org/10.1021/acsomega.0c01582

17. Sharma, S., Rasool, H. I., Palanisamy, V., 
Mathisen, C., Schmidt, M., Wong, D. T., & 
Gimzewski, J. K. (2010). Structural-me-
chanical characterization of nanoparticle 
exosomes in human saliva, using correla-
tive AFM, FESEM, and force spectroscopy. 
ACS nano, 4(4), 1921–1926. https://doi.
org/10.1021/nn901824n

18. Kulkarni, H. M., Swamy, C.V., & Jagann-
adham, M. V. (2014). Molecular charac-
terization and functional analysis of outer 
membrane vesicles from the antarctic bac-
terium Pseudomonas syringae suggest a 
possible response to environmental condi-
tions. J. Proteome Res, 13(3), 1345–1358. 
https://doi.org/10.1021/pr4009223

19. García-Romero, N., Madurga, R., Rack-
ov, G., et al. (2019). Polyethylene glycol 
improves current methods for circulating 
extracellular vesicle-derived DNA isola-



Current Trends in Biotechnology and Pharmacy
Vol. 17(Supplementary issue - 3B) 1293-1302,September 2023, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2023.3s.64

Lazarus et al

1302

tion. J. Transl. Med, 17(1), 75. https://doi.
org/10.1186/s12967-019-1825-3

20. Eswaran, N., Agaram Sundaram, V., Rao, 
K. A., & Thalaivarisai Balasundaram, S. 
(2018). Simple isolation and characteriza-
tion of seminal plasma extracellular vesi-
cle and its total RNA in an academic lab. 3 
Biotech, 8(3), 139. https://doi.org/10.1007/
s13205-018-1157-7

21. Kim, J. H., Jeun, E. J., Hong, C. P., et al. 
(2016). Extracellular vesicle-derived pro-
tein from Bifidobacterium longum allevi-
ates food allergy through mast cell sup-
pression. J. Allergy Clin. Immunol, 137(2), 
507–516.e8. https://doi.org/10.1016/j.
jaci.2015.08.016

22. Seo, M. K., Park, E. J., Ko, S. Y., Choi, E. 
W., & Kim, S. (2018). Therapeutic effects 
of kefir grain Lactobacillus-derived extra-
cellular vesicles in mice with 2,4,6-trinitro-
benzene sulfonic acid-induced inflamma-
tory bowel disease. J. Dairy Sci, 101(10), 
8662–8671. https://doi.org/10.3168/
jds.2018-15014

23. Molina-Tijeras, J. A., Gálvez, J., & Rodrí-
guez-Cabezas, M. E. (2019). The Immu-
nomodulatory Properties of Extracellular 
Vesicles Derived from Probiotics: A Novel 
Approach for the Management of Gastro-
intestinal Diseases. Nutrients, 11(5), 1038. 
https://doi.org/10.3390/nu11051038


