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ABSTRACT 
 
Background and Objectives: There are many pertussis outbreaks which is mainly due to the reduction in the immunity of 
acellular pertussis (aP) vaccines. Therefore, there is a crucial necessity to develop a new generation of pertussis vaccine. Pre-
ceding researches have shown that Bordetella pertussis outer membrane vesicles (OMVs) have appropriate specifications, 
making them a suitable vaccine candidate against pertussis. 
Materials and Methods: The OMVs were separated by a new serial ultra centrifugation technique. Transmission electron 
microscopy (TEM) examination, SDS-PAGE, Western blotting and ELISA assay were used to characterize the OMVs. 
Results: TEM studies showed the size of the extracted OMVs at 40-200 nm. The presence of pertussis toxin, filamentous 
hemagglutinin, and pertactin was verified using Western blot and ELISA assay. 
Conclusion: The presented technique is a simple and effective way to obtain OMVs from Bordetella pertussis. So it can be 
utilized as an appropriate procedure in the development of an OMV-based vaccine against pertussis.
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INTRODUCTION

 Pertussis (whooping cough) or 100-day cough is 
a well-known contagious infection of the respiratory 
tract, especially in infants. It caused by the fastidious, 
Gram-negative bacterium Bordetella pertussis (1, 2). 
Notwithstanding numerous vaccination strategies, 
pertussis is still a prominent concern of the world 
and a life-threatening childhood disease, though it 
is preventable by vaccination (3-5). There are vary-
ing sources for pertussis, but family members are 

the main source of the disease, which is often spread 
through direct contact from person to person (6, 7). 
First-generation pertussis vaccines (killed vaccines) 
introduced in the 1950s. Currently, owing to its fa-
vorable efficacy, the killed pertussis vaccines are uti-
lizing in many countries of the world. (8, 9). Based 
on a report from WHO, the infant’s death declined by 
around 100,000 cases from 1999 to 2014 after pertus-
sis vaccinations (10). Owing to uncertainty about the 
safety of the whole-cell pertussis (wP) vaccines and 
its side effects, these vaccines were replaced with 
the safe acellular pertussis (aP) vaccines, compris-
ing immunogenic antigens of Bordetella pertussis 
(B. pertussis) (11, 12). Although this switch between 
the two vaccines reduced vaccine side effects, it led 
to the outbreak and re-emergence of pertussis due to 
low efficacy and short-term immunity caused by aP 
vaccines (13-16). Meanwhile, aP vaccines containing 
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alum, as an adjuvant, mainly induce Th2 (humoral) 
response while Th1/Th17 (cellular) response induced 
by wP. The former assisting in reducing protection, 
but the latter results in the induction of long-term im-
munity and clearance (2, 17).

Outer membrane vesicles (OMVs) are nanoparti-
cles of spherical shape and a diameter of 10-300 nm. 
These nanospheres produced by Gram-negative bac-
teria and comprised of lipopolysaccharides (LPS), 
outer membrane proteins, and periplasmic proteins 
(18, 19). OMVs have recently suggested as one of 
the promising vaccine candidates for bacterial infec-
tions. The OMVs of B. pertussis composed of various 
major immunogens; therefore, they can be applied as 
a new and potent vaccines with low side effects (20-
22). The current work presents a novel method for the 
extraction of OMVs from B. pertussis.

 
MATeRIALS AND MeThODS

 Bacterial strain and animals. B. pertussis Toha-
ma strain and seven female BALB/c mice (4-6 weeks 
of age) for production of hyperimmune serum pro-
vided from Razi Vaccine & Serum Research Institute 
(RVSRI). All animal experiments were conducted in 
accordance with the procedures approved by RVSRI 
Animal Care and Use Committee (Karaj, Iran). 

Bacterial growth conditions. A 20-µl aliquot of 
B. pertussis Tohama phase I strain was cultured on 
the Bordet-Gengou agar plate. A few small colonies 
were sub-cultured on Stainer-Scholte liquid medium 
for large-scale production of the cultures (23).

extraction of OMVs. The culture sample was in-
cubated for ~36 h (decelerating growth phase) and 
centrifuged at 7,000 × g at 4 °C for 45 min. The ob-
tained pellet was washed twice with phosphate-buff-
ered saline (PBS) and centrifuged at 10,000 × g for 
15 min. The washed pellet was dissolved in a sodium 
chloride buffer (4 ml/g pellet) and homogenized by 
pipetting several times, to make a uniform suspen-
sion. After centrifugation at 10,000 × g for 15 min, 
the obtained pellet was treated with 0.1 M Tris-HCl, 
10 mM EDTA pH 8 (6 times weight of the pellet) 
and homogenized by shaking. Subsequently, the sus-
pension was sonicated in cool water for 5 min and 
then treated with 0.1 M Tris-HCl, 10 mM EDTA pH 
7.5, sodium deoxycholate (5% W/V). 300 microli-

ter of this Tris+EDTA+ sodium deoxycholate was 
added to 5 ml of sonicated suspension and mixed 
well. After 10 min the suspension was centrifuged 
at 10,000 ×g for 15 min. The supernatant was col-
lected in a new tube and treated with 200 µl of 0.1 
M Tris-HCl, 10 mM EDTA pH 7.5, sodium deoxy-
cholate (5% W/V) and incubated for 10 min at room 
temperature. The treated supernatant was pelleted 
by centrifugation at 50,000 × g for 2 h at 4 °C. The 
pellet containing OMVs dissolved in 2 ml of sucrose 
3% to make a suspension and then filtered through 
a 0.2 µm filter (Millipore, Germany). Finally, filter 
passing fluid that is containing of OMVs stored at  
4 °C.

Characterization of the extracted OMVs. To 
evaluate the characterization of the extracted OMVs 
and comparing to previous studies several experi-
ments were investigated as follows:

Transmission electron microscopy (TeM) study 
of the extracted OMVs. The extracted OMVs were 
suspended in ammonium acetate 0.1 M pH 7. Then 
5 µl of the sample was dropped-cast onto a cop-
per-coated grid. After staining with phosphotungstic 
acid, the stained grid, evaluated by using a transmis-
sion electron microscope (Zeiss EM10c, Germany).

Protein assay. Total protein concentration in 
OMVs was determined by the method of Bradford 
with bovine serum albumin as the standard (24).

SDS-PAGe and Western blot analysis. At first, 
6 µg of the resultant OMVs was suspended in Lae-
mmli sample buffer and run on SDS gels (12.5%) 
(25). Then the Western blot was used to confirm the 
main immunogenic proteins (26, 27). Briefly, after 
incubation of polyvinylidene difluoride membrane 
in 3% skim milk in PBS for 24 h, the SDS-PAGE 
protein bands were transferred onto it and washed 
three times with the washing buffer (PBS and 0.05% 
Tween 20) and then reacted with the commercial 
monoclonal antibodies such as anti-pertussis toxin 
(PTX), anti-pertactin (PRN), and anti-filamentous 
hemagglutinin (FHA). After three times of washing, 
the membrane treated with the anti-mouse IgG con-
jugated with alkaline phosphatase (at a dilution of 
1:1000). After washing (three times), the result was 
visualized by adding 3,3`-Diaminobenzidines (DAB) 
substrate (Sigma, USA) to the membrane.
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Production of hyperimmune serum. Hyperim-
mune serum against the extracted OMVs using com-
plete/incomplete Freund’s adjuvant was prepared by 
three subcutaneous injections into five BALB/c mice 
as described previously (28). In detail, after homog-
enization 10 µl of the OMVs and 50 µl of complete 
Freund’s adjuvant per dose, it was injected subcuta-
neously into BALB/c mice at day zero. After booster 
immunizations (2 and 4 weeks after day zero), serum 
samples were gathered as hyperimmune serum after 
heart bleeding (day 14 after the second booster).

eLISA assay. The presence of specific antigens 
(PT, FHA, and 69-kDa) in the extracted OMVs ex-
amined by direct ELISA, by using standard antigens 
(NIBSC, UK) and OMV-hyperimmune serum as 
antibody. A checkerboard titration was developed to 
measure the optimum antigen concentration, which, 
herein, was considered as 120 ng/well for PT and 
FHA and 30 ng/well for 69-kDa protein. All the an-
tigens were coated on a 96-well ELISA plate (eight 
wells for each antigen) and incubated at 4 °C over-
night. After washing with PBS, the plate was blocked 
with the skim milk 3% (150 µl/well; Sigma, Germa-
ny) and incubated for 24 h at 4 °C. Subsequently, the 
plate was washed thoroughly, and an equal volume 
(50 µl) of each hyperimmune serum dilution (1:50, 
1:100, and 1:200 in 3% skim milk) and also the nor-
mal mouse serum (NMS) (NMS; 1:50 in 3% skim 
milk) were admixed. Each serum dilution examined 
in duplicate for each antigen. The resultant mixture 
was finally incubated for 2 h at 37 °C. A number of 
wells were coated with 10 µg/ml of BSA and con-
sidered as the negative control. Following four-time 
washing of the wells, horseradish peroxidase-conju-
gated anti-mouse IgG (1:40,000; Sigma USA) was 
added at 50 µL/well, and the samples were incubated 
for 2 h at 37 °C. The wells were again rinsed four 
times to remove unbound antibodies. The plate was 
incubated with 100 µl of 3, 3′, 5, 5′-Tetramethylben-
zidine in the dark for 10 min at room temperature. 
By the addition of 25 µl of the stop solution (HCl 
5.8%), the reaction was stopped, and the absorbance 
was determined at 450 nm by the use of an ELISA 
plate reader (Stat Fax, USA).

ReSULTS

   electron microscopy, protein content, and im-

munoblots. For the assessment of the morphology of 
OMVs, the obtained sample was negatively stained 
and examined with a TEM (Fig. 1A). Nano-spherical 
shapes of 40-200 nm in diameter were seen similar 
to those reported previously (21). The protein content 
of the obtained OMVs was observed to be 220 µg/
ml (24). In addition, the protein profiles of the OMVs 
were examined by SDS-PAGE (Fig. 1B), which ver-
ified the presence of famous immunogens such as 
PTX, FHA and PRN in the extracted OMVs (Fig. 
1C).

   The result of eLISA assay. The evaluation of se-
rological experiments confirmed that the obtained 
OMVs possess main immunogens such as PT, FHA, 
and 69-kDa (Fig. 2). As illustrated in this Figure, 
there was not any rise in the sera from the NMS, 
which was also affirmed by ELISA. Based on the 
data from Table 1, the absorbance value increased 
only in the pooled sample in all three dilutions; how-
ever, no elevation was observed in the NMS.

DISCUSSION

   By virtue of Pertussis resurgence and the low ef-
ficient commercial aP vaccines, a more effective 
vaccine is highly needed to control the disease. B. 
pertussis OMVs are able to induce antibodies that 
obstruct the attachment of bacterium to the lung, 
thereby leading to no colonization (15). With hav-
ing immune stimulators such as PTX, FHA, PRN, 
and LPS as adjuvants, these vesicles could perfectly 
provoke immune responses. Previous investigations 
have introduced OMV-based vaccines as a potent 
and reliable acellular vaccine (27, 29). In the process 
of OMV-based vaccine production, the type of ex-
traction method is the most important step; therefore, 
using a simple and high efficient OMV extraction 
strategy will undoubtedly be helpful. Currently, se-
quential ultracentrifugation above 100,000 × g has 
been used for the extraction of pertussis OMVs. Un-
fortunately, this is not an easily-available technology 
in the majority of countries and most typically in the 
developing world. Consequently, a substitute proce-
dure without very high-speed centrifugation is nec-
essary.
    The current study introduces a new method for the 
extraction of OMV from B. pertussis. The proposed 
strategy benefits from low-speed ultracentrifugation 
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Fig. 1. Characterization of the extracted OMVs. Panel A, electron microscopy image of negatively stained OMVs. Panel B, 
protein profiles of SDS-PAGE 12.5% (w/v); lanes A & B, the protein profile of the OMVs (in duplicate), lanes C, protein 
molecular weight marker. Panel C, Western blot of the OMVs using monoclonal antibodies (anti-PTX, anti-FHA, anti-PRN) 
in duplicate. 

Fig. 2. Antibody levels in the hyperimmune serum and NMS against PT, FHA and 69-kDa.

Table. 1. Optical density values of the hyperimmune serum and NMS (as antibodies) and PT, FHA and 69-kDa (as antigens) 
in ELISA assay.

A450 (plate 2)
1.301
0.798
0.391
0.136

A450 (plate 1)
1.225
0.841
0.402
0.145

69-kDa
A450 (plate 2)
1.901
0.982
0.482
0.165

A450 (plate 1)
1.812
1.011
0.502
0.135

FhA
A450 (plate 2)
2.123
1.495
0.712
0.132

A450 (plate 1)
2.032
1.520
0.802
0.156

PTSerum 
dilution
1:50
1:100
1:200
1:50

Sample name

Hyperimmune 
serum
Normal mouse 
serum
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and good yield extraction of OMVs from B. pertussis 
Tohama strain, using different centrifugations maxi-
mum at 50,000 × g.
  TEM analysis indicated that the extracted na-
no-sized spherical vesicles from Tohama strain in the 
range from 40 to 200 nm. The results of SDS-PAGE 
also showed several immunogenic proteins, includ-
ing FHA, PTX and PRN, which affirmed by both 
Western blot and ELISA assay. Meanwhile, the find-
ings attained by our method on the characterization 
of the extracted OMVs were consistent with those of 
previous studies utilized high-speed ultracentrifu-
gation (26, 27). At least 10 independent repetitions 
of OMVs extraction and characterization processes 
were conducted with the proposed method. Inter-
estingly, all the OMVs displayed similarity in mor-
phology, size and the presence of main immunogens. 
Our findings suggest that the presented method is an 
efficient technique for extracting OMVs from B. per-
tussis and could be appropriate for the production of 
pertussis OMV-based vaccines, but immunogenicity 
must be check by valid potency test and field trials in 
separate researches.

ACKNOWLeDGeMeNTS

    This project was supported by Tarbiat Modares 
University and Razi Vaccine & Serum Research In-
stitute, Iran. The authors of this work declare that 
they have no conflict of interest.

ReFeReNCeS

1. Dou M, Sanchez J, Tavakoli H, Gonzalez JE, Sun J, 
Bard JD, et al. A low-cost microfluidic platform for rap-
id and instrument-free detection of whooping cough. 
Anal Chim Acta 2019;1065:71-78.

2. Ross PJ, Sutton CE, Higgins S, Allen AC, Walsh K, 
Misiak A, et al. Relative contribution of Th1 and Th17 
cells in adaptive immunity to Bordetella pertussis: to-
wards the rational design of an improved acellular per-
tussis vaccine. PLoS Pathog 2013;9(4):e1003264.

3. Hendriksz T, Pierce-Talsma S. Osteopathic manipula-
tive medicine use in pediatric patients with pertussis. J 
Am Osteopath Assoc 2019;119(2):e9-e10. 

4. Chiappini E, Stival A, Galli L, De Martino M. Pertus-
sis re-emergence in the post-vaccination era. BMC In-
fect Dis 2013;13:151.

5. Trainor EA, Nicholson TL, Merkel TJ. Bordetella per-
tussis transmission. Pathog Dis 2015;73(8):ftv068.

6. Wendelboe AM, Njamkepo E, Bourillon A, Floret DD, 
Gaudelus J, Gerber M, et al. Transmission of Borde-
tella pertussis to young infants. Pediatr Infect Dis J 
2007;26:293-299. 

7. Skoff TH, Kenyon C, Cocoros N, Liko J, Miller L, 
Kudish K, et al. Sources of infant pertussis infection in 
the United States. Pediatrics 2015;136:635-641.

8. Jefferson T, Rudin M, DiPietrantonj C. Systematic re-
view of the effects of pertussis vaccines in children. 
Vaccine 2003;21:2003-2014.

9. Amirthalingam G, Gupta S, Campbell H. Pertussis im-
munisation and control in England and Wales, 1957 to 
2012: a historical review. Euro Surveill 2013;18: 20587. 

10. Yeung KHT, Duclos P, Nelson EAS, Hutubessy RCW. 
An update of the global burden of pertussis in children 
younger than 5 years: a modelling study. Lancet Infect 
Dis 2017;17:974-980. 

11. Burdin N, Handy LK, Plotkin SA. What is wrong with 
pertussis vaccine immunity? The problem of waning 
effectiveness of pertussis vaccines. Cold Spring Harb 
Perspect Biol 2017;9(12): a029454.

12. Sato Y, Sato H. Development of acellular pertussis vac-
cines. Biologicals 1999; 27: 61-69.

13. Cherry JD. Why do pertussis vaccines fail? Pediatrics 
2012; 129:968-970.

14. Clark TA. Changing pertussis epidemiology: every-
thing old is new again. J Infect Dis 2014; 209:978-981. 

15. Gasperini G, Biagini M, Arato V, Gianfaldoni C, Vadi 
A, Norais N, et al. Outer membrane vesicles (OM-
V)-based and proteomics-driven antigen selection 
identifies novel factors contributing to Bordetella per-
tussis adhesion to epithelial cells. Mol Cell Proteomics 
2018;17:205-215.  

16. Gaillard ME, Bottero D, Moreno G, Rumbo M, Hozbor 
D. Strategies and new developments to control pertus-
sis, an actual health problem. Pathog Dis 2015; 73(8): 
ftv059.

17. Diavatopoulos DA, Edwards KM. What is wrong with 
pertussis vaccine immunity? Why immunological 
memory to pertussis is failing. Cold Spring Harb Per-
spect Biol 2017;9(12): a029553.

18. Kulp A, Kuehn MJ. Biological functions and biogene-
sis of secreted bacterial outer membrane vesicles. Annu 
Rev Microbiol 2010;64:163-184.

19. Lee EY, Choi DS, Kim KP, Gho YS. Proteomics in 
gram-negative bacterial outer membrane vesicles. 
Mass Spectrom Rev 2008;27:535-555. 

20. Roier S, Zingl FG, Cakar F, Durakovic S, Kohl P, Eich-
mann TO, et al. A novel mechanism for the biogenesis 
of outer membrane vesicles in Gram-negative bacteria. 
Nat Commun 2016;7:10515.

21. Asensio CJA, Gaillard ME, Moreno G, Bottero D, Zu-



http://ijm.tums.ac.ir42           IRAN. J. MICROBIOL.  Volume 12 Number 1 (February 2020) 37-42 http://ijm.tums.ac.ir

MOhAMMAD SeKhAVATI eT AL.                                                                                                         

rita E, Rumbo M, et al. Outer membrane vesicles ob-
tained from Bordetella pertussis Tohama expressing 
the lipid A deacylase PagL as a novel acellular vaccine 
candidate. Vaccine 2011; 29:1649-1656.

22. Gaillard ME, Bottero D, Errea A, Ormazábal M, Zurita 
ME, Moreno G, et al. Acellular pertussis vaccine based 
on outer membrane vesicles capable of conferring both 
long-lasting immunity and protection against different 
strain genotypes. Vaccine 2014; 32:931-937.

23. Stainer D, Scholte M. A simple chemically defined me-
dium for the production of phase I Bordetella pertussis. 
J Gen Microbiol 1970; 63:211-220.

24. Bradford MM. A rapid and sensitive method for the 
quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem 
1976;72:248-254. 

25. Laemmli UK. Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 

1970; 227: 680-685.
26. Roberts R, Moreno G, Bottero D, Gaillard ME, Fin-

germann M, Graieb A, et al. Outer membrane vesicles 
as acellular vaccine against pertussis. Vaccine 2008;26: 
4639-4646.

27. Hozbor D, Rodriguez M, Fernandez J, Lagares A, Gui-
so N, Yantorno O. Release of outer membrane vesicles 
from Bordetella pertussis. Curr Microbiol 1999; 38: 
273-278.

28. Harlowe E, Lane D. Using Antibodies: A Laboratory 
Manual. Cold Spring Harbor, NY: Cold Spring Harbor 
Laboratory Press; 1999.

29. Zurita ME, Wilk MW, Carriquiriborde F, Bartel E, 
Moreno GN, Misiak A, et al. A pertussis outer mem-
brane vesicle-based vaccine induces lung-resident 
memory CD4 T cells and protection against Bordetella 
pertussis, including pertactin deficient strains. Front 
Cell Infect Microbiol 2019;9:125.


