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ABSTRACT 

 

Staphylococcal enterotoxin B (SEB), apotent superantigen, is responsible for many 
disorders caused by Staphylococcus aureus. With regard to the appearance of multidrug-resistant 
strains of the bacteria, there is a great need to develop an efficient vaccine against this 
pathogen. In the present study, the immunogenicity of recombinant SEB was evaluated 
following nasal administration to BABLB/c mice. Indeed, the rSEB protein was entrapped 
into chitosan nanoparticles and the immunogenicity of nano-formulation was investigated.  

SEB protein was expressed in E. coli BL21 (DE3) and purified by using a nickel column. 
Chitosan nanoparticles were synthesized in the presence of rSEB; using the ionic gelation 
technique. Synthesized NPs containing rSEB and bare rSEB were administered to mice 
nasally. 

Serum and stool IgG and IgA antibody showed that both formulations were able to 
evoke the mice's immune responses and there was no significant difference between them. 
Results of the toxin neutralization test on Vero cells indicated that the sera of the immunized 
mice had an inhibitory effect on the growth of these cells (p<0.001).  

Nasal administration of bare rSEB could efficiently simulate the mice's immune system 
and nano-delivery of this protein via nasal route had not a significant impact on its 
immunogenicity improvement.   

 
Keywords: Chitosan; Intranasal administration; Nanoparticles; Staphylococcus aureus; 

Staphylococcal enterotoxin B; Vaccines 

 
INTRODUCTION 

 

Staphylococcus aureus (S. aureus) is one of the 

most common causes of food poisoning all over the 

world. 

 

Corresponding Author: Shahram Nazarian, PhD; 

Department of Biology, Faculty of Basic Sciences, Imam Hossein 

University, Tehran, Iran. Tel: (+98 21) 7710 4934, Fax: (+98 21) 

7710 4935, E-mail: nazarian56@gmail.com 

Staphylococcal food poisoning (SFP) is caused by 

the consumption of S. aureus enterotoxins.1,2 Although 

it is a self-limiting disease, however, in some cases, it 

can lead to hospitalization, especially in young children 

or immunocompromised people.
3 

Different enterotoxins 

and other related toxins have been identified which are 

produced by S. aureus. Pathogenic S. aureus isolates 

express at least one of these toxins.4 One of the most 

import enterotoxins produced by this bacterium is 
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enterotoxin type B (SEB), a superantigen with a 

molecular weight of 28 kDa and pI of about 8, which is 

very important due to its ability to be absorbed through 

inhalation and its bioterrorism potential applications as 

well. Structurally, it has 2 distinct domains with a very 

compact and complex tertiary structure. Due to the high 

compact structure, SEB is highly resistant to 

environmental conditions, especially gastrointestinal 

proteases, such as trypsin, papain and chymotrypsin.2,5 

Because of the emergence of multi-drug resistant 

strains of S. aureus, which can be a crisis in medical 

environments,
6
 vaccination is a proper strategy to 

combat the S. aureus-related diseases. There have been 

many efforts to develop an efficient vaccine against  

S. aureus, including recombinant subunit and whole-

cell vaccines, which are well-reviewed in the 

literature.7,8 Considering the role of SEB protein in the 

pathogenesis of S. aureus, it can be considered as a 

suitable candidate for vaccination against the agent.9 

There are many studies which have shown that there is 

a possibility of protection against SEB poisoning by 

passive immunization through administration of anti-

SEB antibodies or active immunization through the 

administration of the protein through parenteral and 

oral routes.9-14 However, there has not been any study 

on the immunogenicity of rSEB following the nasal 

administration. 

Because of many advantages, especially, their 

safety, recombinant subunit vaccines are preferred over 

live-attenuated or inactivated vaccines. However, they 

are faced with many limitations. One of the limitations 

is their low efficiency, which makes it necessary to use 

appropriate adjuvants as well as delivery vehicles. 

Novel vaccine delivery systems, such as nanoparticles, 

can address two mentioned limitations: They can 

potentiate the host immune system and, at the same 

time, they can deliver the antigen to the immune system 

and they are widely used.
15-18

 Despite the promising 

results in the improvement of the efficiency of many 

candidate vaccines, rare (if no) studies have evaluated 

the efficiency of NPs in the delivery of SEB. One of the 

mostly-used polymer materials in delivery nano-

systems is chitosan. Due to its unique characteristics, 

such as non-toxicity, degradability, biocompatibility, 

and biodegradability chitosan is widely used in various 

fields.
19,20 

Chitosan nanoparticles can protect their 

cargoes (biomaterials such as drugs, vaccines and 

nucleic acid fragments) from the harsh conditions of 

the mucosal route.21 Indeed, because of invasiveness, 

mucosal delivery of the vaccines is preferred over 

parenteral administration of vaccines and vaccine 

candidates. 

In the present study recombinant SEB was 

expressed in E. coli BL21 (DE3) cells and purified 

using a Ni-NTA column. The protein was entrapped 

into the chitosan NPs and the immunogenicity of bare 

rSEB and rSEB-loaded chitosan NPs were evaluated 

following the nasal administration to BALB/c mice. 

Indeed, two different concentrations of the protein were 

applied to investigate the effect of the administered 

dose in the elicitation of mice's immune responses.  

 

MATERIALS AND METHODS 

 

Ethics Statement 

All animal experiments were performed according 

to the institutional guidelines of Animal Care and Use 

Sub-Committee at Imam Hossein University, Tehran, 

Iran, with the ethical code of 1821 dated back May-24-

2017. 

 

Reagent and Chemicals 

Medium molecular weight chitosan (viscosity~200-

800 cp), dimethyl sulfoxide (DMSO), 3-(4, 5-dimethyl-

thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 

trypsin–EDTA, penicillin, and tetracycline were 

obtained from Sigma–Aldrich (USA). Sodium 

tripolyphosphate (TPP), acetic acid, hydrochloric acid, 

ethanol (95%) and sodium chloride were prepared from 

Merck (Germany). The cell culture media (DMEM) 

and fetal calf serum (FCS) were purchased from Gibco 

(USA). All materials and reagents were of the HPLC 

grade. 

 

Biological Molecules and Cell Line 

In this experimental study, after bioinformatics 

analyzes, the seb gene was synthesized chemically by 

Biomatic Company (Canada), and inserted into the 

plasmid pET28a (+). The standard toxin was purchased 

from Sigma Aldrich Company. Secondary antibodies 

(conjugate) bound to HRP against mouse IgG and IgA 

and mouse antibodies against His-tag were purchased 

from Abcam Company (UK) and molecular markers 

from the Thermo Fischer Scientific (USA). The 

epithelial cell line of the monkey kidney (Vero) was 

prepared from the Iranian Biological Resource Center 

(IBRC). 
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SEB Expression and Purification 

The sequence of seb gene was adopted from Gene 

Bank (Accession Number: M11118). After codon 

optimization, it was synthesized in pET28a (+). The 

recombinant construct was then transferred into E. coli 

BL21 (DE3) competent cells. Expression of the 

recombinant protein was induced by addition of 

isopropyl β- d-1-thiogalactopyranoside (IPTG) (final 

concentration of 1 mM). The expression of the desired 

protein was confirmed by Western blotting.
22

Since the 

recombinant protein had a histidine tag, the protein was 

purified by a Ni-NTA column (Qiagen). SDS-PAGE 

electrophoresis was used to evaluate the purified 

protein. 

 

Preparation of Chitosan NPs Containing 

Recombinant SEB Protein 

Ionic gelation method was used to prepare chitosan 

nanoparticles as previously described by Bagheripour 

et al
23

 Sodium tripolyphosphate solution was prepared 

at a concentration of 1 mg/ml. To prepare a solution of 

chitosan with a concentration of 2 mg/mL, at first, 0.5 

ml of glacial acetic acid 2% was added to 24.5 mL of 

distilled water. Then, 50 mL of chitosan powder was 

added to it. After one hour and complete dissolving of 

the chitosan powder, the pH of the solution was 

adjusted to 4.5 with 6N NaOH. 7.5 mL of the above 

solution was transferred to another container and 1 mg 

of protein was added dropwise to the chitosan solution. 

After 5 minutes, 5 mL of sodium tripolyphosphate 

solution was added dropwise at definitive intervals (60 

minutes), and the solution was finally stirred for 30 

minutes. Then, 100 µL of glycerol was poured into a 

falcon and the solution; containing the nanoparticles 

was transferred to a falcon and was centrifuged for 30 

minutes at 21000g at 4°C. The pellet, containing 

chitosan nanoparticles, was stored and the supernatant 

was collected to investigate the loading efficacy of 

protein entrapment onto the nanoparticles. 

 

Dynamic Light Scattering Study (DLS) 

The DLS (Malvern Instruments, Malvern, UK) was 

used to investigate the hydrodynamic diameter, the 

dispersion index, and zeta potential of nanoparticles. 

 

Investigation of Nanoparticle Morphology by 

Scanning Electron Microscopy (SEM) 

To investigate the morphological characteristics of 

nanoparticles, a scanning electron microscope (model 

EM3200, KYKY Co) was exploited. In order to prevent 

the NPs' aggregation, freshly prepared specimens were 

placed on a glass surface. After complete drying, the 

sample was coated with a thin layer of gold by the 

physical vapor deposition (PV) method using Sputter 

Coater (KYKY SBC-12, Beijing, China). Finally, the 

sample was evaluated by the microscope. The size of 

NPs was analyzed by Image J software and the plot was 

drawn in SPSS software. 

 

Investigation of the Particle Yield, Loading 

Efficiency, and Nanoparticle Loading Capacity  

To determine the nanoparticle yield, after the 

preparation of nanoparticles, the nanoparticles were 

freeze-dried. Then, the weight of the dry matter was 

measured by a digital weighing scale and, according to 

the relation 1, the percentage of nanoparticle yield was 

calculated.  

Particle Yield%=(Dried nanoparticle weight)/(Theoreticalmass 

(polymer+linker+protein))×100 

Relation 1. Formula for calculating the percentage of nanoparticle 

yield 

In this study, the indirect method was used to 

determine the loading efficiency (the amount of 

entrapped protein onto nanoparticles). To achieve this 

purpose, after the synthesis of SEB-loaded NPs, the 

suspension was centrifuged at 21000g for 20 minutes at 

4°C. Then, the protein content of the supernatant was 

determined by the Bradford method. The percentage of 

loading efficiency and loading capacity of the 

nanoparticles was calculated using relations 2 and 3, 

respectively.  

Loading Efficiency %=(Weight of loaded protein)/(Total weight of 

protein taken for loading)×100 

Relation 2. The formula for calculating the percentage of loading 

efficiency 

Loading Capacity %=(Weight of loaded protein)/(Weight of dried 

nanoparticle)×100 

Relation 3. The formula for calculating the percentage of loading 

capacity 

 

Investigation of the Stability and Durability of 

Recombinant SEB Protein during Preparation of 

Chitosan Nanoparticles 

To investigate the possible effect of the chitosan 

nanoparticles production method on the stability and 

durability of recombinant SEB protein, after the 

optimization of the conditions of the nanoparticles 

production (low-speed stirring for 24 h at pH=4.5),  



S. A. Hosseini, et al. 

162/ Iran J Allergy Asthma Immunol,                                                                                                                                                          Vol. 19, No. 2, April 2020 

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir) 

20 µL of the solution was electrophoresed on a 12% 

SDS-PAGE and the result was analyzed. 

 

In Vitro Investigation of Antigen Release from 

Chitosan Nanoparticles     

To determine the release profile of the protein from 

NPs, SEB-loaded chitosan NPs containing 1 mg protein 

was dissolved in 500 µL of Simulated Body Fluid 

(SBF)24 and allowed to be agitated at 37°C and 200 

rpm. At defined intervals (1, 2, 4, 6, 12, 24, 36, 48, 72, 

96, 120, 144, 192 h) the mixture was centrifuged for 10 

min at 21000 g. The supernatant was used for protein 

concentration determination (using Bradford assay) and 

500 µL of fresh SBF buffer was added to the tubes. The 

test lasted for 8 days. Finally, the cumulative 

percentage curve of the released protein from the 

nanoparticles was plotted at each specified time. 

 

In Vivo Studies of Nanoparticle on an Animal 

Model Determination of Serum and Fecal IgG and 

IgA 

For the in vivo test, 48 female BALB/c mice 

(weighed 18-22 g) were grouped into six groups to 

evaluate the immunogenicity as well as the production 

of antibodies. Mice in groups 1 and 2 were intranasally 

administered with 10 and 20 µg of bare recombinant 

SEB protein, respectively. Mice of groups 3 and 4 

received chitosan NPs containing 10 and 20 µg of 

recombinant SEB protein via nasal route, respectively. 

Groups 5 and 6 were the control groups that were 

administered with PBS and bare chitosan NPs through 

the nasal route. Administrations were carried out 4 

times with 14-days intervals. In order to examine the 

humoral and mucosal immunity, IgG and IgA antibody 

titers were determined in serum and stool samples of 

animals. Blooding was performed 7 days after each 

administration and sera were collected and kept at -

20°C. To prepare stool samples for IgA assay, 100 mg 

of stool was mixed with 300 µL of PBS. Then, the 

sample was centrifuged at 4000g for 25 min. After 

centrifugation, the supernatant was separated and 

100µL of this solution was added to 10 µL PMSF (100 

mM). The solution was then centrifuged at 21000g for 

25 min and the supernatant was kept at -20°C. To 

measure the antibody titer in the sera and stool samples, 

the indirect enzyme-linked immunosorbent assay 

(ELISA) was used as described by Hajizade et al.17 

Here, 5 µg of rSEB was coated in the wells. For IgG 

assessment, anti-mouse IgG conjugated with HRP 

(Sigma, Germany) and for IgA assay, HRP conjugated 

anti-mouse IgA (Sigma, Germany) was used as the 

secondary antibodies.  

 

In Vivo Challenge Test  

For in vivo evaluation of the immunogenicity of 

each formulation, 75 days after the last administration, 

immunized and control mice were grouped into 

different groups for intraperitoneal and the oral 

challenge of SEB toxin. Before the challenge of the 

animals, LD50 of the SEB toxin (commercially 

prepared from Sigma Aldrich Co. (Germany)) as well 

as recombinant SEB was determined through 

Spearman-Karber method.
25

 

 

Cell Culture Tests Evaluation of the Cytotoxicity of 

SEB Toxins (Recombinant and Standard SEB 

Proteins) 

MTT standard test, with three replicates, was used 

to examine the toxicity effect of recombinant and 

standard SEB proteins on Vero cell line.26 

Concentrations of 1, 2, 5, 10 and 20 µg of recombinant 

and standard SEB proteins were used for the 

experiment. 

 

Neutralization Assay of the Antisera of Immunized 

Animals 

The neutralization power of the raised antibodies 

against SEB was evaluated through a neutralization test 

assay (NTA). To perform this assay, firstly, IC50 values 

for recombinant and standard SEB toxins were 

obtained. Then, serial dilutions of antisera were 

prepared (1/1, 1/10, 1/100, and 1/1000) and the 

preparations were added to 100 µg of SEB. The 

samples were incubated for 1 hour at 37°C. Finally, the 

mixture was added to the cell culture. The total volume 

of cells and solutions containing SEB proteins and anti-

serum in each well were considered 100 µL. 

 

Statistical Analyses 

In order to test the normality of data, Shapiro-Wilk 

and Kolmogorov–Smirnov tests were used; using SPSS 

software (V.24). The comparison of the mean simple 

effects of administration amount, the administration 

group (different groups of mice) and the frequency of 

blood sampling and their interactions were measured 

by the Duncan test. The standard deviation of each of 

the parameters was also calculated. Probobility values 

less than 0.05 were considerd significant. 
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RESULTS 

 

rSEB Expression and Purification 

The sequence of seb gene before and after codon 

optimization can be seen in Figure 1. The codon 

adaptation index (CAI) of the optimized sequence 

changed from 0.68 to 0.82, which shows that the 

optimized sequence can be expressed in E. coli BL21 

efficiently. Codon frequency distribution (CFD) 

analysis revealed that there is nor are codon in the 

optimized sequence. GC content of the sequence was 

changed from 22.24% before the optimization to 

43.85% after the optimization. 

Figure 2A shows the results of the protein 

expression. As can be seen in the figure, rSEB has been 

strongly expressed following the addition of IPTG. The 

protein yield was determined as 22 mg/L culture 

medium. We further determined the solubility of the 

expressed protein. Fig 2B shows that the protein is 

mainly expressed as soluble protein; therefore, the 

protein purification was performed; using a nickel 

column under non-denaturing conditions (Figure 2C). 

Finally, the expressed protein was confirmed by 

Western blotting (Figure 2D); using an anti-SEB 

antibody.    

 

Investigating the Size Distribution and Zeta 

Potential of Nanoparticles by DLS 

The results indicated that the protein-free 

nanoparticles had a size of about 25 nm and PDI=0.394 

(Figure 3A), and nanoparticles containing protein of 

about 202 nm and PDI=0.590 (Figure 3B). The results 

in this section indicated that the size and PDI of the 

nanoparticles containing protein had been increased. 

The results of zeta potential determination showed 

that protein-free chitosan nanoparticles had an average 

peak in the range of -16 mV, and chitosan nanoparticles 

containing protein also had an average peak of 10.6 mV 

(Figure 4). 

 

Investigating the Morphology of Nanoparticles by 

Scanning Electron Microscopy (SEM) 

The images of scanning electron microscopy 

showed that the synthesized NPs are finely spherical 

with a diameter of about 65 nm. The graph from the 

Image J software showed that the mean size 

distribution of the protein-free NPs by the electron 

microscopy was 25.41 nm (Figure 5). 

 

Investigation of Particle Yield, Loading Efficiency, 

and Loading Capacity of Nanoparticles by the 

Indirect Method 

In this part of the study, after calculating the 

particle yield, loading efficiency and loading capacity 

of nanoparticles containing SEB protein were 

determined by an indirect method, the results indicated 

that in all three parameters, the recombinant protein 

had the highest yields (Table 1). 

 

 

 
 

 Figure 1. The sequence of seb gene before (left) and after (right) the codon optimization 
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          A                   B 

 

 

 

 
                   C           D 

 

Figure 2. A: Expression of rSEB; Lane 1: Protein ladder; Lane 2: IPTG-induced sample; Lane 3: Uninduced sample. B: 

Determination of the protein solubility; Lane 1: Supernatant of the uninduced sample; Lane 2: Supernatant of IPTG-induced 

sample; Lane 3: Pellet of the uninduced sample; Lane 4: Pellet of the induced sample; Lane 5: Protein Ladder. C: rSEB 

purification with nickel column; lane 1: The sample before the application to the column; Lane 2: Protein Ladder; Lane 3: 

The flowthrough after the application of the sample to the column; Lane 4: The flowthrough after the addition of imidazole 

20 mM to the column; Lane 5: The flowthrough after the addition of imidazole 40 mM to the column; Lane 6: The 

flowthrough after the addition of imidazole 100 mM to the column; Lane 7: The flowthrough after the addition of imidazole 

250 mM to the column; Lane 8: The flowthrough after the addition of MES buffer to the column. D: Confirmation of the 

expressed protein using Western blotting; Lane 1: Commercially prepared SEB; Lane 2: Protein Ladder; Lane 3: rSEB. 

Different sizes of the two protein are due to the addition of a ≈4 kDatag to the recombinant protein 
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           A       B 
 

Figure 3. Determination of chitosan nanoparticle size distribution by DLS: protein-free NPs (left) and NPs containing protein 

(right) 

 

 

 

 

Figure 4. Determination of the zeta potential of chitosan nanoparticles in optimal conditions by DLS: protein-free NPs (left) 

and NPs containing protein (right). 

 

 

 

    A      B 

 

Figure 5. SEM image of SEB-loaded chitosan nanoparticles prepared by ionic gelation method (A) and chart of nanoparticle 

size distribution with ImageJ software (B) 
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Table 1. Particle yield, loading efficiency and loading capacity of nanoparticles.

Particle yield; LE: Loading efficiency 

 

Chitosan Nanoparticles containing SEB  

 
Results of the Investigation of the Stability and 

Durability of Recombinant Protein 

Preparation of Chitosan Nanoparticles  

Following the optimization of the nanoparticle 

production conditions, 20 µL of the solution was 

electrophoresed on a 12% SDS-PAGE. The results 

showed that the SEB protein during the synthesis of the 

chitosan nanoparticles was almost stable and a large 

amount of it had been loaded onto the 

 

Figure 6. Result of the investigation of the stability and durability of recombinant protein during the preparation of chitosan 

nanoparticles on a 12% SDS-PAGE stained with Coomassie Blue. Lane 1: The recombinant protein as the control. Lane 2: 

Protein Molecular Marker. Lane 3: The chitosan 

stirring rate) before the precipitation of NPs. Lane 4: The supernatant of the mixture after precipit

nanoparticles 

 

Figure 7. Results of cumulative accumulation of antigen release from chitosan nanoparticles 
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Particle yield, loading efficiency and loading capacity of nanoparticles. Abbreviations: LC: Loading capacity; PY: 
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of the solution was 

PAGE. The results 

that the SEB protein during the synthesis of the 

was almost stable and a large 

 synthesized 

nanoparticles (Figure 6). 

 

In vitro Investigation of Antigen 

Chitosan NPs 

As shown in Figure 7, the process of protein release 

in the first 20 hours was fast, but after this time, 

release process was approximately constant, and after 

eight days of release, about 50% of the protein was 

released from nanoparticles. 

 

 

Result of the investigation of the stability and durability of recombinant protein during the preparation of chitosan 

PAGE stained with Coomassie Blue. Lane 1: The recombinant protein as the control. Lane 2: 

rker. Lane 3: The chitosan nanoparticle-containing SEB protein (prepared at pH=4.5 with a low 

stirring rate) before the precipitation of NPs. Lane 4: The supernatant of the mixture after precipit
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89.7 
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7, the process of protein release 

in the first 20 hours was fast, but after this time, the 

release process was approximately constant, and after 

eight days of release, about 50% of the protein was 

Result of the investigation of the stability and durability of recombinant protein during the preparation of chitosan 

PAGE stained with Coomassie Blue. Lane 1: The recombinant protein as the control. Lane 2: 

containing SEB protein (prepared at pH=4.5 with a low 

stirring rate) before the precipitation of NPs. Lane 4: The supernatant of the mixture after precipitation of chitosan 

for 8 days. 



Immunogenicity Evaluation of rSEB 

Vol. 19, No. 2, April 2020                                                                                                                           

Published by Tehran University of Medical Sciences (

O
D
4
9
2

SEB (1
0µg

)

SEB (2
0µg

)

P
BS

C
s 

N
Ps+

S
EB (1

0µ
g)

C
s N

Ps+
S

0

1

2

3

4

****

nsA

O
D
4
9
2

SEB
 (1

0µg
)

SEB
 (2

0µg
)

PBS

C
s 
N
P
s+

SEB (
10

µg)

C
s 
N
P
s+

S

0

1

2

3

4

****

ns

C

Figure 8. Investigation of IgG and IgA antibody titers in serum and stool specimens of the intranasally immunized and non

immunized mice; using ELISA. A: Serum IgG; B: Serum IgA; C: Stool IgG; D: Stool IgA.

***: p<0.0001; ****: p<0.00001; ns: not significant. 
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Figure 9. The percentage of Vero cells viability (epithelial cells of monkey kidney) with different concentrations of SEB 

recombinant protein (A) and standard toxin (
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    A      B 

 

Figure 10. A: Vero cells' (epithelial cells of monkey kidney) viability in a challenge test with a constant concentration of 

recombinant toxin (100 µg/mL) and different concentrations of anti-serum dilutions; B: Vero cells' viability in the challenge 

test with a constant concentration of standard toxin (100 µg/mL) and different anti-serum dilutions 
 

 

 

 

 

 

In Vivo Studies of Nanoparticles on Animal Model 

After blood sampling and preparation of feces, 

serum IgG and IgA titers were analyzed by the ELISA 

method (Figure 8). As can be seen in Figure 8, the titers 

of serum IgG and IgA, as well as fecal IgG and IgA 

have raised in all test groups, while no raise in the titers 

of these antibodies in the sera and fecal specimens of 

the control groups was observed.  

 

Cytotoxicity Assay 

Evaluation of the Cytotoxicity of SEB Toxins 

(Recombinant and Standard SEB Proteins) 

Results of MTT tests showed that recombinant SEB 

had a cytotoxic effect on the Vero cell line, while 

commercially prepared SEB toxin had not any 

cytotoxicity on this cell line (Figure 9). As can be seen 

in Figure 9, all applied concentrations of the 

recombinant SEB toxin (1, 2, 5, 10 and 20 µg) were 

cytotoxic for Vero cells. However, in none of the used 

concentrations of purchased SEB toxin (1, 2, 5, 10 and 

20 µg), cytotoxicity was observed.  

 

Neutralization Assay 

Since none of the toxins had the ability to kill the 

animals, and it was not possible to conduct the animal 

challenge, a toxin neutralization assay was performed 

to assess the neutralization power of the raised 

antibodies in the sera of the immunized mice. All 

prepared dilutions of the sera (1/1, 1/10, 1/100, 1/1000) 

had a neutralization effect on SEB recombinant toxin. 

But, in the case of commercially prepared toxin, since 

the toxin was not toxic on the cells, not interpretable 

results were obtained. Figures 10A and 10B show the 

percentage of cell viability for recombinant and 

standard SEB proteins in the neutralization test, 

respectively. 

 

DISCUSSION 

 

Recombinant proteins are considered as safe and 

efficient vaccines. Staphylococcal enterotoxin B is a 

candidate vaccine which its immunogenicity has been 

proven in the parenteral route. Since the entry route of 

Staphylococcus aureus as well as enterotoxin B is 

mainly mucosal, mucosal immunization is so important 

in this regard. The mucosal delivery of antigens is 

faced with many limitations. Because of the presence 

of proteases and other conditions, the use of vaccine 

delivery systems has gathered many attentions in 

vaccine delivery.27-29 

In this study, based on the advantages of 

nanoparticle systems in reducing the potential risks of 

SEB protein and its increased immunogenicity as novel 

vaccine delivery systems, a natural polymer-based 

nanoparticle (Chitosan) was used to deliver SEB 

recombinant protein, a potent immunogen of S. 

aureus
30

 through nasal route. Furthermore, the 

immunogenicity of the bare protein through the nasal 
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route was also investigated. Two different 

concentrations of the protein (10 and 20 µg) were 

applied in both formulations, i.e., chitosan NPs and 

bare protein. 

Investigation of the size and morphology of the 

synthesized NPs by DLS and SEM showed that the 

NPs had an average size of 202 and 65 nm, 

respectively. The observed difference in the measured 

size of the two techniques can be explained by the fact 

that in DLS, the hydrodynamic diameter of NPs is 

measured, which is greater than the actual size of the 

particles. This is an ideal size to pass through Peyer's 

patches and uptake by immune cells.31 Indeed, it was 

shown that the protein is stable during the process of 

NPs synthesis. Analyzing the release of the protein 

from NPs showed that its release is controlled and 

sustained so that after 8 days about 50% of the protein 

did not release from the NPs. Investigation of the 

immunogenicity of NPs showed the efficiency of this 

formulation in evoking both IgG and IgA in serum and 

fecal specimens. According to the results of statistical 

analysis, both IgG and IgA titers in the serum were 

significantly higher in the group which received 20 µg 

of protein compared to those received 10 µg (p<0.05). 

However, both fecal IgG and IgA titers in the group 

which was administered with 10 µg of protein were 

significantly higher than those received 20 µg. 

When the bare protein was nasally administered, 

serum IgG titer was not significantly different in the 

group which received 20 µg of the bare protein 

compared to those received 10 µg (p>0.05), while the 

titer of serum IgA in the group which received 10 µg of 

protein was significantly higher (p<0.01).  However, 

the titers of fecal IgG and IgA were not significantly 

different in the two groups (p>0.05). Comparing the 

two formulations, i.e., protein-loaded NPs and bare 

protein showed no significant difference in fecal and 

serum IgG. However, the serum IgA titer in mice 

administered with 10 µg of the bare protein was 

significantly higher than those received protein-loaded 

NPs (p<0.1). The highest fecal IgA titer was detected in 

the group administered with NPs containing 10 µg of 

protein. The results of the present study are not 

compatible with the study of Bradley et al., where they 

found no SEB specific antibody following the nasal 

administration of bare SEB to mice.
32

 However, there 

are studies that show nasal administration of bare 

antigens can evoke the immune responses, even more 

efficiently than adjuvant-formulated antigens. For 

example, in a research conducted by Bagheripour et al., 

the immunization of mice with the bare binding domain 

of botulinum neurotoxin type E (BoNT/E) and chitosan 

NPs containing BoNT/E showed that the bare antigen 

was more efficient than antigen-loaded NPs in 

stimulating the mice immune responses.
33

This 

phenomenon can be explained by the fact that there is 

low intra- and extracellular enzymatic degradation in 

the nasal route so those are antigens that can efficiently 

be taken by nasal immune cells. When antigens are 

loaded onto NPs, especially with techniques such as 

ionic gelation, in which antigens and polymer materials 

interact via ionic interactions and, as a result, the 

conformation of the antigens (determined mainly by 

ionic interactions) will be changed, their 

immunogenicity will be decreased.
34 

However, Amini 

et al, reported that the recombinant ESAT-6 protein 

loaded onto chitosan NPs lead to an increase in its 

immunogenicity compared to the antigen alone.35 

Therefore, the results of this study and similar studies 

that used chitosan nanoparticles for nasal vaccine 

delivery indicated that the properties of the antigen-

loaded onto chitosan nanoparticles have a great effect 

on the results of the immune system elicitation and the 

improvement or reduction of the antigen's 

immunogenicity. In the present study, two different 

concentrations of SEB protein (10 and 20 µg) were 

used to investigate the effect of SEB concentration on 

the efficiency of the immune responses and it was 

shown that the lower concentration (10 µg) can 

efficiently elicit the mice immune responses.   

To evaluate the immunogenicity of a candidate 

vaccine, the animal challenge is a key strategy. 

However, because of the lack of an active SEB toxin, in 

the present study, we could not conduct this 

experiment. We applied even 300 times of LD50 of the 

toxin both through intraperitoneal and oral routes, but 

none of our control mice did not die. So, the 

neutralization effect of the sera of the immunized 

animals on the toxin was investigated in cell culture. 

According to the results of the toxicity test, the 100 

µg/ml recombinant SEB (IC50) can kill more than 50% 

of the cells in the cell culture. By keeping this amount 

constant for the recombinant and standard toxin and 

different dilution of the anti-serum after performing the 

MTT test, it was found that anti-serum had an 

inhibitory power of over 50% for recombinant toxin at 

all dilutions. However, in the case of the standard toxin, 

since this toxin had lost its toxicity, all cells survived 
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following the treatment with the toxin. 

It did not escape from our notice that in bare SEB 

solution we had a minor LPS contamination; however, 

it was shown that the raised antibodies in the sera of the 

immunized mice were SEB-specific antibodies. Indeed, 

in the process of protein encapsulation, the majority 

part of LPS was eliminated and did not entrap in the 

NPs. Undoubtedly, the removal of LPS from the 

protein solution is so desirable; however, we have 

shown that the raised antibodies against rSEB were 

able to neutralize the toxin. In the case of 

commercially-prepared SEB, it is clear that the toxin 

had been inactivated (probably due to the inappropriate 

shipping conditions).  

In conclusion, the results of the present study show 

that both bare recombinant SEB and chitosan NPs 

containing SEB can efficiently elicit the production of 

SEB-specific antibodies both in the sera and feces of 

Mice. These antibodies are efficient in the 

neutralization of the active SEB toxin. Furthermore, it 

was shown that the application of the lower 

concentration of SEB protein (10 µg/each 

administration) is more efficient in eliciting the 

immune responses. 
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