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Abstract 

Background Virus-like particles are an interesting vector platform for vaccine development. Particularly, Hepati-
tis B virus core antigen has been used as a promising VLP platform. It is highly expressed in different recombinant 
expression systems, such as E. coli, and self-assembled in vitro. It effectively improves the immunogenicity of foreign 
antigenic epitopes on its surface. Various foreign antigens from bacteria, viruses, and protozoa can be genetically 
inserted into such nanoparticles. The effective immunogenicity due to VLP vaccines has been reported. However, no 
research has been performed on the SARS-CoV2 vaccine within this unique platform through genetic engineering. 
Considering the high yield of target proteins, low cost of production, and feasibility of scaling up, E. coli is an outstand-
ing expression platform to develop such vaccines. Therefore, in this investigation, we planned to study and develop a 
unique HBc VLP-based vaccine against SARS-Cov2 utilizing the E. coli expression system due to its importance.

Results Insertion of the selected epitope was done into the major immunodominant region (MIR) of truncated (149 
residues) hepatitis B core capsid protein. The chimeric protein was constructed in  PET28a+ and expressed through the 
bacterial E. coli BL21 expression system. However, the protein was expressed in inclusion body forms and extracted 
following urea denaturation from the insoluble phase. Following the extraction, the vaccine protein was purified 
using Ni2 + iminodiacetic acid (IDA) affinity chromatography. SDS-PAGE and western blotting were used to confirm 
the protein expression. Regarding the denaturation step, the unavoidable refolding process was carried out, so that 
the chimeric VLP reassembled in native conformation. Based on the transmission electron microscopy (TEM) analysis, 
the HBC VLP was successfully assembled. Confirming the assembled chimeric VLP, we explored the immunogenic 
effectivity of the vaccine through mice immunization with two-dose vaccination with and without adjuvant. The 
utilization of adjuvant was suggested to assess the effect of adjuvant on improving the immune elicitation of chimeric 
VLP-based vaccine. Immunization analysis based on anti-spike specific IgG antibody showed a significant increase in 
antibody production in harvested serum from immunized mice with HBc-VLP harboring antigenic epitope compared 
to HBc-VLP- and PBS-injected mice.
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Conclusions The results approved the successful production and the effectiveness of the vaccine in terms of 
humoral IgG antibody production. Therefore, this platform can be considered a promising strategy for developing safe 
and reasonable vaccines; however, more complementary immunological evaluations are needed.

Keywords HBc VLP, Vaccine, Virus-like particle, SARS-CoV2, Recombinant expression

Introduction
As the SARS-CoV-2 infection has spread over the world 
and the pandemic expanded, the need for the devel-
opment of effective preventive vaccines has launched. 
Owing to the advancements in sequencing and molecu-
lar characterization of the SARS-CoV-2 genome, vari-
ous vaccines have been studied and developed against 
the virus [1]. Although the emergence of mutant variants 
affects the effectiveness of vaccines, vaccination is con-
sidered the most powerful strategy to control the out-
break. Because the structural spike (S) protein triggers 
the infection of the target cell, as the SARS-CoV-2 virus 
penetrates the cell via the attachment of the S protein to 
cellular receptors known as human angiotensin-convert-
ing enzyme 2 (ACE2), it is considered the most promising 
target for vaccine development against COVID-19 infec-
tion [2–4]. Nevertheless, most of the commercially devel-
oped vaccines, such as BNT162b2 of Pfizer/BioNTech 
and ChAdOx1 nCoV-19 of AstraZeneca were designed 
and constructed based on the S protein [5, 6]. Thus, the 
development of an effective vaccine is mainly the most 
protective strategy to control this infection.

Virus-like particles (VLPs), ranging from 20 to 100 nm 
in size, are generated by structural viral proteins and can 
be self-assembled. While resembling viruses, they are 
non-infectious because they do not have viral genetic 
material [7–9]. Due to their particular structure and 
repetitive surface patterns, they can promisingly display 
immunogenic epitopes on their surface and elicit spe-
cific powerful immune responses [10]. Different chimeric 
VLP-based vaccines against animal and human infec-
tious diseases have been investigated in the last few years 
[11–15]. One of the most potent VLP candidates for 
packaging and displaying foreign epitopes and triggering 
particular immunogenicity is the hepatitis B core (HBc) 
VLP [16, 17]. Based on the experimental investigations, 
the major immunodominant region (MIR), spanning into 
amino acids 76–82, is known as the most effective region 
for antigen insertion without disrupting the assembling 
potential [18]. Efficient insertion durability, effective 
self-assembly, high yield of VLP production and efficient 
exposure of the antigenic epitopes, and the possibility 
of production in different expression systems make this 
platform an ideal system to develop vaccines [19–21].

Different VLP‐based vaccines against the SARS-CoV-2 
utilizing varied VLP platform and diverse expression 

systems have been investigated [22, 23] reported the 
development of Chimeric VLP-Based COVID-19 Vaccine 
utilizing SARS-CoV-2  Spike protein and the influenza 
virus A matrix (M1) VLP. They used human cell lines 
eukaryotic expression system for vaccine production. 
According to their results, high titers of spike specific IgG 
and neutralizing antibodies were induced through vac-
cine injection. In another study, the RBD protein from 
SARS-Cov2 was chemically fused to modified HBs-Ag 
protein and formulated [23, 24]. The comprehensive 
immunization results from vaccine injection approved 
the high protection against SARS-CoV-2  in mice. How-
ever, no report has been published on the SARS-CoV2 
vaccine within HBc platform through genetic engineer-
ing in E.coli. Considering the high yield of target pro-
teins, low cost of production, and feasibility of scaling up, 
E. coli is an outstanding expression platform to develop 
such vaccines. Therefore, in this investigation, we aimed 
to study and develop a unique HBc VLP-based vaccine 
platform against SARS-Cov2 utilizing the E. coli expres-
sion system due to its importance.

Identification of conserved and efficient epitopes 
based on bioinformatics analysis is crucial for developing 
promising immunogenic vaccines. In our previous study, 
immunogenic epitopes based on spike protein have been 
studied through computational biology approaches [25]. 
Besides, using bioinformatics and immunoinformatic 
analysis, we evaluated the efficiency and safety of pre-
dicted epitopes. Here, we applied one of the character-
ized E29 epitopes to construct a chimeric VLP- based 
vaccine based on HBc protein. A chimeric vaccine pro-
tein was constructed and evaluated by inserting the E29 
epitope into the MIR region of the truncated HBc VLP. 
Although some studies have been reported on SARS-
CoV2 VLP vaccines using different VLP types and expres-
sion systems, this study is a novel empirical investigation 
on production of chimeric SARS-CoV-2 vaccine based on 
HBc VLP platform in E. coli expression system.

Results
Confirmation of recombinant construct and protein 
expression in E. coli
Following E. coli BL21 transformation, the recombinant 
HBc VLP and HBc VLP-E constructs were confirmed 
after digestion by EcoRI and XhoI restriction enzymes 
and agarose gel electrophoresis (Fig. 1a). Electrophoresis 
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of plasmid digestion with selected enzymes resulted in 
the release of bands (453 and 546  bp) corresponded to 
HBc VLP and HBc VLP-E inserted from PET28a plas-
mid, respectively. Following the expression induction in 
E. coli, the expression of HBc VLP and HBc VLP-E were 

confirmed through SDS-PAGE according to the observa-
tion of the predicted protein bands (20.3 and 23.7 kDa) 
on the gel (Fig. 1b). Moreover, after purification of His-
tagged recombinant proteins based on  Ni+  IDA resin, 
they were again analyzed by SDS-PAGE to investigate 

Fig. 1 Molecular confirmation of recombinant construct and the protein expression in E. coli. a) Recombinant HBc VLP-E and recombinant HBc 
VLP plasmids after digestion by EcoRI and XhoI restriction enzymes analyzed by agarose gel electrophoresis. M) DNA ladder 100 bp, 1) undigested 
recombinant HBc VLP-E plasmid, 2) digested recombinant HBc VLP-E plasmid 3) digested recombinant HBc VLP plasmid 4) undigested recombinant 
HBc VLP plasmid b) SDS-PAGE analysis of the expression of HBc VLP and HBc VLP-E in E. coli. M) protein marker, 1) induced cells expressing HBc VLP-E 
on size 23.7 kDa, 3) induced cells expressing HBc VLP on size 20.3 kDa. 3) non-induced cell c) SDS-PAGE analysis of the purification of HBc VLP and 
HBc VLP-E. M1 and M2) protein marker, 1) purified HBc VLP protein, 2) purified HBc VLP-E protein d) Western Blot analysis of HBc VLP and HBc VLP-E 
proteins. M) protein marker, 1) purified HBc VLP-E protein, 2) purified HBc VLP protein
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the presence and purity of the purified proteins (Fig. 1c). 
Besides, for complementary analysis, the purified protein 
was confirmed by His-tag monoclonal antibody-HRP 
conjugated through Western blotting. The Western blot 
analysis approved the successful expression of HBc VLP 
and HBc VLP-E proteins based on recognition with anti-
His antibody (Fig. 1d). In general, the results of this part 
confirmed the expression of the recombinant proteins in 
the E. coli expression system.

Electron microscopy analysis of HBc VLP structure
To investigate the proper reassembling of the HBc VLP 
and the chimeric VLP containing the spike epitope, 
they were analyzed using transmission electron micros-
copy (TEM). Based on microscopic analysis, both VLPs 
showed the proper conformation unique to HBc VLP 
structure and were confirmed (Fig. 2a, b).

Identification of spike‑specific IgG antibody in immunized 
mice
Following the injections, all injected mice survived. To 
study the immune response resulting from the injec-
tion of chimeric HBc VLP compared to HBc VLP and 
PBS injected groups, serological analysis using ELISA 
was carried out and resulting data were statistically 
analyzed. The results indicated that the chimeric HBc 
VLP-E vaccine could stimulate the immune system, and 
the antibody against the antigenic epitope related to 
spike protein was successfully produced. Also, based on 
ELISA analysis, the IgG titer was significantly different 
in HBc VLP-E collected sera compared to HBc VLP after 
4 weeks (Fig. 3a). Regarding the two different time inter-
vals, at which the sera were harvested, the results exhib-
ited better response of the immune system in terms of 
IgG production 4 weeks after the second dose injection 
in both conditions with and without adjuvant (Fig.  3b). 
The results for 4  weeks post second injection showed 
that in both with and without adjuvant cases, the anti-
body titer has been increased significantly compared to 
control PBS. Moreover, the with adjuvant group showed 
higher titer of antibody than the without adjuvant group 
and the statistical analysis approved the significant differ-
ence between the conditions with and without adjuvant 
4 weeks after the second injection (Fig. 3c).

Discussion
In this study, the chimeric HBc-VLP harboring the SARS-
CoV-2 spike epitope was expressed in E. coli and the 
unique icosahedral conformation of HBc was confirmed. 
Moreover, the immunogenic potential of the investigated 
vaccine platform was studied in terms of IgG antibody 
production. The results showed the efficiency of HBc-
epitope chimeric protein as a suitable vaccine candidate 

against SARS-CoV-2 infection; however, further struc-
tural improvements and more immunogenic evaluations 
are needed.

HBc VLP possesses unique properties, including suc-
cessful presentation of antigenic epitopes, stability 
and high packaging capacity (up to 100 amino acids), 
and stimulating-dependent immunity, which make it a 
remarkable scaffold to carry and expose antigens. It is 
possible to insert the immunogenic epitopes in various 
regions of HBc, including the N-terminal, C-terminal, 
and MIR; however, the researchers mostly use the MIR 

Fig. 2 Transmission electron microscopic analysis of refolded a 
HBc VLP and b) HBc VLP-E proteins versus c the denatured proteins 
before the purification and refolding process. Assembled proteins are 
indicated by arrow. Scale bar, 300 nm
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region [26–28]. This region is known as the major inser-
tion site with high efficiency in epitope presenting at the 
tips of VLP along with maintaining the self-assembling 

characteristic and is ideally able to trigger a vigorous 
immune response according to a particular antigen [29, 
30]. According to the preferable features of the MIR 
region, we constructed the chimeric protein based on the 
MIR insertion type for this investigation.

Various investigations have been carried out on using 
HBc VLP as a vehicle for delivering antigens in vac-
cine development studies. Lei et  al. utilized the hepati-
tis B virus core MIR region to present different epitopes 
related to the foot-and-mouth disease virus through the 
BL21 E. coli expression system [31]. Similarly, incorporat-
ing and expressing antigenic domains of Neisseria menin-
gitidis into MIR and C-terminus of HBc in E. coli resulted 
in successful specific IgG stimulating and production 
[32]. Antigenic peptides corresponding to Enterovirus 
71 (EV71) were also carried in the HBc MIR region to 
develop a vaccine for E coli. Consistent with other stud-
ies, the potential of the vaccine to induce specific immu-
nity was reported [33, 34]. However, the expression 
of VLPs in the form of an inclusion body using E. coli 
expression system has been reported and remained the 
main struggling issue of the downstream processes, such 
as purification and self-assembling [8, 33, 35, 36]. Simi-
lar to these reports, we encountered the same obstacle 
as both HBc VLP and HBc-E VLP were mostly expressed 
in inclusion forms of included bodies. Hence, additional 
steps, including renaturing and refolding processes were 
performed to obtain the proper re-assembled VLP con-
formation. Although these challenges could affect the 
efficiency of epitope presentation and subsequently, hin-
der the proper immune response, the microscopic analy-
sis showed that the VLPs were correctly refolded to form 
the HB core structure in this study.

Different expression systems, including both prokary-
otic and eukaryotic systems, are applied in VLP-based 
vaccine development programs [37, 38]. According to 
the literature, bacterial and yeast expression platforms 
dominate other expression systems for the production 
of HBc VLP-based vaccines. Purification and assembling 
facilities are two main factors in selecting the proper 
expression system for the HBc VLP-based vaccine. In 
spite of the challenge of aggregate formations in E. coli 
expression systems, due to the high yield of expression 
along with cost-effectiveness, we selected this system 
for the production of HBc chimeric protein in this study. 
According to the results, the yield of purified HBc VLP 
and HBc-E VLP was ~ 0.4 and 0.2 mg/ml, respectively.

To evaluate the HBc-E VLP immune effect, the mice 
were analyzed at two different time points after injection 
in two conditions, including with and without adjuvant. 
According to the results, the adjuvant positively affected 
the immune response in terms of IgG antibodies at four 
weeks. Consistent with these results, [13] reported that 

Fig. 3 a Immunization analysis of mice injected with HBc VLP-E 
vaccine, HBc VLP, and PBS controls. The total specific SARS-CoV-2 
spike IgG production presented in RU/ml two and 4 weeks after the 
second dose injection. Each measure is presented as the mean ± SD 
value of three mice with two replicates and analyzed by Duncan’s test 
(p < 0.01). b Comparison of the specific IgG production between the 
two intervals after the HBc-VLP E immunization in both conditions 
with and without adjuvant. Each measure is presented as the 
mean ± SD value of three mice analyzed by Duncan’s test (p < 0.01). 
c Comparison of the specific IgG production with and without 
adjuvant utilization after four weeks of HBc-VLP E injection. Each 
measure is presented as the mean ± SD value of three mice with two 
replicates and analyzed by Duncan’s test (p < 0.01)
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the maximum antibody titer was produced when the 
HBc-fused antigen was injected with Freund’s adjuvant. 
In spite of the self-adjuvant property of the VLP vaccine, 
the utilization of proper adjuvant can strongly elevate the 
efficient immune response [13, 39, 40]. Although Fre-
und’s adjuvant might not be safe for humans, because it 
is reported to be more highly immunogenic than other 
adjuvants in mice [41, 42], we preferably used this adju-
vant to examine the general response of HBc-E VLP in 
the presence of a potent adjuvant in comparison with 
immunized mice that were solely injected with HBc-E 
VLP. Similarly, this adjuvant has been used in different 
reports due to its effectiveness in antibody production 
[43–46]. Moreover, as expected for the SARS-CoV-2 vac-
cine, in both with and without adjuvant conditions, the 
IgG titer was normally higher 4  weeks after injection 
than 2 weeks later. Similarly, mice immunization and IgG 
evaluation through a VLP-based developed vaccine for 
SARS-CoV-2 based on S1 and S2 epitopes showed that 
a significant amount of anti-spike IgG antibody was pro-
duced 28  days after the immunization program, during 
which two doses of vaccine were administered on days 
0 and 21 [47]. Although the humoral immunity results 
indicate the immunoactivity of the recombinant protein 
vaccine and confirm its successful expression, introduc-
ing this antigenic protein as an efficient vaccine needs 
comprehensive cellular immunity evaluations. Moreo-
ver, using only one small epitope may not provide highly 
durable protection. Thus, considering the efficient per-
formance of the current chimeric platform in this study, 
advanced constructs harboring multi-epitopes instead 
of just one small linear epitope along with cellular and 
humoral immune response assessments should be con-
sidered in future studies.

Conclusions
According to our results, the truncated HBc protein 
could successfully accommodate the SARS-CoV-2 spike 
epitope without any disruption in self-assembling. The 
chimeric HBc-E VLP could also effectively elicit the 
immunity response in mice and induce the SARS-CoV-2 
anti-spike-specific antibody. This platform can be applied 
as a suitable scaffold with the potential for substituting 
other immunogenic antigens for different pathogenic 
variants. Thus, developing the HBc-VLP-based vaccine 
for SARS-COv2 can be considered a suitable vaccine 
platform due to its ease of production and effectiveness.

Material and methods
Construction, expression, and isolation of recombinant 
proteins
We used the truncated form of HBc amino acids 1–149 
and avoided amino acids 150 − 183 because this region 

includes the RNA/DNA-binding site of the viral capsid 
and is not necessary for the self-assembling of HBc VLP. 
The truncated sequence of HBc was optimized and syn-
thesized by the GenScript company. The HBc gene was 
cloned into EcoRI and XhoI sites of PET28a( +) and used 
as a control construct, which represented as HBc VLP. 
Similarly, HBc-E chimeric protein composed of trun-
cated HBc, and the E29 epitope contained nine residues 
(RLNEVAKNL), flanked with two G4SG4 linkers, and 
was inserted into the MIR region of HBc between amino 
acids 78 and 79. The designed construct was optimized, 
synthesized, and cloned at the same position as HBc VLP 
in PET28a ( +) and named as HBc VLP-E construct. The 
Escherichia coli  BL21(DE3) cells were transformed with 
the plasmids using the electroporation method. A trans-
formed colony cultured on solid LB-kanamycin (50 mg/l) 
was used for liquid culture in 5  ml LB media at 37  °C, 
followed by incubation for 16  h. To induce the expres-
sion of proteins, the overnight cultures were diluted with 
250 ml of LB media containing 50 μg/ml kanamycin and 
grown at 37 °C to reach OD600 0.7–0.8. The induction of 
recombinant protein expression was through the addition 
of isopropyl-β-thiogalactopyranoside (IPTG) to a final 
concentration of 0.1 mM at 25 °C for additional 16–18 h. 
The cells were harvested by centrifuge of culture fluid at 
4.000 ×g for 20 min. For the isolation of VLPs predomi-
nantly formed in inclusion bodies, we used the method 
developed by Bin Mohamed [48] with some modifica-
tions [48]. In detail, the pellets from centrifugation were 
re-suspended in the 15 ml of lysis buffer, including (0.2% 
v/v Triton X-100, 50 mM Tris, 5 mM EDTA, and 100 mM 
NaCl, pH 8.0). To complete the cell disruption, the cells 
were frozen and thawed at − 80 °C/37 °C for eight cycles. 
Afterward, the cell lysate was centrifuged at 18,000 g at 
4  °C for 30 min. The cycle was repeated one more time 
to wash the cell efficiently. Because the inclusion bodies 
were the predominant form of the expressed proteins, 
the pellets were denatured by keeping them in 20 ml of 
denaturing buffer overnight at 4 °C. The pH of denaturing 
buffer made by 200 mM NaCl, 4 M urea, 10 mM 2-mer-
captoethanol, and 50 mM sodium carbonate was adjusted 
to 9.5 before use. The next day, the denatured buffer was 
re-centrifuged at 18,000  g for 30  min at 4  °C and the 
supernatant containing the HBc VLPs was collected.

Purification and reassembling of recombinant proteins
For purifying the HBc VLP and the HBc VLP-E chimeric 
proteins, we used Ni2 + iminodiacetic acid (IDA) affin-
ity chromatography because the proteins contain N-ter-
minal His-tag due to the utilization of PET28a vector 
for protein expression. Based on the method introduced 
by Bin Mohamed [48], a 20 ml Ni–NTA Sepharose col-
umn was packed with 3 ml of Ni–NTA resin slurry and 
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then equilibrated with a 3 × volume of denaturing buffer. 
Then, the protein was transferred into equilibrated resin 
while the column was capped tightly at both ends by 
parafilm and incubated for 30 min for improved attach-
ment. Following the removal of flow-through, the col-
umn containing His-tagged recombinant proteins was 
washed with 3 × volume of denaturing buffer. Finally, 
the bounded recombinant proteins were washed using 
7 ml of elution buffer (pH 9.5), containing 200 mM NaCl, 
4  M urea, 10  mM 2-mercaptoethanol, 50  mM sodium 
carbonate, and 1  M imidazole [48]. The concentration 
of washed fractions was measured using the Bradford 
method and analyzed by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE). Since the 
proteins were denatured following denaturing with 4 M 
urea, the purified protein was subjected to refolding and 
assembly process. For efficient re-assembling of VLPs, 
purified proteins were dialyzed in a dialysis tube with 
10 K MWCO using dialysis tubing against 2L of dialyzing 
buffer with pH 7, containing 50 mM Tris, 500 mM NaCl, 
and 0.5 mM EDTA.

Evaluation of recombinant proteins using SDS‑PAGE 
and Western blotting
Confirmation of recombinant protein expression was 
carried out by SDS-PAGE and Western blotting. For 
Western blotting, the purified His-tagged proteins were 
transferred from 12% polyacrylamide  gel to nitrocellu-
lose paper through semi-dry electroblotting. The mem-
brane was then blocked by skim milk overnight followed 
by incubation with anti-His  antibody − HRP  conjugate. 
The membrane was washed by PBST buffer, followed by 
staining with (3,3′-Diaminobenzidine) DAB chromo-
gen, and subsequently, exposed to hydrogen peroxide to 
detect the recombinant proteins. The sites of HRP-bound 

antibodies corresponding to His-tagged recombinant 
protein appeared in brown bands and were confirmed 
[49].

Assessment of HBc VLP and HBc VLP‑E using electron 
microscopy
The re-assembling of the target proteins was confirmed 
by TEM analysis. The purified refolded proteins, includ-
ing HBc VLP-E and HBc VLP, were linked to 200 mesh 
formvar-carbon-coated copper grids and stained nega-
tively using 1% uranyl acetate aqueous solution for 2 min. 
Besides, the purified protein fractions that were not 
conducted in the downstream refolding process (before 
dialysis), were used as controls. A transmission electron 
microscope was used to visualize VLPs [50].

Mouse immunization with recombinant protein vaccines
For the immunization study, pathogen-free female 
BALB/c mice provided by the Pathobiology Depart-
ment of Veterinary School, Shiraz University, Iran, aged 
6–8 weeks were used. We used three mice for each group 
and they were immunized separately as different biologi-
cal repeats two times with two intervals (day 0 and day 
14). The mice were injected intramuscularly with 40 μg of 
HBc-VLP -E and HBc-VLP recombinant proteins (groups 
1 and 2). Moreover, to evaluate the effect of the adjuvant, 
we immunized mice with 40 μg of HBc-VLP -E and HBc-
VLP recombinant proteins plus 100 μl of Freund’s adju-
vant in each group (groups 3 and 4) (Fig. 4). For groups 
immunized by recombinant proteins plus adjuvant, Fre-
und’s complete adjuvant and Freund’s incomplete adju-
vant were applied for the first and the second injections, 
respectively. In the negative control group, the mice 
received 100  μL of PBS buffer (group 5). Serum sample 
collection was done two and four weeks following the 

Fig. 4 Mice immunization with HBc-VLP-E and HBc-VLP
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second injection for ELISA analysis. For serum collec-
tion, the blood samples were kept at room temperature 
for one hour, and the serums were separated through 
centrifugation at 4000  g for 10  min at 4  °C. The serum 
samples were kept at − 20 °C for the next analysis.

Immunogenicity analysis
To explore the IgG antibody against HBc-VLP-E that 
included the epitope of SARS-CoV-2 spike protein, an 
ELISA test was carried out. Serum samples collected 
from mice were diluted 1:50 with sterile water, and 100 μl 
of diluted serum samples were added to the ELISA plates 
coated by specific SARS-CoV-2 spike antigen (Pishtazteb 
Company, Iran). After incubation and washing processes 
with PBST buffer, 100  μl of 1:1000 diluted anti-mouse 
IgG conjugated with HRP was applied as a secondary 
antibody per well. Following the incubation and wash-
ing, the 3,3’,5,5’-tetramethylbenzidine (TMB) substrate 
for horseradish peroxidase was added, kept in dark for 
15  min, and then the reactions were stopped by 2  M 
sulfuric acid. Finally, the absorbance was measured at 
450 nm by the ELISA reader.

Statistical analyses
The normality of the data was checked based on the Sha-
piro–Wilk Test. (α = 0.05). Immunogenicity data gener-
ated by the ELISA test were analyzed by Duncan’s test 
using the Agricola package in R to indicate the signifi-
cant differences between the quantified IgG antibodies in 
serum samples collected from HBc VLP, HBc VLP-E, and 
PBS injections at a 99% confidence interval. The assess-
ments were represented in the graph as an average of 
three repeats with their standard deviation (SD).
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