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A B S T R A C T   

Background: and Introduction: SARS-CoV-2 is currently considered as the most challenging issue in the field of 
health and medicine by causing a global pandemic. Vaccines are counted as a promising candidate to terminate 
this deadly pandemic. Various structural proteins in SARS-CoV-2 have recently drawn attention to be utilized as 
candidate vaccines to stimulate immune responses against COVID-19. 
Materials and methods: In current study, the RBD protein was cloned and expressed in E. coli host. Then, the 
expressed RBD protein was purified and its characterizations were evaluated through various methods. Gold 
nanoparticles, which were utilized as a carrier for candidate Nano-vaccine, were synthesized via oxidation- 
reduction reaction. While Gold NPs-conjugated RBD was injected into the second treatment group, in the first 
candidate vaccine, RBD was injected into the first treatment group solely. Complete and Incomplete Freud’s 
Adjuvant were also utilized for both treatment groups to enhance the immune responses against RBD antigen. 
Immunizations were repeated 2 times in 14-day intervals to boost the immune system of BALB/c mice. The 
humoral and cell-mediated immune responses were examined through immune and cytokine assays. 
Results: Our outcomes demonstrate that strong short-term humoral immunity (IgM) was induced in both the first 
and second treatment group, while long-term humoral responses (IgG) were only observed in the second 
treatment group. While stronger short- and long-term humoral (IgM and IgG, respectively) were observed in the 
second treatment group, particular cytokines production (TNF-ɑ and IFN-γ) as a marker of cell-mediated re-
sponses were significantly higher in the first treatment group. 
Discussion and conclusion: Our study results show the high potentiality of RBD protein as an appropriate stimu-
lating antigen in vaccine synthesis and testifies RBD-based candidate vaccines to control the COVID-19 
pandemic. Our outcomes also recommend that Nano-vaccines can be more suitable candidates when stronger 
long-term immune responses matter.   

1. Introduction 

SARS-CoV-2, now known as the newest member of the coronavirus 
family, was first identified in December 2019 in Wuhan city, Hubei 
Province, China [1]. Following the discovery of the virus in Wuhan, it 
was first introduced as 2019 novel coronavirus (2019-nCoV). On 
February 11, 2020, it was officially named SARS-CoV-2 by the World 
Health Organization (WHO) [2]. After SARS-CoV-2 spread, the WHO 
declared this virus outbreak as a pandemic at an official meeting on 
January 30, 2020 [3]. According to official statistics, as of 1 December 
2021, a total of 263,808,200 people have been infected with the SARS 

CoV-2, of which 3,445,325 have passed away from coronavirus disease 
of 2019 (COVID-19) [4]. 

Phylogenetic studies have demonstrated that SARS-CoV-2 is a Beta 
coronavirus that has RNA as its genetic material [5,6]. In the external 
structure of the SARS-CoV-2, various proteins, including spike protein 
(S), Nucleocapsid protein (N), membrane protein (M), envelope protein 
(E), and hemagglutinin esterase (HE), are located [2]. The SARS-CoV-2 
spike protein has a crucial role in the binding of the virus to host cells 
and causing infection. The spike protein is a homo-trimeric protein 
consisting of three identical monomers (each containing one subunit S1 
and one subunit S2) [7]. Microscopic analysis has indicated that initial 
interactions are established between the S1 subunit and the 
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Angiotensin-Converting Enzyme 2 (ACE2) receptor, promoting the 
transmission of the S2 subunit from metastable to more stable after 
fusion [8,9]. 

Moreover, binding of spike protein to ACE2 is an essential step in 
virus fusion to host cells. In vitro data have testified that the SARS-CoV-2 
receptor-binding domain (RDB) can bind to ACE2 with a suitable affinity 
in the low nanomolar ranges, indicating the importance of this domain 
(present in the S1 subunit) in the initiation of the infection [10]. The 
SARS-CoV-2 RBD structure generally consists of 5 anti-parallel beta 
sheets called beta 1, beta 2, beta 3, beta 4, beta 7, which are inter-
connected by other spatial structures (loops and helixes). At the end of 
this structure is a receptor-binding motif (RBM) that binds to the 
N-terminal of the ACE2 protein helix, causing the initial attachments 
and interactions [1]. 

After SARS-CoV-2 entry to lung alveoli cells, innate and acquired 
immunity get activated against this pathogen which leads to and 
immunopathological patterns [11]. Lymphopenia, lymphocytes 
dysfunction and sudden changes in the number of white blood cells 
(WBCs) are some of immune patterns of COVID-19 infection [12,13]. As 
an instance, it is indicated that a remarkable reduction in the number of 
natural killer cells (NK cells), CD8+ and CD4+ T cells, basophils and 
eosinophils occurs [14,15] while neutrophils increase [11]. The con-
centration of pro-inflammatory cytokines and Immunoglobulin (Igs) 
have been observed to enhance in SARS family infections [16], which 
seems to occur due to the high immunogenicity of spike protein and 
specially RBD. 

The RBD amino acid sequence has also been determined. Based on 
the SARS-CoV-2 spike protein composition, its weight was estimated to 
be about 27 kDa but laboratory data have revealed that the actual 
weight of RBD is about 34 kDa. This enormous weight difference in-
dicates that the RBD protein is highly glycosylated by carbohydrate 
compounds [17,18]. The results of animal studies on mice and 
non-human primates suggest that vaccination of these animals using 
RBD can trigger synthesis of IgM and IgG in their body [19] and this 
issue has made RBD protein a potential candidate for vaccine 
production. 

In order to enhance the efficacy and immunogenicity of candidate or 
final vaccines, various adjuvants like monophosphoryl lipid A (MPLA), 
Freund’s adjuvant (FA) or Aluminum salts are added to vaccine mixture 
[20]. However, other compounds like Nano-carriers –some of which are 
composed of numerous excipients [21]– have recently drawn scientists’ 
attention for vaccine manufacturing. Various Nano-carriers such as Gold 
nanoparticles (GNPs or AuNPs) are currently utilized as antigen carriers 
and adjuvants to improve the efficiency of manufactured vaccines [22]. 
GNPs, which are constantly used as an adjuvant in candidate vaccines 

[23], can be considered a suitable option among other Nano-carriers due 
to their properties. In other words, GNPs have been shown to increase 
the presentation of conjugated antigens to immune cells and specific 
immunization [24,25]. This research study ultimately aimed to examine 
the immunogenicity of GNP-conjugated RBD protein (along with 
Freund’s Adjuvant as immunogenicity booster) and the immune 
response that it can stimulate as a possible vaccine candidate. 

2. Materials and methods 

In the following, used materials and adopted methods for conduction 
of this study will be expounded. 

2.1. RBD protein synthesis and purification 

The genome sequence of RBD protein as a part of SARS-CoV-2 spike 
protein was cloned (Tehran, Iran). Then, the synthesized sequence was 
inserted into the pET28a vector. The E. coli (DE3) strain was utilized as a 
host for the pET28a-RBD plasmid to express RBD protein. Two impor-
tant restriction endonuclease enzymes, BamH I and Hind III, were 
applied to insert the pET28a-RBD plasmid into the E. coli (DE3) strain 
genome and manufacture the recombinant bacteria. The transformed 
bacteria were then cultured and screened on the liquid Luria–Bertani 
(LB) plate which contained 100 μg/mL kanamycin antibiotic to detect 
the positive colonies easily. The transformed bacteria culture was 
incubated in a rotary shaker incubator at 37 ◦C for approximately 4 h. 
The sequencing method was confirmed to confirm the presence of RBD 
protein in transformed bacteria culture. The turbidity of culture was 
constantly checked and when it obtains to 0.6–1 mM at 600 wavelengths 
(nm), 1 μM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Fermentas 
Co., Lithuania) was employed to induce the recombinant plasmids. To 
validate the transformation of E. coli DE3 by a pET28a-RBD plasmid, the 
electrophoresis method was adopted. The cell extraction of pET28a- 
RBD-transformed E. coli DE3 colonies along with T7 promoter and T7 
terminator primers were used for PCR, and after that, electrophoresis 
was performed of Agarose 1% gel. The nucleic acid sequence of the T7 
promoter and T7 terminator primers were 
5′TAATACGACTCACTATAGGG3′ and 5′ GCTAGTTATTGCTCAGCGG3′, 
respectively. After RBD protein synthesis, Ni-NTA (Sigma Aldrich, USA) 
was used in order to purify it. 

2.2. RBD protein analysis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis method 
(SDS-PAGE) was used for RBD protein analysis. SDS-PAGE is an 
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electrophoresis-based method in which protein subunits are separated 
based on their molecular weight. In this method, sodium dodecyl sulfate 
(SDS), an anionic compound, is utilized to equalize polypeptide sub-
units’ electric charge on the surface. After establishing an electric cur-
rent in the SDS-PAGE method, the protein subunits are separated based 
on the electric charge and form a linear pattern on the polyacrylamide 
gel. By comparing the formed pattern with reference subunits, the 
number of protein subunits and the molecular weight of each can be 
understood [26,27]. As stated, 12.5% polyacrylamide gel (in SDS-PAGE) 
at the voltage of 100 V was used to analyze the RBD protein properties 
and measure its expression. The 1 kb molecular weight marker (Ther-
mo-Scientific Co, Iran) was utilized to determine the RBD protein sub-
unit’s weight. Finally, Coomassie brilliant blue G-250 color (Fermentas 
Co., Lithuania) was also employed to stain polyacrylamide gel [28,29]. 
Nickel reluctant resin (Ni-NTA affinity chromatography) (Sigma 
Aldrich, USA) was used to purify the expressed RBD protein. Eventually, 
dialysis PBS buffer was used for the removal of the imidazole groups 
from the purified RBD [30,31]. The results of SDS-PAGE of RBD protein 
are thoroughly explained in the result section. 

2.3. Gold nanoparticles synthesis 

Gold nanoparticles were synthesized by the method explained else-
where [32]. Briefly, the synthesis method of Gold NPs was based on the 
oxidation-reduction reactions [33]. Shortly, 500 μl of HAuCl4 (1%) (10 
mg/ml) (Sigma, US) was added to 25 ml of Milli-Q water (Sigma, US). 
After heating the solution, 3 ml of 2H2O–Na3C6H5O7 (1%) (10 mg/ml) 
(Sigma, US) was added to the boiling solution. After 22 min, the color of 
the solution turned reddish, and the reaction stopped. The reddish so-
lution was then taken to room temperature (25 ◦C), filtered through a 
0.22 μm filter, and stored at 4 ◦C. To discuss the details, filtering syn-
thesized GNPs affects their size distribution and prevents the presence of 
particles and substances which are larger than 0.22 μm in the final so-
lution. The presence of large particles in the candidate vaccine may 
cause deleterious incident of large particles aggregation and defect the 
ultimate purpose of the vaccine; hence, we used 0.22 μm filter to prevent 
such an incident [34]. Moreover, using 0.22-μm filters is a standard 
method generally used to sterilize heat-sensitive solutions and remove 
potential dust, bacteria, and fungi pollution [35]. Therefore, utilization 
of a 0.22-μm pore size filter guarantees that GNPs solution is sterile and 
observed immune responses are exclusively against candidate vaccines 
authenticating our outcomes. The synthesized Gold NPs were examined 
by scanning electron microscopy (SEM), ultraviolet–visible spectros-
copy (UV–Vis), and Dynamic light scattering (DLS). Since the absence of 
any ions, especially sodium ions, in the Gold NPs synthesis process is 
critical [36], all the containers and glassware used in the synthesis 
process were washed once with a 1% solution of hydrochloric or nitric 
acid and then rinsed with deionized water. 

2.4. Attachment of gold nanoparticles to RBD protein 

For this purpose, first, the pH of the Gold NPs solution was adjusted 
to basic state (pH = 8) by utilizing the KOH solution. After adjusting the 
pH of the Gold NPs solution on 8, 400 μl of recombinant RBD protein 
(containing 152 μg/ml) was added slowly and dropwise to the 1 ml of 
Gold NPs solution under sterile conditions. Then was added to, and the 
final solution was stirred for 1 h at 4 ◦C. Unbound proteins were isolated 
from the solution by centrifugation of Gold NPs (1700 g, 30 min) [33, 
37]. The stability of Gold NP-conjugated RBD was measured by adding 
10% sodium chloride solution [38]. All of the characterization outcomes 
are fully expounded in the result section. 

2.5. Animals and study trials 

In this experiment, thirty 6- to 8-week-old inbred female BALB/c 
mice (with an average weight of 20–22 gr) were purchased from the 

Pasteur Institute of Tehran, Iran. The animals were kept for one week 
before the experiment in conditions with a relative humidity of 40–70%, 
applying 12 h light/dark cycles at 22–25 ◦C and standard feeding. All 
animal experiments were performed according to the published in-
structions of Shahid Beheshti University, Iran. During the study, all 
animals were kept standard and ethical condition. 

2.6. In vivo assay and immunization 

For immunization, mice were randomly divided into experimental 
and control groups (All groups included ten mice). Mice were infused 
three times at 14-day intervals through intraperitoneal (IP) injection. 
The total injected volume for each mouse was precisely 100 μl. RBD 
mixed with complete and incomplete Freund’s Adjuvant (RBD-CFA or 
RBD-IFA), and Gold NPs-conjugated RBD mixed with Freund’s Adjuvant 
(Gold NP-conjugated RBD with FA) were used for the first and second 
treatment group, respectively. The vaccination process was as follows:  

1) First treatment group: 50 μl of recombinant RBD protein (containing 
152 μg/ml RBD) plus 50 μl Complete Freund’s Adjuvant (CFA) pur-
chased from Sigma, (US) was administered to the first group for the 
priming injection at day 0. A solution with the same volume (100 μl) 
in which CFA was substituted with IFA (to prevent unintended side 
effects) was injected as the booster shots on days 14 and 28.  

2) Second treatment group: Second treatment group received 75 μl Gold 
NPs-conjugated RBD (consists of 50 μl of recombinant RBD protein 
(152 μg/ml RBD) and 25 μl Gold NPs (with a concentration of 0.04 g/ 
400 ml) mixed with 25 μl Complete Freund’s Adjuvant (Sigma, US) 
for the first injection. As a booster for second and third immuniza-
tion, a solution with the same volume and concentrations as the first 
dose in which IFA was used instead of CFA was injected into the 
second treatment group on days 14 and 28.  

3) Third treatment group (control group): 100 μl of phosphate buffer 
saline (PBS) instead of candidate vaccine solution was injected to the 
control group on days 0, 14, and 28. No other immunogenic sub-
stance was injected into this group. 

2.7. Collecting blood samples 

In order to collect blood samples in each state, five mice of each 
group were randomly chosen and anesthetized by IP injection of 
xylazine-ketamine-PBS. Then, collected blood samples were stored at 
room temperature for 30 min and finally were centrifuged at 2000 g for 
20 min to separate plasma from hematocrit. As stated, candidate vaccine 
injection was performed on days 0, 14, and 28. Blood samples were 
taken from the immunized and control group five days before immuni-
zation to obtain serum for the first examinations and analysis of 
immunological content. Mandibular blood samples were collected ten 
days after the first injection for IgM analysis and ten days after the last 
injection for measuring total IgG and IgG2a, IgG1. For evaluating the 
immune responses, serum samples of all groups were analyzed by an 
Enzyme-linked immunosorbent (ELISA) assay. The process of in vivo 
assay and immunization (Fig. 1-A), as well as Gold NPs-conjugated RBD 
protein (Fig. 1-B), are schematically illustrated in Fig. 1. 

2.8. ELISA assay for antibody responses analysis 

The Vaccine-specific antibody responses were ascertained by 
measuring synthesized immunoglobulins in immunized mice by using 
the enzyme-linked immunosorbent assay (ELISA) assay. Briefly, 96 wells 
of each ELISA plate (Greiner, Germany) were coated with 100 μl of re-
combinant RBD protein (10 μg/mL in Carbonate-Bicarbonate Buffer 
Solution (CBS buffer), pH = 9.6) and incubated overnight at ambient 
temperature. Precisely, PBS and CBS buffers which are prevalently used 
for the coating process in ELISA, differ in pH (7.4 vs. 9.6, respectively); 
however, it is proven that CBS buffer is more appropriate for coating 
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proteins and antigens in the ELISA procedure [39,40]. In fact, the higher 
pH of CBS strengthens the hydrophobic interactions among amino acid 
side chains and polystyrene of the plate; hence, it is widely used in ELISA 
protocol. Next, the ELISA plate was washed three times using PBS con-
taining 0.05% Tween 20 (PBS-T as wash buffer) and was incubated with 
blocking buffer (containing 2–3% skim milk soluble in PBS buffer) at 
37 ◦C for 2 h. The ELISA plates were then again washed three times with 
250 μl PBS-T buffer 0.05% containing Tween 20 and 5 mM of CaCl2 (as 
an eluting buffer). Collected mice sera as primary antibodies were 
diluted in ratios of 1:50–1:6400 using the serial dilution method and 
then were added to each well with 2% BSA in 1x PBS-T buffer and Tween 
20. The ELISA plates were incubated with the described solution at 30 ◦C 
for 2 h. The plates were then washed five times with PBS-T buffer and 
incubated for 1 h at 37 ◦C with 100 μl of 1: 1000 diluted anti-mouse 
antibody conjugated to Horseradish Peroxidase (HRP, Sigma Aldrich, 
St Louis, MO, US). After washing the plates with PBS-T buffer, 100 μl of 
Tetramethylbenzidine (TMB, Sigma, US) liquid substrate was added to 
each well, and the plates were incubated in the dark ambiance for 30 
min. Ultimately, the immune reaction was stopped by adding 100 μl of 2 
M sulfuric acid (H2SO4) and the ELISA plate reader (Multiskan Lab 
systems) was used to read the absorbance of each ELISA plate at 450 nm 
(via The Beer-Lambert Law). The described method was also utilized for 
measuring the concentration of IgG isotypes through the indirect ELISA 
method in order to determine the type of immune responses (humoral or 
cellular). Literally, after the incubation of antigen coating overnight, the 
ELISA plates were eluted three times using 100 μl of PBS-T buffer. Then, 
100 μL of the 1:10 diluted sere of immunized mice were added to each 

well. In the next step, 100 μl of 1:1000 anti-mouse IgG1, IgG2a, and IgM 
(as secondary Igs) were added to the ELISA wells which were previously 
washed three times by PBS-T buffer. After adding 100 μl of 
HRP-conjugated anti-gout antibody to each well and washing the plates, 
100 TMB substrate was added to the plates. After incubating the plates in 
a dark ambiance for 30 min, 100 μl of 2 M sulfuric acid (H2SO4) was 
added to ELISA plates to stop the immune reactions. In the end, the 
ELISA plate reader (Multiskan Lab systems) was used to read the 
absorbance at 450 nm. 

2.9. Cytokine assay by RT-PCR method 

The innate immunity responses in immunized and control mice were 
assessed 10 days following the last injection by evaluating the concen-
tration of IL-4, IFN-γ, and TNF-α and cytokines production. For this 
purpose, five mice were randomly selected from each group and got 
anesthetized by IP injection of xylazine-ketamine-PBS. They were 
sacrificed morally by observing ethic principles and their spleens were 
collected by considering ethical statement. Other mice were kept at 
standard conditions for evaluating the antibody responses to immuni-
zation. TRIzol reagent (Sigma, US) was used according to the manu-
facturer’s instructions for RNA extraction from isolated spleens (~100 
mg). DECP water (Sigma, US) was utilized for dissolving extracted 
mRNA from splenocytes. Then, the concentration of mRNA was deter-
mined by using a NanoDrop UV–vis spectrophotometer (Thermo ND- 
2000). The adsorption intensity of mRNA samples was read at 260 nm 
and the mRNA concentration was determined based on the measured 

Fig. 1. The experiment process which was conducted in the current study: (A) A timeline of in vivo assay and immunization along with the route of administration, 
evaluated an immune response and ultimate purpose of collecting blood samples. (B) A schematic and straightforward figure about gold nanoparticles and RBD 
protein synthesis attachment reaction. 
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data. In order to eliminate or degrade any contaminating genomic DNA, 
the RNA solution was treated with DNase-I. A reagent kit (BIOFACT Co., 
Ltd) containing reverse-transcribed RNA enzyme was exploited for 
synthesizing cDNA from purified mRNAs. The transcription process took 
15 min, and the temperature was set at 37 ◦C during the reaction. 
Finally, the transcription process was stopped by making a temperature 
shock (85 ◦C for 15 s). The synthesized cDNAs were then replicated by 
using polymerase chain reaction (PCR). DNA polymerase enzymes and 
thermal Cycler RT-PCR System (TaKaRa, Japan), which caused cDNA 
replication by crating multiple temperature cycles, was used for cDNA 
replication. Initially, the thermal cycler system was set to a temperature 
of 95 ◦C for 5 min to activate the enzyme DNA polymerase and break the 
hydrogen bonds between the cDNA strands. Then 40 two-step replica-
tion cycles (95 ◦C for 10 s and 60 ◦C for 30 s) were performed for 
enhancing the synthesized cDNA concentration. Finally, the thermal 
cycler device was set to 75 ◦C for 10 min to stop the PCR reaction. 
GAPDH as an endogenous housekeeping genes (HKG) was employed as 
an internal control. Then gene expression was evaluated by employing 
the 2− ΔΔCT method. The primer sets used to amplify the target cDNA 
were: IFN-γ (sense 5′- CAGCAACAGCAAGGCGAAAAAGG, antisense 5′- 
TTTCCGCTTCCTGAGGCTGGAT), TNF-α (sense 5′- GGTGCCTATGTCT-
CAGCCTCTT, antisense 5′- GCCATAGAACTGATGAGAGGGAG), IL-4 
(sense 5′- ATCATCGGCATTTTGAACGAGGTC, antisense 5′- 
ACCTTGGAAGCCCTACAGACGA) and GAPDH (sense 5′- CATCACTGC-
CACCCAGAAGACTG, antisense 5′- ATGCCAGTGAGCTTCCCGTTCAG). 

2.10. Statistical analysis 

GraphPad Prism 8.0 (GraphPad Software, Inc., US), and SPSS 21.0 
(SPSS, Inc, US) were utilized for statistical analysis of all data. All data 
are presented as mean ± standard error. Statistical significance was set 
to P < 0.05 (*), P < 0.01 (**), or P < 0.001 (***), P < 0.0001 (****) and 
they were interpreted as significant differences. 

3. Results 

3.1. Analysis of RBD protein properties 

The RBD gene was initially inserted into plasmid pET28a as a carrier 
vector to synthesize the RBD protein. After embedding the RBD gene in 
the pET28a vector, the electrophoresis of colony-PCR product with T7 
promoter and T7 terminator primers was performed on 1% Agarose gel 
to confirm the RBD gene presence in this vector. The result and Agarose 
1% gel electrophoresis is illustrated in Fig. 2-A. Then, the recombinant 
plasmid (as a vector) was inserted into E. coli (DE3) by using bacterial 
transformation. Following the expression of RBD in modified E. coli DE3, 
RBD protein was purified using column Ni-NTA chromatography. In 
order to evaluate the molecular weight of synthesized RBD protein in 
plasmid pET28a -transformed E. coli DE3, bacterial cell extract super-
natant was subjected to a 12.5% SDS-PAGE test. SDS-PAGE method 
confirmed the proper expression and purification of RBD protein. This 

test also determined the molecular weight of RBD protein 30 kDa and 
also the weight of one of its subunits. The SDS-PAGE gel is completely 
demonstrated in Fig. 2-B. 

3.2. Characterization of Gold NPs-conjugated RBD 

Gold nanoparticles were synthesized using an oxidation-reduction 
reaction following the instructions described in the method section. In 
this synthesis reaction, sodium citrate was employed as a reducing agent 
to reduce HAuCl4. The synthesis of Gold NPs was confirmed by 
observing the change of the solution color to reddish. UV–vis, which was 
also utilized to test Gold NPs synthesis, confirmed the reaction inci-
dence. The UV–vis results in Fig. 3-B indicated a strong absorption band 
at wavelength λ max = 525 nm. SEM and DLS techniques were used to 
evaluate the structure, shape, and size of Gold NPs. The DLS and SEM 
results shown in Fig. 3-A & C, respectively revealed that the size of the 
synthesized Gold nanoparticles was about 50–60 nm. 

The stability of Gold NPs-conjugated RBD was measured by adding 
10% sodium chloride solution, which revealed the high stability of the 
synthesized Gold NPs-conjugated RBD (no alterations in color of the 
solution from reddish to blue and grey were observed). The synthesized 
compound was stored at ambient temperature for three weeks, and no 
physical or chemical discoloration was perceived, confirming the sta-
bility of Gold NPs-conjugated RBD. 

3.3. ELISA assay for antibody responses analysis 

As shown in Fig. 4 IgM and IgG titration (IgG1 and IgG2a subtypes) 
as markers of the humoral immune response. They also demonstrate the 
IgG1, IgG2a and IgM levels in the first treatment group (which only 
received RBD protein and Freund’s adjuvant) and the second treatment 
group (which was treated with RBD-conjugated Gold NPs plus Freund’s 
adjuvant) in comparison with the control group (in which only 100 μl of 
PBS was injected). To measure the short-term humoral immune response 
induced by immunization in each group, the concentration of IgM pro-
duced against RBD protein was measured by the indirect ELISA assay on 
the 10 day after the first immunization. The immunogenicity of the 
injected solution to each group was assessed by measuring the concen-
tration of IgG1, IgG2a, IgG total antibodies produced against RBD pro-
tein in their serum by ELISA assay ten days after the last immunization. 
For evaluating antibodies concentration, ELISA plates were first coated 
by RBD protein (for RBD-specific antibody assay). After collecting blood 
samples, purified serum of each group was used for antibody measure-
ment. The ELISA results in Fig. 4-A explicated that synthesized IgM in 
the first and second treatment groups was significantly higher than in 
the control group. However, produced IgM in the second treatment 
group was higher (P < 0.0001) than in the first treatment group (P =
0.0001). However, the amount of IgM produced in the second and first 
treatment groups was not significantly different. In Fig. 4-B the results of 
IgG1 measurement revealed that secretion of IgG1 in these two groups 
was remarkably higher than the control group. However, the level of 

Fig. 2. Results of electrophoresis colony-PCR 
product (A) and evaluation of protein expression 
RBD in 12.5% SDS-PAGE gel (B). Electrophoresis: 
well M: Molecular Grower Marker (Thermo-Scientific 
Company, Iran); well C-: Negative control (no pattern 
DNA); C+ well: positive control (plasmid DNA 
pattern pET28a-RBD); 1 to 5 wells: Different trans-
formed and cultured colonies (A). SDS-PAGE: well M: 
protein weight marker, Lane E1: Elution 1 of RBD 
protein after washing the affinity chromatography 
column, Lane E2: Elution 2 of RBD protein after 
washing the affinity chromatography column, Lane 
E3: Elution 3 of RBD protein after washing the affinity 
chromatography column. (B).   
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IgG1 in the second treatment group was higher (P = 0.0001) than the 
first treatment group (P = 0.0004). As shown in Fig. 4-C there was no 
significant difference in the amount of IgG2a synthesized in the first 
treatment and control groups, proving the notable effect of applying 
Gold nanoparticles on the amount of IgG2a synthesis (P < 0.0001). 

Eight various concentrations (including 1/50, 1/100, 1/200, 1/400, 
1/800, 1/1600, 1/3200, and 1/6400) were prepared from the serum of 
immunized mice in the first and second treatment groups to validate the 

results. The concentration of total IgG in each group was determined 
using ELISA assay and absorption intensity. As shown in Fig. 5, the re-
sults revealed a significant immune response in the first group (RBD with 
Freund’s adjuvant) and the second group (Gold NPs-conjugated RBD 
with Freund’s Adjuvant) compared to the control group (PBS buffer). 
Although the endpoint titer of IgG total in the first group (1:800), and 
second group (1:1600), was significant compared to the control group. 
There was no significant difference in the endpoint titer of IgG total 

Fig. 3. Characterization of Gold nanoparticles. Gold NPs were synthesized following the procedure described. (A) dynamic light scattering (DLS); Polydispersity 
index (PDI) was 30.19 nm/59.92 nm (B) ultraviolet–visible spectroscopy (UV–Vis) and (C) scanning electron microscope (SEM); the scale bar of SEM was set to 
300 nm. 

Fig. 4. The effects of RBD immunization on levels 
of serum IgG isotypes (IgG1 as Th2-dependent 
isotype, IgG2a as Th1-biased IgG subclasses anti-
bodies) and IgM. The RBD plus Freund’s adjuvant 
and Gold NPs was a potent inducer for IgM (A), IgG1 
(B), and IgG2a (C) in comparison to the mice inocu-
lated with PBS. All data are presented as mean ±
standard error of the mean *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, N.S., not significant. 
(FA; Freund’s Adjuvant, GNPs; Gold NPs).   
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antibody between the first and second groups (Fig. 5-A & B). These 
outcomes also confirmed that the application of Gold NPs-conjugated 
RBD with Freund’s adjuvant compared to RBD protein with Freund’s 
Adjuvant was associated with a more robust humoral immune response 
and higher IgG total synthesis. 

3.4. Cytokines secretion and leucocytes proliferation 

In order to evaluate the innate and cellular immune responses at the 
level of inflammatory molecules, ten days after the last immunization, 
five mice from each group were randomly selected and, after getting 
anesthetized by IP injection of xylazine-ketamine-PBS, were morally 
sacrificed. As mentioned, after isolating the spleen cell extract and 
synthesizing cDNA utilizing the mRNA splenocyte cell extract, the RT- 
PCR method was employed to measure the expression of three crucial 
cytokine genes, including IL-4, IFN-γ, and TNF-α. RT-PCR results (Fig. 6) 
displayed that the expression level of all measured cytokines (IL-4, IFN- 
γ, and TNF-α) was higher in the first treatment group (RBD-Freund’s 
adjuvant) than in the second treatment group (RBD-Freund’s adjuvant- 
Gold NPs) and control group (PBS). In Fig. 6-B & C the secretion of IFN-γ 
and TNF-α in RBD-Freund’s adjuvant group was very significantly 
higher than the control group (P < 0.0001). In contrast, the expression 
of IFN-γ and TNF-α in the RBD-Freund’s Adjuvant-Gold NPs and control 
group did not have meaningful differences and were almost similar. In 
Fig. 6-B & C the expression level of IFN-γ and TNF-α in RBD-Freund’s 
Adjuvant-Gold NPs group than the control group was slightly increased 
(P < 0.0004) and non-significant (ns) respectively. In Fig. 6-A, the 
measurement of IL-4 expression, results showed that the expression of 
this cytokine in the first and second treatment groups was higher than in 
the control group (P < 00001, P = 0.0001) respectively. 

In conclusion, immunized mice with RBD protein -Freund’s Adjuvant 
displayed a high production of IFN-γ, TNF-α, and IL-4 that suggesting 

this group can effectively activate CD4+ and CD8+ T cells and balance 
Th1 and Th2 cellular responses. Interleukin-4 plays a vital role in the 
differentiation of naive T cells into Th2 as well as in the development of 
inflammatory responses. However, interferon-gamma is expressed in 
response to viral reactions. 

4. Discussion 

As stated, the novel beta coronavirus named SASR-CoV-2 was first 
detected in China and since then has spread all around the world and 
caused a global pandemic [41]. The virus structure is composed of RNA 
(as genetic material) and different proteins like the spike, nucleocapsid, 
etc., which can be exploited for therapeutic objectives. Due to the 
emergence of COVID-19 and its fast spread, it seems essential to control 
the pandemic through various strategies, but recently there has been no 
particular and effective medication [42]. Vaccines have always been one 
of the best tools for controlling contagious diseases such as BCG, 
smallpox, etc. That is why vaccines are currently suggested and utilized 
to prevent the deployment of COVID-19 and cut the transmission chain 
of SARS-CoV-2 [43]. In the past, vaccines were synthesized using 
traditional methods such as killing, attenuating, inactivating, or genet-
ically modifying pathogens or other microorganisms [44]. Nowadays, 
various kinds of COVID-19 vaccines have been developed by using 
different and even novel methods such as highly-purifying antigens, 
transcriptable DNA, or mRNAs. mRNA-based, non-replicating viral 
vector, DNA-based, and subunit-based vaccines are some instances of 
SARS-CoV-2 vaccines currently available in the market and used pub-
licly [45]. However, it appears the subunit-based vaccines are safer than 
whole-virion vaccines because of less exposure to the virus during 
manufacturing [42]. Recombinant protein-based and Nano-vaccines are 
also designed and developed due to the urgent requirement to manu-
facture efficient vaccines against new variants of SARS-CoV-2 [46]. 

Fig. 5. Analysis of total IgG antibody response to 
vaccine candidate. The experimental groups of 
BALB/c mice (n = 10) were vaccinated i.p. With three 
doses of RBD- Freund’s Adjuvant, RBD-Freund’s 
adjuvant-Gold NPs, and PBS (control) on days 0, 14, 
and 28. (A) Immunogenicity analysis of the protein 
RBD-Freund’s Adjuvant. (B) Immunogenicity analysis 
of the protein RBD-Freund’s adjuvant-Gold NPs. 
Antibody titers were measured by the ELISA method. 
All data are presented as mean ± standard error of 
the mean *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001, N⋅S., not significant.   

Fig. 6. Cytokine release of mouse splenocytes 
stimulated by different components. Level of IL-4 
(A), IFN-γ (B), and TNF-α (C) secretion was evalu-
ated in mouse splenocytes stimulated by RBD protein 
along with Freund’s adjuvant and Gold NPs. The level 
of responses was evaluated ten days after the final 
immunization. Data represented the mean ± standard 
deviation of ten mice per group (n = 10). Statistical 
analysis was performed using the T-test (GraphPad 
Prism8) and statistical significance was set at *p ≤
0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. n.s. 
Non-significant. (FA; Freund’s Adjuvant, GNPs; Gold 
NPs).   
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According to promising reports on their utilization, diverse nano-
particles such as liposomes, micelles, and polymer or Gold 
NPs-conjugated compounds have been tested as therapeutic agents or 
Nano-vaccines delivery devices [47]. Application of Nano-vaccines as 
new vaccine candidates may improve the induced immunity by deliv-
ering antigens specifically to B cell receptors, enhancing the cross-linked 
reactions, and increasing the immune system’s ability to identify con-
jugated antigens [48]. As aforesaid, spike protein and its subunits, S1 
and S2 proteins, in SARS-CoV-2 [49] can be widely used for designing 
recombinant or Nano-vaccines. It is testified that RBD that is present S1 
domain of SARS-CoV-2 can induce remarkable immune responses when 
utilized as an immunogen substance in the vaccine [50]. 

In the present research, we have designed two different candidate 
vaccines and evaluated their immunogenicity. We also analyzed the 
immune responses which were induced following the injection of the 
candidate vaccines. The first candidate vaccine was a Nano-vaccine in 
which Gold NPs-conjugated RBD plus Freund’s Adjuvant was prepared 
through reduction-oxidation reaction as described somewhere else [51]. 
The second candidate vaccine was based on the infusion of RBD protein 
itself as an antigen with Freund’s Adjuvant for strengthening the trig-
gered immune response. There was also a control group (which only 
received PBS buffer) for validating and comparing the outcomes. Our 
results testified that RBD protein has a crucial antigenicity and can be 
used for vaccine manufacturing. For preparing candidate vaccines in this 
study, recombinant RBD protein was synthesized by following the 
standard recombinant proteins method, including recombinant vector 
production, genome insertion, bacterial expression, and protein purifi-
cation. Ultimately, the isolated and purified RBD recombinant protein 
concentration was evaluated, which determined adequate purity [52]. 
Gold NPs were synthesized through a reduction-oxidation reaction and 
utilized as a conjugate for RBD protein for preparation of Nano-vaccine 
due to its appropriate properties such as biocompatibility, 
non-cytotoxicity, and adjuvanticity characteristics [36,53]. The syn-
thesized RBD protein was then conjugated to Gold NPs for preparing the 
first candidate vaccine, and control methods approved the formation of 
Gold NPs-conjugated RBD. 

As mentioned, adjuvants are essential for enhancing the potential 
immunogenicity of the injected compound and improving the innate and 
acquired (humoral or cellular) responses to RBD protein. That is why we 
use complete and incomplete Freund’s Adjuvant, which is one of the 
most potent oil-derived substances with adjuvant activity, to trigger 
immune responses more [54,55]. Immunization in the first and second 
treatment, as well as control group, was performed at Day 0 as priming 
and Day 14 and 28 as boosting doses by injecting prepared solution IP. 
Our outcomes illustrate that IgM and IgG total (including IgG1 and 
IgG2a subtypes) titer was significantly higher in the first treatment 
group (which received Gold NPs-conjugated RBD plus FA) the second 
treatment group (immunized by free RBD protein with FA) (Fig. 4). It 
testifies that the application of Gold NPs can be accompanied by high 
stimulation of humoral immunity. The expression of cytokine genes, 
which is commonly interpreted as activation of innate and acquired 
cellular immunity, was more in the second treatment group than the first 
treatment group (Fig. 6). It shows that the employment of RBD protein 
and FA may result in higher induction of cellular immunity according to 
our results. 

Nanoparticles have been used as appropriate gadgets for cancer 
treatment, drug delivery, and vaccine synthesis. Nanoparticles usage for 
vaccine production has been demonstrated to increase the stability of 
conjugated substances (i.e., antigens) and improve the antigen process 
pathways [33,56]. Among various nanoparticles, Gold NPs are one of 
the best options as Nano-carriers for synthesizing Nano-vaccines ac-
cording to their suitable attributes such as nontoxicity and biocompat-
ibility [53]. 

There are various studies and experimental research in which the 
association of the active compounds with the Nano-systems, particularly 
GNPs, have been evaluated. As an example, Dakterzada et al. [57] used 

GNPs as an adjuvant along with Pseudomonas aeruginosa flagellin to 
induce immune reactions against Pseudomonas aeruginosa. Their results 
indicated high antibody production, significant cellular uptake of anti-
gen, and no harmful immunogenicity or toxicity for GNPs themselves 
[57]. In another study conducted by Tao et al. [56], the exploitation of 
GNPs-conjugated M2e with CpG as an adjuvant was accompanied by 
remarkable humoral immune responses, particularly in IgG synthesis 
[56]. An in vivo study by Li et al. [33] demonstrated that utilizing GNPs 
can also activate innate and cellular immune responses against immu-
nogens by increasing phagocytosis, lymphocytes proliferation and 
cytokine productions (IFN and IL-10 cytokines) [33]. It is also proven 
that GNPs are capable of fortifying CD4+ and CD8+ T cells and 
enhancing cytokines production in another study aiming at using NPs as 
carriers in a potential vaccine [58]. All in all, these studies are only a few 
instances of association of the active compounds with the Nano-system 
that elucidates the efficiency of applying GNPs as a novel technology for 
vaccine production and validates our results. 

As our results testified, Gold NPs can improve the immunogenicity of 
antigens. They are also able to bind to various substances and antigens 
by strong chemical bonds, including hydrophilic or hydrophobic in-
teractions [33], and their synthesis and attachment reaction is not 
complicated or dangerous. Gold NPs have also been utilized as 
Nano-carrier or adjuvants in other studies [57]. For instance, gold NPs 
were exploited in Hepatitis E virus (HEV) vaccine manufacturing by 
Dibya Rani et al. [59] which their results exhibit a remarkably robust 
humoral (IgG) and cell-mediated immune responses to candidate vac-
cine. Gold NPs have been shown to be able to influence the APCs (such as 
dendritic cells, Mast cells, and macrophages) and elevate the absorption 
and presentation of conjugated antigen to B and T cells. It is also testified 
that utilization of Gold NPs can be accompanied by an increase in 
mitochondrial activity of macrophages [60,61]. Our results demonstrate 
that Gold NPs can enhance the activity of B cells and, as a result, increase 
IgG and IgM production. These cases, along with promising outcomes of 
numerous conducted research that has used Gold NPs as carrier nano-
particles [22], validate its efficacy. That is why we’ve suggested and 
used Gold NPs-conjugated RBD as one of the crucial vaccine candidates. 

Due to the potentially low immunogenicity of some antigens, 
particular components named adjuvants are usually used during im-
munization or vaccination by some antigens. The utilization of adju-
vants can improve immunological tolerance as well [62,63]. Various 
substances, including organic ions, small molecules, and even some 
microbial-based materials, can be employed as adjuvants during im-
munization [64]. Freund’s Adjuvant, which counts as a mycobacterial 
substance, is a lipid component and one of the strongest adjuvants [65]. 
Two different forms of Freund’s Adjuvant known as CFA and IFA have 
various impacts on the immune system and stimulate diverse immuno-
logical responses. As an instant, CFA can activate antigen presentation 
pathways by dendritic cells and influence cellular immunity, while IFA 
has been proven to contribute to immunological tolerance induction 
[66,67]. It is reported that CFA seems to influence Th1 preferably and 
results in long-lasting immunity, while IFA is likely able to induce Th2 
and related mechanisms [63]. Th1 is responsible for the synthesis of 
IFN-γ and IL-12 and is commonly associated with cellular immunity 
[68]. In contrast, IL-4, IL-10, and IL-5 are produced by Th2, and this type 
of T cell is related to humoral immunity [69]. In this study, we employ 
CFA and IFA both to balance the cellular and humoral responses to 
candidate vaccines. CFA was utilized for the priming immunization, 
while for booster immunizations, IFA was injected to treatment groups. 

To recapitulate, two crucial topics (toxicity of GNPs and their pros 
against current solutions) need to be discussed. In terms of cytotoxicity, 
it is worth noting that GNPs toxicity on cells, remarkably immune cells 
such as dendritic cells (DCs), is primarily determined by their size and 
concentration [70]. To be precise, although smaller AuNPs have a more 
durable presence in blood circulation and better bio-distribution, they 
can much more easily penetrate cells and accumulate in cellular or-
ganelles, namely nuclei, causing deleterious impacts on DNA and cell 
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functionalization. On the other hand, it is testified that the increase of 
GNPs concentration in solution induces toxic effects on DCs [71,72]. The 
synthesized GNPs in this study were 50–60 nm in terms of size, and their 
concentration in injected solution was set to 100 μg/ml, which is highly 
safe for all cells, according to various articles [70–72]. 

To talk about the advantages of using nanotechnology over other 
existing solutions for vaccine production, it should be mentioned that 
amongst all type of traditional vaccines, subunit vaccine has gained lots 
of attraction currently due to their safety and easy production; however, 
easy degradation, acting as PAMP due to the lack of whole virus com-
ponents and low immunogenicity is some examples of its disadvantages 
[73,74]. In contrast, as our outcomes demonstrate, AuNPs have 
remarkable immunogenicity when used with an antigen enabling them 
to be applied as a robust antigen carrier or Adjuvant. Moreover, 
Nano-systems, particularly GNPs, are able to be used in various ways, 
including intranasal and intestinal, since they can pass through intesti-
nal space [75]. Having the high potential of being conjugated to DNA, 
RNA and protein [76], specific targeting and diminished adverse effects 
of off-target [77], sustained releasing of loaded compound [78], and 
remarkable effect for stimulating both humoral and cellular immune 
responses simultaneously [47] are the other pros of GNPs as a repre-
sentative of Nano-systems over other existing solutions for COVID-19 
vaccine synthesis [76]. These items show the importance of substitut-
ing old methods with novel strategies for vaccine production and 
highlight the affective impacts of GNPs over other solutions. 

5. Conclusion 

In short, we used two various candidate vaccines for immunization of 
BALB/c mice by employing the RBD sequence of the spike protein of 
SARS-CoV-2 as the main compound of both candidate vaccines. Our 
results showed that Gold NPs could be an appropriate Nano-carrier due 
to its unique properties and ability to improve antibody production 
enormously. We also utilized complete and incomplete Freund’s Adju-
vant to boost the immune responses, which caused robust cellular and 
innate immune responses (especially in cytokine production). Both 
candidate vaccines show promising and appropriate activity in immu-
nization against SARS-CoV-2. It should also be noted that RBD protein 
has a crucial rule in SARS-CoV-2 entry to host cells; therefore, vaccines 
that specifically render immunity against this part of spike protein may 
provide powerful immunity against COVID-19. This powerful immunity 
can be improved by applying Gold NPs and Freund’s Adjuvant. The 
results of our study could create new horizons for the use of nano-
particles in the production of the COVID-19 vaccine and while helping to 
control the pandemic, draw the attention of scientists to this critical 
issue. Despite all progress, there is still a great demand to study and 
instigate SARS-CoV-2 and its properties to control the current deadly 
pandemic. Future research should consider new candidate vaccines due 
to their essential role in controlling the COVID-19 pandemic. 
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