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A B S T R A C T   

The COVID-19 pandemic caused by SARS-CoV-2 seriously threatens global public health. It has previously been 
confirmed that SARS-CoV-2 is mainly transmitted between people through “respiratory droplets”. Therefore, the 
respiratory tract mucosa is the first barrier to prevent virus invasion. It is very important to stimulate mucosal 
immunity to protect the body from respiratory virus infection. Inspired by this, we designed a bionic-virus 
nanovaccine, which can induce mucosal immunity by nasal delivery to prevent virus infection from respira
tory tract. The nanovaccine that mimic virosome is composed of poly(I:C) mimicking viral genetic material as 
immune adjuvant, biomimetic pulmonary surfactant (bio-PS) liposomes as capsid structure of virus and the 
receptor binding domains (RBDs) of SARS-CoV-2 as “spike” to completely simulate the structure of the coro
navirus. The nanovaccine can be administered by inhaling to imitate the process of SARS-CoV-2 infection 
through the respiratory tract. Our results demonstrated that the inhalable nanovaccine with bionic virus-like 
structure has a stronger mucosal protective effect than routine muscle and subcutaneous inoculation. In 
particular, high titer of secretory immunoglobulin A (sIgA) was detected in respiratory secretions, which 
effectively neutralize the virus and prevent it from entering the body through the respiratory tract. Through 
imitating the structure and route of infection, this inhalable nanovaccine strategy might inspire a new approach 
to the precaution of respiratory viruses.   

1. Introduction 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
quickly spread around the world and caused serious social panic because 
of its high infectivity and higher fatality rate than ordinary influenza 
viruses.[1,2] Corona Virus Disease 2019 (COVID-19) has been listed as a 
pandemic by the WHO, resulted the developments of the effective vac
cine play a crucial role.[3–5] At present, several attempts have been 
made to the research and development of the COVID-19 vaccines, 
including inactivated vaccines, live attenuated vaccines, recombinant 
protein vaccines, vectored vaccines, DNA vaccines and RNA vaccines. 
[6–11] Most of these vaccines are already in pre-clinical studies, and 
some have even begun to be widely administered in the population. [12] 
FDA (Food and Drug Administration) have issued emergency use 
authorization for first COVID-19 vaccine, including Pfizer-BioNTech and 

Moderna vaccines.[13,14] Although these vaccines play an important 
role in preventing infection and transmission of the SARS-CoV-2, there 
are still some weaknesses.[15] For example, DNA vaccines based on 
viral vectors have the risk of integrating viral oncogenes into a subject’s 
genome and causing normal cell cancerization.[16] Although the safety 
of mRNA vaccine has been well guaranteed, whether the virus antigen 
expressed in vivo has the correct spatial structure and post-translational 
modification cannot be controlled.[17] If mRNA cannot guide the syn
thesis of viral structural proteins with the correct three-dimensional 
structure and group modification in vivo, it is difficult for mRNA vac
cine to activate effective protection against the SARS-CoV-2.[18] In 
addition, due to the fragility of mRNA molecules, it is necessary to 
modify the two ends of mRNA molecules, and maintain the extremely 
strict cold chain distribution and cryopreservation.[19] For recombinant 
protein vaccines represented by the receptor binding domain (RBD) 
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antigen of SARS-CoV-2, it is hard to effectively induce the immune 
response due to its relatively low molecular weight and simple structure. 
Moreover, it is worth mentioning that almost all of these vaccines are 
immunized by intramuscular, while the SARS-CoV-2 virus is transmitted 
through the respiratory tract, so it is difficult to effectively induce the 
mucosal immunity of the antiviral through these administration 
methods.[20] 

The transmission method of SARS-CoV-2 is similar to that of influ
enza virus, which mainly infects the body through the respiratory tract. 
[21] Therefore, the respiratory tract mucosa is the first line of defense to 
prevent respiratory virus from invading the human body.[22] In view of 
the unique infection and transmission mode of respiratory virus, which 
is different from hepatitis virus, HIV and rabies virus, the excitation of 
respiratory mucosal immunity is one of the most important ways to 
protect the body from virus infection.[21] Consider these characteristic, 
the recent rise of nasal delivery flu vaccine is expected to become a new 
therapeutic tool with great potential.[23–25] After mucosal immuni
zation induced by nasal delivery vaccine, the secretion of respiratory 
mucosa contains a large amount of secretory immunoglobulin A (sIgA), 
which can effectively neutralize the invading virus and make it unable to 
bind to the receptor cells.[26,27] Compared with nasal delivery, intra
muscular and subcutaneous injections are difficult to induce highly 
efficient mucosal immunity in subjects because the antigen does not pass 
through the respiratory mucosa. In addition, nasal delivery immunity 
can avoid pain and greatly reduce the risk of potential infection, which is 

easy for the subjects to accept. The Centers for Disease Control and 
Prevention (CDC) reported that some nasal delivery vaccines can ach
ieve the same titer of antibody in the blood as injectable vaccines, and 
approved the clinical use of nasal delivery influenza vaccine.[28,29] 
Inspired by these, we envisioned the method of nasal delivery to be used 
in COVID-19 vaccine. 

So far, researchers have synthesized nanoparticles with different 
structures and biological functions, including polymer particles,[30–32] 
micelles,[33,34] liposomes,[35] nanogels[36,37] and mesoporous ma
terial[38,39] for drug delivery. These nanoplatforms can help regulate 
immunostimulatory or immunosuppression by delivering and releasing 
antigens, adjuvants and immunomodulators. To stir up mucosal immu
nity in the respiratory tract, we designed a SARS-CoV-2 like virosome 
platform containing capsid, nucleic acid and spike protein. Here, we 
used a biomimetic pulmonary surfactant (bio-PS) layer mimetic “capsid” 
composed of DPPC/DPPG/DPPE-COOH/Chol.[40,41] And the outer 
layer of PS covalently linked RBD as the “spike protein” to form a 
virosome, which mimicked the structure of SARS-CoV-2, and played the 
role of aggregation and combination of RBD antigen, thus enhanced the 
immunogenicity of RBD.[42] Poly(I:C) is a synthetic double-stranded 
RNA, which can be used as the core genetic material of the virosome 
and induce innate immunity by stimulating Toll-like receptor 3 (TLR3) 
pathway.[43] This inhalable nanovaccine can get into alveolar macro
phages (AMs) and alveolar epithelial cells (AECs) with the help of sur
factant proteins A (SP-A) and D (SP-D) without damaging the pulmonary 

Fig. 1. (a) Schematic diagram of inhalable bionic-virus nanovaccine activating cellular immunity and humoral immunity of respiratory mucosa. (b) TEM images of 
bionic-virus particles. Scale bars, 200 nm. (c) Coomassie blue staining results of RBD protein. (d) The concentration of protein in the supernatant of the solution is 
detected by nanodrop. (e) The fluorophore-labeled RBD in free or particulate form binds to HEK-293T cells expressing hACE2. (f) The stability of bionic-virus 
particles in PBS at different temperatures, pH = 7.0, 0.2 mg/mL, PDI = 12–18%. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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surfactant to induce mucosal immunity (Fig. 1a).[44] In the process of 
mucosal immune excitation, the extracellular segment of polyclonal 
immunoglobulin receptor (pIgR) in epithelial cells combine with poly
clonal immunoglobulin A (IgA) produced by effector B cells to form sIgA 
in the mucosal surface, which neutralize viruses in the respiratory tract 
to prevent them from adhering to and invading recipient cells.[45] 
Intramuscular injection is the main route of administration for vaccines 
currently developed, but nasal delivery may be an attractive and more 
efficacious route.[46] The inhalable nanovaccine mimic the structure 
and invasion mode of SARS-CoV-2 as much as possible, and better 
induce the mucosal immunity of the inoculator. The importance and 
originality of this study are that it explores inhalable immunizations 
induce mucosal immunity more efficiently than injectable methods to 
neutralize SARS-CoV-2, which this inhalable nanovaccine strategy 
might inspire a new approach to the precaution of respiratory viruses. 

2. Experimental section 

2.1. Reagents and materials. 

Bionic PS layer liposome material including 1,2-dipalmitoyl-sn- 
glycero − 3-phosphocholine (DPPC), dipalmitoyl phosphatidylglycerole 
(DPPG), cholesterol, (2,3-Dioleoyloxy-propyl)-trimethylammonium 
(DOTAP) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- 
[methoxy(polyethyleneglycol)-1000]–COOH (DPPE-PEG1000-COOH) 
were bought from Sigma-Aldrich. Immune agonist Poly(I:C) was pur
chased from MedChemExpress. TNF-α, IL-6 and IFN- β (mouse) ELISA 
Kit and Commassie Blue Staining Kit were bought from AmyJet Scien
tific. SARS-CoV-2 (2019-nCoV) Spike pseudovirus and receptor binding 
domain (RBD) antigen were bought from Genomeditech (Shanghai) Co., 
Ltd. 

2.2. Synthesis of bionic-virus nanovaccine. 

Dissolve 13 mg DPPC, 2 mg DPPG, 2 mg DPPE-PEG-COOH, 1 mg 
cholesterol in 1 ml chloroform, dissolve poly(I:C) in 300 μl enzyme-free 
sterile water, sonicate under vacuum for 30 min, vacuum and evaporate 
to remove water molecules. Then, 1 ml PBS was added for hydration, 
and then sonicated for 15 min to obtain a bionic PS layer liposome (NN). 
Replace DPPG with DOTAP in the PN component, the specific synthesis 
process is the same as above. Add EDC (10 mg/ml) /NHS (10 mg/ml) to 
the bionic PS layer liposome solution, react for 15 min, add RBD protein 
(RBD: liposome = 2:1), stir at room temperature for 1 h to obtain bionic- 
virus nanovaccine. 

2.3. Characterization of bionic-virus nanovaccine. 

The particle size and zeta potential of bionic-virus nanovaccine was 
measured in a laser scatterometer (Zetasizer Nano ZS90. Malvern). The 
TEM experiment was performed in a JEOL electron microscope 
(JEM100CXII). The protein concentration in the solution is measured by 
Thermo NanoDrope 2000. RB release curve is measured by fluorescence 
spectrophotometer (RF-6000). The functional verification of the 
assembled RBD is by co-cultivating the assembled or unassembled RBD 
particles or free RBD with HEK-293T cells expressing hACE2 for 4 h, 
then washing them with PBS three times to measure the fluorescence 
content in the cells. All RBD proteins are labeled with GFP. 

2.4. Mouse specific antibody detection and neutralization test of 
pseudovirus. 

Antibody detection adopts indirect ELISA method. In short, RBD 
protein (1 μg/ml) was coated on the well plate and stored overnight at 4 
℃. The serum and lung lavage fluid of each group were diluted and 
added into the pre-coated well plate for incubation at 37 ℃ for 30 min. 
Next, the enzyme labeled anti antibody was added and incubated for 30 

min. Add TMB color liquid to incubate in the dark for 15 minutes. 
Finally, the stop solution was added, and the absorbance was measured 
the absorbance at 450 nm with a microplate reader. In the pseudovirus 
neutralization test, mouse serum or BALF was diluted in different mul
tiples, incubated with GFP labeled pseudovirus for 30 min, and then 
added to hACE2/HEK-293T cells. After 48 h of co-cultivation, the 
intracellular fluorescence content was measured to verify the protective 
effect of the serum or BALF against pseudovirus. 

2.5. Animal experiment. 

To evaluate the in vivo immune stimulation of the vaccine, C57BL/6 
female mice (5–6 weeks, SPF level) were purchased from Huafukang, 
China. Cationic liposome DOTAP was used as a transfection reagent to 
encapsulate the hACE2 plasmid, which was dripped from the nasal 
cavity to transfect the mouse respiratory tract to construct an hACE2 
mice model. All experiments related to the pseudovirus were completed 
in the P2 laboratory. All the animal experiments involved in this work 
were approved by the Animal Ethics Committee of Tianjin University. 

3. Results and discussion 

3.1. Generation and characterization of inhalable bionic-virus 
nanovaccine. 

The pulmonary surfactant layer (PS) is a mixture of lipid and protein 
secreted by type II alveolar epithelial cells (AEC II), which forms a strong 
barrier to separate the external air from the alveolar epithelium and 
prevent nanoparticles and hydrophilic molecules from entering alveolar 
epithelial cells (AECs). Therefore, the delivery of nanovaccine to AECs 
remains a substantial challenge. We used the biomimetic pulmonary 
surfactant (bio-PS) layer composed of DPPC/DPPG/DPPE-COOH/Chol 
as the delivery carrier with the help of surfactant proteins A (SP-A) 
and D (SP-D), the bio-PS layer liposomes can enter into AECs without 
damaging the pulmonary surfactant to induce mucosal immunity. 
Inspired by the structure of SARS-CoV-2, the virosome formed by bio-PS 
layer liposomes encapsulating poly (I:C) were prepared by reverse-phase 
evaporation, and had a particle size of about 110 nm (Figure S1). RBD 
that binds to host susceptible cells is regarded as promising antigens for 
many recombinant-protein-based COVID-19 vaccine candidates.[47,48] 
RBD could be connected with DPPC-COOH in the liposome under the 
catalysis of EDC/NHS, thereby connecting to the liposome surface to 
form the spike protein of the bionic virion. The hydrodynamic diameter 
of the assembled bionic-virus liposome is about 154 nm, which is close 
to the size of a real virus (Figure S1). As shown in Fig. 1b, bionic-virus 
particles had a spike structure similar to SARS-CoV-2. RBD band was 
found in the assembled biomimetic liposomes, which proved that RBD 
protein was successfully assembled on the liposomes (Fig. 1c). In order 
to verify the assembly efficiency of RBD protein, we detected the protein 
concentration of liposome supernatant, initial RBD protein solution, and 
the supernatant of the solution after the assembly of RBD protein and 
liposome (Fig. 1d). After calculation, the RBD protein loading rate was 
about 84%. In addition, the amide bond formed by EDC/NHS reaction 
was checked by fourier transform infrared spectrometer (FTIR), which 
proved that the connection between protein and particles was stable 
(Figure S2). Subsequently, in order to confirm that the assembled RBD 
still binds to angiotensin-converting enzyme 2 (ACE2), the receptor of 
SARS-CoV-2, the RBD assembled/unassembled liposomes or free RBD 
were co-cultured with hACE2/HEK-293T cells, which expressing human 
ACE2 (hACE2) protein. As shown in Fig. 1e, the RBD uptake of RBD 
liposome group was the highest, which indicated that the assembled 
RBD still had complete structure and could bind to hACE2. Due to the 
granulation caused by assembly, the binding effect of RBD was stronger. 

We next investigated the stability and release efficiency of bionic- 
virus particles. Under the condition of pH = 7.0, the bionic-virus par
ticles had no significant change in particle size at different temperatures, 
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and maintained good stability within 15 days (Fig. 1f). Bionic-virus 
particles also had excellent stability in different buffers (pH = 7.0) 
(Figure S3). The surface of the bionic virus particles was negatively 
charged and remained stable for two weeks (Figure S4). In addition, we 
measured the second virial coefficient A2 of the bionic-virus particles 
solution (Figure S5). The value of A2 was greater than zero, indicating 
that intermolecular repulsion is dominant and macromolecular aggre
gation will not occur. These results indicated that the bionic-virus par
ticles were stable in solution. However, bionic-virus particles were 
unstable under acidic conditions (pH = 5.0), and liposomes increase in 
particle size (Figure S6). Subsequently, we studied the release of lipo
somes under simulated lysosome environmental conditions. Water sol
uble rhodamine B (RB) was encapsulated in liposomes and its release 
was examined in PBS with pH = 5.0 by recording intensity changes of 
the fluorescence absorption intensity in the supernatant of the solution 
(Figure S7). As time increased the released amount of RB also increases, 
and the released amount reaches the maximum at 5 h. 

The negatively charged liposome was closest to the pulmonary 

surfactant (PS) layer in lipid composition and charge.[41] We synthe
sized positive liposome as a control group to study the absorption of the 
two liposomes by the macrophages. The main difference between the 
two was that the liposome surface carries the opposite potential 
(Figure S8), therefor, we called the two liposomes negative liposome 
(NL) and positive liposome (PL). Except that the negative DPPG in the 
liposome component was replaced by the positive DOTAP, the other 
components of NL and PL were identical. As Figure S9 shown that the 
internalization of NL in RAW 246.7 was less than that of positively 
charged PL, which might be explained by the lack of surfactant proteins 
A and D under in vitro culture conditions. Therefore, next we purified PS 
from BALF and incubated it with the liposomes for 45 min before adding 
them to RAW 264.7. After treatment, the endocytosis of NL is signifi
cantly increased, while the endocytosis of PL has little change. It can be 
concluded that NL needs to rely on surfactant protein A and D to enter 
macrophages. Flow cytometry was used to detect the amount of 
rhodamine fluorescence absorbed by mouse alveolar macrophages (AM) 
after nasal delivery for 5 h (Figure S10). The results of in vivo 

Fig. 2. Verification of immune excitation performance of bionic-virus nanovaccine in vitro. (a) Schematic diagram of TLR3 signaling pathway activation. (b) Western 
blot results of phosphorylated IRF-3 protein. (c) The activation of INF-β in HEK-293 T cells through dual-luciferase reporter assay system. (d, e) Secretion levels of 
TNF-α (d) and IL-6 (e) in RAW 246.7 cells. (f) Statistic analysis of CD80+ F4/80+ cells in RAW 246.7 cells after 24 h of different treatments. (g) Representative flow 
cytometric analysis of CD80+ and F4/80+ of (f). 

B. Zheng et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 418 (2021) 129392

5

experiments were also consistent with cell experiments. Next, we co- 
cultured the bionic-virus particles with dendritic cells (DCs) for 24 h. 
Figure S11 showed that the bionic-virus nanovaccine has good cell 
compatibility without causing cell death. The MTT experiment also got 
the same result (Figure S12). In DCs and macrophages, the toxicity of the 
bionic-virus nanovaccine was very small, and there was no damage to 
the cells. 

3.2. Verification of immune activation performance of inhalable bionic- 
virus nanovaccine in Vitro. 

Interferon is a cytokine protein that can activate human immune 
cells, effectively interfere with virus replication, and enhance the host’s 
defenses.[49–51] Toll-like receptor 3 (TLR3) signaling pathway plays a 
very important role in the antiviral immune response.[52] The activa
tion of TLR3 signaling pathway can induce the production of IFN-β, 
which can trigger a further antiviral response by binding to the 

Fig. 3. The immune activation effect of bionic-virus nanovaccine in vivo. (a) Experimental flowchart in C57BL/6 mice. (b-d) Secretion levels of IFN-β (b), TNF-α (c) 
and IFN-γ (d) in BALF. (e) Immunofluorescence staining photographs of lung sections. Scale bars, 100 μm. (I: PBS, II: Poly(I:C), III: PL-Poly(I:C), IV: NL-Poly(I:C), V: 
PL-Poly(I:C)/RBD, VI: NL-Poly(I:C)/RBD). 
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interferon receptor.[53] Poly (I:C), a synthetic analog of double- 
stranded RNA, is a “natural” stimulator of TLR3 signaling pathway. 
[54] After TLR3 signaling pathway is activated, interferon regulatory 
factor 3 (IRF3) is phosphorylated by TANK-binding kinase 1 (TBK1), 
which initiates the expression of interferon in cells (Fig. 2a). Therefore, 
we used poly (I:C) as an immune activator, packaged in liposomes, 
which was also completely mimics the RNA genetic material in the 
coronavirus capsid. After 24 h of different treatments, we examined the 
activation of TLR3 pathway by western blot (Fig. 2b). In the NL group 
with PS, the phosphorylated IRF-3 protein band was the most obvious. 
We also checked the activation of TLR-induced IFN-β in HEK-293 T cells 
through dual-luciferase reporter assay system (Fig. 2c). Likewise, type I 
interferon produced the most amount in NL group with PS, indicating 
that with the help of SP-A and SP-D, the biomimetic virus particles can 
significantly improve the immune activation efficiency of the TLR3 
signaling pathway. 

Subsequently, we explored the effect of bionic-virus nanovaccine on 
macrophage activation in vitro. We detected the amount of TNF-α 
(Fig. 2d). and IL-6 (Fig. 2e) in the supernatant of RAW 264.7 cells after 
24 h incubation by ELISA. The results showed that the bionic-virus 
nanovaccine stimulated macrophages to release cytokines in vitro. 
Especially in the group with PS, the stimulation effect was more obvious, 
which might be due to the presence of PS that promoted the absorption 
of NL by RAW 264.7 and enhances their immune activation. The 
immunofluorescence images of macrophages after 24 h of different 
treatments could be seen intuitively that, consistent with the ELISA re
sults, the immune stimulation effect of the NL with PS group was the 
most obvious (Figure S13). Compared with free poly (I:C), the immune 
stimulation degree of PL group and NL group increased to a certain 
extent. After adding PS, the activation efficiency of NL group was 
obviously improved. But for PL group, adding PS had little effect on the 
activation efficiency. In order to explore whether the bionic-virus 
nanovaccine can activate immunity in other APC cells, we selected DC 
2.4 for in vitro cell experiments. As shown in Figure S14 and S15, the NL 
with PS group activated DCs to produce the largest amount of TNF-α and 
IL-6. Subsequently, we further checked the activation of macrophages 
and DCs by flow cytometry. The results of flow cytometry showed that 
the immune activation of the NL and PS groups was the highest, ten 
times that of the blank group and seven times that of the no PS group 
(Fig. 2f, 2 g). Moreover, we also got similar results in DCs (Figure S16). 

3.3. Immune excitation of inhalable bionic-virus nanovaccine in Vivo. 

Since the immune activation performance of the inhalable bionic- 
virus nanovaccine had been proven in vitro, we speculated that it 
could also achieve similar immune effect in vivo. At the same time, we 
used free poly (I:C) and positively charged PL as control. The immuni
zation process of bionic-virus nanovaccine in mice was shown in the 
Fig. 3a. C57BL/6 mice aged 5–6 weeks were intranasally immunized 
with bionic virus nano vaccine, and the booster immunization was 
carried out on the third day. The third immunization was performed half 
a month after the first immunization. For each immunotherapy, 50 μl of 
the nanovaccine was inhaled via the nasal route. On the third day after 
the end of immunization, we collected the mouse’s trachea, lung and 
BALF to check the mouse’s respiratory tract immune activation. In 
antiviral immunity, IFN played a vital role, especially type I IFN could 
protect the body well and prevent viral infection. Therefore, we tested 
the IFN-β content in BALF, consistent with the experimental results in 
vitro, the group produced the most IFN-β, which meant that NL-RBD had 
the best protection performance (Fig. 3b). We detected the expression of 
cytokines including TNF-α and IFN-γ in BALF to further explore the 
degree of immune activation by ELISA. The increase in cytokines value 
reflected the activation of AMs (Fig. 3c, 3d). Immunofluorescence 
staining of lung sections showed that the expression levels of macro
phage marker CD80 and F4/80 of RBD protein conjugated NL group 
were significantly increased (Fig. 3e). 

Next, we used flow cytometry to detect APCs activation in various 
parts of mice. F4/80 is a mature mouse macrophage marker. As shown in 
Fig. 4a and 4b, the amount of F4/80+ AMs in BALF activated by NL-RBD 
was 17 times that of free poly (I:C), was 2.3 times that of PL-RBD. The 
immune activation effect of AMs in the group lacking RBD protein was 
not obvious. Free poly (I:C) did not produce a strong immune stimula
tion effect in lung macrophages, which may be due to the instability of 
poly(I:C) as a double-stranded RNA analog in vivo. Compared with NL 
group, the PL group was less absorbed by AMs, so its immune activation 
was relatively weak. The group without RBD protein conjugate, because 
of the lack of antigen protein, the immune activation effect was also 
limited. For tracheal epithelial cells, the activation of F4/80+ AMs in NL- 
RBD group was also the most obvious (Figure S17). The differentiation 
of macrophages in mediastinal lymph nodes (MLNs) also showed the 
analogous trend (Figure S18). Next, we tested the activation of DCs in 
MLNs. The CD86+ DCs in the NL-RBD group were nearly seven times 
higher than that of the control group (Figure S19), and the CD11c+ DCs 
were more than three times that of the control group (Fig. 4c, 4d). The 
activation of mature DC marker CD86 and DC marker CD11c indicated 
that the antigen presentation of DCs was enhanced. DCs also had a weak 
activation effect in BLAF (Figure S20 and S21). In tracheal epithelial 
cells, the activation of DCs was more significant (Figure S22 and S23). 

CD4+ T is mainly expressed by helper T (Th) cells and was the re
ceptor for Th cell TCR to recognize antigens. It bound to the non- 
polypeptide region of MHC II molecules and participates in Th cell 
TCR recognition of antigens process.[55] The increase of CD4+ T cells in 
BALF in the NL-RBD group proves that the occurrence of antigen pre
sentation and further helped B cells to produce antibodies (Fig. 4e, 4f). 
For tracheal epithelial cells, CD4+ T cells were also activated in the NL- 
RBD group (Figure S24). At the same time, the activation of CD8+ T cells 
in BALF was examined (Figure S25 and S26). CD8+ T cells also called 
cytotoxic T cells, have the function of killing target cells infected with a 
virus.[56] CD8+ T cells activated by NL-RBD were also significantly 
higher than other groups, indicating that the system for killing antigens 
has been excitated. In order to detect T cells RBD antigens specific, we 
isolated spleen cells from immunized mice for cell proliferation test 
(Figure S27). MTT results showed that compared with the control group, 
the addition of RBD protein caused obvious cell proliferation. Next, we 
analyzed the splenocytes treated with different methods by flow 
cytometry (Figure S28). The proportion of CD4+ T and CD8+ T cells 
increased significantly after RBD stimulation (Figure S29 and S30). 
These results indicated that the body has induced the specific immune 
response to RBD antigen of SARS-CoV-2 after the treatment of inhalable 
bionic virus nanovaccine, but has no adaptive immune response to other 
components of the vaccine. 

Antibodies are that B lymphocytes transform into plasma cells under 
the stimulation of antigens, and produce antibodies that can specifically 
bind to the corresponding antigens. Therefore, the activation of B cells is 
essential for the production of antibodies to neutralize the incoming 
virus. We detected the B cells makers CD138 and CD45 in the mouse 
spleen by flow cytometry (Fig. 4g and Figure S31). The amount of 
CD138+ B cells increased slightly in the PL-RBD group, but increased 
more in the NL-RBD group. NL-RBD group was more easily absorbed by 
AMs, so the NL-RBD group had stronger immune activation. CD138+ B 
cells were also weakly activated in the BALF (Figure S32). NL-RBD also 
activated central memory T cells (Tcm) in BALF (Figure S33). CD62L 
and CD44 as markers of Tcm stained with PE anti-CD62L and APC anti- 
CD44, respectively. Then, we detected the immunoglobin G (IgG) titer in 
the blood of mice (Fig. 4h). Consistent with the results of CD138+ B cells 
activation, the titer of IgG in the blood of the NL-RBD group was highest. 
These results proved that the experimental group had the strongest 
immune activation effect. Due to the unique way of nasal delivery of 
bionic-virus nanovaccine, it can stimulate the body’s strong mucosal 
immunity and activate high titer sIgA in BALF (Fig. 4i). The function of 
antibody was evaluated by pseudovirus neutralization test (Fig. 4j). 
Compared with other groups, NL-RBD group serum could effectively 
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inhibit virus entry. These results suggested that NL-RBD could excite 
mucosal immune system of respiratory and produced large amounts of 
sIgA, which could neutralize pathogens. Since the main transmission 
route of SARS-CoV-2 was respiratory droplets, the activation of mucosal 
immunity and the production of sIgA might be more effective in pro
tecting the body. 

Next, we verified the safety of the vaccine in vivo. After vaccination, 
the blood creatinine value remained in the normal range, indicating that 
the kidney functions of the mice were not impaired (Figure S34). The 
morphology of the blood cells of the mice in each group also remained 
normal (Figure S35). The H&E section showed that there was no 
inflammation in the mouse heart, liver, spleen, lung and kidney, indi
cating that the vaccine has excellent biocompatibility (Figure S36). 

3.4. The protection of inhalable bionic-virus nanovaccine against virus 
attack. 

In order to verify the protective effect of the vaccine after the virus 
challenge, we transfected hACE2 plasmid with cationic reagents into the 
mouse respiratory tract by nasal administration to form SARS-CoV-2 
susceptible mice on the fifth day after three immunizations. Trans
fection of hACE2 plasmid once a day for two consecutive days. On the 
third day after plasmid transfection, mice were challenged with pseu
dovirus by nasal delivery, which was a replication-defective virus based 

on the HIV lentivirus packaging system based on the spike protein of 
SARS-CoV-2 as the pseudovirus spike protein, and had no pathogenic 
ability. And on the third day after pseudovirus challenge, the mice were 
dissected and analyzed (Fig. 5a). Compared with the control group, the 
secretion of TNF-α (Fig. 5b) and IFN-γ (Fig. 5c) in BALF of NL-RBD group 
was significantly increased after the mice were challenged with pseu
dovirus, indicating that the immune system was activated. And in wild- 
type (WT) mice, the secretion of cytokines was slightly lower than that 
of modified mice, but there was a similar trend among the groups. Type I 
INF is essential for inhibiting virus replication and modulating the 
antiviral immune response, so we detected the amount of INF-β (Fig. 5d) 
in BALF by ELISA. INF-β is produced most in the NL-RBD group. In other 
words, the NL-RBD group had a stronger ability to resist SARS-CoV-2 
and prevent virus invasion. 

Since AMs in the lungs are activated first, we checked the activation 
of AMs in BALF of each group of mice by flow cytometry (Fig. 5e, 5f). 
Both of WT mice and hACE2 mice, the activation of AMs was the most 
obvious in the NL-RBD group after virus challenge, and there was little 
difference in activation degree of two type mice. A possible explanation 
for this might be that whether the mice were susceptible to SARS-CoV-2, 
AMs had similar immune effects to antigens. Macrophages in tracheal 
epithelial cells also weakly differentiate (Figure S37). The following, we 
checked the immune activation in the MLNs of the mice. The activation 
of CD86+ DCs (Fig. 5g and S38) in the NL-RBD group was more than 

Fig. 4. APC activation and antibody production after bionic-virus nanovaccine in vivo. (a) Representative flow cytometry analysis images of F4/80+CD80+ cells in 
BALF. (b) Relative quantification of F4/80+CD80+ cells in BALF. (c) Representative flow cytometric analysis images of CD11c+CD103+ DCs in mediastinal lymph 
nodes (MLNs). (d) Relative quantification of CD11c+CD103+ DCs in MLNs. (e) Representative flow cytometric analysis images of CD4+CD3+ T cells in BALF. (f) 
Relative quantification of CD4+CD3+ T cells in BALF. (g) Relative quantification of CD138+CD45+ B cells in spleens. (h) Anti-RBD IgG titer. (i) Anti-RBD sIgA titer. (j) 
PsV IC50 inhibition titer of serum. (I: PBS, II: Poly(I:C), III: PL-Poly(I:C), IV: NL-Poly(I:C), V: PL-Poly(I:C)/RBD, VI: NL-Poly(I:C)/RBD). 
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three times that of the control group, and the activation of CD11c+ DCs 
(Fig. 5h and S39) was dozens of times that of the control group. The 
activation of lymph node macrophages also showed the same trend, F4/ 
80+ cells in the NL-RBD group are 60 times that of the control group in 
hACE2 mice (Figure S40). And compared with WT mice, the activation 
trend of APC cells in the MLNs of hACE2 mice was more obvious. This 
might be due to the susceptibility of hACE2 mice making the virus easier 
to recognize by cells, exciting the process of antigen presentation, 

leading to stronger immune stimulation. 
Mature T cells are distributed through the bloodstream to settle in 

the thymus-dependent areas of peripheral immune organs, and could be 
recirculated through lymphatic vessels, peripheral blood and tissue 
fluid, etc., to exert immune regulation functions. We further tested the 
effect of NL-RBD on cellular immunity in two kinds of mice. CD4+ T cells 
were partially activated in the PL-RBD group in hACE2 mice, and the 
CD4+ T cells in the NL-RBD group had the highest degree of activation 

Fig. 5. The immune activation function after pseudovirus challenge in WT mice and hACE2 mice models. (a) Experimental flowchart in C57BL/6 mice. (b-d) 
Secretion levels of TNF-α (b), IFN-γ (c) and IFN-β (d) in BALF of WT mice and hACE2 mice. (e) Representative flow cytometric analysis images of F4/80+CD80+ AMs 
in BALF of WT mice and hACE2 mice. (f) Relative quantification of F4/80+CD80+ AMs in BALF of WT mice and hACE2 mice. (g) Relative quantification of 
CD86+CD80+ DCs in MLNs of WT mice and hACE2 mice. (h) Relative quantification of CD11c+CD103+ DCs in MLNs of WT mice and hACE2 mice. (I: PBS, II: Poly(I: 
C), III: PL-Poly(I:C), IV: NL-Poly(I:C), V: PL-Poly(I:C)/RBD, VI: NL-Poly(I:C)/RBD). 
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(Fig. 6a, 6b). And it could be noticed that the proportion of CD4+ T cells 
in the WT group was significantly lower than that in the hACE2 group. In 
addition, the activation of CD8+ T cells was similar (Figure S41). 
Although the NL-RBD group in WT mice could also activate CD8+ T cells, 
the activation efficiency was much lower than that in hACE2 mice. Then, 
we checked the central memory T cell (Tcm) differentiation in MLNs 
(Figure S42). Tcm is a T lymphocyte with long-term memory produced 
by naive T Cell after antigen activation, and home to lymph nodes to 
receive antigen re-stimulation. Even if only a small number of memory T 
cells can rapidly differentiate into effector T cells under the action of a 
small number of antigen stimulation or costimulatory molecular signals, 
so as to effectively eliminate the invading virus. Therefore, Tcm plays a 
crucial role in the immune memory of cellular immunity. NL-RBD 
caused the activation of Tcm cells in both WT mice and hACE2 mice, 
but the activation effect was stronger in hACE2 mice. This proved that 
NL-RBD could very well stimulate the immune memory effect in sus
ceptible mice. 

Following, we checked the humoral immune activation in each 
group of mice by flow cytometry and ELISA. B lymphocytes could 
differentiate into plasma cells under antigen stimulation, and plasma 
cells could synthesize and secrete antibodies, which mainly performed 
the body’s humoral immunity. As shown in Fig. 6c and 6d, the propor
tion of CD138+ B cells in spleen of NL-RBD group increased significantly 

in both WT and hACE2 mice. In hACE2 mice tracheal epithelial cells, B 
cells also differentiated significantly, with the same differentiation trend 
as in the spleen (Figure S43). Increased proportion of CD138+ B cell 
results demonstrated that humoral immunity was activated. Then, we 
detected the secretion of IgG in mouse blood (Fig. 6e) and sIgA in BALF 
(Fig. 6f). NL-RBD treatment induced high titers of IgG and SIgA against 
RBD. These results suggested that the vaccine has the potential to pro
tect mice from virus infection. The body weights of WT and hACE2 mice 
after pseudovirus challenge (mice challenged with pseudovirus on day 
0) were kept within a stable range (Fig. 6g and 6 h). And at the same 
time, the blood creatinine value of hACE2 mice was checked 
(Figure S44). The creatinine values of the mice in each group of mice 
remained at a normal level and did not cause infection, further indi
cating the safety of the vaccine. 

3.5. Immune activation by different administration routes of bionic-virus 
nanovaccine. 

Notably, SARS-CoV-2 is mainly transmitted through the respiratory 
tract, so we speculate that the activation of mucosal immunity can 
effectively prevent the infection and spread of SARS-CoV-2. We 
compared the differences in immune activation and body protection of 
several different administration routes (Fig. 7a). We used the methods of 

Fig. 6. Initiation of immune memory after pseudovirus challenge in WT mice and hACE2 mouse models. (a) Representative flow cytometric analysis images of 
CD4+CD3+ T cells in BALF of WT mice and hACE2 mice. (b) Relative quantification of CD4+CD3+ T cells in BALF of WT mice and hACE2 mice. (c) Representative 
flow cytometric analysis images of CD138+CD45+ B cells in spleen of WT mice and hACE2 mice. (d) Relative quantification of CD138+CD45+ B cells in spleen of WT 
mice and hACE2 mice. (e) Anti-RBD IgG titer in blood of WT mice and hACE2 mice. (f) Anti-RBD sIgA titer in BALF of WT mice and hACE2 mice. (g,h) Body weight of 
WT (g) and hACE2 (h) mice during the one month evaluation period. (I: PBS, II: Poly(I:C), III: PL-Poly(I:C), IV: NL-Poly(I:C), V: PL-Poly(I:C)/RBD, VI: NL-Poly(I: 
C)/RBD). 
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intramuscular injection (50 μl NL-RBD), intraperitoneal injection (50 μl 
NL-RBD) and nasal delivery (50 μl NL-RBD) to immunize hACE2 mice 
three times. In the PBS group, the same volume of PBS was dripped into 
the nasal cavity. The first immunization was three days apart from the 
second, and the third immunization was performed half a month after 
the first immunization. Three days after the end of the immunization, 
lungs of each group mice were collected and performed section immu
nostaining (Fig. 7b). Only the nasal delivery group had the strongest 
expression of CD80+ and F4/80+, and the intramuscular injection and 
intraperitoneal injection group had little change compared with the 
control group. And one week after the end of the immunization, we used 
pseudovirus of SARS-CoV-2 to challenge the mice and checked the re
sults of immune activation in the mice. We detected the secretion of 
cytokines in BALF by ELISA, the nasal delivery group had the strongest 
activation of TNF-α (Fig. 7c) and IFN-γ (Fig. 7d). For IFN-β, which had 
the significant antiviral effect, was the highest in the nasal delivery 
group (Fig. 7e). Next, we checked the differentiation of macrophages in 
BALF (Fig. 7f and S45). The activation of macrophages in the nasal de
livery group was nearly five times that of the intramuscular injection 
and intraperitoneal injection groups, that showed nasal delivery 

activated the respiratory immune system well. 
Then, we checked the activation of CD86+ DCs (Figure S46) and 

CD11c+ DCs (Figure S47) in the tracheal epithelial cells. The activation 
of DCs in the tracheal epithelial cells in the intramuscular injection and 
intraperitoneal injection groups was weak. The activation of DCs in 
BALF showed the same trend, the nasal delivery group had the highest 
proportion of CD103+CD11c+ DCs (Figure S48). Nasal delivery could 
well activate DCs and stimulate respiratory mucosal immunity. Nasal 
delivery could also stimulate the differentiation of CD4+ T cells in the 
BALF (Fig. 8a, 8b) and tracheal epithelial cells (Figure S49). The 
increased activation of CD4+ T cells could promote humoral immune 
activation, which was beneficial to the production of neutralizing anti
bodies. Afterward, we checked the differentiation of Tcm in BALF 
(Fig. 8c). As shown in Fig. 8d, the activation efficiency of nasal delivery 
group is more than ten times that of the other two immune routes. The 
differentiation trend of Tcm cells in tracheal epithelial was the same as 
that in BALF (Figure S50), nasal delivery could well activate respiratory 
mucosal immunity and form immune memory. At the same time, we 
checked the activation of B cells in the spleen (Fig. 8e, 8f), and the 
activation efficiency of the nasal delivery group was significantly higher 

Fig. 7. Influence of different administration routes on the immune effect of bionic-virus nanovaccine. (a) Schematic diagram of grouping mice with different 
administration methods. (b) Immunofluorescence staining of lung sections. Scale bars, 100 μm. (c-e) Secretion levels of TNF-α (c), IFN-γ (d) and IFN-β (e) in BALF. (f) 
Relative quantification of F4/80+CD80+ AMs in BALF. (I: PBS, II: Intramuscular Injection, III: Intraperitoneal Injection, IV: Nasal Delivery). 
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than that of the other groups, indicating that the vaccines could effec
tively induce humoral immunity. 

Finally, the protective effects of different inoculation methods were 
discussed. The IgG titer in the blood of the nasal delivery group was 
similar to the intramuscular injection and intraperitoneal injection 
groups (Fig. 8g). However, the sIgA titer in the BALF of the nasal de
livery group was hundreds of times of the intramuscular injection and 
intraperitoneal injection groups (Fig. 8h). Under pseudovirus challenge, 
nasal delivery could activate mucosal immunity more quickly to pro
duce more sIgA to protect the body. The results of the pseudovirus 
neutralization experiment proved that BALF of the nasal administration 
group has the best effect in inhibiting pseudovirus infection, showcasing 
its potential in the prevention of SARS-CoV-2 (Fig. 8i). In addition, 
compared with other groups, the sIgA protection time of nasal delivery 
group was the longest, lasting at least five months (Fig. 8j). The blood 
creatinine value of each group of mice was in the normal range 
(Figure S51). And the body weight change curve of mice (the mice were 
challenged with pseudovirus on day 0) showed that the body weight of 
each group of mice was at normal level (Figure S52). The results of H&E 
staining of main organs also showed that there was no inflammation 
(Figure S53). Taken together, these results suggested that the safety of 

the inhalable bionic-virus nanovaccine used in vivo. 

4. Conclusion 

This study was undertaken to design an inhalable bionic-virus 
nanovaccine for nasal delivery to induce mucosal immunity response 
and improve the effectiveness of the COVID-2019 vaccine. Since the 
main route of SARS-CoV-2 transmission is respiratory droplets, the 
excitation of respiratory mucosal immunity is vitally important for the 
prevention of virus. The inhalable nanovaccine has a structure similar to 
that of SARS-CoV-2, including nucleic acid (Ploy I:C), capsid (bio
mimetic PS layer liposomes), and spike protein (RBD), and is adminis
tered through nasal delivery to simulate the virus infection process. Poly 
(I:C) can trigger the secretion of a variety of immune-activated cytokines 
by stimulating TLR signaling pathway, and further help RBD to mature 
DCs, helper T cells and B cells. Compared with the hACE2 mice vacci
nated intramuscularly and intraperitoneally, mice administered nasally 
inspired better mucosal immunity response capacity and produced high 
titer sIgA against SARS-CoV-2 in the respiratory mucosal. The results of 
virus challenge experiment indicated that the inhalable nanovaccine 
strategy could play an excellent protective effect in the body. Although 

Fig. 8. Immune protection of different administration routes of bionic-virus nanovaccine. (a) Representative flow cytometric analysis images of CD4+CD3+ T cells in 
BALF. (b) Relative quantification of CD4+CD3+ T cells in BALF. (c) Representative flow cytometric analysis images of CD44+CD62L+ TCM cells in BALF. (d) Relative 
quantification of CD44+CD62L+ TCM cells in BALF. (e) Representative flow cytometric analysis images of CD138+CD45+ B cells in spleen. (f) Relative quantification 
of CD138+CD45+ B cells in spleen. (g) Anti-RBD IgG titer. (h) Anti-RBD sIgA titer. (i) PsV IC50 inhibition titer of BALF. (j) Anti-RBD sIgA titer of mice during the five 
months evaluation period. (I: PBS, II: Intramuscular Injection, III: Intraperitoneal Injection, IV: Nasal Delivery). 
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we have achieved a pleasing effect, further studies need to be carried out 
in order to validate the preventive effect of inhalable bionic-virus 
nanovaccine against wild type SARS-CoV-2 infection in non-human 
primate for closer to the process of human infection with the virus 
before the clinical trial. According to our preliminary results, in contrast 
to traditional injectable vaccines, the inhalable nanovaccine can better 
inspire respiratory mucosal immunity and secrete large amounts of sIgA 
on the mucosal surface as a barrier against virus invasion, as well as 
avoid pain and potential infection. Hence, the strategy of nasal immu
nization with inhalable bionic-virus nanovaccine strategy that may 
possess wider application potential for respiratory infectious disease 
against many emerging pandemics. 
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