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Abstract
Background  Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), with different antigenic variants, has 
posed a significant threat to public health. It is urgent to develop inhalable vaccines, instead of injectable vaccines, to 
elicit mucosal immunity against respiratory viral infections.

Methods  We reported an inhalable hybrid nanovaccine (NVRBD-MLipo) to boost protective immunity against SARS-
CoV-2 infection. Nanovesicles derived from genetically engineered 293T cells expressing RBD (NVRBD) were fused with 
pulmonary surfactant (PS)-biomimetic liposomes containing MPLA (MLipo) to yield NVRBD-MLipo, which possessed 
virus-biomimetic structure, inherited RBD expression and versatile properties.

Results  In contrast to subcutaneous vaccination, NVRBD-MLipo, via inhalable vaccination, could efficiently enter 
the alveolar macrophages (AMs) to elicit AMs activation through MPLA-activated TLR4/NF-κB signaling pathway. 
Moreover, NVRBD-MLipo induced T and B cells activation, and high level of RBD-specific IgG and secretory IgA (sIgA), 
thus elevating protective mucosal and systemic immune responses, while reducing side effects. NVRBD-MLipo also 
demonstrated broad-spectrum neutralization activity against SARS-CoV-2 (WT, Delta, Omicron) pseudovirus, and 
protected immunized mice against WT pseudovirus infection.

Conclusions  This inhalable NVRBD-MLipo, as an effective and safe nanovaccine, holds huge potential to provoke 
robust mucosal immunity, and might be a promising vaccine candidate to combat respiratory infectious diseases, 
including COVID-19 and influenza.
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Introduction
Coronavirus disease 2019 (COVID-19), caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
with different antigenic variants, has spread rapidly 
around the world, thus threatening public health, finan-
cial and social systems [1–3]. Respiratory tract is the 
primary site of SARS-CoV-2 transmission, where SARS-
CoV-2 enters the host cells through viral spike (S) pro-
tein binding to angiotensin-converting enzyme 2 (ACE2) 
receptor [4–6]. Therefore, it is believed that introduction 
of mucosal immunity as the first-line of defense is essen-
tial for effective resistance to SARS-CoV-2 infection. 
However, multiple approved COVID-19 vaccines, such 
as inactivated virus vaccines [7], recombinant protein 
subunit vaccines [8, 9], and messenger (mRNA) vaccines 
[10], are suboptimal in producing secretory IgA (sIgA) to 
neutralize viruses in the respiratory tract, leading to lim-
ited mucosal immune response [11, 12].

To date, inhalable COVID-19 vaccines have drawn 
great attention, which can evoke a significant mucosal 
immune responses in the mucosa-associated lymphoid 
tissue (MALT), especially nasal-associated lymphoid 
tissue (NALT) [13, 14], and antibody titers to neutral-
ize virus at the first line, while also showing advantages 
for needle-free and non-invasive administration [15]. 
For example, Convidecia Air, as an inhalable COVID-19 
vaccine has been approved for use in China [16]. Espe-
cially, inhalable recombinant protein vaccine, which con-
tains antigen (e.g., receptor-binding domain (RBD)) from 
pathogen, has been extensively studied as an attractive 
vaccine candidate due to their safety [17, 18]. However, 
antigen production is time-consuming and expensive, 
premature degradation and low immunogenicity of 
antigen require incorporation of a suitable adjuvant to 
reduce the number of vaccinations and boost immune 
responses [19, 20]. Monophosphoryl lipid A (MPLA) is 
a well-known toll-like receptor 4 (TLR4) agonist, which 
plays a critical role in the induction of innate and adap-
tive immune responses through activation of TLR4/
nuclear factor kappa-B (NF-κB) signaling pathway [21–
24]. In addition, as one of the most common, safe and 
approved adjuvants, Alum adjuvant can enhance anti-
gen immunogenicity, whereas the protective efficacy 
of Alum-formulated vaccine is limited due to the lack 
of cellular immunity [25, 26]. Although other adjuvants 
have demonstrated promising efficacy, they have not 
been approved for widespread use due to safety concerns 
[27]. Alternatively, pulmonary surfactant (PS) that is an 
aggregate of lipid and surfactant proteins (SP-A, SP-B, 
SP-C and SP-D), acts as a natural biological barrier for 
the respiratory surface, thus imposing restrictions on the 
entry of foreign nanoparticles and hydrophilic molecules 
into the alveolar macrophages (AMs) [28–30]. As such, it 
is highly imperative to develop inhalable vaccine delivery 

systems with potent antigen presentation, adjuvant and 
PS-penetrating capabilities to boost mucosal immunity.

Cell-derived nanovesicles (NVs), which are prepared 
by sonicating or extruding cell membrane, have gained 
considerable attention as a promising candidate to extend 
the potential of vaccine delivery systems [31–35]. NVs 
incorporate the lipids and proteins of original parent 
cells, which assist in inheriting unique biological proper-
ties of source cells [36–38]. It has been proved in mul-
tiple studies that NVs possess significant advantages 
over conventional delivery carriers, including excellent 
biocompatibility and prolonged circulation time [39]. 
However, poor cargo-loading efficacy and low stability 
have hampered the translational progress of NVs [40, 
41]. To address these challenges, genetic engineering of 
cell has been shown to be an effective approach, which 
allows for selective expression of specified protein, espe-
cially antigen, thus further optimizing the antigen deliv-
ery efficiency of NVs [42]. In addition, liposome has been 
served as promising candidate for vaccine carriers thanks 
to their excellent merits of high stability, cargo-loading 
capacity and versatile structure modification [43–46]. 
Encouragingly, PS-biomimetic liposomes that composed 
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/
dipalmitoyl phosphatidylglycerole (DPPG)/1,2-dipal-
mitoyl-sn-glycero-3-phosphoethanolamine (DPPE)-
COOH/cholesterol can enter AMs via pulmonary 
surfactant-associated protein (SP)-A/D-mediated endo-
cytosis with negligible PS layer disruption [47]. Thus, we 
hypothesized that hybrid NVs-liposomes nanoplatforms 
can be fabricated based on their similar structures to 
accomplish complementary and versatile performance. 
In this regard, the hybrid nanoplatforms can inherit both 
the features of biological properties and antigen expres-
sion from genetically engineered NVs, as well as PS-pen-
etrating ability of liposomes.

Herein, we developed inhalable hybrid nanovaccines 
(known as NVRBD-MLipo) with virus-biomimetic struc-
ture to provide effective protection against SARS-CoV-2 
variants (Scheme 1). The NVRBD-MLipo was fabricated 
by efficient fusion of genetically engineered NVs express-
ing RBD (known as NVRBD) and MPLA-containing, PS-
biomimetic liposomes (known as MLipo) with long-term 
PBS or serum stability. The obtained NVRBD-MLipo 
maintained the similar RBD expression to NVRBD, which 
mimicked the surface distribution of specific antigen on 
virus, thus enabling the effective antigen presentation. 
Compared with reported subcutaneous COVID-19 vac-
cines, inhalable NVRBD-MLipo which inherited the capa-
bilities of liposomes and source cells, could efficiently 
enter the AMs and elicit AMs activation through MPLA 
-activated TLR4/NF-κB signaling pathway, generate high 
titer of RBD-specific IgG in serum and RBD-specific 
secretory IgA (sIgA) in bronchoalveolar lavage fluid 
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(BALF), induce lung and spleen T cells activation, thus 
potentiating mucosal immunity and systemic (humoral, 
cellular) immunity, while minimizing side effects. During 
mucosal immune excitation, sIgA generated by effector 
B cells could effectively neutralize viruses in the respira-
tory tract, thus suppressing viral adhesion to and inva-
sion of recipient cells. Therefore, inhalable NVRBD-MLipo 
nanovaccines might provide additional perspective in the 
development of effective and safe vaccine against respi-
ratory infectious diseases, including SARS-CoV-2 and 
influenza.

Methods
Preparation of NVRBD
The mixture of RBD plasmid (2.5  µg) and Lipo6000™ (5 
µL) was dissolved in DMEM (250 µL), and incubated for 
5 min at room temperature (RT) according to the manu-
facturer’s protocol [48]. 293T cells seeded on 6-well plates 
(~ 80% confluence) were incubated with the mixture 

(2.5  µg RBD plasmid/well) for 24  h before collecting by 
centrifugation (1000 rpm, 5 min, 4 ℃). The collected cells 
were resuspended in 1 mM PBS, and freeze-thawed for 
three times. After centrifugation (14,800  rpm, 30  min, 
4 ℃), the resulting precipitate was resuspended in DI 
water and extruded by Avanti Polar Lipids to obtain 
RBD-expressed 293T cell-derived nanovesicles (NVRBD). 
The RBD content was determined by enzyme-linked 
immunosorbent assay (ELISA) kit.

Preparation of NVRBD-MLipo
MPLA-modified liposomes (MLipo) were prepared using 
the thin-film hydration methods [49]. Briefly, DPPC 
(13 mg), DPPE (2 mg), DPPG (2 mg), cholesterol (1 mg) 
and MPLA (0.4 mg) were dissolved in chloroform (2 mL), 
and the mixture was evaporated by a rotary evaporation 
to yield a thin film. The dried film was hydrated with PBS, 
stirred at 40 ℃ for 30 min, and extruded by Avanti Polar 
Lipids to obtain MLipo. Subsequently, NVRBD was mixed 

Scheme 1  Schematic illustration of inhalable hybrid nanovaccines (NVRBD-MLipo) with virus-biomimetic structure against SARS-CoV-2 infection. 
Nanovesicles are derived from genetically engineered 293T cell expressing RBD (NVRBD), which are further fused with pulmonary surfactant (PS)-biomi-
metic liposomes containing MPLA (MLipo) to yield NVRBD-MLipo. After inhalable vaccination, NVRBD-MLipo effectively enters alveolar macrophages (AMs) 
due to its PS-biomimetic property, and induces AMs activation through MPLA-activated TLR4/NF-κB signaling pathway. Furthermore, NVRBD-MLipo elicits 
T and B cells activation, as well as generates high level of RBD-specific IgG and secreted IgA (sIgA) with broad-spectrum neutralization activity against 
pseudoviruses, thus boosting protective mucosal immune and systemic immune responses
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with MLipo at the mass ratio of 1:1. After sonication for 
4 min, the mixture was stirred at 37 ℃ for 30 min, and 
further extruded as described above to yield hybrid lipo-
somes fused with NVRBD (NVRBD-MLipo). Cationic lipo-
somes (NVRBD-MLipo (+)) that DPPG was replaced with 
DOTAP were prepared following the above method.

Characterization of NVRBD-MLipo
The particle size, zeta potential and morphology of 
NVRBD, MLipo and NVRBD-MLipo were measured by 
dynamic light scattering instrument (DLS) and transmis-
sion electron microscopy (TEM), respectively. To assess 
the stability, NVRBD, MLipo and NVRBD-MLipo were co-
incubated with DMEM containing 10% FBS or PBS at RT 
for various time before the measurement of particle size.

In order to evaluate the fusion between liposomes and 
nanovesicles, MLipo and NVRBD were labeled with rho-
damine B (RB) and fluorescein isothiocyanate (FITC), 
respectively. After fusion, the RB/FITC-NVRBD-MLipo 
was subjected to flow cytometric analysis and confo-
cal laser scanning microscope (CLSM) observation. The 
physical mixture of RB-MLipo and FITC-NVRBD served 
as a control. Alternatively, the Fourier-transform infrared 
(FTIR) spectroscopy was performed on the instrument 
(PerkinElmer) to characterize the structure of NVRBD, 
MLipo, and NVRBD-MLipo. To determine RBD expres-
sion on the NVRBD, MLipo and NVRBD-MLipo, samples 
were lysed in RIPA buffer, centrifuged (12,000  rpm, 
20  min) to collect protein. The RBD expression was 
detected via Western blot and ELISA as described previ-
ously [50]. Na/K-ATPase was used as an internal control.

Macrophage uptake in vitro
To evaluate the macrophage uptake under PS treatment, 
RB-NVRBD-MLipo or RB-NVRBD-MLipo (+) (0.05  mg/
mL) was mixed with PS for 1 h. RAW 264.7 cells seeded 
on 24-well plates (~ 80% confluence) were incubated with 
the mixture for 4  h, stained with DAPI (5  µg/mL) and 
observed by CLSM. Alternatively, cells were treated with 
the mixture for 4 h as above and lysed with RIPA buffer. 
The RB and protein contents were detected by spectro-
fluorimetry (λex = 488  nm, λem = 525  nm) and BCA kit, 
respectively. NVs without PS treatment were used as con-
trols. In addition, cells that treated with different groups 
for 30 min as described above were washed three times 
with PBS, collected and used for flow cytometric analysis.

In vitro macrophage activation
RAW 264.7 cells seeded on 24-well plates (~ 80% con-
fluence) were incubated with different groups (0.05  mg 
RBD/mL, 0.25 mg Lipo/mL) for 12 h. The collected cells 
were stained with anti-CD86-FITC and anti-CD80-FITC 
for 30  min, and then detected by flow cytometry. The 
concentration of IL-6, IL-12, TNF-α and IFN-γ in culture 

supernatants was determined by ELISA kits according to 
the experimental protocol.

In vivo biodistribution
C57BL/6 mice were administered Cy5.5-RBD, 
Cy5.5-NVRBD-MLipo (+), Cy5.5-NVRBD-MLipo via 
inhalation (nebulization, N) (25  µg RBD/mouse, n = 3). 
Mice that were subcutaneously immunized with 
Cy5.5-NVRBD-MLipo in the mice back skin served as con-
trols. At different time points, fluorescence imaging was 
obtained using In vivo imaging system (IVIS® Lumina III, 
PerkinElmer, USA). In addition, the heart, liver, spleen, 
lung and kidney of mice were collected at 12 h post injec-
tion, and subjected for ex vivo imaging.

To further assess the in vivo uptake of NVRBD-MLipo 
in AMs, mice were administered different groups labeled 
with FITC as described above (25 µg RBD/mouse, n = 3), 
and sacrificed at 12 h post injection. The lungs were col-
lected, frozen in Optimal Cutting Temperature (OCT) 
embedding compound, sectioned, stained with DAPI for 
fluorescence microscope imaging. Alternatively, pneu-
monocyte was stained with anti-CD11b-APC and ana-
lyzed by flow cytometry.

Mice vaccination in vivo
C57BL/6 mice were randomly assigned to five groups, 
and immunized with PBS, RBD, NV-MLipo, and 
NVRBD-MLipo via inhalation (nebulization, N) on day 0, 
7, 14 (25  µg RBD/mouse, n = 5). Mice with subcutane-
ous injection (Sc) of NVRBD-MLipo served as controls. 
The body weight of mice was monitored every two days. 
On day 18, immunized mice were sacrificed, and serum, 
BALF, nasal wash, spleen and lung were collected. More-
over, nasal wash, BALF, and serum were collected at day 
28, 42 for further use.

To evaluate the AMs activation, the pneumonocytes 
of immunized mice were collected on day 18. Pneu-
monocyte were stained with anti-CD11b-APC, anti-
CD80-FITC and anti-CD86-FITC for 30  min before 
flow cytometric analysis. In addition, the concentration 
of IL-6, TNF-α and IL-12 in BALF was detected using 
ELISA kit.

RBD-specific IgG and IgA antibody detection
The antibody titer assay was performed using an indirect 
ELISA method [51]. Briefly, the 96-well microtiter plates 
were coated with RBD protein (5 µg/mL), stored at 4 ℃ 
overnight, and washed three times with PBS. The serial 
dilutions of collected serum were added into wells, and 
further incubated at 37 ℃ for 2 h. Then, the plates were 
washed three times with PBS, and incubated with HRP-
conjugated IgG, IgG2c, IgG1 secondary antibody at 37 ℃ 
for 1 h, respectively. After three washes with PBS, TMB 
solution was added and incubated for 15 min. Finally, the 
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stop solution (2M H2SO4) was added and the absorbance 
at 450 nm was measured by microplate reader. The posi-
tive data were defined 2.1 times more than the negative 
data. The RBD-specific IgA from BALF or nasal wash 
was determined following a similar protocol as described 
above. HRP-conjugated IgA was used as secondary 
antibody.

Humoral immunity in vivo
To evaluate B cells responses, spleens were collected from 
immunized mice on day 18, and splenocytes were pre-
pared by passing the spleen through 40 μm cell strainer, 
followed by red blood cell (RBC) lysis. After three washes 
with PBS (0.1  M), splenocytes were collected, stained 
with anti-IgD-FITC and anti-CD19-APC for 30 min, and 
detected by flow cytometry. Alternatively, pneumono-
cytes were also isolated on day 18 and stained with anti-
IgD-FITC and anti-CD19-APC before flow cytometric 
analysis.

Cellular immunity in vivo
To investigate the T cells responses, pneumonocytes or 
splenocytes were collected from immunized mice on 
day 18 as described above, stained with anti-CD3-APC 
and anti-CD4-FITC for 30 min before flow cytometric 
analysis. To further evaluate the RBD-specific CD8+ 
T cell activation, splenocytes and pneumocytes were 
co-cultured with RBD (5 µg/well) for 4 h, respectively. 
After blocking with 0.1% BSA to inhibit extracellular 
cytokine secretion, cells were stained with anti-CD8-
FITC, and fixed with fixation buffer. Subsequently, 
cells were permeabilized in permeabilizing buffer and 
stained with anti-IFN-γ-APC before flow cytometric 
analysis.

To assess the proliferation of splenocytes, spleno-
cytes seeded on 96-well plates (~ 80% confluence) were 
retreated with RBD (5 µg/well) for 48  h. The cells were 
counted, and the IFN-γ level in the culture medium was 
measured via ELISA kit. Alternatively, the splenocytes 
were seeded on 96-well IFN-γ enzyme-linked immuno-
sorbent spot (ELISPOT) plates at 5 × 105 cells/well, and 
further re-stimulated with RBD (5 µg/mL). After incuba-
tion for 48  h, the cells were measured according to the 
manufacturer’s protocols.

Pseudovirus neutralization
C57BL/6 mice were immunized with PBS, and RBD, NV-
MLipo, and NVRBD-MLipo via inhalation (nebulization, 
N) or subcutaneous injection (Sc) on days 0, 7, and 14 fol-
lowing the protocol described above (25 µg RBD/mouse, 
n = 3). Two weeks after the final vaccination, mice were 
challenged intranasally with DiD-labelled SARS-CoV-2 
WT pseudovirus (2.5 × 104 TCID50, 50 µL). Mice were 
imaged once a day using the In vivo Imaging System, 

and lungs collected on day 34 were subjected for ex vivo 
imaging. In addition, the collected lungs were embedded 
in OCT, sectioned, stained with DAPI for visualization by 
fluorescence microscopy.

To evaluate neutralization activity against SARS-CoV-2 
WT, Delta, Omicron pseudovirus, sera were collected 
from immunized mice on day 28, serially diluted with 
DMEM containing 10% FBS, and incubated with SARS-
CoV-2 pseudovirus at 37 ℃ for 1  h. Vero cells seeded 
on 96-well plates (~ 80% confluence) were incubated 
with the mixture for 1  h. Afterwards, the medium was 
replaced by DMEM containing 2% FBS and cells were 
further incubated for another 48 h. The luciferase signal 
of the infected cells was measured by Nano-Glo® Lucifer-
ase Assay System (Promega).

In vivo safety
C57BL/6 mice were immunized with PBS and 
NVRBD-MLipo via inhalation (25  µg RBD/mouse, n = 3). 
To evaluate the acute toxic effects, lung, heart, kidney, 
liver, brain, spleen were collected on day 14 to calcu-
late the organ coefficients (organ weight/body weight). 
Besides, blood was also collected to detect globulin 
(GLOB), albumin (ALB), alanine transferase (ALT), blood 
urea nitrogen (BUN), alkaline phosphatase (ALKP), total 
protein (TP) levels.

Mechanism of immune response
RAW 264.7 cells seeded on 24-well plates (~ 80% conflu-
ence) were incubated with RBD and NVRBD-MLipo for 
12 h (0.25 µg RBD/well), stained with anti-TLR4-PE for 
30  min before flow cytometric analysis. Alternatively, 
the RBD or NVRBD-MLipo treated cells were lysed in 
RIPA buffer on ice for 20  min. After collecting by cen-
trifugation (12,000 rpm, 4 ℃, 20 min), the NF-κB protein 
expression in the supernatants was detected by Western 
blot.

For transcriptomic analysis, C57BL/6 mice were 
immunized with RBD and NVRBD-MLipo via inhalation 
(nebulization, N) (25  µg RBD/mouse, n = 3). The pneu-
monocyte was harvested 12  h after immunization, and 
total RNA was extracted using Trizol and subjected to 
high-throughput sequencing (Novogene, Beijing, China). 
Data were performed by Novo Magic.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
9 (GraphPad). All flow cytometry data were analyzed 
using FlowJo v10 software. Data could be expressed as 
mean ± standard deviation. The student’s t-test was used 
for statistical comparisons. The differences were set to be 
significant at *p < 0.05 and very significant at **p < 0.01, 
***p < 0.001, and ****p < 0.0001.
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Results and discussion
Preparation and characterization of NVRBD-MLipo
The preparation of NVRBD-MLipo was illustrated in 
Scheme 1, including the preparation of 293T cells 
expressing RBD-derived nanovesicles (NVRBD) and 
liposomes, membrane fusion between NVRBD and lipo-
somes. 293T cells were transfected with RBD plasmids 
(Additional file 1: Fig. S1) for 24 h, purified and extruded 
to yield the genetic engineering NVRBD. As shown in 
Fig.  1A, the particle size and zeta potential of NVRBD 
were 201 nm and − 21.2 mV, respectively. Moreover, the 
RBD band from NVRBD was similar to that of RBD pro-
tein (Additional file 1: Fig. S2A). ELISA assay revealed 
that the content of RBD in the NVRBD was 310  µg/mg 
NVRBD (Additional file 1: Fig. S2B). These results consis-
tently indicated that RBD was extensively expressed on 
the NVRBD. Alternatively, liposome containing MPLA 
(MLipo) with the particle size of 189 nm and zeta poten-
tial of -12.8 mV was fabricated by thin film disper-
sion (Fig.  1A), and NVRBD-MLipo was further prepared 
through sonication-triggered membrane fusion of NVRBD 
with MLipo. Other nanovaccines were prepared follow-
ing the similar approach, and the abbreviations were 
listed in Additional file 1: Table S1. At the NVRBD/MLipo 

mass ratio of 1:1, NVRBD-MLipo possessed an ideal par-
ticle size, zeta potential (154 nm, -22.4 mV) and spherical 
morphology in TEM images (Fig. 1B and Additional file 
1: Table S2), which was close to that of SARS-CoV-2 virus 
(~ 140  nm). Hence, the optimized NVRBD/MLipo mass 
ratio of 1 was performed for all studies unless otherwise 
specified. Compared to MLipo, NVRBD-MLipo exhibited 
a smaller particle size and more negative zeta poten-
tial, as a result of the introduction of negatively charged 
NVRBD. Moreover, the particle size was maintained when 
NVRBD-MLipo was stored in PBS or FBS for up to 12 
days, whereas the particle size of NVRBD enlarged from 
201 to 302  nm, indicating that the membrane fusion of 
NVRBD and liposomes could improve NVRBD stability 
(Fig. 1C and Additional file 1: Fig. S3).

To evaluate the fusion efficiency of NVRBD and 
MLipo, NVRBD and MLipo were respectively labeled 
with FITC and RB, and visualized by CLSM. As shown 
in Fig.  1D, a divided distribution was observed in the 
mixture of FITC-NVRBD and RB-MLipo, as evidenced 
by the separation of red and green fluorescence. In 
contrast, a significant overlap of red and green fluo-
rescence was demonstrated in NVRBD-MLipo, indicat-
ing the membrane fusion of NVRBD and MLipo. Flow 

Fig. 1  Characterization of hybrid NVRBD-MLipo. The size, zeta potential (A) and TEM images (B) of NVRBD, MLipo and NVRBD-MLipo (n = 3). (C) Alternation 
of particle size of NVRBD, MLipo, NVRBD-MLipo in serum (n = 3). (D) CLSM images of physical mixture (NVRBD and MLipo) and NVRBD-MLipo. (red, Rhodamine 
B-labelled MLipo; green, FITC-labelled NVRBD). (E) FCM analysis of membrane fusion in NVRBD-MLipo. (F) Western blot analysis of RBD protein expression 
in NVRBD, MLipo and NVRBD-MLipo
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cytometry further revealed that the PE+ FITC+ percent-
age in NVRBD-MLipo was higher than that in the mixture, 
which collectively substantiated that NVRBD was fused to 
MLipo (Fig. 1E).

The hybrid structure of NVRBD-MLipo was further 
characterized by FTIR spectroscopy. As shown in Addi-
tional file 1: Fig. S4, both hydrocarbon region of lipid 
and signature absorption band of NVRBD (i.e., amide) 
were presented in the spectrum of NVRBD-MLipo, sug-
gesting successful preparation of hybrid NVRBD-MLipo. 
The RBD existence was further examined using West-
ern blot. As illustrated in Fig.  1F, NVRBD-MLipo dis-
played the similar RBD expression to NVRBD. Besides, 
the RBD content was determined to be 104 µg per 1 mg 
NVRBD-MLipo using ELISA method (Additional file 

1: Fig. S2C). These results collectively indicated that 
NVRBD-MLipo possessed virus-biomimetic structure 
and inherited high RBD content of NVRBD through 
membrane fusion.

PS-mediated macrophage uptake in vitro
To assess the uptake of NVRBD-MLipo in macrophages, 
the cationic liposomes were prepared as controls, where 
the positive DOTAP replaced the negative DPPG in the 
liposomes, the other components of NVRBD-MLipo 
and NVRBD-MLipo (+) remained constant. As shown 
in Fig.  2A, NVRBD-MLipo (+) had higher internaliza-
tion than NVRBD-MLipo in RAW 246.7 cells, since 
NVRBD-MLipo (+) could effectively adhere on the nega-
tively charged cell membrane. After incubation with PS 

Fig. 2  In vitro PS-mediated macrophage uptake and in vivo biodistribution. (A) CLSM images of RAW 264.7 cells cultured with NVRBD-MLipo or NVRBD-MLipo 
(+) for 4 h with or without PS treatment. (B) FCM analysis of uptake level of nanovaccines. RAW 264.7 cells were treated with NVRBD-MLipo or NVRBD-MLipo 
(+) as described in (A). (C) The uptake level of nanovaccines (n = 3). RAW 264.7 cells were treated with NVRBD-MLipo or NVRBD-MLipo (+) as described in (A). 
(D) The in vivo fluorescence imaging of mice immunized with various groups via inhalation (nebulization, N) or subcutaneous (Sc) injection (n = 3). Ex vivo 
fluorescence (E) and immunofluorescence (F) imaging of lungs at 12 h post vaccination (n = 3). (G) FCM analysis of various groups uptake in AMs at 12 h 
post vaccination (n = 3). Data expressed as means ± SD. **p < 0.01
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for 1 h, the poor uptake of NVRBD-MLipo (+) was dis-
played in RAW 246.7 cells, due to aggregation into the 
negative PS. In contrast, the uptake of NVRBD-MLipo 
increased significantly, as evidenced by stronger intra-
cellular red fluorescence, which was attributed to simi-
lar lipid composition and charge to PS. Consistent with 
the qualitative results, flow cytometry revealed that the 
cellular uptake level of NVRBD-MLipo was markedly 
increased under PS condition, resulting in 32.7% inter-
nalization following a 4 h incubation (Fig. 2B). Further-
more, the NVRBD-MLipo uptake (w/ PS) was 2.6- and 
3.0-fold, respectively, higher than that of NVRBD-MLipo 
(w/o PS) and NVRBD-MLipo (+, w/ PS) after 4 h incuba-
tion (Fig. 2C). These results collectively indicated that 
NVRBD-MLipo could enter the macrophage effectively 
via PS-mediated endocytosis.

In vivo biodistribution
To evaluate the biodistribution of RBD and vari-
ous nanovaccines, mice were immunized with Cy5.5-
RBD, Cy5.5-NVRBD-MLipo (+), Cy5.5-NVRBD-MLipo 
via inhalation (nebulization, N) or subcutaneous 
injection (Sc), and subjected to in vivo imaging. As 
shown in Fig.  2D, significantly increased lung accu-
mulation was demonstrated in mice immunized 
with Cy5.5-NVRBD-MLipo via inhalation rather than 
subcutaneous injection, suggesting that inhalation 
could contribute to NVRBD-MLipo delivery to the 
lung. Excitingly, the lung accumulation of inhaled 
Cy5.5-NVRBD-MLipo was maximally enhanced 
after 12  h and maintained for at least 24  h, whereas 
Cy5.5-NVRBD-MLipo (+) could only be retained in 
the nasal cavity, indicating the satisfying lung accu-
mulation capacity of NVRBD-MLipo. Alternatively, 
the tissues were isolated from immunized mice at 

12  h and subjected to ex vivo imaging, quantitative 
analysis and immunofluorescence staining. Consis-
tent with the above results, the lung accumulation of 
inhaled Cy5.5-NVRBD-MLipo was 21.1- and 43-fold 
higher than that of Cy5.5-NVRBD-MLipo (Sc) and 
Cy5.5-NVRBD-MLipo (+, N), respectively (Fig.  2E and 
Additional file 1: Fig. S5A). In addition, extensive 
green fluorescence was demonstrated in inhalable 
NVRBD-MLipo (Fig.  2F). To further investigate the in 
vivo NVRBD-MLipo uptake by AMs, the harvested lung 
was performed to flow cytometric analysis. As shown 
in Fig.  2G and Additional file 1: Fig. S5B, the cellular 
uptake level was 6.7 times higher than that of the free 
RBD group, confirming that inhalable NVRBD-MLipo 
affording satisfying lung accumulation capacity could 
effectively deliver RBD into AMs.

In vitro macrophage activation
The nanovaccines-elicited macrophage activation was 
further evaluated by flow cytometry and ELISA assay 
(Fig.  3A). RAW 264.7 cells were treated with RBD, 
NVRBD-Lipo, NV-MLipo, NVRBD-MLipo under PS 
condition for 12  h, and analyzed by flow cytometry to 
determine the level of activated macrophage that over-
expressed co-stimulatory molecules, including CD80 and 
CD86 [52]. Compared with free RBD, NVRBD-Lipo (w/o 
MPLA) or NV-MLipo (w/o RBD) only elicited partial 
macrophage activation, whereas significantly increased 
percentage of CD80+ and CD86+ (16.5- and 14.1-fold, 
respectively) macrophage was noted in NVRBD-MLipo 
group (Fig.  3B, C), suggesting that NVRBD-MLipo was 
able to elicit significant macrophage activation. Alter-
natively, the cytokine level in the supernatant harvested 
from RAW 264.7 cells was further revealed the similar 
results. IFN-γ can stimulate immune cells activation to 

Fig. 3  In vitro macrophage activation. (A) Schematic illustration of macrophage activation. (B-C) FCM analysis of activated RAW 264.7 cells following 
incubation with different groups for 12 h (n = 3). The level of IL-6 (D), IL-12 (E), TNF-α (F) and IFN-γ (G) secreted by activated RAW 264.7 cells. Cells were 
treated as described in (B) (n = 3). Data expressed as means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001
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interfere virus replication, and IL-6, TNF-α and IL-12 
contribute to T cell proliferation and cellular immunity 
[53, 54]. As shown in Fig.  3D-G, NVRBD-MLipo elicited 
2.9-4.8-fold higher levels of cytokines (TNF-α, IFN-γ, 
IL-6, IL-12) than RBD group, respectively. These results 
collectively identified that NVRBD-MLipo could effec-
tively provoke macrophage activation in vitro.

In vivo AMs activation
In order to evaluate the in vivo AMs activation, random-
ized mice received three vaccinations with PBS, RBD, 
NV-MLipo, NVRBD-MLipo on days 0, 7, 14 via inhala-
tion (nebulization, N) or subcutaneous injection (Sc), and 
lungs and BALF were collected from immunized mice on 
day 18 (Fig. 4A and Additional file 1: Table S3). As shown 
in Fig. 4B, C and Additional file 1: Fig. S6, immune activa-
tion level of AMs was not obvious in RBD or NV-MLipo 

group due to the lack of nano-adjuvant or RBD (antigen), 
respectively. Excitingly, higher percentage of CD11b+ 
CD80+ and CD11b+ CD86+ AMs was noted in lungs 
harvested from NVRBD-MLipo (N)-immunized mice, 
indicating that more AMs were activated by inhalable 
NVRBD-MLipo. To further investigate the effect of dif-
ferent routes of administration on AMs activation, mice 
were immunized with NVRBD-MLipo via Sc injection 
and the lung was harvested as described above. Due to 
the fact that the subcutaneously injected NVRBD-MLipo 
would circulate throughout the body rather than respi-
ratory tract and lungs, the activation level of AMs was 
2.3–2.5 times low than that via inhalation (Fig.  4B, C). 
Alternatively, the level of cytokines, including TNF-α, 
IFN-γ, IL-6, IL-12 in BALF was detected by ELISA. Con-
sistent with flow cytometric results, the maximal cyto-
kine content was shown in NVRBD-MLipo (N) group 

Fig. 4  NVRBD-MLipo elicited in vivo AMs activation and mucosal immune response. (A) Timeline of the in vivo vaccination. Mice were immunized with 
different groups on days 0, 7, and 14 (25 µg RBD/mouse, n = 5). Serum, BALF and nasal wash were collected on days 18, 28 and 42, lung and spleen were 
collected on day 18. FCM analysis of CD80+ CD11b+ (B), CD86+ CD11b+ (C) AMs proportion in lungs on day 18 (n = 5). (D)The secretion level of IL-6, IL-
12, TNF-α, IFN-γ in the BALF collected on day 18 (n = 5). FCM analysis of CD4+ CD3+ (E) and IFN-γ+ CD8+ (F) T cells, CD19+ IgD+ B cells (G) proportion in 
lungs on day 18 (n = 5). RBD-specific IgA titers in BALF assessed by ELISA on days 18 (H), 28 (I) and 42 (J) (n = 4). Data expressed as means ± SD. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001
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rather than other control groups (Fig.  4D). Collectively, 
these results indicated that inhalable NVRBD-MLipo 
significantly elicited AMs activation, thus providing a 
prerequisite for further antibody production and virus 
neutralization.

Inhalable NVRBD-MLipo elicited mucosal immune response
As the major entry route of SARS-CoV-2 is respira-
tory tract, strengthening the host’s immune system, 
especially mucosal immunity through antigen-specific 
sIgA responses serves as the first line of immunological 
defense against SARS-CoV-2 infection [54]. After anti-
gens are taken up and presented to T cells by AMs, the 
activated T cells will further proliferate and differentiate 
into CD4+ T cells that promote the B cells activation and 
differentiation to produce antibody, and CD8+ T cells that 
can recognize and kill infected cells [55]. To determine 
the level of T cells activation and differentiation, pneu-
monocytes were collected from immunized mice on day 
18, and subjected to flow cytometric analysis. As demon-
strated in Fig. 4E, F and Additional file 1: Fig. S7, signifi-
cantly increased proportion of CD3+ CD4+, IFN-γ+ CD8+ 
T cells was elicited by NVRBD-MLipo (N) rather than 
controls, suggesting that NVRBD-MLipo (N) had poten-
tial to assist CD4+ and CD8+ T cells activation. Moreover, 

the proportion of CD19+ IgD+ B cells in NVRBD-MLipo 
(N) was 2.1-27-fold higher than that in the other groups 
(Fig. 4G, and Additional file 1: Fig. S8), which contributed 
to produce more antibodies for neutralizing virus.

To evaluate mucosal immune response, nasal wash and 
BALF of immunized mice were collected on days 18, 28, 
and 42, and the titer of RBD-specific sIgA was measured 
by ELISA. As shown in Fig.  4H-J and Additional file 1: 
Fig. S9, slightly increased titer of sIgA was seen in mice 
that were vaccinated with RBD (N) and NVRBD-MLipo 
(Sc). Comparatively, inhalation of NVRBD-MLipo effec-
tively elicited the highest titers of sIgA in nasal wash and 
BALF, and the satisfactory amount of sIgA was main-
tained for up to 42 days. Notably, the titer of sIgA reached 
a maximum at day 28, which was 7766-fold higher than 
that in RBD group. In summary, these data highlighted 
that inhalable NVRBD-MLipo could induce robust titer of 
RBD-specific sIgA for enhancing mucosal immunity.

Inhalable NVRBD-MLipo elicited humoral responses
B cells are critical for the humoral immunity, which can 
differentiate into plasma cells to produce antibodies for 
neutralizing the incoming virus [56]. To evaluate humoral 
immune response, splenocytes isolated from mice at day 
18 were detected by flow cytometry. As shown in Fig. 5A 

Fig. 5  NVRBD-MLipo elicited systemic immune response. (A) FCM analysis of CD19+ IgD+ B cells proportion in spleen on day 18 (n = 5). RBD-specific IgG 
titers in serum assessed by ELISA on days 18 (B), 28 (C) and 42 (D) (n = 4). (E) Ratio of IgG2c to IgG1 in the serum (n = 5). (F) Proliferation percentage of 
splenocytes stimulated with RBD on day 18 (n = 3). (G-H) Representative images and statistical analysis of IFN-γ-producing cells determined by ELISpot 
(n = 3). The cells were collected from the spleen and stimulated with RBD on day 18. (I) The secretion level of IFN-γ in the medium of cells stimulated with 
RBD as described in (G). FCM analysis of CD4+ CD3+ (J) and IFN-γ+ CD8+ (K) T cells proportion in spleen on day 18 (n = 5). Data expressed as means ± SD. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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and Additional file 1: Fig. S10, inhalable NVRBD-MLipo 
significantly induced the highest proportion of CD19+ 
IgD+ B cells, whereas slightly increased proportion of 
CD19+ IgD+ B cells was found in RBD (antigen only), NV-
MLipo (adjuvant only), and NVRBD-MLipo (Sc) group. 
Alternatively, the titer of RBD-specific IgG in serum was 
futher assessed. As shown in Fig.  5B-D, NVRBD-MLipo 
(N) elicited a predominant titer of RBD-specific IgG, 
which was ~ 1000-fold higher than that of the RBD group 
at day 28. Excitingly, the satisfactory titer of RBD-specific 
IgG could be maintained for up to 42 days, which was 
consistent with sIgA results. In addition, NVRBD-MLipo 
(N) induced Th1-type immune responses, as evidenced 
by the IgG2c/IgG1 > 1 (Fig.  5E). Collectively, these data 
indicated that inhalable NVRBD-MLipo significantly elic-
ited B cells activation and predominant titer of RBD-
specific IgG, thus achieving robust humoral immune 
responses.

Inhalable NVRBD-MLipo elicited cellular responses
The spleen is one of important peripheral lymphoid 
organs that plays a critical role in cellular and humoral 
immunity by providing a site for immune cells to 
homing and differentiation [57]. To evaluate spleen 
accumulation, the major organs of mice that received 
vaccination via inhalation (nebulization, N) or sub-
cutaneous injection (Sc) were harvested at 12  h, and 
assessed by ex vivo imaging (Additional file 1: Fig. S11). 
Compared to RBD group with a negligible RBD sig-
nal in the spleen, the NVRBD-MLipo (N) was also dis-
tributed in the spleen in addition to lungs, which was 
instrumental in boosting immune responses. To fur-
ther assess the cellular immunity, the spleen of immu-
nized mice was collected on day 18, isolated into single 
cell suspensions, and re-stimulated with RBD antigen 
in vitro. Specifically, the proliferation ratio of spleno-
cytes in the NVRBD-MLipo (N) was 4-fold higher than 
that in the RBD group (Fig. 5F). ELISpot assay revealed 
that IFN-γ-secreting T cells from NVRBD-MLipo (N)-
immunized mice were dramatically more numerous 
than those from placebo-immunized mice (Fig.  5G, 
H). Besides, NVRBD-MLipo (N) produced IFN-γ lev-
els that was 6.9-fold higher than those of the RBD 
group (Fig.  5I). These findings collectively suggested 
that inhalable NVRBD-MLipo could promote T cell 
proliferation to elicit antigen-specific cellular immu-
nity. Meanwhile, flow cytometry results shown that 
the significantly increased proportion of CD3+ CD4+ 
and IFN-γ+ CD8+ T cells was found in NVRBD-MLipo 
(N)-immunized mice (Fig.  5J, K and Additional file 1: 
Fig. S12). Therefore, inhalable NVRBD-MLipo robustly 

induced the cellular immune responses aside from 
humoral immune responses.

The neutralizing activity of NVRBD-MLipo against SARS-
CoV-2 pseudovirus
To evaluate whether nanovaccines could neutralize 
pseudovirus, mice received three vaccination of various 
groups as described above, and challenged with the DiD-
labelled SARS-CoV-2 WT pseudovirus (2.5 × 104 TCID50, 
50 µL) on day 28 (Fig. 6A). Mice were imaged at differ-
ent points post challenge to visualize pseudovirus clear-
ance. As demonstrated in Fig. 6B, NVRBD-MLipo (N) had 
potential to promote the rapid clearance of pseudovirus, 
as evidenced by negligible signal distributed in the lungs. 
Moreover, the lungs were further harvested on day 34 
followed by ex vivo imaging and immunofluorescence 
staining. Consistent with the above fluorescence imag-
ing results, minimal pseudovirus was found in the lung 
of mice immunized with NVRBD-MLipo (N) compared 
to other control groups (Fig.  6C, D). Together, these 
data indicated that inhalable NVRBD-MLipo contrib-
uted to protect immunized mice from WT pseudovirus 
infection.

In addition, the pseudovirus neutralization assay 
was adopted to assess neutralization activity of serum 
and BALF collected from immunized mice on day 
28. As shown in Fig.  6E, F, the serum and BALF from 
NVRBD-MLipo group effectively blocked infection of 
SARS-CoV-2 WT pseudovirus to Vero cells. Excit-
ingly, the NT50 titer (50% neutralization titers) of serum 
in NVRBD-MLipo group was 29.1-fold higher than that 
in RBD group. The superiority and broad-spectrum of 
NVRBD-MLipo in neutralizing virus were also demon-
strated in another two SARS-CoV-2 pseudovirus, such as 
Omicron and Delta, where NVRBD-MLipo again showed 
22.8-fold higher NT50 titer than RBD. Collectively, these 
results substantiated that NVRBD-MLipo could elicit a 
high potent, broad neutralization effect against the pseu-
dovirus of SARS-CoV-2 WT, as well as Delta and Omi-
cron variant.

Safety
To evaluate cytotoxicity of NVRBD-MLipo, RAW 264.7 
cells were incubated with NVRBD-MLipo at different 
concentrations for 12 h. Over 90% cell viability was still 
remained when the concentration was up to 100  µg/
mL, indicating good biocompatibility of NVRBD-MLipo 
(Additional file 1: Fig. S13). In addition, body weight of 
immunized mice gradually increased (Additional file 
1: Fig. S14), and hematoxylin and eosin (H&E) stain-
ing demonstrated that there were no pathological 
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abnormalities of major organs (Fig.  7A). 7 days after 
immunization with NVRBD-MLipo, there is no obvious 
change in the level of GLOB, ALB, BUN, ALT, ALKP, TP 
(Fig. 7B-H), suggesting that NVRBD-MLipo has excellent 
in vivo safety.

Mechanism of NVRBD-MLipo in regulating immune 
responses
The molecular mechanism of NVRBD-MLipo in activat-
ing immune responses in vivo was investigated by the 
transcriptomes analysis. Mice were immunized with 
RBD and NVRBD-MLipo via inhalation, and the lung 

Fig. 6  NVRBD-MLipo inhibited the infection of SARS-CoV-2 pseudovirus. (A) Timeline of in vivo vaccination and challenge. Mice were immunized with 
different groups via inhalation (nebulization, N) or subcutaneous (Sc) injection on days 0, 7, and 14, and further challenged intranasally with SARS-CoV-2 
WT pseudovirus. (B) The in vivo fluorescence imaging of immunized mice at different time points post challenge (n = 3). Ex vivo fluorescence (C) and 
immunofluorescence (D) imaging of lungs at day 6 after challenge (n = 3). Serum (E) and BALF (F) neutralizing capacity against SARS-CoV-2 WT, Delta, 
Omicron pseudovirus (n = 3). The serum and BALF were collected from immunized mice on day 28. Data expressed as means ± SD. *p < 0.05; **p < 0.01
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was collected at 24  h for RNA sequencing (Fig.  8A). 
Principal components analysis (PCA) indicated sig-
nificant differences in total gene expression between 
RBD and NVRBD-MLipo groups (Fig. 8B). Volcano plot 
and heat map demonstrated that total 341 differen-
tially expressed genes (DEGs) were identified accord-
ing to the standard of gene expression (fold change > 2, 
p-adjusted < 0.05), including 307 up-regulated genes 
and 34 down-regulated genes. Notably, numer-
ous immunoregulatory cytokines (IL-17a) and pro-
inflammatory chemokines (CCL12, CCL27a, CXCL9, 
CXCL10, CXCL12, CXCL13, CXCR5) were found in 
the up-regulated genes (Fig. 8C, D and Additional file 
1: Fig. S15). Moreover, NVRBD-MLipo regulated signal-
ing pathways were analyzed by kyoto encyclopedia of 
genes and genomes (KEGG) enrichment analysis. As 

shown in Fig. 8E, the up-regulated genes displayed sig-
nificant enrichment for pro-inflammatory signaling 
(chemokine signaling pathways, NF-κB pathway, cyto-
kine-cytokine receptor interaction) and T-cell activa-
tion signaling (Th1 and Th2 cell differentiation, T-cell 
receptor signaling pathways, Th17 cell differentiation).

To verify whether NVRBD-MLipo could activate the 
TLR4/NF-κB pathway, RAW 264.7 cells were co-incu-
bated with RBD and NVRBD-MLipo for 12  h before 
flow cytometric and western blot analysis. As shown in 
Fig.  8F, G, NVRBD-MLipo could elicit the activation of 
TLR4/NF-κB pathway, which was consistent with above 
transcriptomes analysis results. Collectively, these results 
suggested that NVRBD-MLipo robustly elicit immune 
responses via TLR4/NF-κB pathway.

Fig. 7  In vivo safety. (A) H&E staining of major organs sections collected from immunized mice treated as described in Fig. 4 on day 42. Organ coefficient 
(B) and hematological measurement (C-H) of mice on day 18 after immunization. (H: Heart; Li: liver; S: Spleen; Lu: Lung; K: Kidney) (n = 3)
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Conclusion
In summary, we developed an inhalable hybrid 
nanovaccine (NVRBD-MLipo) via fusing genetically 
engineered NVs expressing RBD (NVRBD) with PS-bio-
mimetic liposomes (MLipo) containing MPLA, which 
might serve as a safe and effective vaccine candidate 
for boosting protective immunity against SARS-CoV-2 
variants. NVRBD-MLipo possessed a virus-biomimetic 
structure based on inherited advantages of both NVRBD 
and MLipo, including RBD expression, PS-biomimetic 
property, and good stability in serum or PBS. Instead 
of traditional subcutaneous vaccination, inhalable 
NVRBD-MLipo demonstrated a superior ability to 

elevate internalization into AMs, thus eliciting AMs 
activation both in vitro and in vivo through MPLA-
activated TLR4/NF-κB signaling pathway. Addition-
ally, inhalable NVRBD-MLipo displayed superiority 
over other formulations in increasing the proportion 
of CD3+ CD4+ and IFN-γ+ CD8+ T cells, CD19+ IgD+ 
B cells in lung and spleen, producing high titer of RBD-
specific IgG in serum and RBD-specific sIgA in BALF 
and nasal wash, reducing side effects, thus eliciting 
potent mucosal immunity and systemic (humoral, cel-
lular) immunity, as well as inducing effective, broad-
spectrum neutralization activity against SARS-CoV-2 
WT, Delta, Omicron pseudovirus, and protecting 

Fig. 8  Mechanism of NVRBD-MLipo in eliciting immune responses. Lung was harvested from mice at 24 h post immunization and RNA was further isolated 
for transcriptomic analysis. (A) Schematic for transcriptomic analysis of lung. (B) Principal component analysis (PCA) of lungs treated with different groups 
(n = 3). Volcano plots (C) and heat map (D) for differentially expressed genes (DEGs) (n = 3). (E) KEGG enrichment analysis of DEGs (n = 3). (F) FCM analysis 
of TLR4 activation in RAW 264.7 cells following treatment with RBD and NVRBD-MLipo for 12 h. (G) Western blot analysis of NF-κB and p-NF-κB expression 
in RAW 264.7 cells. Cells were treated with different groups as described in (F)
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immunized mice from WT pseudovirus infection. 
Therefore, this study provides a safe and effective 
means to prevent and combat respiratory infectious 
diseases, such as COVID-19 and influenza.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12951-024-02345-3.

Supplementary Material 1

Acknowledgements
We thank all members of International Joint Research Center of National 
Animal Immunology for their help and support.

Author contributions
Conceptualization: SW, HH; methodology: SW, PD, HC, JH, XW; data curation: 
SW, PD, LS, DF; investigation: SW, LS, DF; funding acquisition: GZ and HH; 
writing—original draft: SW; writing—review and editing: SW and HH; formal 
analysis: SW, PD, HC, JH, XW, HH; supervision: GZ and HH. All authors read and 
approved the final manuscript.

Funding
This work was supported by the Young TopNotch Talents Foundation of 
Henan Agricultural University (30500737), the Key Projects of Science and 
Technology of Henan Province (221100110600), the National Natural Science 
Foundation of China (51903074).

Data availability
The data used and/or analyzed to support the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved and reviewed by the Institutional 
Animal Care and Use Committee of Henan Agricultural University.

Consent for publication
All authors read and approve the final manuscript.

Competing interests
The authors declare no competing interests.

Received: 10 January 2024 / Accepted: 12 February 2024

References
1.	 Kang B, Lee Y, Lim J, Yong D, Ki Choi Y, Woo Yoon S, Seo S, Jang S, Uk Son S, 

Kang T, et al. FRET-based hACE2 receptor mimic peptide conjugated nano-
probe for simple detection of SARS-CoV-2. Chem Eng J. 2022;442:136143.

2.	 Jeong H, Lee JJ, Lee J, Na K. A multiligand architectural photosensitizer that 
targets hemagglutinin on envelope of influenza virus for photodynamic 
inactivation. Small. 2020;16:2000556.

3.	 Jeong H, Lee CS, Lee J, Lee J, Hwang HS, Lee M, Na K. Hemagglutinin 
nanoparticulate vaccine with controlled photochemical immunomodulation 
for pathogenic influenza-specific immunity. Adv Sci. 2021;8:2100118.

4.	 Ma X, Zou F, Yu F, Li R, Yuan Y, Zhang Y, Zhang X, Deng J, Chen T, Song Z, et 
al. Nanoparticle vaccines based on the receptor binding domain (RBD) and 
heptad repeat (HR) of SARS-CoV-2 elicit robust protective immune responses. 
Immunity. 2020;53:1315–30.

5.	 Wang C, Wang S, Chen Y, Zhao J, Han S, Zhao G, Kang J, Liu Y, Wang L, Wang 
X, et al. Membrane nanoparticles derived from ACE2-rich cells block SARS-
CoV-2 infection. ACS Nano. 2021;15:6340–51.

6.	 Liu J, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA, Cai H, Cutler M, Cooper D, 
Muik A, et al. BNT162b2-elicited neutralization of B.1.617 and other SARS-
CoV-2 variants. Nature. 2021;596:273–5.

7.	 Wu CY, Kao SE, Tseng YC, Lin YP, Hou JT, Wu LY, Chiu S, Ma CA, Hsiao PW, Hsiao 
J, Chen JR. Pilot-scale production of inactivated monoglycosylated split H1N1 
influenza virus vaccine provides cross-strain protection against influenza 
viruses. Antiviral Res. 2023;216:105640.

8.	 Atalis A, Keenum MC, Pandey B, Beach A, Pradhan P, Vantucci C, O’Farrell L, 
Noel R, Jain R, Hosten J, et al. Nanoparticle-delivered TLR4 and RIG-I agonists 
enhance immune response to SARS-CoV-2 subunit vaccine. J Controlled 
Release. 2022;347:476–88.

9.	 Ge C, Zhu J, Ye H, Wei Y, Lei Y, Zhou R, Song Z, Yin L. Rational construction of 
protein-mimetic nano-switch systems based on secondary structure transi-
tions of synthetic polypeptides. J Am Chem Soc. 2023;145:11206–14.

10.	 Han X, Alameh MG, Butowska K, Knox JJ, Lundgreen K, Ghattas M, Gong N, 
Xue L, Xu Y, Lavertu M, et al. Adjuvant lipidoid-substituted lipid nanoparticles 
augment the immunogenicity of SARS-CoV-2 mRNA vaccines. Nat Nanotech-
nol. 2023;18:1105–14.

11.	 Mao T, Israelow B, Peña Hernández MA, Suberi A, Zhou L, Luyten S, Reschke 
M, Dong H, Homer RJ, Saltzman WM, Iwasaki A. Unadjuvanted intranasal 
spike vaccine elicits protective mucosal immunity against sarbecoviruses. 
Science. 2022;378:2523.

12.	 Lam JH, Shivhare D, Chia TW, Chew SL, Sinsinbar G, Aw TY, Wong S, Ven-
kataraman S, Lim FWI, Vandepapeliere P, Nallani M. Artificial cell membrane 
polymersome-based intranasal beta spike formulation as a second genera-
tion COVID-19 vaccine. ACS Nano. 2022;16:16757–75.

13.	 Aksyuk AA, Bansal H, Wilkins D, Stanley AM, Sproule S, Maaske J, Sanikom-
mui S, Hartman WR, Sobieszczyk ME, Falsey AR, Kelly EJ. AZD1222-induced 
nasal antibody responses are shaped by prior SARS-CoV-2 infection and 
correlate with virologic outcomes in breakthrough infection. Cell Rep Med. 
2023;4:100882.

14.	 Zhang L, Jiang Y, He J, Chen J, Qi R, Yuan L, Shao T, Zhao H, Chen C, Chen Y, et 
al. Intranasal influenza-vectored COVID-19 vaccine restrains the SARS-CoV-2 
inflammatory response in hamsters. Nat Commun. 2023;14:4117.

15.	 Meng QF, Tai W, Tian M, Zhuang X, Pan Y, Lai J, Xu Y, Xu Z, Li M, Zhao G, et al. 
Inhalation delivery of dexamethasone with iSEND nanoparticles attenuates 
the COVID-19 cytokine storm in mice and nonhuman primates. Sci Adv. 
2023;9:3277.

16.	 Yang J, Liu MQ, Liu L, Li X, Xu M, Lin H, Li M, Yan H, Chen YQ, Shi ZL. The 
protective nasal boosting of a triple-RBD subunit vaccine against SARS-
CoV-2 following inactivated virus vaccination. Signal Transduct Target Ther. 
2023;8:151.

17.	 Lei H, Alu A, Yang J, He X, He C, Ren W, Chen Z, Hong W, Chen L, He X, et al. 
Cationic crosslinked carbon dots-adjuvanted intranasal vaccine induces 
protective immunity against omicron-included SARS-CoV-2 variants. Nat 
Commun. 2023;14:2678.

18.	 Gao A, Chen Y, Liang H, Cui X, Zhang A, Cui D. Developing an efficient MGCR 
microneedle nanovaccine patch for eliciting th 1 cellular response against 
the SARS-CoV-2 infection. Theranostics. 2023;13:4821–35.

19.	 Gao ZL, Xu W, Zheng SJ, Duan QJ, Liu R, Du JZ. Orchestrated cytosolic delivery 
of antigen and adjuvant by manganese ion-coordinated nanovaccine for 
enhanced cancer immunotherapy. Nano Lett. 2023;23:1904–13.

20.	 Jia S, Ji S, Zhao J, Lv Y, Wang J, Sun D, Ding D. A fluorinated supramolecular 
self-assembled peptide as nanovaccine adjuvant for enhanced cancer vac-
cine therapy. Small Methods. 2023;7:2201409.

21.	 Guo X, Du L, Ma N, Zhang P, Wang Y, Han Y, Huang X, Zhang Q, Tan X, Lei X, 
Qu B. Monophosphoryl lipid A ameliorates radiation-induced lung injury by 
promoting the polarization of macrophages to the M1 phenotype. J Transl 
Med. 2022;20:597.

22.	 Pifferi C, Fuentes R, Fernández-Tejada A. Natural and synthetic carbohydrate-
based vaccine adjuvants and their mechanisms of action. Nat Rev Chem. 
2021;5:197–216.

23.	 Zhao T, Cai Y, Jiang Y, He X, Wei Y, Yu Y, Tian X. Vaccine adjuvants: mechanisms 
and platforms. Signal Transduct Target Ther. 2023;8:283.

24.	 Sliepen K, Schermer E, Bontjer I, Burger JA, Lévai RF, Mundsperger P, Brouwer 
PJM, Tolazzi M, Farsang A, Katinger D, et al. Interplay of diverse adjuvants and 
nanoparticle presentation of native-like HIV-1 envelope trimers. npj Vaccines. 
2021;6:103.

25.	 Ukidve A, Cu K, Goetz M, Angsantikul P, Curreri A, Tanner EEL, Lahann J, 
Mitragotri S. Ionic-liquid-based safe adjuvants. Adv Mater. 2020;32:2002990.

https://doi.org/10.1186/s12951-024-02345-3
https://doi.org/10.1186/s12951-024-02345-3


Page 16 of 16Wang et al. Journal of Nanobiotechnology           (2024) 22:76 

26.	 Peng S, Cao F, Xia Y, Gao XD, Dai L, Yan J, Ma G. Particulate alum via picker-
ing emulsion for an enhanced COVID-19 vaccine adjuvant. Adv Mater. 
2020;32:2004210.

27.	 Phoolcharoen W, Shanmugaraj B, Khorattanakulchai N, Sunyakumthorn P, 
Pichyangkul S, Taepavarapruk P, Praserthsee W, Malaivijitnond S, Manop-
wisedjaroen S, Thitithanyanont A, et al. Preclinical evaluation of immuno-
genicity, efficacy and safety of a recombinant plant-based SARS-CoV-2 RBD 
vaccine formulated with 3 M-052-Alum adjuvant. Vaccine. 2023;41:2781–92.

28.	 Herman L, De Smedt SC, Raemdonck K. Pulmonary surfactant as a versatile 
biomaterial to fight COVID-19. J Controlled Release. 2022;342:170–88.

29.	 Wang S, Li Z, Wang X, Zhang S, Gao P, Shi Z. The role of pulmonary surfactants 
in the treatment of acute respiratory distress syndrome in COVID-19. Front 
Pharmacol. 2021;12:698905.

30.	 Hidalgo A, Garcia-Mouton C, Autilio C, Carravilla P, Orellana G, Islam MN, 
Bhattacharya J, Bhattacharya S, Cruz A, Pérez-Gil J. Pulmonary surfactant and 
drug delivery: vehiculization, release and targeting of surfactant/tacrolimus 
formulations. J Controlled Release. 2021;329:205–22.

31.	 Guo L, Miao Y, Wang Y, Zhang Y, Zhou E, Wang J, Zhao Y, Li L, Wang A, Gan Y, 
Zhang X. Biomimetic macrophage membrane and lipidated peptide hybrid 
nanovesicles for atherosclerosis therapy. Adv Funct Mater. 2022;32:2204822.

32.	 Hu M, Zhang J, Kong L, Yu Y, Hu Q, Yang T, Wang Y, Tu K, Qiao Q, Qin X, Zhang 
Z. Immunogenic hybrid nanovesicles of liposomes and tumor-derived 
nanovesicles for cancer immunochemotherapy. ACS Nano. 2021;15:3123–38.

33.	 Neupane YR, Handral HK, Alkaff SA, Chng WH, Venkatesan G, Huang C, Lee 
CK, Wang J-W, Sriram G, Dienzo RA, et al. Cell-derived nanovesicles from 
mesenchymal stem cells as extracellular vesicle-mimetics in wound healing. 
Acta Pharm Sin B. 2023;13:1887–902.

34.	 Lee JR, Sim WS, Park HJ, Park BW, Joung YK. Targeted delivery of apoptotic 
cell-derived nanovesicles prevents cardiac remodeling and attenuates 
cardiac function exacerbation. Adv Funct Mater. 2023;33:2210864.

35.	 Sun L, Wang D, Noh I, Fang RH, Gao W, Zhang L. Synthesis of erythro-
cyte nanodiscs for bacterial toxin neutralization. Angew Chem Int Ed. 
2023;62:2023015.

36.	 Li Z, Wang Z, Dinh PC, Zhu D, Popowski KD, Lutz H, Hu S, Lewis MG, Cook A, 
Andersen H, et al. Cell-mimicking nanodecoys neutralize SARS-CoV-2 and 
mitigate lung injury in a non-human primate model of COVID-19. Nat Nano-
technol. 2021;16:942–51.

37.	 Guo Z, Noh I, Zhu AT, Yu Y, Gao W, Fang RH, Zhang L. Cancer cell membrane 
nanodiscs for antitumor vaccination. Nano Lett. 2023;23:7941–9.

38.	 Gao J, Su Y, Wang Z. Remote co-loading of amphipathic acid drugs in neutro-
phil nanovesicles infilled with cholesterol mitigates lung bacterial infection 
and inflammation. Biomaterials. 2023;296:122071.

39.	 Chen HY, Deng J, Wang Y, Wu CQ, Li X, Dai HW. Hybrid cell membrane-coated 
nanoparticles: a multifunctional biomimetic platform for cancer diagnosis 
and therapy. Acta Biomater. 2020;112:1–13.

40.	 Zhou Y, Liang Q, Wu X, Duan S, Ge C, Ye H, Lu J, Zhu R, Chen Y, Meng F, Yin 
L. siRNA delivery against myocardial ischemia reperfusion injury medi-
ated by reversibly camouflaged biomimetic nanocomplexes. Adv Mater. 
2023;35:2210691.

41.	 Krishnan N, Peng FX, Mohapatra A, Fang RH, Zhang L. Genetically engi-
neered cellular nanoparticles for biomedical applications. Biomaterials. 
2023;296:122065.

42.	 Cheng Q, Kang Y, Yao B, Dong J, Zhu Y, He Y, Ji X. Genetically engineered-
cell‐membrane nanovesicles for cancer immunotherapy. Adv Sci. 
2023;10:2302131.

43.	 Huo J, Zhang A, Wang S, Cheng H, Fan D, Huang R, Wang Y, Wan B, Zhang 
G, He H. Splenic-targeting biomimetic nanovaccine for elevating protective 
immunity against virus infection. J Nanobiotechnol. 2022;20:514.

44.	 Alameh MG, Tombacz I, Bettini E, Lederer K, Sittplangkoon C, Wilmore JR, 
Gaudette BT, Soliman OY, Pine M, Hicks P, et al. Lipid nanoparticles enhance 
the efficacy of mRNA and protein subunit vaccines by inducing robust T fol-
licular helper cell and humoral responses. Immunity. 2021;54:2877–92.

45.	 McKay PF, Hu K, Blakney AK, Samnuan K, Brown JC, Penn R, Zhou J, Bouton 
CR, Rogers P, Polra K, et al. Self-amplifying RNA SARS-CoV-2 lipid nanoparticle 
vaccine candidate induces high neutralizing antibody titers in mice. Nat 
Commun. 2020;11:3523.

46.	 Kim KS, Lee S, Na K, Bae YH. Ovalbumin and poly(i:c) encapsulated dendritic 
cell-targeted nanoparticles for immune activation in the small intestinal 
lymphatic system. Adv Healthc Mater. 2022;11:2200909.

47.	 Wang J, Li P, Yu Y, Fu Y, Jiang H, Lu M, Sun Z, Jiang S, Lu L, Wu MX. Pulmonary 
surfactant–biomimetic nanoparticles potentiate heterosubtypic influenza 
immunity. Science. 2020;367:869.

48.	 Chen X, Shi T, Yang C, Chen F, He X, Zhang K, Hu H, Cai L, Leong KW, Shao 
D. Scalable biomimetic SARS-CoV–2 nanovaccines with robust protective 
immune responses. Signal Transduct Target Ther. 2022;7:96.

49.	 Elia U, Rotem S, Bar Haim E, Ramishetti S, Naidu GS, Gur D, Aftalion M, Israeli 
Ma, Bercovich Kinori A, Alcalay R, et al. Lipid nanoparticle RBD-hFc mRNA vac-
cine protects hACE2 transgenic mice against a lethal SARS-CoV-2 infection. 
Nano Lett. 2021;21:4774–9.

50.	 Yang Z, Hua L, Yang M, Liu SQ, Shen J, Li W, Long Q, Bai H, Yang X, Ren Z, et 
al. RBD-modified bacterial vesicles elicited potential protective immunity 
against SARS-CoV-2. Nano Lett. 2021;21:5920–30.

51.	 Pan J, Wang Q, Qi M, Chen J, Wu X, Zhang X, Li W, Zhang XE, Cui Z. An intrana-
sal multivalent epitope-based nanoparticle vaccine confers broad protection 
against divergent influenza viruses. ACS Nano. 2023;17:13474–87.

52.	 Chen H, Jiang S, Zhang P, Ren Z, Wen J. Exosomes synergized with PIONs@E6 
enhance their immunity against hepatocellular carcinoma via promoting M1 
macrophages polarization. Int Immunopharmacol. 2021;99:107960.

53.	 Zhou Z, Deng T, Tao M, Lin L, Sun L, Song X, Gao D, Li J, Wang Z, Wang X, et al. 
Snail-inspired AFG/GelMA hydrogel accelerates diabetic wound healing via 
inflammatory cytokines suppression and macrophage polarization. Biomate-
rials. 2023;299:122141.

54.	 Wang Z, Popowski KD, Zhu D, de Juan Abad BL, Wang X, Liu M, Lutz H, 
De Naeyer N, DeMarco CT, Denny TN, et al. Exosomes decorated with a 
recombinant SARS-CoV-2 receptor-binding domain as an inhalable COVID-19 
vaccine. Nat Biomed Eng. 2022;6:791–805.

55.	 He X, Chen X, Wang H, Du G, Sun X. Recent advances in respiratory immuni-
zation: a focus on COVID-19 vaccines. J Controlled Release. 2023;355:655–74.

56.	 Brewer RC, Ramadoss NS, Lahey LJ, Jahanbani S, Robinson WH, Lanz TV. 
BNT162b2 vaccine induces divergent B cell responses to SARS-CoV-2 S1 and 
S2. Nat Immunol. 2021;23:33–9.

57.	 Chen J, Wang B, Caserto JS, Shariati K, Cao P, Pan Y, Xu Q, Ma M. Sustained 
delivery of SARS-CoV-2 RBD subunit vaccine using a high affinity injectable 
hydrogel scaffold. Adv Healthc Mater. 2021;11:2101714.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Inhalable hybrid nanovaccines with virus-biomimetic structure boost protective immune responses against SARS-CoV-2 variants
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Preparation of NV﻿RBD﻿
	﻿Preparation of NV﻿RBD﻿-MLipo
	﻿Characterization of NV﻿RBD﻿-MLipo
	﻿Macrophage uptake in vitro
	﻿In vitro macrophage activation
	﻿In vivo biodistribution
	﻿Mice vaccination in vivo
	﻿RBD-specific IgG and IgA antibody detection
	﻿Humoral immunity in vivo
	﻿Cellular immunity in vivo
	﻿Pseudovirus neutralization
	﻿In vivo safety
	﻿Mechanism of immune response
	﻿Statistical analysis

	﻿Results and discussion
	﻿Preparation and characterization of NV﻿RBD﻿-MLipo
	﻿PS-mediated macrophage uptake in vitro
	﻿In vivo AMs activation
	﻿Inhalable NV﻿RBD﻿-MLipo elicited mucosal immune response
	﻿Inhalable NV﻿RBD﻿-MLipo elicited humoral responses
	﻿Inhalable NV﻿RBD﻿-MLipo elicited cellular responses
	﻿The neutralizing activity of NV﻿RBD﻿-MLipo against SARS-CoV-2 pseudovirus
	﻿Safety
	﻿Mechanism of NV﻿RBD﻿-MLipo in regulating immune responses

	﻿Conclusion
	﻿References


