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ABSTRACT
Four significant influenza outbreaks have occurred over the past 100 years, and the 1918 influenza pandemic is the most se-
vere. Since influenza viruses undergo antigenic evolution, they are the pathogens most likely to trigger a new pandemic shortly. 
Intranasal vaccination offers a promising strategy for preventing diseases triggered by respiratory viruses by eliciting an immu-
noglobulin A (IgA) response, limiting virus replication and transmission from the respiratory tract more efficiently than intra-
muscular vaccines. Combining intranasal administration and mRNA-lipid nanoparticles can be an ideal strategy for limiting 
the extent of the next flu pandemic. This study explored the immunogenicity of intranasally delivered mRNA encapsulated in 
mannose-histidine-conjugated chitosan lipid nanoparticles (MHCS-LNPs) as a vaccine against influenza A (H1N1) in BALB/c 
mice. Intranasal administration of mRNA-MHCS-LNPs resulted in the generation of influenza A (H1N1) hemagglutinin-specific 
neutralizing antibodies in vaccinated animals. The enzyme-linked immunosorbent assay (ELISA) results indicated a notable 
increase in the quantity of immunoglobulin G (IgG) and IgA antibodies in serum and the bronchoalveolar lavage fluid (BALF), 
respectively, and exhibited influenza A-specific IFN-γ secretion in vaccinated mice, as well as a noticeable alteration in IL-5 
production. Overall, this study demonstrated an effective immunogenic response against respiratory viral infections through 
intranasal delivery of an mRNA-MHCS-LNP vaccine.

1   |   Introduction

Based on World Health Organization's annual reports, seasonal 
influenza, caused by influenza A and B viruses, results in mil-
lions of severe illnesses and hundreds of thousands of deaths an-
nually [1]. Pandemics are driven by influenza A due to its ability 
to infect both humans and animals [2] and its segmented RNA 
genome, which allows for antigenic shift and the emergence 

of new strains that evade existing immunity [3]. This constant 
evolution of the hemagglutinin (HA) protein makes influenza a 
significant and costly global health burden [4].

Compared to egg-dependent vaccine platforms, mRNA vac-
cines offer advantages such as egg-free and cell-free pro-
duction, elimination of egg-adaptive mutations and immune 
responses against egg proteins or DNA vectors, no risk of 
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integration into the host genome, and fast, scalable manu-
facturing process [5]. Regarding efficacy, clinical trials of ap-
proved mRNA vaccines have shown noticeable results through 
the induction of neutralizing antibodies and the activation of 
T cells [6–9]. Studies have confirmed the rapid development 
of high levels of IgG and IgM antibodies with neutralizing 
abilities detectable for up to 6-months postvaccination, as well 
as the presence of antigen-specific CD4 and CD8 T cells up 
to 6 months after the initial vaccination [7, 10, 11]. Another 
key advantage of mRNA vaccine technology is based on the 
transient nature and short pharmacokinetic half-life of RNA 
molecules, which prevents T-cell depletion due to constant an-
tigen exposure [12].

During in  vitro transcription, modified nucleotides like N1-
methyl-pseudouridine (m1Ψ) are incorporated into RNA. 
Replacing uridine with m1Ψ reduces TLR3 activation and in-
flammatory signaling [13]. This modification also alters trans-
lation by promoting ribosome pausing and increasing mRNA 
density [14].

Despite these advantages, in  vivo administration of mRNA 
in the blood or tissues is restricted due to its structural in-
stability. Encapsulation of mRNA within nanoparticles en-
sures efficient and safe delivery to the desired site and extends 
the transcript half-life [15]. Cationic polymers, like chitosan, 
are widely used for nucleic acid delivery. They neutralize the 
negative charge of nucleic acids, improving cell membrane 
interaction and transfection efficiency [16]. Chitosan, a bio-
degradable and biocompatible polymer with low toxicity, en-
hances cell permeability, adheres to mucus, and degrades into 
nontoxic components, making it beneficial for gene delivery 
[17]. However, its low buffering capacity, insolubility at phys-
iological pH, and meager rate of endosomal escape limit the 
application of chitosan as a gene carrier. Functionalizing chi-
tosan with histidine, an amino acid containing an imidazole 
ring, increases endosomal escape through the proton-sponge 
effect, which is an osmosis-driven process and can cause the 
endosome to swell and eventually rupture, releasing the con-
tents into the cytoplasm [18–21].

Targeting antigen-presenting cells (APCs) with surface-
modified nanoparticles enhances vaccine potential. Mannose-
modified chitosan nanoparticles exploit dendritic cell (DC) 
mannose receptors and boost antigen uptake and immune 
responses, including cytotoxic T lymphocyte (CTL) activation 
[22–25].

Lipid nanoparticles (LNPs), particularly those with cationic 
phospholipids like DOTAP (1,2 Dioleyl-3-trimethylammonium 
propane), are widely used for gene delivery. They enhance cell 
binding and membrane fusion through electrostatic interactions 
with nucleic acids [26]. The beneficial characteristics of LNPs 
and chitosan, combined with their advantageous features, can 
develop ideal delivery nanoparticles.

At present, almost all approved and licensed vaccines against 
respiratory pathogens are administered intramuscularly and 
mainly induce systemic immune responses. However, since 
respiratory pathogens such as influenza and SARS-CoV-2 vi-
ruses can be transmitted from vaccinated individuals to others 

through infectious aerosols and droplets, local mucosal immune 
responses at virus entry sites, in addition to systemic immune 
responses, can minimize viral spread and limit infection [27]. 
Intranasal vaccination offers advantages like noninvasiveness, 
ease of use, and rapid immune response, making it ideal for 
mass vaccination. However, rapid mucociliary clearance hin-
ders nanoparticle uptake and vaccine efficacy [28]. Given that 
chitosan nanoparticles are highly positively charged, interacting 
with nasal epithelial surfaces presents a potent mucoadhesive 
delivery system and increases antigen uptake. Following this 
notion, we developed mRNA-chitosan LNPs encoding the full-
length influenza A (H1N1) prefusion-stabilized hemagglutinin 
protein delivered by mannose-histidine-conjugated chitosan 
lipid nanoparticles (MHCS-LNPs). Here, we present in vitro and 
in vivo evaluation data on the efficacy, safety, physicochemical 
properties, stability, and immunogenicity of mRNA-MHCS-
LNPs in mice.

2   |   Materials and Methods

2.1   |   mRNA Vaccine Preparation

The full-length gene and protein sequence for the HA protein 
of the influenza A (H1N1) virus were sourced from specific ac-
cession numbers (FJ966082 and ACP41105). The HA was en-
gineered with proline substitutions and optimized for human 
codon use, placed under the T7 promoter in a plasmid. The con-
struct was inserted into the PUC57 plasmid and transformed into 
Escherichia coli DH5α for amplification. A GFP gene was also 
included for reporter purposes. mRNA was transcribed using 
modified nucleotides and capped. For nanoparticle preparation, 
histidine was conjugated with chitosan to form HCS using EDC 
and NHS chemistry [29]. This was followed by mannose con-
jugation to HCS via reductive amination, resulting in MHCS 
[20, 30]. MHCS was used to form polyplexes with mRNA at var-
ious nitrogen-to-phosphate (N:P) ratios. These were then encap-
sulated into LNPs using a reverse-phase evaporation method, 
involving lipids like cholesterol and phospholipid [31, 32]. The 
size, polydispersity, and zeta potential of the nanoparticles were 
measured using dynamic light scattering [33, 34]. Encapsulation 
efficiency was determined via fluorescence spectroscopy with 
SYBR Green II [35, 36]. The effectiveness of the mRNA-MHCS-
LNPs was tested in cell lines (HEK 293T, A549, and RAW264.7) 
by assessing GFP expression through fluorescence microscopy 
and flow cytometry. Stability tests included monitoring en-
capsulation efficiency, size, and zeta potential over time when 
stored at different temperatures [37]. Cytotoxicity was evaluated 
using an XTT assay on HEK-293T, RAW264.7, and A549 cells 
[38] (for details, see Supporting Information).

2.2   |   Animal Studies

Female BALB/c mice (6–8-weeks old) were ethically sourced 
and housed under standard lab conditions. Sixty-four mice 
were divided into six groups of eight to evaluate mRNA-MHCS-
LNPs: three intranasal groups (6-, 12-, and 24-μg mRNA), one 
intramuscular group (6-μg mRNA), a PBS control, and a com-
mercial influenza vaccine control. Intranasal administration 
was performed under anesthesia. A booster dose was given on 
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Day 14. At Week 4, blood and BALF samples were collected, 
and spleens were harvested for analysis. The study was ap-
proved (IR.PII.REC.1400.067 on December 11, 2021) and fol-
lowed ARRIVE guidelines [39, 40] (for details, see Supporting 
Information).

2.3   |   Evaluation of Humoral, Cellular, 
and Mucosal Immune Responses

Influenza A (H1N1) hemagglutinin-specific IgG titers in serum 
were measured by indirect enzyme-linked immunosorbent 
assay (ELISA) [41]. Splenocyte IL-5 and IFN-γ concentrations, 
indicative of cell-mediated immunity, were assessed by ELISA 
after stimulating splenocytes with hemagglutinin peptides [42]. 
Mucosal IgA responses in BALF were also measured using an 
H1N1 hemagglutinin-specific IgA ELISA. All ELISAs used ab-
sorbance readings at 450 nm (with a 630-nm reference for IgA) 
to determine antibody/cytokine concentrations [43, 44] (for de-
tails, see Supporting Information).

2.4   |   Hemagglutination Inhibition Assay

Hemagglutination inhibition (HI) assays were performed using 
standard procedures. Chicken erythrocytes were washed and 
prepared as a 0.5% suspension. Formaldehyde-inactivated in-
fluenza strains were serially diluted in a 96-well plate to deter-
mine the hemagglutination assay (HA) titration endpoint, and 
is conducted to measure the amount of virus particles required 
for hemagglutination and is reported in HA units. For the HI 
assay, mice sera were diluted, incubated with virus contain-
ing four HA units, and then mixed with chicken RBCs. The HI 
titer, defined as the final serum dilution at which complete HI 
was observed, was visually determined [45–48] (for details, see 
Supporting Information).

2.5   |   Statistical Analysis

The collected information was analyzed using GraphPad Prism 
10 software. The t-test and one-way ANOVA were used to ana-
lyze the results statistically, as needed. A p-value lower than 0.05 
was considered to indicate a significant difference.

3   |   Results

3.1   |   Bioinformatic Studies 
and Vector Construction

The codon-optimized full-length sequence of the influenza A 
(H1N1) hemagglutinin glycoprotein-encoding gene, which con-
tains two proline mutations (V399P-S415P), is flanked by an 
optimized 5′UTR (from the human alpha-globin gene) plus an 
optimized Kozak sequence and an efficient 3′-UTR (from the 
human AES/TLE5 gene), followed by two termination codons 
and 110 adenine nucleotides as the poly(A) tail. mRNA in vitro 
was transcribed using T7 RNA polymerase and the modified 
nucleoside N1-methyl pseudouridine and analyzed by denatur-
ing gel electrophoresis, which was consistent with its calculated 

length of 2166 ribonucleotides, indicating purity and integrity 
(Figure 1a).

3.2   |   Synthesis and Characterization of HCSs 
and MHCSs

Histidine was conjugated to chitosan (CS) via a coupling re-
action mediated by 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC)/N-hydroxysuccinimide (NHS), leading to the 
synthesis of histidine-conjugated chitosan (HCS) polymers. 
Initially, EDC activated the carboxyl group on histidine, which 
subsequently reacted with the amino group at the C2 position 
of chitosan via NHS, leading to the formation of acylation poly-
mers. Subsequently, the modification of the HCS polymer with 
mannose commenced with the ring opening of mannose, fol-
lowed by reductive amination of the resulting aldehyde with the 
free amino groups present on the HCS polymer. The synthetic 
scheme depicting the mannose and histidine-grafted chitosan 
is presented in Figure 1b. The synthesis of the conjugates was 
verified by the Fourier transform infrared spectroscopy (FTIR). 
Figure  1c displays the FTIR spectra of chitosan, histidine-
grafted chitosan, and mannose-histidine-grafted chitosan. The 
FTIR spectral analysis of chitosan indicated the presence of the 
following peaks. The broad peak at 3420 cm−1 corresponds to the 
stretching vibrations of OH, and the peaks at 2920 and 2888 cm−1 
are associated with the aliphatic vibrations of CH stretching in 
the -CH and -CH2 groups. The amide frequencies include the 
N-H bond stretching of amide I and N-H straining vibrations 
of -NH2 groups, which are observed at 1660 and 1590 cm−1, re-
spectively. The peak at 1380 cm−1 corresponds to the symmet-
ric deformation of C-H in the -CH3 group. Additionally, the 
1322-cm−1 peak is attributed to the vibration modes of amide 
III. Furthermore, the absorption band at 1153 cm−1 corresponds 
to the antisymmetric stretching of the C-O-C bridge, while the 
stretching vibration at 1085 cm−1 is attributed to the C-O stretch-
ing vibration of alcohol groups. Following the conjugation of 
histidine, an enhancement in the peak at 1640 cm−1, which is 
associated with the C=O stretching vibration of the amide, and 
a shift in the peak corresponding to the N–H bending vibration 
from 1590 to 1522 cm−1, verified the successful attachment of 
histidine to the CS backbone via an amide bond. Moreover, two 
stretching vibrations distinctive of mannose are indicated by ab-
sorption peaks in the 1580 and 1421 cm−1 regions. The degree of 
substitution (DS) of the glucosamine residues in the chitosan for 
each prepared polymer was calculated by assessing the increase 
in the amide I peak (1660 cm−1) following modification, utilizing 
the peak of O–H stretching at 3422 cm−1 as an internal refer-
ence, as outlined below (Equation 1, Equation 2) [20]:

T1660 and T3422 indicate the peak heights calculated using a base-
line set between 800–1900 and 1900–3850 cm−1, respectively. 
The DS outcomes are displayed in Table 1.

(1)DS (%) =

(

T1660
T3422

)

CH−Hi
−

(

T1660
T3422

)

CH

(1 − 0.164)
× 100

(2)DS (%) =

(

T1660
T3422

)

CH−Hi−Man
−

(

T1660
T3422

)

CH−Hi

(1 − 0.164)
× 100
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3.3   |   Synthesis of mRNA-MHCS-LNPs

Chitosan-LNPs were formulated using phosphatidylcholine 
and cholesterol as the core and a shell consisting of mannose-
histidine-conjugated chitosan in a reverse-phase evaporation 
process (Figure 1d).

For a comprehensive structural characterization of mRNA-
MHCS-LNPs, assessing their size and surface charge is necessary. 
Determining the hydrodynamic diameter is especially critical for 
colloidal particles, as it facilitates further studies and applications. 
DLS is the most common technique employed to ascertain the 
size distribution of small particles within a solution or suspension. 

This method involves measuring the variations in scattered light 
intensity over time, induced by the particles' Brownian motion 
[49]. According to the DLS results, the nanoparticles exhibited a 
hydrodynamic diameter of 200 nm (CV% = 8.62%). Additionally, 
the polydispersity index demonstrated a permissible value of 0.05, 
confirming the uniformity of the prepared mRNA-MHCS-LNPs 
(Figure 2a). The single peak observed in the DLS results, particu-
larly in terms of intensity, signifies the lack of nanoparticle aggre-
gation. The zeta potential was measured at +29.4 mV.

3.4   |   Encapsulation Efficiency

To assess the effectiveness of MHCS-LNPs in mRNA encapsu-
lation, a quantitative fluorescence spectroscopy method was 
used, as previously described. This fluorescence-based assay 
employs a dye, SYBR Green II, that is, nonfluorescent in solu-
tion but becomes fluorescent when it binds to nucleic acids. 
A calibration curve was created by serially diluting the RNA 
standard, as detailed in Section 2. The fluorescence intensities 
of each RNA concentration were measured after adding the 
SYBR Green II dye to establish a calibration curve that cor-
relates fluorescence intensity with RNA concentration. The 
standard curve demonstrated an excellent linear relationship 

FIGURE 1    |    mRNA-MHCS-LNP vaccine preparation. (a) Agarose gel electrophoresis showing the size and integrity of the naked mRNA. (b) 
Reaction scheme for MHCS preparation, HCS: histidine-conjugated chitosan, and MHCS: Mannose-histidine-conjugated chitosan. (c) FTIR spectra 
of CS, HCS, and MHCS. (d) The schematic shows the mRNA-MHCS-LNP vaccine design.

TABLE 1    |    The degree of L-histidine and D-mannose substitution of 
the modified polymers was determined through FTIR.

Polymer DS (%) theoreticala DS (%)

HCS 28.5% 21%

MHCS 25% 9.7%
aDetermined by the ratio of moles of L-histidine and D-mannose 
to moles of charged glucosamine residue (0.6 g of L-histidine 
monohydrochloride = 3.538 mmol/2 g of chitosan = 12.42 mmol of glucosamine).
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(R2 = 0.980) between the RNA concentrations and fluores-
cence intensity. This relationship was then used to estimate 
the encapsulation efficiency. Triton X-100 was added to the 
mRNA-MHCS-LNPs sample to disrupt the particles, allowing 
the detection of the total mRNA present in the well. The dif-
ference between the total mRNA sample (with Triton X-100) 
and the free, nonencapsulated mRNA is used to calculate the 
concentration of encapsulated mRNA and the encapsulation 
efficiency. The encapsulation efficiency should generally ex-
ceed 80%. MHCS-LNPs encapsulation efficiency was deter-
mined to be approximately 95% (refer to Figure 2b).

3.5   |   In Vitro Transfection Efficiency

To utilize a gene nanocarrier either in vitro or in vivo, it is cru-
cial to assess its transfection efficiency and potential toxicity. 

The N:P ratio represents the ratio between the amine groups 
(N) of the modified chitosan and the phosphate groups (P) of 
the mRNA (one per base for RNA and two for DNA) and sig-
nificantly impacts nanoparticle properties such as complexation 
efficiency, particle size and stability, and transfection efficiency, 
which a well-balanced N:P ratio ensures that nanoparticles 
can effectively protect nucleic acids from degradation and fa-
cilitate their entry into cells, cellular uptake and endosomal 
escape, and toxicity and immunogenicity. A higher N:P ratio 
typically results in smaller nanoparticles. This occurs because 
an increased ratio of amine groups to phosphate groups of the 
nucleic acids strengthens electrostatic interactions, leading to 
the formation of more compact and stable complexes. Small-
sized nanoparticles (∼100 nm) have been found to exhibit more 
than three times greater cellular uptake compared to larger 
nanoparticles (∼275 nm). Also, transfection efficiency depends 
on several parameters, with one of the most important being the 
size of the particles used to form polymer/mRNA complexes. 
Several studies, some of which contradict each other, have been 

(3)%EE =
231.12ug − 9.53ug

231.12ug
× 100 = %95

FIGURE 2    |    Characterization of the mRNA-MHCS-LNPs. (a) DLS results representing hydrodynamic diameter vs. intensity. (b) The standard 
curve shows a linear relationship between the RNA concentration and fluorescence intensity. (c) mRNA transfection assays. Five N:P ratios (4, 6, 
8,10, and 12) of MHCS-LNPs with GFP-expressing mRNA (at a concentration of 1 μg) were used. Transfection efficiency was calculated as the pro-
portion of cells expressing GFP relative to the total number of cells counted via flow cytometry. The data are shown as the mean ± standard deviation 
(n = 3). (d) The transfection efficiency of the GFP-encoding mRNA-MHCH-LNPs in three cell lines, namely, RAW264.7, HEK293, and A549, was 
investigated using fluorescence microscopy and (e) flow cytometry analysis.
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conducted to investigate the effect of size on the efficiency of 
nanoparticle-mediated transfection. Larger nanoparticles (200–
500 nm) showed higher transfection efficacy compared to that 
of the smaller size (40–100 nm). This is due to several factors: 
they settle onto the cell surface more quickly than smaller par-
ticles, increasing contact with the cells and promoting cellular 
internalization; they contain a larger proportion of free cationic 
polymers in addition to those complexed with DNA, which helps 
destabilize the membrane and facilitate entry into cells; and 
their endosomolytic activity is significantly higher than that of 
smaller particles [50]. On the other hand, some studies show that 
since smaller nanoparticles have a larger surface area and have 
a higher percentage of molecules exposed on the particle surface 
to interact with cells, this can lead to enhanced cellular uptake 
but also higher cytotoxicity. Overall, the optimization of the N:P 
ratio in nanoparticles should be tailored based on the specific 
application, the route of administration, and safety requirements 
[51]. The HEK293T cell line was selected for these evaluations 
due to its widespread use in transfection experiments and the 
production of recombinant proteins. For transfection efficiency 
analysis, HEK293 cells were seeded in 24-well plates at a density 
of 5 × 104 cells per well overnight. After 48 h, the transfection of 
MHCS-LNPs carrying 1 μg of mRNA with different N:P ratios 
(from 4 to 12) were examined using a fluorescence microscope 
to differentiate transfected cells through GFP expression from 
untransfected cells. Additionally, transfection was performed 
using Lipofectamine 3000 reagent as a positive control, adher-
ing to the standard protocols supplied by the respective manu-
facturers. As shown in Figure 2c, the most efficient formulation 
for mRNA transfection was at N:P ratio of 6.

After determining the best N:P ratio, the expression of GFP 
was explored in three different cell lines (HEK 293T, A549, and 
RAW264.7) following transfection with MHCS-LNPs encapsu-
lating 1 μg of GFP-encoding mRNA. The fluorescence micros-
copy and flow cytometry results revealed that approximately 
71.6% to 82.6% of the cell population in all three cell types stud-
ied expressed GFP (Figure 2d). This indicates the effectiveness 
of mRNA-MHCS-LNPs in overcoming various barriers to suc-
cessfully delivering and translating the enclosed mRNA.

3.6   |   mRNA-MHCS-LNPs Stability and Storability

DLS and a zeta-sizer were used to examine the changes in 
the size and zeta potential of the nanoparticles. Figure  3a–c 
shows the evolution trends in the mean particle size, zeta po-
tential, and encapsulation efficiency throughout an extended 
storage duration from Day 0 to Day 30 at two different stor-
age temperatures. The resulting data indicate a slight (p > 0.05, 
two-way ANOVA) increase in the mean particle size of the 
mRNA-MHCS-LNPs from 202 and 200.6 nm (Day 0) to 206.83 
and 202.16 nm (Day 7) after storage at 4°C and −20°C, respec-
tively, as shown in Figure 3a. Also, the mean particle size after 
storage at 4°C showed a minor increase (p > 0.05, two-way 
ANOVA) from Day 7 (206.8 nm) to Day 14 (210 nm). A signifi-
cant rise in nanoparticle size (p < 0.05, two-way ANOVA) was 
observed on Day 30 (237.5 nm) after storage at 4°C. However, 
nanoparticles stored at −20°C showed only a minor increase 
(p > 0.05, two-way ANOVA) in the average diameter from Day 
0 to Day 30. The significant rise in mRNA-MHCS-LNP size 

may be linked to the development of particle agglomerates 
during storage in storage buffer (pH 5.5) and a change in pH at 
room temperature.

Conversely, the zeta potential of the mRNA-MHCS-LNPs stored 
at 4°C remained unchanged (p > 0.05, two-way ANOVA) from 
Day 0 to Day 14, as depicted in Figure  3b. A minor (p > 0.05, 
two-way ANOVA) decrease in the zeta potential from +29.7 to 
+26.05 mV was observed from Day 0 to Day 30. Furthermore, 
the results indicated no substantial alteration in the zeta poten-
tial of the mRNA-MHCS-LNPs stored at −20°C throughout the 
entire storage period.

The mRNA-MHCS-LNPs stored at 4°C showed a moderately 
significant (p < 0.01, two-way ANOVA) decrease in encapsula-
tion efficiency from Day 0 (95.13%) to Day 30 (91.15%), and the 
mRNA-MHCS-LNPs stored at −20°C showed no significant 
mRNA leakage during the storage period (Figure 3c).

Collectively, these data highlight the physicochemical properties 
and stability of our mRNA-MHCS-LNPs. Our findings indicate 
that while refrigerator storage temperature leads to an increase 
in nanoparticle size and a decrease in encapsulation efficiency 
within 30 days, the overall adverse alteration remains below 10% 
in comparison to their value just after formulation. The mRNA-
MHCS-LNP formulations retained acceptable particle size, zeta 
potential, and encapsulation efficiency.

3.7   |   In Vitro Cytotoxicity 
of the mRNA-MHCS-LNPs

While it is preferable for the particle surface to have a high pos-
itive charge density to ensure efficient mRNA complexation, 
highly cationic particles often exhibit significant cytotoxicity. 
Therefore, a balance must be struck between these two fac-
tors. The XTT assay is a quantitative method used to assess 
cell proliferation rates under various conditions and to evaluate 
the toxicity levels of these conditions on the cells. This method 
relies on the reduction of XTT, a tetrazolium salt, into orange 
formazan crystals by metabolically active cells. In this study, 
the cytotoxicity effect of mRNA-MHCS-LNPs was assessed via 
the XTT method on the HEK-293T, A549, and RAW264.7 cell 
lines, and the relative viability of cells at 24- and 72-h postex-
posure was calculated. After 24 h of consistent treatment with 
the mRNA-MHCS-LNPs, the viability of RAW264.7, A549, and 
HEK293T cells did not significantly change (p > 0.05). After 
72 h, the cell viability of RAW264.7 cells moderately decreased 
(p ≤ 0.01) at the maximum concentration of mRNA (1000 ng), 
and the mRNA exhibited no considerable cytotoxic effect on the 
cells, particularly at higher concentrations (500 and 1000 ng). 
As the mRNA concentration increases, the percentage of via-
ble cells decreases. After 72 h, A549 cells showed a moderate 
decrease (p ≤ 0.01) in viability when exposed to mRNA-MHCS-
LNPs containing ≥ 0.25 μg of mRNA (corresponding to ≥ 0.78 μg 
of mRNA per square centimeter). Likewise, the viability of 
HEK293T cells slightly diminished (p ≤ 0.05) after 72 h of expo-
sure to nanoparticles containing ≥ 0.5 μg of mRNA (equivalent 
to ≥ 1.56 μg of mRNA per square centimeter). Nevertheless, even 
after 72 h of sustained treatment with the highest amounts of 
mRNA-MHCS-LNPs encapsulated 1 μg of mRNA, the viability 
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stayed above 79% for A549 cells, above 68% for RAW264.7 cells, 
and above 69% for HEK293T cells (refer to Figure 3d).

3.8   |   Animal Studies

To evaluate the immunogenicity of the mRNA-MHCS-LNPs, 
six- to eight-week-old female BALB/c mice were divided into six 
groups and inoculated twice, on Day 0 and Day 14. Two doses 
of nanoparticles containing 6, 12, or 24 μg of mRNA were ad-
ministered intranasally. One other group received a low-dose 
mRNA (6 μg) via the intramuscular route, a negative control 
group received PBS intranasally, and a positive control group 
received a commercial influenza vaccine (VaxigripTetra) via the 
intramuscular route (Figure 4a). VaxigripTetra is an inactivated 
quadrivalent nonadjuvanted influenza vaccine of the following 
strains: A/Victoria/4897/2022 (H1N1)pdm09-like strain, A/
Darwin/9/2021 (H3N2)-like strain, B/Austria/1359417/2021-like 

strain, and B/Phuket/3073/2013-like strain. Each vial contains 
15 μg of hemagglutinin glycoprotein per strain (totaling 60 μg). 
To adjust the human dose for BALB/c mice, which typically 
weigh around 20 g, the required dose for each vaccination was 
calculated 0.25 μg of hemagglutinin glycoprotein [52]. During 
the immunization period, no significant changes in mice body 
weight were detected, and no deaths were reported after 1 month 
in any of the groups (data not shown).

3.9   |   Evaluation of Humoral Immune Responses

The effectiveness of the formulated HA-encoding mRNA-
MHCS-LNPs in stimulating a robust humoral immune response 
was examined using an ELISA method (Figure 4b). The findings 
showed a notable increase in the level of anti-HA IgG antibodies 
in the serum of mice that received mRNA compared with that 
in the PBS group. Increasing the intranasal dose from 6 to 12 μg 

FIGURE 3    |    mRNA-MHCS-LNP stability and storability were evaluated. (a) Analysis of mRNA-MHCS-LNP size by DLS revealing the Z-average 
sizes (nm) of the mRNA-MHCS-LNPs kept at 4°C or −20°C for the specified durations. (b) Analysis of zeta potentials (in mV) of mRNA-MHCS-LNPs 
kept at 4°C or −20°C for the specified time points determined by a zeta-sizer. (c) Analysis of the encapsulation efficiency (expressed as a percentage) 
of mRNA-MHCS-LNPs kept at 4°C or −20°C, as determined by a fluorescence-based assay. The height of the bars indicates the mean ± SD, and statis-
tical significance was determined by two-way ANOVA. *p ≤ 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (d) Assessment of the cytotoxicity of mRNA-
MHCS-LNPs utilizing the XTT viability assay. HEK293T, RAW264.7, and A549 cells were exposed to varying quantities of mRNA-MHCS-LNPs for 
24 and 72 h. The data are the means ± SDs of one experiment performed in triplicate, and statistical significance was calculated by one-way ANOVA. 
*p ≤ 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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significantly (p ≤ 0.0001) increases the IgG response. However, 
increasing the dose further to 24-μg intranasal does not signifi-
cantly (p > 0.05) increase the IgG response compared to the 12-
μg dose. This suggests a potential plateau in the dose-response 
relationship for intranasal administration. Mice that received 
12 μg of the mRNA-MHCS-LNPs showed elevated levels of 
HA-specific IgG compared to the mice immunized via intra-
muscular (p ≤ 0.0001) (6 μg mRNA-MHCS-LNPs) and positive 
control (intramuscular injection of the commercial influenza 
vaccine VAXIGRIP) routes. Notably, the low-dose intranasal 
group had slightly greater responses than the positive control 
group (p > 0.05), but at the 6-μg dose, intramuscular administra-
tion results in a higher IgG response than intranasal adminis-
tration. Therefore, these findings indicate that two doses of the 
HA-encoding mRNA-MHCS-LNP vaccine prompt significant 
increases in the levels of anti-HA IgG antibodies in mice.

3.10   |   Investigation of the Cell-Mediated Immune 
Response

Spleen tissues were harvested from BALB/c mice that had been 
administered mRNA-MHCS-LNPs at doses of 6, 12, or 24 μg via 
the intranasal route or 6 μg via the intramuscular route, con-
taining HA-encoding mRNA, on Day 28 following booster vac-
cination to explore the cell-mediated immune response. After 
stimulation of cells with a peptide pool containing influenza 
A hemagglutinin, the secretion of FN-γ and IL-5 from mice 
was measured by ELISA kits. As demonstrated in Figure 4b, 
the findings showed strong secretion of the cytokine IFN-γ 
on Day 28 postinitial vaccination, peaking at approximately 
900 pg ml−1. The concentration of IFN-γ in the supernatants of 
splenocyte cultures was greater in mice vaccinated with 12 μg 
of mRNA-MHCS-LNPs than in all other groups (p ≤ 0.0001). 

FIGURE 4    |    (a) Overview of the vaccination plan and sample collection of animals to analyze the immunogenicity and safety of the mRNA-
MHCS-LNP vaccine. (b) HA-specific serum-bound IgG after vaccination with HA-encoding mRNA-MHCS-LNPs in mice. Female BALB/c mice 
were divided into six groups (n = 8 per group) and immunized intranasally (6, 12, or 24 μg of mRNA) or intramuscularly (6 μg of mRNA) with the HA-
encoding mRNA-MHCS-LNP vaccine, PBS, or commercial influenza vaccine (as a positive control group). The titer of HA-specific IgG antibodies in 
the mice's serum at a 1:1000 dilution was measured using an ELISA kit. (c, d) T-cell immune response in mRNA-MHCS-LNPs-immunized mice. The 
concentrations of the secreted Th2 cytokine IL-5 and Th1 cytokine IFN-γ were quantified using ELISA. (e) Mucosal IgA response in mRNA-MHCS-
LNP-vaccinated mice. The mice were euthanized on the 28th day after the first immunization, and the BALF samples were collected. The levels of 
the secreted mucosal IgA were measured by ELISA. Each data point corresponds to an individual mouse. Statistical analysis was conducted using 
GraphPad Prism 10 software. The data are presented as the mean ± standard error of the mean. Statistically significant differences were calculated 
using one-way ANOVA (significant differences are shown as ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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This implies that the mRNA-MHCS-LNPs vaccine at this con-
centration induced a stronger cell-mediated immune response, 
as IFN-γ is a key cytokine in the Th1 response. In the same 
doses (6-μg mRNA) but different administration routes, the 
intramuscular route presents higher levels (p ≤ 0.01), though 
slightly lower than the 12 μg intranasal group, of IFN-γ pro-
duction. Increasing the intranasal dose from 6 to 12 μg signifi-
cantly (p ≤ 0.0001) increases the IFN-γ response. However, 
increasing the dose further to 24-μg intranasal appears to 
slightly reduce the IFN-γ response compared to the 12-μg dose. 
Additionally, there was no discernible difference (p ≤ 0.05) be-
tween the 12 μg, and 24 μg of intranasal groups and 6-μg intra-
muscular groups.

Moreover, splenocytes were assessed for the production of the 
cytokine IL-5, which is induced in the Th2 T-cell response. 
Since IL-5 prompts antigen-activated B cells to mature into 
immunoglobulin-secreting plasma cells and boosts IgA se-
cretion, elevated levels of IL-5, peaking at approximately 
15 pg ml−1 in intranasally vaccinated mice compared to those 
in intramuscularly vaccinated and control groups, represent 
robust mucosal immune responses. Increasing the intrana-
sal dose from 6 to 12 μg leads to a significant enhancement 
(p ≤ 0.0001) in the IL-5 response. Raising the dose further to 
24 μg via intranasal administration also boosts the IL-5 re-
sponse when compared to the 6-μg dose (p ≤ 0.0001); however, 
this increase is not observed when compared to the 1-μg dose 
(p ≤ 0.05). At the 6-μg dose, intramuscular administration and 
intranasal administration resulted in similar IL-5 levels, and 
the 24-μg intranasal administration provided the best IL-5 
production.

3.11   |   Evaluation of Mucosal IgA Responses

To explore the stimulation of mucosal immunity induced by 
the mRNA-MHCS-LNP nanoparticles in mice, the existence 
of HA-specific IgA antibodies in the BALF samples was as-
sessed at 28 days following the initial immunization. The 
findings indicated that IgA levels in the BALF samples of all 
intranasal vaccine groups were significantly higher than those 
in the PBS or commercial flu vaccine groups (Figure 4e). The 
highest level of the BALF IgA was detected in the intranasal 
high-dose group (24-μg mRNA), which is consistent with pre-
vious findings and also indicates that the level of the muco-
sal IgA antibody increases in a dose-dependent manner and 
have significant differences (p ≤ 0.0001) with all other groups. 
Intramuscular immunization did not lead to notable IgA re-
sponses in any of the mucosal samples examined. These re-
sults indicated that antigen-specific IgA response in BALF 
samples was successfully elicited by the mRNA-MHCS-LNP 
nanoparticles via the intranasal route in mice, and muco-
sal IgA response is strongly dose-dependent with intranasal 
administration, peaking at 24-μg mRNA, and the 6-μg in-
tramuscular dose results in the lowest IgA levels among the 
experimental conditions. The results highlight that intranasal 
administration of the vaccine produces a superior immune 
response at both the 12- and 24-μg doses when compared to 
intramuscular administration.

3.12   |   Hemagglutination Inhibition (HAI) 
Antibodies

Blood samples were taken on Day 28 after the initial vaccina-
tion, and 1:10 dilutions of the serum samples were tested for 
receptor-blocking antibodies using an HAI assay against the in-
fluenza A reference strains A/California/07/2009 (H1N1) (also 
known as CA/07) and A/Puerto Rico/8/34 (H1N1) (PR8) vi-
ruses. The serum HI titers (Figure 5) closely mirrored the serum 
antibody responses. Intranasal administration of 12 and 24 μg 
of mRNA-MHCS-LNPs led to HI titers comparable to (p > 0.05) 
and frequently greater than those attained through 6-μg intra-
muscular immunization and positive control groups. Like previ-
ous findings, the HI titers of the medium-dose intranasal group 
treated with 12 μg of mRNA had the highest mean among all the 
groups tested, consistently surpassing the HI titers of the 6-μg 
intramuscular group. However, equivalent doses (6-μg mRNA) 
administered via different routes showed significant differences 
(p ≤ 0.05), with geometric mean HI titers of 226.2 for the intra-
nasal group and 415 for the intramuscular group. Intranasal 
administration of 12 μg of mRNA results in an HI titer approxi-
mately twice that of the lowest mRNA dose (6 μg); but consistent 
with the HA-specific IgG data, the HI titers also indicated that 
increasing the mRNA dose from 12 μg (493) to 24 μg (452) did not 
result in an increase in neutralizing antibody levels (p > 0.05). 
This may occur when the immune system reaches a saturation 
point where further increases in antigen concentration do not 
proportionally increase antibody production. This suggests that 
the median vaccine dose (12-μg mRNA) is effective and compa-
rable (p > 0.05) to the optimal intramuscular dose (6-μg mRNA).

The highest HI titers against the H1N1/PR8 virus were observed 
in the 12- and 24-μg intranasal groups, with geometric mean HI 
titers of 320 and 293, respectively (Figure 5b). These values were 
slightly greater than those of the intramuscular group, with a 
mean HI of 270. As shown in Figure 5a, the HI titers against 
the H1N1-CA/07 virus were slightly greater than those against 
the H1N1/PR8 virus in all the tested groups. The highest titers 
were noted with geometric mean HI titers of 493 and 452 for the 
12- and 24-μg intranasal groups, respectively. Given that the 
mRNA construct for the vaccine antigen was designed based on 
the CA/07 hemagglutinin protein, it is reasonable to expect an 
increase in neutralizing antibody levels compared to those of the 
hemagglutinin protein of the H1N1/PR8 virus.

4   |   Discussion

During the COVID-19 pandemic, there was a significant clinical 
requirement to halt the transmission chain, reduce breakthrough 
infections, and attain lasting elevated levels of protection against 
severe forms of COVID-19. This has highlighted the potential of 
nasal vaccines, which are appealing for establishing mucosal im-
munity and enhancing and probably strengthening the systemic 
immunity acquired through intramuscular injections. A recent 
publication by Tang et al. [53] illuminated the limitations of in-
tramuscular mRNA vaccines in generating respiratory mucosal 
immunity against Omicron in individuals while demonstrating 
the success of achieving this effect with a nasal vaccine in mice. 
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In this research, 19 vaccinated individuals were contrasted with 
10 who had recovered from COVID-19 and 5 who had not been 
vaccinated. Despite comparable levels of circulating neutraliz-
ing antibodies against the D614G, Delta, and Omicron variants, 
the vaccinated group exhibited significantly lower neutralizing 
titers against all variants in bronchoalveolar lavage (BAL) fluid 
than did the convalescent group. Additionally, the BAL tissue 
of the vaccinated group displayed notably fewer spike-specific 
memory CD4 T cells, CD8 T cells, and RBD-specific memory 
B cells than that of the group with a history of COVID-19 [53].

FluMist (MedImmune, LLC) is the first live-attenuated influ-
enza virus (LAIV) nasal vaccine that has received successful ap-
proval and commercialization in the United States and Europe 
[54]. FluMist is a cold-adapted LAIV vaccine, and studies have 
shown that it is more effective than inactivated influenza vac-
cines alone (∼50%–60%) and that it offers cross-protective im-
munity [55]. However, safety issues regarding FluMist have 
been raised, particularly in vulnerable groups such as infants 
under 2-years old and individuals over 50-years old. FluMist 
and other LAIVs have the potential to undergo genetic reas-
sortment and revert to a more virulent form, presenting a risk. 
In addition, due to the recent reports of inadequate protection 
against the H1N1pdm09 component in children aged 2–17 years, 
the US Centers for Disease Control and Prevention (CDC) with-
drew its endorsement for the utilization of LAIV in the United 
States during the 2015–2016 and 2016–2017 seasons. In this re-
gard, there is an urgent need for new, virus-independent, safe, 

and effective nasal influenza vaccines that can provide broader 
cross-protection with high efficacy.

Nonetheless, creating vaccines for intranasal use poses signif-
icant challenges. The respiratory system is safeguarded by a 
mildly acidic mucosal layer with proteolytic enzymes, creating a 
barrier to the epithelial cells that are consistently cleared. While 
these defenses protect against respiratory pathogens, they can 
hinder antigen delivery via intranasal vaccination [56].

Overcoming the challenges of intranasal vaccination requires 
an efficient, nontoxic, and site-specific delivery system. As an 
antigen delivery system, mannosylated chitosan nanoparticles 
improve nasal immunization by enhancing the retention of 
antigens in the nasal cavity and enabling controlled, sustained 
release to stimulate stronger and longer-lasting immune activ-
ity. Mannose is currently the only glycotrophic nutrient used in 
clinical applications, and mannosylated carrier systems can be 
recognized and internalized by cells through receptor-mediated 
endocytosis. This targeting is achieved by binding to the man-
nose receptor (MR) expressed on APCs. The internalized anti-
gens are then processed and presented through both the MHC 
class I and MHC class II pathways. This helps to bolster overall 
immune activity, including the activation of cytotoxic T cells 
and other cell-mediated immune mechanisms [25]. Despite all 
the desirable specifications of mannosylated chitosan, the trans-
fection effectiveness of chitosan as a carrier is limited, partly 
due to its inadequate endosomal escape rates. This deficiency 

FIGURE 5    |    Hemagglutination inhibition antibodies assay (a) against influenza A H1N1/CA/07 and (b) against influenza A H1N1/PR8-specific 
serum HAI titers. The bars indicate the GMT serum titer, and the error bars represent the 95% confidence intervals for each study group. The data 
were analyzed using a nonparametric Kruskal–Wallis test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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primarily stems from the weak buffering capacity of chitosan, 
which hinders its ability to facilitate endosomal/lysosomal es-
cape. The transfection efficiency of mannosylated chitosan 
nanoparticles encapsulating GFP-coding DNA, based on flow 
cytometry data, was extremely poor. Grafting an imidazole ring, 
as a part of the histidine amino acid, to the chitosan backbone 
significantly increased the polymer transfection efficiency. The 
positive charge of the primary amino group in histidine enables 
it to bind to nucleic acids, and as a result of increasing chitosan 
buffering capacity in the pH range of endosomes and lysosomes, 
neutralization of the low pH enhances endosomal escape. 
However, MHCS nanoparticles are not efficient enough for use 
as gene delivery systems. Finally, the synthesis of chitosan-LNP 
hybrid systems combined with both favorable characteristics of 
lipid-based delivery systems and polymers showed promising 
transfection efficiency in all three transfected cell lines.

Among all the physiological properties of nanoparticles, size has 
the greatest impact on vaccine immunogenicity. Studies showed 
that when nanoparticle size increases from 30 to 200 nm, the 
antigen is more efficiently delivered into the MHC class II 
presentation pathway, thereby enhancing the proliferation of 
antigen-specific CD4+ T cells. The increased immunogenicity 
of the bigger nanoparticles may be partially attributed to their 
efficient uptake by APCs. The cellular uptake of various antigen-
delivery systems is size-dependent in both rodent macrophages 
and human DCs [57]. Also, nanoparticles size of 200 nm are 
similar in size to most respiratory viruses and mimic the nat-
ural structure of viruses to raise humoral and cellular immune 
responses more efficiently. The size of the vaccine nanopar-
ticles also affects the kinetics of drainage into lymph nodes. 
The larger the nanoparticle, the slower its diffusion into lymph 
nodes. According to most studies, nanoparticles with a size of 
approximately 200 nm are internalized by immune cells through 
clathrin-dependent endocytosis and elicit a balanced Th1 and 
Th2 immune response [58, 59]. One considerable point in this 
regard is that, despite the numerous advantages of intranasal 
nanoparticle vaccine for delivering immunogens directly to the 
mucosal surfaces, this route also raises concerns regarding the 
risk of unwanted penetration through the blood–brain barrier 
(BBB). Studies showed that when the nanoparticle size is below 
200 nm, they are more likely to interact with neurons in the 
nasal mucosa and migrate into the central nervous system (CNS) 
[60]. In this context, mRNA-MHCS-LNPs are designed to be suf-
ficiently small to effectively penetrate mucosal surfaces while 
being large enough to prevent unwanted (CNS) penetration.

The durability and extended shelf life of the mRNA-MHCS-
LNPs were assessed following 30 days of refrigeration (4°C) or 
storage at −20°C. DLS was used to track the changes in the hy-
drodynamic diameter and zeta potential of the nanoparticles 
over time, and the MHCS-LNPs were deemed unstable if these 
parameters rose by over 10% from their initial values postfor-
mulation. The data demonstrated that mRNA-MHCS-LNPs 
maintain their acceptable particle size, encapsulation efficiency, 
and zeta potential when frozen at −20°C. mRNA-MHCS-LNPs 
maintained an acceptable size when stored at −20°C, with a hy-
drodynamic diameter increase of less than 10%. However, when 
refrigerated, the particle size increased by approximately 13%. 
The formulated MHCS-LNPs are essentially lipid nanoemul-
sions that are susceptible to destabilization. Based on previous 

findings, adjusting the ratio of phospholipids to chitosan, the 
application of surfactants and stabilizers such as polyethylene 
glycol (PEG), the application of low-molecular-weight chitosan, 
freeze-drying the nanoparticles, and a higher zeta potential pro-
vide more stable MHCS-LNPs, which renders the vaccines ideal 
for transportation and potentially reduces the need for strict 
maintenance before administration [33].

The balance between ensuring efficient mRNA complexation and 
minimizing cytotoxicity is a critical consideration when designing 
nanoparticles for mRNA delivery. While a high positive charge 
density on the particle surface is desirable for efficient mRNA 
binding, the inherent cytotoxicity of highly cationic particles 
necessitates careful optimization. The observed cell viability, as-
sessed across RAW264.7, A549, and HEK293T cell lines, revealed 
that the mRNA-MHCS-LNPs generally exhibit low cytotoxicity, 
particularly at lower mRNA concentrations and after a shorter 
exposure period of 24 h. However, a concentration-dependent de-
crease in cell viability was observed after 72 h, suggesting a poten-
tial cumulative cytotoxic effect at higher mRNA concentrations. 
Higher doses of mRNA or lipids and polymers of the nanoparti-
cles may cause overstimulation of immune responses or disrupt 
cellular processes, leading to apoptosis or necrosis. The intracel-
lular accumulation of mRNA can overload cellular machinery, 
particularly the ribosomes and translation machinery. Different 
cell types exhibit varying degrees of sensitivity to mRNA-induced 
toxicity, and immune cells may react more strongly to mRNA be-
cause of their role in immune surveillance.

Exploring the immunogenicity and protective efficacy of in-
tranasally administered HA-mRNA MHCS-LNP vaccines in 
mice showed that two-dose vaccination could induce the robust 
generation of HA-specific IgG and HA-neutralizing antibodies 
and the production of IFN-γ and IL-5 cytokines. Intranasal ad-
ministration of the median dose (12 μg) of mRNA-MHCS-LNPs 
elicited systemic immune responses that closely matched the ti-
ters induced by intramuscular controls at the lower dose (6 μg). 
This may indicate that the delivery system developed in this 
study effectively adhered to nasal epithelial cells and success-
fully traversed the epithelial barrier to penetrate deeper tissues. 
This indicates that MHCS-LNPs are likely to be captured by the 
APCs of the mucosal immune system, which then transport the 
administered antigens to immune initiation sites such as Peyer's 
patches, promoting efficient immune response induction. Even 
though at a 6-μg dose, intramuscular administration resulted 
in a higher immune response than intranasal administration, 
in overall evaluation intranasal vaccines compensate for the 
shortcomings of intramuscular vaccines and can induce muco-
sal immune responses, improving the prevention of respiratory 
virus infection. Additionally, the data showed that the high dose 
(24 μg) did not exhibit any noticeable superiority compared to 
the median dose, and in most cases, the median dose resulted in 
stronger immunity. This may be due to the phenomenon known 
as the antigenic threshold, which refers to the point at which 
the immune response reaches saturation and further increases 
in antigen concentration do not result in a corresponding in-
crease in antibody production. It is clear that investigating this 
phenomenon requires more evaluation. The application of a low 
dose represents a crucial advancement in minimizing poten-
tial off-target effects and immunological side effects linked to 
mRNA doses.
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These encouraging data from sera suggest that equivalent or im-
proved results could be expected in mucosal immune response, 
considering the crucial function of IgA in mucosal immunity and 
its ability to neutralize influenza particles in the upper respira-
tory tract by preventing viral attachment to mucosal surfaces, as 
well as the requirement for antigen-specific neutralizing antibod-
ies in the lower respiratory tract to offer full protection against 
pathogens not inhibited in the upper respiratory tract. This study 
explored the capacity of the mRNA-MHCS-LNP vaccine to elicit 
IgA responses in the lower respiratory tract. As expected, the 
findings demonstrated that the mRNA-MHCS-LNP vaccine sig-
nificantly boosted HA-specific IgA levels in BAL fluids when 
compared to the control groups. This suggests that the vaccine 
candidate has the potential to stimulate mucosal immunity, serv-
ing as a primary defense mechanism and potentially helping to 
control the spread of influenza virus infection. Interestingly, in-
tramuscular immunization did not lead to notable IgA responses 
in any of the mucosal samples tested, indicating that the intra-
muscular route is less effective at inducing mucosal immunity 
compared to intranasal administration. This is a key distinction, 
as mucosal immunity is crucial for protection at the site of patho-
gen entry, particularly for respiratory viruses like influenza. 
While intramuscular vaccines are effective in generating sys-
temic immunity, they do not typically stimulate IgA responses 
in mucosal tissues, underscoring the advantages of intranasal 
vaccination for diseases that primarily affect mucosal surfaces.

Significantly, this research employed higher dosages for intra-
nasal administration than for intramuscular delivery, aligning 
with recent findings indicating the necessity of increased dos-
ages to effectively deliver an ample amount of product to target 
cells, including epithelial cells in the upper respiratory tract. 
This adjustment is likely due to the physiological barriers pres-
ent in the mucosa [61, 62].

Evaluating intranasal vaccination as a booster regimen after pri-
mary parenteral vaccination schedules is also essential, as an in-
tranasal booster may enhance mucosal immunity postprimary 
vaccination, offering early and long-lasting protection against 
infections. Based on recent research by Mao et al. [63], intrana-
sal vaccination at varying intervals (from days to months) fol-
lowing the initial intramuscular injection of the mRNA vaccine 
(known as the prime and spike approach) effectively induced 
robust protective mucosal immunity through the activation of 
CD8+ and CD4+ memory T cells, memory B cells, and IgA. 
Notably, this approach significantly reduced the viral load in 
both the upper and lower airways, thereby preventing disease 
and death from a lethal SARS-CoV-2 challenge.

This research will undoubtedly benefit from evaluations of in-
fluenza virus challenges in future studies. Bonney et al. reported 
that intranasal administration of a heat-inactivated influenza 
virus successfully protected infant mice from a lethal challenge, 
while intramuscular administration did not provide the same 
level of protection [64]. Similarly, intranasal vaccination of mice 
with virus-like particles (VLPs) from structural proteins of the 
pandemic 1918 Influenza A (H1N1) leads to protection against 
a lethal challenge with both the 1918 virus and the H5N1 virus; 
in contrast, mice that received intramuscular immunizations 
of 1918 VLPs were only protected against a challenge from a 
homologous virus [65]. These data highlight the potential for 

intranasal vaccines to offer superior protection against influ-
enza infection compared to traditional intramuscular vaccines.

5   |   Conclusion

In conclusion, we demonstrated that intranasally administered 
mRNA-MHCS-LNPs as a two-dose regimen are immunogenic 
and can elicit HA-neutralizing antibodies in mice sera and 
BALF. Additionally, we have shown that chitosan nanoparticles 
can be tailored and formulated for improved respiratory deliv-
ery, which increases immunogenicity.
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