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Background: mRNA vaccines require efficient and safe delivery systems to achieve robust antigen expression and immune
activation. Chitosan is widely recognized for its biocompatibility and adjuvant properties; however, its application in mRNA delivery
remains underexplored. This study aimed to develop a chitosan-derived nanoparticle system capable of enhancing mRNA transfection
efficiency and vaccine immunogenicity.

Methods: A novel chitosan derivative, PAN2H, was synthesized by grafting palmitic acid (PA) onto N-2-hydroxypropyl trimethyl
ammonium chloride chitosan (N-2-HACC). mRNA-loaded nanoparticles (PEI/mRNA/PAN2H) were constructed by first complexing
mRNA with polyethyleneimine (PEI) and subsequently electrostatically binding the complex to PAN2H. Transfection efficiency was
evaluated using GFP- and Luc-mRNA. Porcine epidemic diarrhea virus (PEDV) S1- and RBD-mRNA were selected as vaccine
antigens for in vivo immunization to assess cellular and humoral immune responses.

Results: Compared with PEI-mediated transfection, PE/mRNA/PAN2H nanoparticles achieved approximately twofold higher
expression of GFP- and Luc-mRNA in vitro, indicating that PAN2H incorporation markedly enhances mRNA transfection. In vivo,
PEI/mRNA/PAN2H vaccination elicited significantly stronger antibody responses and cellular immune activation than the PEI control,
supporting improved antigen expression and immune stimulation. Importantly, the PAN2H—PEI hybrid strategy provides a practical
way to enhance PEI-based delivery by combining electrostatic condensation (PEI) with amphiphilicity-driven assembly and chitosan-
associated biocompatibility/adjuvanticity (PAN2H).

Conclusion: The cationic PEI/mRNA/PAN2H nanoparticles exhibit low cytotoxicity and markedly improved mRNA delivery
capabilities. These findings highlight PAN2H as a promising chitosan-derived platform for developing next-generation mRNA
vaccines.
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Introduction

In recent years, substantial research investment and technological breakthroughs have made mRNA a promising platform
for vaccine development. Notably, the FDA-approved COVID-19 mRNA vaccines have demonstrated the tremendous
potential of mRNA technology in preventing SARS-CoV-2 infections.'> As the main component of mRNA vaccines, the
delivery system plays a crucial role, and lipids are the most widely used and much attention has been given to developing
lipid-based mRNA delivery nanotechnologies.> However, little attention has been paid to other material types, particu-
larly polymer-based nanomaterials. Non-lipid polymeric carriers offer complementary advantages such as modular
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chemistry, scalable preparation, and tunable interactions with biological barriers, but they still face major challenges in
mRNA stabilization, serum tolerance, cellular uptake, and endosomal escape compared with LNPs.

Chitosan is a good polymeric gene carrier due to its ability to load large amounts of nucleic acids and its good
biocompatibility. However, chitosan’s poor solubility under physiological conditions, poor buffering capacity, and
insufficient targeting ability limit its further application in gene delivery.* In order to solve the shortcomings of low
water solubility of chitosan, researchers have synthesized a variety of chitosan derivatives by quaternization, carbox-
ymethylation and graft copolymerization of the active amino and hydroxyl groups of chitosan with various chemical
modifications, which effectively improve the water solubility, specific targeting and gene release efficiency of chitosan.””
'2 Currently, chitosan and its derivatives have been extensively studied in gene delivery systems, mainly for delivering
miRNA, pDNA and siRNA, and have yielded satisfactory treatment results in a variety of diseases, but its application in
mRNA vaccine delivery remains limited and is far less explored than its use for pPDNA/siRNA delivery.13’14 This gap is
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important since mRNA differs from pDNA/siRNA in size and structural flexibility, and it requires efficient cytosolic
release for translation, making carrier design and stability in biological media particularly critical.'*!®

Polyethylenimine (PEI) is a cationic polymer commonly used as a gene delivery vector material, capable of
condensing nucleic acids into nanoscale structures through electrostatic interactions.'’” PEI possesses a high cationic
charge density, and its amino groups exhibit a large buffering capacity at physiological pH, contributing to the complex’s
lysosomal escape. However, despite its high transfection effect, its poor biodegradability and high charge density can
cause damage to cell membranes. To overcome the problem of PEI toxicity, researchers have proposed several
approaches. One approach is to introduce biodegradable linkers to generate degradable PEI-based carriers, and another
widely used approach is to shield excessive cationic charges by association with biocompatible polysaccharides. To date,
PEI has been used in combination with a variety of biodegradable and biocompatible compounds including chitosan,
O-carboxymethyl chitosan dextran, N-octyl-N-quaternary chitosan, vitamin E succinate, starch and cyclodextrins.'®'® 24
There are also other approaches in which nanoparticles are coated or associated with PEI, and this can significantly
improve the transfection efficiency and reduce the PEI cytotoxicity.>> Currently, many reports have been published on the
use of chitosan coupled with PEI to deliver DNA and siRNA, but few studies have examined its delivery of
mRNA.""??7 Considering the importance of mRNA vaccines, it is of great significance to develop chitosan-PEI
mRNA delivery system vaccines. However, most reported chitosan—PEI assemblies are predominantly electrostatic,
which may still suffer from limited membrane interaction and reduced performance under serum-containing conditions—
issues that are particularly relevant for mRNA delivery.'¢

Porcine epidemic diarrhea virus (PEDV or PED virus) is a re-endemic coronavirus that infects pigs of all ages and
causes severe intestinal disease, with dehydration and diarrhea in infected pigs, especially with mortality rates of up to
100% in newborn piglets aged 1-7 days.”®*’ However, due to the high variability of PEDV, most of the current
commercial attenuated and inactivated vaccines are unable to effectively control PEDV infection, and traditional vaccines
suffer from long preparation period, weak immunization effect and limited safety profiles. Therefore, the development of
a new mRNA vaccine with simple preparation, good immunization effect and high safety is of great significance for the
prevention and control of PEDV. Studies have shown that neutralizing antibodies induced by the RBD region of the
PEDV § protein effectively neutralize PEDV and are the main choice for novel subunit vaccines.**>? In this study, we
report a chitosan-PEI-based mRNA delivery strategy that enhances the transfection efficiency and immunogenicity of
mRNA vaccines. First, we synthesized the nucleic acid delivery nanocarrier PAN2H. The amphiphilic design rationale of
PAN2H is that grafting palmitic acid onto quaternized chitosan introduces a hydrophobic segment that can promote self-
assembly and strengthen membrane interactions, while the quaternary ammonium groups maintain water solubility and
provide stable electrostatic association with nucleic acids. Amphiphilic chitosan systems have been reported to form
nanomicelles and enhance nonviral gene delivery by combining electrostatic complexation with hydrophobic
assembly.**** Subsequently, we screened the optimal ratio of PE/mRNA/PAN2H, and the in vitro experiments indicated
that PEI/mRNA/PAN2H could effectively enhance the mRNA transfection efficiency and protect from nuclease degrada-
tion. Compared with conventional chitosan—PEI systems or other non-lipid polymeric carriers, the PAN2H—PEI hybrid
strategy is intended to integrate PEI-driven condensation/endosomal buffering with amphiphilicity-assisted assembly and
membrane interaction, thereby improving delivery efficiency while potentially reducing the PEI burden.'®*” The results
showed that the mRNA nanovaccine encapsulating PEI/mRNA/PAN2H could improve the low expression and sub-
optimal safety profile associated with the PEI delivery system and enhance its immunization effect, which provided
a technical reserve for the further development of mRNA vaccines.

Materials and Methods

Materials and Chemicals

Branched poly(ethyleneimine) (PEI; Sigma-Aldrich, USA; cat. no. 408727; average Mw ~25,000; average Mn ~10,000
by GPC) was used as the cationic condensing agent. Palmitic acid (PA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were used for PAN2H synthesis. RNase 1 was obtained from
Thermo Fisher Scientific (cat. no. EN0601; 10 U/uL). Cell Counting Kit-8 (CCK-8) was purchased from Beyotime,
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China. HEK-293T (ATCC CRL-3216), Vero (ATCC CCL-81), L929 (ATCC CCL-1), and 4T1 (ATCC CRL-2539) cells
were obtained from ATCC (Manassas, VA, USA). The dendritic cell line DC2.4 was obtained from Merck (Rahway, NIJ,
USA). Anti-mouse PE-CDS8 and anti-mouse PE/Cy7-CD4 antibodies were purchased from BioLegend (USA). Unless
otherwise indicated, all other reagents were of analytical grade.

Animals and Ethics Statement

Six- to eight-week-old specific pathogen-free (SPF) BALB/c mice were purchased from Hangzhou Qizhen Technology
Co., Ltd. (License No.: SCXK (Zhe) 2022-0005). All animal experiments were conducted at the Laboratory Animal
Center of Taizhou University and were approved by the Laboratory Animal Welfare and Ethics Committee of Taizhou
University (Ethics approval number: TZXY-2022-20221034).

All procedures involving animals were performed in strict accordance with the Guide for the Care and Use of
Laboratory Animals issued by the National Research Council and complied with internationally accepted ethical
standards for animal research. For sample collection and terminal procedures, mice were humanely euthanized under
deep anesthesia. Briefly, animals were anesthetized using isoflurane inhalation until complete loss of reflexes was
confirmed, followed by cervical dislocation as a secondary physical method to ensure death. All euthanasia procedures
were performed in accordance with the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia
of Animals. Every effort was made to minimize animal suffering and to reduce the number of animals used.

mRNA Preparation and Modification

The mRNAs used in this study were generated by in vitro transcription using a T7 promoter—based transcription kit
(Novoprotein, China, E131). During transcription, N1-Methyl-Pseudo-UTP was incorporated in place of uridine to
enhance mRNA stability and translational performance. Following transcription, the mRNA products were subjected
to cap addition using a capping reaction kit (Novoprotein, China, M082) in accordance with the manufacturer’s protocol.
The capped mRNAs were subsequently purified, quantified, and stored under RNase-free conditions until further use.
Unless otherwise indicated, all mRNA preparations used in this study were produced using this same procedure.

PAN2H Synthesis and Characterization

PA-N-2-HACC(PAN2H) was synthesized according to our previous protocols.*> Briefly, N-2-HACC (0.30 g; substitution
degree 37.5%, prepared in-house as previously reported) was dissolved in distilled water (40 mL) in a 250 mL two-neck
round-bottom flask. In parallel, PA (0.26 g) was dissolved in dichloromethane (20 mL), followed by the addition of EDC
(0.22 g) and NHS (0.14 g). The mixture was stirred at 40 °C for 2 h to activate PA. The organic solvent was then
removed by evaporation to obtain the EDC-activated PA, which was subsequently re-dissolved in anhydrous ethanol
(20 mL). Under 70 °C water-bath stirring, the activated PA solution in ethanol was added dropwise to the aqueous
N-2-HACC solution and allowed to react for 24 h. After completion, the reaction mixture was purified by dialysis against
30% (v/v) ethanol followed by dialysis against distilled water. The final product was obtained by lyophilization to yield
PAN2H (approximately 0.20 g of lyophilized PAN2H was obtained). To demonstrate the successful synthesis of PAN2H,
the structures of the synthesized N-2-HACC and PAN2H were assayed by using NMR spectroscopy (Bruker, AVANCE
III HD 400, Germany). The palmitic-acid grafting degree of substitution (DS _PA) of PAN2H was quantified from the
"H NMR spectra, where the characteristic signals at & = 0.88 ppm and & = 1.24 ppm were assigned to the terminal methyl
(-CH3) and methylene (-CH2-) protons of the grafted PA chains, respectively. Based on the NMR integration, the degree
of substitution (DS) of PA was determined to be 10.35%.

Determination of CMC by Conductivity

The critical micelle concentration (CMC) of PAN2H was determined by conductivity measurements. A series of PAN2H
solutions with different concentrations were prepared in deionized water (no added salt) to cover the concentration range
below and above the expected CMC. Conductivity was measured at 25 °C. For baseline correction, the conductivity of
deionized water was measured under identical conditions and subtracted from each sample value to obtain blank-
corrected specific conductivity. The blank-corrected specific conductivity was plotted against logC, which exhibited
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two distinct linear regimes. The CMC was determined as the breakpoint defined by the intersection of two linear
regressions fitted to the low- and high-concentration regions (piecewise linear fitting). Using this method, the CMC of
PAN2H was 0.085 mg/mL; above this concentration, PAN2H self-assembled into micelles in aqueous solution and could
be further processed by ultrasonication to form nanoparticles. The hydrophobic palmitoyl chain substitution likely
promotes self-aggregation by enhancing hydrophobic interactions, thereby facilitating the formation of compact polymer
aggregates.

Production of Optimal PEI/mRNA/PAN2H NPs

In brief, PEI/mRNA/PAN2H nanoparticles were prepared by stepwise electrostatic assembly. Branched poly-
(ethyleneimine) (PEI; Sigma-Aldrich, USA; cat. no. 408727; average Mw ~25,000 by light scattering; average Mn
~10,000 by GPC) was first mixed with mRNA at the indicated amount, vortexed for 30s, and allowed to stand for 5 min
to form PEI/mRNA complexes. Subsequently, PAN2H (50 mg) was dissolved in RNase-free water (50 mL) and pre-
dispersed by ultrasonication using a probe-type ultrasonic cell disruptor (FS-1800N, Shanghai Sonxi Ultrasonic
Instrument Co., Ltd., China; 20 kHz) at an output power of 90 W for 10 min (continuous mode, 100% duty cycle) to
obtain a homogeneous PA-N-2-HACC dispersion. The sonication was performed in an ice-water bath to minimize
heating; the probe tip diameter was 20 mm. Then, the ultrasonication-treated PAN2H was added, followed by vortexing
for 30s and incubation for 10 min to obtain the PEI/mRNA/PAN2H nanoparticles.

Characterization of the PEI/mRNA/PAN2H NPs

Nanoparticle morphology was examined by scanning electron microscopy (SEM). Briefly, 10 pul. of nanoparticle
dispersion in water was dropped onto a silicon wafer and allowed to air-dry at room temperature. The dried samples
were gold-sputtered under vacuum for 30s and imaged using a field-emission SEM (S-4800; Hitachi, Japan) at an
accelerating voltage of 20 kV. The magnification used was 35,000x for PAN2H nanoparticles and 110,000% for PEI/
mRNA/PAN2H nanoparticles. Zeta Sizer ZS90 (Malvern Instruments Ltd., Southborough, MA, USA) was used to assay
the zeta potential and particle size of PEI/mRNA/PAN2H NPs.

The Stability of the PEI/mRNA/PAN2H NPs

An RNase protection assay was performed to evaluate whether PEI/PAN2H nanoparticles protect mRNA from nuclease
degradation. Briefly, Naked mRNA and mRNA-loaded nanoparticles were each prepared to contain 1 ug mRNA per
reaction. RNase 1 (Thermo Fisher Scientific, catalog no. EN0601; 10 U/uL) was added (1 pL per reaction) and samples
were incubated at 37 °C for 30 min. The reaction was terminated by adding 10x denaturing loading buffer followed by
heat denaturation (95 °C for 5 min) prior to agarose gel electrophoresis to assess RNA integrity.

CCK-8 Cytotoxicity Assay

Cell viability was evaluated using a CCK-8 assay. Cells were seeded in 96-well plates and treated with PAN2H, PEI, or
PEI/PAN2H formulations at the indicated concentrations for 24 h. All doses are reported as mass concentrations (pg/mL).
For PEI/PAN2H nanoparticles, the reported dose represents the total carrier concentration (PEI + PAN2H, pg/mL) in the
formulation at the fixed mass ratio used. For nanoparticle-treated groups, the mRNA dose was maintained at a constant
concentration of 1 pg/mL. After incubation, CCK-8 reagent was added and absorbance was measured to calculate cell
viability, which was normalized to untreated controls.

In vitro Transfection of the PEI/mRNA/PAN2H NPs

The delivery efficacy of EGFP- and Fluc-mRNA by PEI/PAN2H NPs were then evaluated. Briefly, HEK-293T cells were
digested and plated at a density of 5x10* per well in 24-well plates and then cultured for 24 hours before transfection.
Then, the 1 pg mRNA was mixed with PEI at a mass ratio of 4:1 for 5 min, and mixed with nanoparticles PAN2H at
different mass ratios (4:1:1, 4:1:5, 4:1:10, 4:1:15), vortexed for 30s after mixing, and left to stand at 25°C for 10 min to
form the PEI/mRNA/PAN2H NPs. Next, the prepared mRNA nanoparticles were slowly added to the HEK-293T cells
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and then incubated for another 28 hours. Subsequently, cells were harvested and the expression of eGFP and Fluc
proteins was determined by immunofluorescence and firefly luciferase assays.

Immunization with the PEI/mRNA/PAN2H NPs

Forty-two 6—8-week-old SPF BALB/c mice were randomized into seven groups (n = 6 per group). Group 1-7 received
PBS, PEI, PAN2H, PEI/RBD (30 ug RBD mRNA), PEI/S1 (30 ug S1 mRNA), PEI/RBD/PAN2H (30 pg RBD mRNA),
and PEI/S1/PAN2H (30 pg S1 mRNA), respectively. Immunizations were administered by intramuscular (i.m.) injection.
The prime vaccination was performed at Day 0, followed by a booster at Day 14.

Randomization was performed using simple random allocation after confirmation of normal activity and body weight.
Investigators conducting ELISA, flow cytometry, and data analysis were blinded to group allocation. All mice were
housed under identical conditions and handled according to the same experimental schedule. Inclusion criteria required
healthy animals without clinical abnormalities at baseline. Predefined exclusion criteria included non-treatment-related
illness, accidental injury, technical dosing failure, or compromised biological samples; no exclusions occurred during the
study.

Detection of IgG Antibody, IL-4, and IFN-y

To evaluate vaccine-induced humoral and cellular immune responses, serum samples were collected from all immunized
mice at weeks 2, 4, and 6 after the prime immunization (Day 0). PEDV-specific antibody responses were determined by
ELISA. Briefly, 96-well plates were coated with recombinant full-length PEDV S protein (10 ng per well in 0.1 mL) and
incubated at 4 °C overnight. After blocking, serially diluted mouse sera were added, and bound antibodies were detected
following standard ELISA procedures. The levels of total mouse IgG, IgG1, and IgG2a were quantified using commercial
ELISA kits (eBioscience, USA) according to the manufacturers’ instructions. Because RBD and S1 are domains of the
PEDV S protein, this assay reflects S-binding antibody responses, including antibodies elicited by RBD- or S1-encoding
mRNA vaccines. For cytokine analysis, sera collected at weeks 2, 4, and 6 were used to measure IL-4 and IFN-y levels
using mouse IL-4 and IFN-y ELISA kits (eBioscience, USA) following the manufacturers’ protocols.

Flow Cytometry Analysis and Lymphocyte Proliferation Measurements
To evaluate lymphocyte proliferation after immunization, splenocytes were isolated from mouse spleens at the indicated
time point and the stimulation index (SI) was determined using a CCK-8 assay (Beyondi, China). Briefly, splenocytes
were adjusted to the required density and plated in 96-well plates with appropriate stimulation and control conditions
(each sample in technical replicates), followed by CCK-8 incubation and absorbance measurement according to the
manufacturer’s instructions; SI was calculated as the ratio of stimulated to control wells.>®

Flow cytometry was performed to quantify CD4" and CD8" T-cell populations in mouse spleens after immunization.
At the indicated time point, spleens were collected aseptically and processed into single-cell suspensions. After removal
of debris and erythrocyte contamination as appropriate, the cells were resuspended in staining buffer and incubated with
anti-mouse PE-CD8 and anti-mouse PE/Cy7-CD4 antibodies (BioLegend, USA) for 30 min at 4 °C in the dark. After
staining, the cells were washed twice with PBS and analyzed using a BD FACSVerse flow cytometer (BD Biosciences,
USA). During data analysis, lymphocyte events were identified according to forward- and side-scatter characteristics to
exclude debris and non-lymphocyte populations. Events with abnormal scatter characteristics and cell aggregates were
further excluded to improve data quality. Fluorescence compensation was performed using single-stained controls before
sample acquisition, and the same analysis settings and quadrant criteria were applied consistently across all samples.
CD4" and CD8" T-cell subsets were quantified on CD4 (PE/Cy7) versus CD8 (PE) dot plots.

Statistical Analysis

Data is presented as mean + SD. For animal experiments, n = 6 mice per group unless otherwise specified. For serum
ELISA, cytokine, splenocyte proliferation, and flow-cytometry analyses, n refers to the number of mice actually analyzed
per group. Unless otherwise indicated, these assays were performed using samples from 3 mice per group. Statistical
comparisons among multiple groups were performed using one-way ANOVA, followed by Tukey’s post hoc multiple-
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comparisons test where appropriate. For experiments involving two independent variables, two-way ANOVA with an
appropriate multiple-comparisons adjustment was applied. Prior to ANOVA, the assumptions of normality and homo-
geneity of variance were evaluated; when these assumptions were not met, a suitable non-parametric alternative was
used. Exact p values were reported where feasible, and p < 0.05 was considered statistically significant. Statistical
significance was defined as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****); ns indicates no
significant difference. Statistical analyses were performed using GraphPad Prism 8 software.

Results

Preparation of the PEI/mRNA/PAN2H NPs
PAN2H was prepared by grafting the hydrophobic chain segment PA onto N-2-HACC via EDC/NHS amide condensation
reaction (Figure 1A). The success of the synthesis was confirmed by 'H NMR spectroscopy (Figure 1B), where the
characteristic signals at 6 = 0.88 ppm and ¢ = 1.24 ppm were assigned to the terminal methyl (-CH3) and methylene (-
CH2-) protons of the grafted PA chains, respectively. Based on the NMR integration, the degree of substitution (DS) of
PA was determined to be 10.35%. Then, the critical micelle concentration of PAN2H was measured by conductivity. The
results indicated that the CMC value of PAN2H was 0.085 mg/mL, and when the concentration of PAN2H in aqueous
solution exceeded 0.085 mg/mL, PAN2H micelles were formed, and nanoparticles were formed after sonication
(Figure 1C).

SEM observation showed that PAN2H nanoparticles exhibited a roughly spherical morphology (Figure 2A). The zeta
potentials of PAN2H NPs, PEI, and naked mRNA were 53.7 £ 3.2 mV, 19.2 £ 2.5 mV, and —55.8 + 2.7 mV, respectively
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(n = 3, mean + SD, Table S1). The average particle sizes of PAN2H, PEI, and mRNA were 213.4 nm, 442.5 nm, and
1413.3nm, respectively (n = 3) (Figure 2B and C).To prepare the mRNA delivery system, the effects of concentration on
the particle size and zeta potential were detected by adjusting the mass ratios of different PEI, PAN2H, and mRNA. As
shown in Figure 2D, increasing the PEI mass ratio decreased particle size and increased zeta potential, supporting
effective PEI-mediated condensation of mRNA. Similarly, as the amount of PAN2H incorporated into the PEI/mRNA
complexes increased, both particle size and zeta potential increased (Figure 2E). To further evaluate mRNA binding to
PEI or PEI/PAN2H, formulations were prepared at defined mass ratios (wW/w, pg:pug) and assessed by agarose gel
retardation. As shown in Figure 2F, complete retardation was achieved when PAN2H was incorporated into PEI/
mRNA complexes, as evidenced by no detectable migrating free mRNA band. The binding threshold was observed
starting from a mass ratio (w/w, ug:ug:ug) of PELmRNA:PAN2H = 4:1:1. To investigate further the mechanism of
nanoparticle assembly, a heparin competition assay was performed. As shown in Figure S1, a concentration-dependent
reappearance of free mRNA bands was observed upon heparin treatment, indicating effective competitive displacement
of mRNA from the nanoparticles. Taken together, these results confirm that electrostatic interactions play a dominant role
in stabilizing the mRNA—polymer complexes.

In vitro Safety and Transfection Assay of the PEI/mRNA/PAN2H NPs
The appropriate dose of carrier material was determined by CCK-8 assay. As shown in Figure 3A, cell survival was
higher than 80% when the concentrations of PAN2H and PEI were 50 ug/mL, and lower than 80% when the
concentrations were 100 pg/mL. Compared with PAN2H and PEI, the toxicity of PEI/PAN2H showed a decreasing
trend, and the cell viability was still higher than 80% when the concentrations were 100 pg/mL.

To screen the optimal ratio of PEI:PAN2H, eGFP- and Fluc- mRNA were selected as the mRNA models, and the mass
ratio of PEI to mRNA was fixed at 4:1 (w/w) according to the recommended ratio, and then PAN2H with mass ratios of
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experiments with different mass ratios of PEl, PE/PAN2H, and eGFP mRNA. Data are presented as mean * SD (n = 3). Statistical significance: **p < 0.001.

1, 5, 10, and 15 pg/mL were added, the commercial transfection reagent PEI and Lipofectamine 3000 (Lipo3000) were
used as positive control. The ratios with appropriate cell transfection efficiency were screened by inverted fluorescence
microscopy and Fluc assay. As shown in Figure 3B and C, luciferase expression differed significantly across PAN2H
ratios (n = 3, mean + SD). The 4:1:10 formulation yielded the highest mean luciferase activity, which was significantly
higher than 4:1:5 (p = 0.0118) and higher than 4:1:0 and 4:1:1 (p < 0.0001 for both) by Tukey’s multiple-comparisons
test, while it was not significantly different from 4:1:15 (p = 0.3349). Consistently, the strongest green fluorescence
signals were observed at PEI/mRNA/PAN2H = 4:1:10 (Figure 3C). Overall, in the presence of serum (2% FBS, v/v), the
transfection efficiency of the PEI/mRNA/PAN2H group was superior to that of the commercial reagents PEI and
Lipo3000, suggesting that the addition of PAN2H within a certain range can improve the transfection efficiency of
mRNA. Subsequently, we evaluated the transfection ability of PEI/mRNA/PAN2H in different cells (L929 cells, 293T
cells, DC2.4 cells, 4T1 cells, Vero cells), as shown in Figure S2, in all transfected cells, the transfection effect of PEI/
mRNA/PAN2H group was significantly stronger than that of PEI/mRNA transfection group.

RNase Protection and Physicochemical Characterization of PEI/mRNA/PAN2H NPs

mRNA vaccines, as next-generation immunogens, offer several advantages over conventional vaccines, including potent
immunogenicity, rapid production, flexible design, and broad protection potential. However, poor stability as well as low
transfection efficiency in vivo limits their efficiency to elicit an effective immune response. To evaluate the stability of
the constructed PEI/mRNA/PAN2H NPs, an RNase 1 protection assay was performed using naked mRNA and nano-
particle-encapsulated mRNA. As shown in Figure 4A, naked mRNA was readily degraded after RNase 1 treatment
(lane 2), whereas mRNA encapsulated in PEI/mRNA/PAN2H nanoparticles remained intact after RNase 1 incubation
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Figure 4 The characterization of PEI/mRNA/PAN2H NPs. (A) RNase | degradation assay of PEI/mRNA/PAN2H. Lane | is the mRNA, Lane 2 is the mRNA incubated with
RNase I, Lane 3 is the PE/mRNA/PAN2H, Lane 4 is the PE/mRNA/PAN2H digested with RNase I; (B) The partial size of PAN2H, PEI/mRNA, PEI/PAN2H, PEI/mRNA/
PAN2H; (C) The PDI of PAN2H, PEI/mRNA, PEI/PAN2H, PEI/mRNA/PAN2H; (D) The zeta potential of PAN2H, PEI/mRNA, PEI/PAN2H, PEI/mRNA/PAN2H; (E) The
morphological results of PEI/mRNA; (F) The morphological results of PEI/mRNA/PAN2H.

(lane 4). Taken together, these results indicate that PEI/mRNA/PAN2H NPs are able to resist RNase I degradation after
encapsulation of mRNA.

The optimized PEI/mRNA/PAN2H was formulated according to the above optimal ratio, and the morphology of
PAN2H and PEI/mRNA/PAN2H was observed by scanning electron microscopy. As shown in Figure 4E and F, the
PAN2H and PEI/mRNA/PAN2H showed a spherical morphology with a smooth surface and more homogeneous particle
size. Quantitative analysis revealed that the nanocomplexes formed compact structures with an average diameter of 183.8
nm (Figure 4B) and a narrow size distribution (Figure 4C), indicating high homogeneity. Furthermore, the nanoparticles
exhibited a highly positive surface charge with an average zeta potential of 53 mV (Figure 4D), a property known to
facilitate interaction with anionic cell membranes. Overall, the results show that the PAN2H and PEI/PAN2H bind to
mRNA through electrostatic interaction and can effectively compress mRNA to form nanoparticles, thereby reducing

particle size while increasing surface charge.

In vivo Safety Assessment of the PEI/mRNA/PAN2H NPs

To evaluate the in vivo safety of the mRNA delivery system, PBS, PEI, PAN2H, PEI/RBD (containing 30 pg RBD
mRNA), PEI/S1 (containing 30 pg S1 mRNA), PEI/RBD/PAN2H (containing 30 pg RBD mRNA), and PEI/S1/PAN2H
(containing 30 pg S1 mRNA) were prepared and immunized in vivo. There were no undesirable changes in the vaccine
injection sites, and no obvious differences were found in the body weights of mice in all immunized groups (Figure 5A).
At day 28 after the prime immunization, the spleen, lung, heart, liver, and kidney tissues of the control group and each
test group were sectioned and observed, and the results of H&E staining showed that the tissues of each group had
normal morphology and structure, no inflammatory cell infiltration, no obvious petechial hemorrhage and inflammatory
exudate, which indicated that the PEI/mRNA and PEI/mRNA/PAN2H NPs fabricated did not produce observable acute
histopathological abnormalities under the tested conditions and demonstrated acceptable short-term biocompatibility for
nucleic acid delivery (Figure 5B).
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Figure 5 In vivo safety assessment of the PE/mRNA/PAN2H NPs. BALB/c mice received an intramuscular injection of PBS, PAN2H, PEI, PEI/SI, PEI/SI/PAN2H, PEI/RBD,
and PEI/RBD/PAN2H. (A) The body weight changes of BALB/c mice after immunization; (B) H&E staining of major organs collected from mice in the PBS, PAN2H, PEI, PEI/
S| (a), PEI/SI/PAN2H (b), PEI/RBD (c), and PEI/RBD/PAN2H (d) groups.

Measurement of Changes in IgG Antibodies After Immunization

To confirm that PEI/mRNA/PAN2H nanoparticles could mediate the intracellular expression of PEDV antigens, HEK-
293T cells were transfected with SI1- or RBD-encoding mRNA formulations, and antigen expression was verified by
indirect immunofluorescence. In the indirect immunofluorescence assay (Figure S3), green fluorescence was observed in
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Figure 6 Evaluation of in vivo immunization effect of the PEI/mRNA/PAN2H NPs. (A) Measurement of changes in specific IgG antibodies after immunization; (B)
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total 1gG2a antibodies after immunization. Data are presented as mean + SD (biological replicates, n = 3 mice per group analyzed; total group size = 6 mice per group).
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

the cytoplasm. These results indicate that PEI/PAN2H NPs can effectively encapsulate the mRNA vaccine and transfect
cells to express the proteins, suggesting that they can be used for vaccine delivery.

To further validate whether the PEI/mRNA/PAN2H NPs could be used for mRNA vaccine delivery and induce
enhanced immune responses. We performed in vivo immunization experiments and measured the levels of specific PEDV
IgG (Figure 6A), total 1gG (Figure 6B), total IgG1 (Figure 6C) and total IgG2a (Figure 6D) antibodies in serum samples
by ELISA on days 14, 28 and 42 post the first immunization. At days 14, 28 and 42 post the first immunization, the levels
of total IgG, IgG1 and IgG2a were significantly higher in the PEI/RBD/PAN2H Group and the PEI/S1/PAN2H Group
than those in the PEI/RBD Group and the PEI/S1 Group, which confirmed the transfection efficiency of the PEI/PAN2H.
These results indicate that PAN2H incorporation enhanced the in vivo immunogenicity of the PEI-based delivery system.
To further assess Th1/Th2 skewing, the 1gG2a/IgG1 ratios were calculated from the same dataset (n = 3). The 1gG2a/
IgG1 ratios were comparable among groups at Days 14, 28, and 42, with no significant inter-group differences at each
time point (Figure S4). Therefore, under the present study design, the data support a relatively balanced Th1l/Th2-
associated antibody response rather than a clearly polarized immune bias. In conclusion, the transfection ability of PEI/
PAN2H was significantly enhanced in vivo and in vitro compared with that of PEIL

Measurement of Cytokine Changes and Splenocyte Proliferation After Immunization

Humoral immunity usually provides protection only against specific subtypes of viral strains, whereas cellular immunity
provides protection against different subtypes of viral infections; for example, several human studies have reported that
coronavirus-specific CD8+ and CD4+ T cells contribute to protective immunity. We investigated the potential mechanism
by which PEI/PAN2H NPs induce higher antibodies than PEI. As shown in Figure 7A and B, the serum levels of 1L-4
(Figure 7A) and IFN-y (Figure 7B) were significantly higher in the PEI/mRNA/PAN2H NPs group than in the PEl/
mRNA immunized group. These findings suggest that incorporation of PAN2H enhances systemic immune activation
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under the present experimental conditions. The serum cytokine measurements reported here reflect overall immune
response trends in vivo.

The proliferation of splenic lymphocytes in PE/mRNA/PAN2H NPs intramuscularly-immunized mice showed more
proliferation than that in PEI/mRNA group and the PBS group (P<0.01) (Figure 7C). These results suggest that muscle
immunization with PE/mRNA/PAN2H NPs produces a superior lymphocyte proliferative response. CD4+ T lymphocytes
are helper T lymphocytes, whose main role is to enhance phagocyte-mediated anti-infective effects as well as to enhance
B-cell-mediated humoral immune response, while CD8+ T lymphocytes are killer T lymphocytes, whose main role is to
specifically kill target cells. Splenocytes were isolated 5 weeks after the first immunization, and T-lymphocyte subpopula-
tions were assayed by using flow cytometry. Compared with the PEI/mRNA and the control group, the PEI/mRNA/PAN2H
groups showed higher proportions of CD4" and CD8" T lymphocytes (Figures 7D and S5). This suggests that PEI/mRNA/

PAN2H intramuscular immunization induces more cytokines, which leads to stronger cellular immune responses.

Discussion

In this study, we demonstrated that the PEI/mRNA/PAN2H platform can effectively enhance the transfection efficiency
and immunization efficacy of mRNA vaccines in vitro and in vivo. We showed that mRNA complexed with the PEI/
mRNA/PAN2H can efficiently achieve eGFP- and Fluc-mRNA expression in transduced HEK-293T cells, with stronger
expression than that achieved by the commercial transfection agents tested. We further demonstrated that PEI/mRNA/
PAN2H effectively delivered mRNA in vivo and induced stronger levels of humoral and cellular immunity compared to
PEI controls. In addition, the addition of PEI/mRNA/PAN2H in vivo and in vitro did not lead to significant toxicity.
Taken together, these findings support PEI/mRNA/PAN2H as a promising non-lipid delivery platform for mRNA
expression and vaccine immunoenhancement. These are encouraging novel findings from the perspective of PEI/
MRNA/PAN2H as a potential delivery platform.
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As immunogens for next-generation vaccines, mRNA vaccines have many advantages compared with traditional
vaccines, such as high immunogenicity, easy and fast production, rapid development of novel vaccines, easy updating
and broad protection.'> However, poor stability as well as low transfection efficiency in vivo limit their efficiency to
elicit an effective immune response.”>'" " To solve these problems, several methods have been developed.*' PEI is
a synthetic polymer that compresses siRNA and DNA into a complex that is efficiently absorbed by cells for gene
therapy.!” To enhance the transfection effect of PEI, some studies have attached PEI to the surface of nanoparticles by
covalent and electrostatic means, which can effectively promote the delivery of mRNA.** Chitosan-based nanoparticles
are biodegradable nanoparticles that possess the role of delivering antigens and immune enhancers, and their safety and
efficacy have been widely validated. In this study, PAN2H NPs were selected as nanoparticles and combined with PEI to
prepare a novel delivery platform. The average diameter of PEI/mRNA/PAN2H was 183.8 nm, with a zeta potential of 53
mV, which may facilitate cellular association in vitro. However, such a highly positive surface charge may also promote
nonspecific protein adsorption and protein corona formation in biological fluids, potentially affecting colloidal stability,
cellular specificity, and in vivo biodistribution. To further evaluate colloidal behavior under biologically relevant
conditions, we characterized particle size and {-potential in the presence of serum. Under serum-containing conditions,
PEI/mRNA/PAN2H complexes showed an increase in hydrodynamic diameter compared with PEI/mRNA complexes,
but remained colloidally stable and retained a net positive surface charge that was higher than that of the PEI/mRNA
group (Figure S6). This maintained positive surface character in serum may partially contribute to the enhanced
transfection observed under serum-containing conditions. The electrostatic adsorption of PEI/PAN2H binds to negatively
charged mRNAs, which can effectively protect the mRNA from the degradation of RNase I, and improve the stability and
transfection efficiency of mRNA.

PEIs or cationic particles can efficiently transport nucleic acid cargoes into the cytosol, the high cationic charge
density and strong proton-buffering behavior of PEI are major contributors to its cytotoxicity. Currently, there are several
experiments to reduce the toxicity of PEIs, including neutralization of cationic charge with anhydride, different
ketonization, alteration of PEI cross-linking by adjusting the disulfide bonding content, and the use of shorter
polymers.'72%222¢ In this study, we found that the addition of PAN2H significantly increased the expression of eGFP
and Fluc mRNA in cells compared to the PEI/mRNA transfected group. The in vivo immunization results confirmed that
PEI/MRNA/PAN2H efficiently delivered mRNA in vivo and induced stronger levels of humoral and cellular immunity
compared to PEI control. These findings suggest that incorporation of PAN2H may help reduce the PEI burden required
to achieve effective delivery, although this will require formal dose-optimization studies.

PEDV is one of the major causes of piglet mortality and a safe and effective vaccine is of great importance. The
RBD region of S protein has been reported to contain neutralizing epitopes and potential co-receptor binding regions
of PEDV and is widely used as the antigen for PEDV vaccine development.>*>' In this study, two mRNA vaccines
encoding S1 or RBD proteins were prepared, and the immunogenicity was investigated in mice. The result showed that
the PEI/RBD/PAN2H mRNA vaccine could induce more antibodies than the PEI/S1/PAN2H mRNA vaccine. In
addition, humoral immunity usually provides protection only against specific subtypes of viral strains, whereas cellular
immunity provides protection against different subtypes of viral infections; for example, several human studies have
reported that coronavirus-specific CD8+ and CD4+ T cells contribute to protective immunity.***** In this study, we
found that PEI/mRNA/PAN2H immunized group induced more serum IFN-y and IL-4 cytokines than PEI/PEDV
mRNA group (p<0.05); and the results of flow cytometry analysis of the T lymphocyte subsets showed that the PEI/
PEDV mRNA/PAN2H group had significantly more CD4+ and CD8+ T lymphocytes were higher than the PEI/PEDV
mRNA Group (p<0.05) indicating that the PEI/mRNA/PAN2H could induce higher humoral immune response and
cellular immune response responses compared to PEI/mRNA group. To further evaluate potential Th1/Th2 immune
polarization, we calculated the IgG2a/IgG1 ratio based on the subclass ELISA data. The 1gG2a/IgG1 ratios did not
differ significantly among immunized groups at each time point (one-way ANOVA, p>0.05), suggesting that PAN2H
incorporation enhanced overall antibody magnitude without markedly altering Th1/Th2 bias under the present condi-
tions. Collectively, these findings support improved immunogenic performance of the PAN2H-containing formulation
in the mouse model used in this study.
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Conclusions

We have developed a potential mRNA delivery system that exhibits resistance to RNase degradation, high transfection
efficiency, and enhanced immunogenicity compared with the PEI/mRNA group. Immunization with PEI/mRNA/PAN2H
NPs induced higher levels of specific antibodies and cellular immune responses without the use of any adjuvant. While
the enhanced immune responses observed here are encouraging, assessment of long-term immune durability and
protective efficacy in target-species challenge models will further define its translational potential. Overall, these findings
provide proof-of-concept evidence that PEI/mRNA/PAN2H is a promising non-lipid mRNA delivery platform.
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