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Background: Porcine epidemic diarrhea virus (PEDV) inactivated vaccine lacks an effective vaccine adjuvant as an immune
activator. The aim of this study was to develop N-2-HACC-AI nano-adjuvant as a high immune-enhancing adjuvant and to make
the vaccine suitable for intramuscular and oral administration.

Methods: N-2-HACC-AI nano-adjuvant was prepared by ion crosslinking method using the N-2-hydroxypropyl trimethyl ammonium
chloride chitosan (N-2-HACC). The N-2-HACC-AI nano-adjuvant was characterised, and its safety was determined by analysing the
cytotoxicity and hemolysis. PED inactivated vaccine (N-2-HACC-AI/PEDV) was prepared by electrostatic adsorption method, and
mice were inoculated by intramural injection and orally to evaluate the immune enhancement effect and application potential of the
N-2-HACC-AI/PEDV.

Results: The hemolysis rate was 3.89 + 0.12% and the activity of PK15 cells was 77.40 + 1.74%, indicating that the N-2-HACC-AV/
PEDV had good biosafety. The levels of PEDV antibodies induced by the N-2-HACC-AI/PEDV were higher than those of
commercially available vaccines, both by intramural injection and oral administration. Except for the serum IgGl levels in the
N-2-HACC-AI/PEDV injection group, which were similar to those in the commercial PEDV group, the serum IgG1, IgG2a, IgG2c and
slgA levels in the injection, and the oral groups were significantly higher than those in the commercial group. These results indicated
and that N-2-HACC-AI nano-adjuvant significantly enhanced cellular immunity and N-2-HACC-AI nano-adjuvant could deliver
PEDV antigen across the mucosal layer of the intestine and induced a strong mucosal immune response.

Conclusion: N-2-HACC-AI nano-adjuvant is safe and can efficiently induce humoral, cellular and mucosal immunity efficiently,
which provides a new idea for the development of oral mucosal vaccine adjuvant.

Keywords: N-2-Hydroxypropyl trimethyl ammonium chloride chitosan, nano-adjuvant, vaccine, porcine epidemic diarrhea, immune
effect

Introduction

Porcine epidemic diarrhea (PED) is a highly contagious intestinal disease caused by porcine epidemic diarrhea virus
(PEDV). Pigs of all ages are susceptible to PEDV, with morbidity and mortality rates as high as 50-100% in newborn
piglets.'? It has caused significant economic losses to the global pig industry.’ PEDV is mainly transmitted through feces
and saliva.* PEDV enters the small intestine through the digestive tract and proliferates in the intestinal villous epithelial
cells of animals, causing diarrhea, dehydration and even death in pigs.” Vaccination is currently the most effective

method on the market, but existing vaccines are not effective in controlling and preventing PEDV,*’ mainly due to the
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Evaluation of immune effect

lack of safe vaccine antigen delivery carriers and adjuvants that can stimulate the body to simultaneously produce
cellular, humoral and mucosal immune responses.®

PEDV is infected by invading porcine intestinal villous epithelial cells, so mucosal immunity is considered to play an
important role in PEDV control, and mucosal delivery of vaccine is more effective than parenteral vaccination in
inducing mucosal immunity. Due to the destruction of antigen proteins by the gastrointestinal environment, an effective
oral delivery system is usually prepared using polymer carriers such as coated microspheres and hydrogels to protect
PEDV antigens from the complex gastrointestinal environment.” ! Adjuvants such as MF59, ASO1 and AS03 have been
successfully used in human vaccines.'? However, the wide application of these adjuvants in animal vaccines still has
technical difficulties and price problems to be overcome, and it is necessary to develop inexpensive, safe and effective
animal vaccine adjuvants.

Aluminum salt adjuvants, the earliest adjuvants approved for use, have been used by humans for more than 80 years'?
and have been approved for human use by the US Food and Drug Administration (FDA).'* Aluminum salt adjuvants can
enhance vaccine-induced high titer IgG levels and have a longer immune time, which has an effective protective effect on
the immunity of extracellular pathogens.'>'® Studies have shown that aluminum salt adjuvant can significantly increase
the level of IgG antibodies induced by lysed influenza A (HIN1) vaccine, effectively improve vaccine immunological
efficacy, and reduce vaccine dose.'”'® However, aluminum salt adjuvants induce only humoral immunity and weaker
cellular immunity.'>*° By modifying the traditional aluminum salt adjuvant, it is an effective idea to develop a cheap,
safe and effective animal vaccine adjuvant, improve its immune effect, and make it have good humoral immunity,
cellular immunity and even mucosal immunity.”' > Studies have shown that the Th1 response of the human immune
system can be enhanced by transferring aluminum salt adjuvants from the micron scale to the nanoscale.?* By embedding
aluminum salt adjuvant in B-glucan particles or combining aluminum salt adjuvant with chitosan (CS),** the body can
stimulate cellular immune response.

CS has the advantages of good biodegradability, good biocompatibility, non-toxic, and easy modification, and has
been widely used in the field of vaccines.”® However, the CS is not charged, insoluble in water at neutral pH. We have
prepared N-2-hydroxypropyl trimethylammonium chloride chitosan (N-2-HACC), which is a soluble cation at neutral
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pH.?” We have prepared a variety of chitosan derivative nanoparticles and mesoporous silica nanoparticles.”® >° Through
intramuscular injection, nasal drops and oral vaccination of PEDV, OVA and BSA antigens, we demonstrated that
nanoparticle activation significantly enhanced the immune response to the antigens. Our studies have shown that
compared to chitosan, N-2-HACC has a higher positivity at different pH, especially under neutral or alkaline conditions,
making it more capable of transporting antigens across the intestinal mucosa in the small intestine. N-2-HACC is more
effective than CS in activating antigen presenting cells (APCs), inducing cytokine stimulation, generating an effective
immune response and promoting a Th1/Th2 response balance.?®

In this study, N-2-HACC modified aluminum salt adjuvant was used to prepare N-2-HACC-Al nano-adjuvant to solve
the problem of no cellular immunity and mucosal immune reaction of aluminum salt adjuvant. N-2-HACC-AI nano-
adjuvant was used as vaccine adjuvant, the morphology of N-2-HACC-AI nano-adjuvant was characterized, PED
inactivated vaccine was prepared by electrostatic adsorption method, and the immune effect of prepared PED inactivated
vaccine was studied to evaluate the immune effect and application potential of N-2-HACC-AI nano-adjuvant (Figure 1).
This study is of great significance for developing novel animal vaccine adjuvants and improving the protective efficacy of
PEDV vaccine.

Materials and Methods

Ethics Statement

Mice (5-6 weeks, 325 + 25 g) were purchased from the Harbin Songbei District Xianglin Co., Ltd. (SCXK (Hei)
2016-002), and were uniformly raised in the animal room of Harbin Pharmaceutical Group Bio Vaccine Co., Ltd. All the
animal studies were approved by the Institutional Animal Care and Use Committee of Heilongjiang University (Ethics
number 20190304001, Heilongjiang, China). The care of laboratory animals and all animal experiments were in
accordance with the “National Research Council’s Guide for the Care and Use of Laboratory Animals”. Animals were
fasted for 24 h before the experiment but were allowed free access to water.

Preparation of the N-2-HACC-AI Nano-Adjuvant and CS-Al NPs

The N-2-HACC with a 60% substitution degree was synthesized.”® The N-2-HACC-AIl nano-adjuvant were prepared
from the N-2-HACC and Al,(SOy); (Tianjin Tianli Chemical Reagent Co., Ltd, Tianjin, China). Briefly, 0.125 g of the
N-2-HACC was added to 100 mL of 25 mmol/L sodium acetate buffer (pH 6.0) and completely dissolved; then, 100 mL
of 6.5g/L Aly(SO4); solution was quickly poured into the mixture, stirred at 800 r/min for 20s, and incubated at room
temperature for 1 h. The precipitate was collected by centrifugation at 6500 r/min at 4°C for 30 min. The precipitate was
washed repeatedly with distilled water 3 times, and the precipitate was freeze-dried under vacuum to obtain N-2-HACC-
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Figure | Schematic diagram of PEDV inactivated antigen immunization strategy based on N-2-HACC-AI nano-adjuvant.
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Al nano-adjuvant solid powder. CS (deacetylation degree 80%, molecular weight 71.3 kDa, Tianjin Tianli Chemical
Reagent Co., Ltd, Tianjin, China) was used instead of N-2-HACC to repeat the above steps to obtain CS-Al NPs.

Structural Characterization of the N-2-HACC-Al Nano-Adjuvant

Scanning electron microscopy (S-4800, Hitachi, Tokyo, Japan) was used to examine the morphology of the N-2-HACC-
Al nano-adjuvant. The particle size and Zeta potential of the N-2-HACC-AI nano-adjuvant were determined by a laser
particle size analyzer (ZEN3690/Nano ZS90, Malvern Instruments, Melbourne, UK). The structures of the N-2-HACC
and N-2-HACC-Al nano-adjuvant in the range of 4000 cm ' to 500 cm ™' were recorded with a Fourier transform infrared
spectrometer (IS10, Nicolet, Madison, USA).

Cytotoxicity of the N-2-HACC-AI Nano-Adjuvant

The cell viability of N-2-HACC-AI nano-adjuvant on PK15 was determined using the MTT kit (Shanghai Enzyme Link
Biotechnology Co., Ltd, Shanghai, China). Briefly, 5 uL suspension of the N-2-HACC-AI nano-adjuvant at different
concentrations (400 pg/mL, 200 pg/mL, 100 pg/mL, 50 pg/mL and 25 pg/mL) was added to the 96-well plate and
incubated for 24 h. Then, 10 pL. MTT solution was added to each well and incubated in an incubator for 4 h, 100 pL
formazan solution was added to each well and incubated in an incubator for 3—4 h, and the absorbance was measured at
a wavelength of 550 nm. Cell viability was calculated according to formula (1). Where A; was empty cells and
N-2-HACC-AI nano-adjuvant and MTT and formazan lysate, A, was empty cell medium, A, was empty cells and
MTT and formazan lysate (without addition of N-2-HACC-AI nano-adjuvant).

Cell viability(%) = (As—Ap)/(Ac—Ap) x 100% (1)

Hemolysis Test

ImL fresh blood was added to 2mL 0.9% normal saline, diluted and centrifuged at 1000 r/min for 10 min to obtain red blood cells.
And then red blood cells were diluted with 10mL normal saline to obtain a red blood cell solution. 2 mg of the N-2-HACC-Al
nano-adjuvant was added to 10 mL of saline to prepare a N-2-HACC-Al nano-adjuvant solution with a concentration of 0.2 mg/
mL. Physiological saline was the negative control, and deionized water was the positive control. 0.8 mL of N-2-HACC-AI nano-
adjuvant solution, physiological saline, and distilled water were added to 0.2 mL of the above erythrocyte solution and then
centrifuged at 10,000 r/min for 3 min in a water bath at 37°C for 60 min. Two hundred microliter of the supernatant was aspirated
and ODso was measured. The hemolysis degree was calculated by the formula (2).

Hemolysis(%) _ ODExpcrimcntal group _ODncgativc control %«100% (2)

ODPositive control _ODnegative control

Preparation of the N-2-HACC-AI/PEDYV and CS-Al/PEDV

Using the N-2-HACC-AI nano-adjuvant as a vaccine adjuvant and PED inactivated virus (PEDV-SZ, 107 TCIDso/mL,
Harbin Pharmaceutical Group Bio-Vaccine Co., Ltd, Harbin, China) as antigen, the inactivated vaccine (N-2-HACC-Al/
PEDV) was prepared by electrostatic adsorption. Briefly, the N-2-HACC-AI nano-adjuvant suspension was incubated
with the PEDV inactivated solution at a ratio of 1:1, and the incubation time was 5 min to obtain the N-2-HACC-Al/
PEDV inactivated vaccine. CS-Al NPs is used instead of N-2-HACC-AI nano-adjuvant to repeat the above steps to obtain
CS-AI/PEDV inactivated vaccine.

In vivo Safety Evaluation of N-2-HACC-Al Nano-Adjuvants

To confirm the in vivo biosafety of N-2-HACC-AI nano-adjuvant, 12 healthy male BALB/c mice were divided into 4
groups, N-2-HACC-AI nano-adjuvant i.m. group, N-2-HACC-AIl nano-adjuvant P.O. group, control i.m. group and
control P.O. group. The mice were orally (or intramuscularly) administered 7 times consecutively, once every 2 days
(0.2 mL dose). After the last administration, all the mice were sacrificed, and the tissues of liver, kidney and spleen were
collected and preserved in 4% paraformaldehyde for H&E staining.
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Immune Effect of N-2-HACC-AI/PEDV and CS-Al/PEDV

A total of 36 mice with negative PEDV serum antibodies were randomly divided into 6 groups (PBS group, N-2-HACC-
AL nano-adjuvant group, CS-Al NPs group, commercial PEDV vaccine group, N-2-HACC-AI/PEDV inactivated vaccine
group, and CS-Al/PEDV inactivated vaccine group). There were 6 mice in each group, of which 3 were immunised
intramuscularly (i.m.) and 3 were immunised orally (P.O.) in a 0.2 mL immunisation dose.

The second immunization was performed with the same immunization mode and immunization dose (0.2mL) 2 weeks
after the first immunization. Cardiac blood was collected 1 d before the first immunization and weekly post the first
immunization, and the serum was separated to determine the contents of mouse PEDV-specific antibodies, 1gG, IgGl1,
1gG2a, IgG2c, IL-4 and IFN-y in serum with kits (Shanghai Enzyme Link Biotechnology Co., Ltd, Shanghai, China); at
the same time, one day before the first immunization, Feces were collected every week after the first immunization, and
the sIgA content in mouse feces was determined.

Collect Cardiac Blood

With the mouse restrained in the supine position, palpated with the left hand, the site of the heart beat, generally at the
left edge of the sternum 4-6 ribs to find the most obvious site. Disinfect the skin with iodine and ethanol to ensure
a sterile procedure. Using our left hand to hold the heart, holding the syringe in our right hand and puncture the heart
vertically. When the needle is properly inserted into the heart, blood will jump into the syringe at the heart. The blood is
withdrawn quickly to prevent it from clotting in the syringe. Blood should be withdrawn quickly to reduce the time the
needle remains in the heart. When we have taken the required amount of blood, we withdraw the needle and press the
needle hole with dry cotton wool for a moment to prevent bleeding.

Statistical Analysis

Data were confirmed by repeating 3 times and presented as mean + standard deviation (SD). Two-way ANOVA statistical
tests were performed using GraphPad Prism 8 (GraphPad Software Institute, San Diego, CA) to determine the
significance of differences between groups. P<0.05 was considered significant.

Results

Characterization of the N-2-HACC-Al Nano-Adjuvant and CS-Al NPs

As shown in Figure 2A-B, the N-2-HACC-AI nano-adjuvant had regular shape, all of which are spherical, and the size of
N-2-HACC-Al nano-adjuvant is about 100 nm, The particle size was relatively uniform and the dispersion was good. The particle
size, PDI and zeta potential of the N-2-HACC-Al nano-adjuvant in the solution were 367.9 +2.78 nm, 0.14 £+ 0.03 and 33.4 £ 0.66
mV, respectively (Figure 2C). From the difference of particle diameter results between SEM and particle size analysis, it can be
concluded that there will be 2—-3 N-2-HACC-Al nano-adjuvant clustered together in the solution. The size of CS-Al NPs is about
50 nm, the shape is irregular, and it is easy to agglomerate together (Figure 2F). The particle size, PDI and zeta potential of the CS-
Al NPs were 156.8 = 5.75 nm, 0.47 + 0.02 and 29.1 + 3.57 mV, respectively (Figure 2E). Based on the difference in particle
diameter results between SEM and particle size analysis, it can be concluded that there will be 2—3 CS-Al NPs clustered together in
the solution. In the FTIR spectrum of N-2-HACC (Figure 2D), 1484 cm™' was the trimethylene peak of N-2-HACC, 3384 cm ™'
was the absorption peak of N-H and O-H absorption peaks, 2916 cm ' was the absorption peak of -NH,, and 1657 cm ' was the
absorption peak of amide I stretching vibration. In the FTIR spectrum of N-2-HACC-Al nano-adjuvant, it could be seen that the
trimethyl characteristic peak of N-2-HACC at 1484 cm ' was still present, indicating that the N-2-HACC-AI nano-adjuvant
contained N-2-HACC, and the absorption peak of -NH, at 2916 cm™ ' was reduced, probably due to the binding of N-2-HACC
with AL(SOy)s.

Impact of the N-2-HACC-AI Nano-Adjuvant Solution Concentration on Cell Viability
It is of great importance to evaluate the safety of nanoparticles in cultured cells in vitro. When the concentration of N-2-HACC-Al
nano-adjuvant reached 400 pg/mL, the activity of PK15 cells decreased to 77.40 + 1.74%, which was higher than the FDA
standard of 75% (Figure 3A), indicating that N-2-HACC-Al nano-adjuvant still had good biosafety at this concentration.
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Figure 2 Physicochemical properties of N-2-HACC-AI nano-adjuvant. (A) SEM image of the N-2-HACC-AI nano-adjuvant; (B) SEM image of the N-2-HACC-AI nano-
adjuvant; (C) Particle size and Zeta potential of the N-2-HACC-AI nano-adjuvant; (D) FTIR of the N-2-HACC-AI nano-adjuvant; (E) Particle size and Zeta potential of the
CS-Al NPs; (F) SEM image of the CS-Al NPs.

Impact of N-2-HACC-AI Nano-Adjuvant on Hemolysis of Red Blood Cells

Measuring the hemolytic potential of nanomaterials in red blood cells is an alternative method to test biological
properties in vivo.”” Hemolysis occurs when cells expand to a critical volume to disrupt the cell membrane. In the
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Figure 3 In vitro safety of the N-2-HACC-AI nano-adjuvant and physicochemical properties of N-2-HACC-AI/PEDV. (A) The effect of the N-2-HACC-AI nano-adjuvant
solution concentration on cell viability; (B) Hemolysis test of the N-2-HACC-Al nano-adjuvant; (C) Particle size and Zeta potential of theN-2-HACC-AI/PEDV; SEM image of
theN-2-HACC-AI/PEDV; (E) Particle size and Zeta potential of the CS-Al NPs/PEDV; (F) SEM image of the CS-Al NPs/PEDV. *** P<0.001; *** P<0.0001.

present study, rat erythrocytes were exposed to the N-2-HACC-AIl nano-adjuvant, there was no significant lysis of
erythrocytes in the N-2-HACC-Al nano-adjuvant solution, and the hemolysis rate was 3.89 = 0.12% (Figure 3B).
According to the standard test method for the analysis of hemolysis products of nano-adjuvant (ASTM E2524-08),
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materials with hemolysis rates below 5% are considered safe.’' It was shown that the N-2-HACC-Al nano-adjuvant
showed very low in vitro toxicity and negligible hemolytic activity, and the N-2-HACC-AIl NP did not cause hemolysis
and was biosafe.

Characterization of the N-2-HACC-AI/PEDV and CS-Al NPs/PEDV

As shown in Figure 3C, the particle size, PDI and zeta potential of the N-2-HACC-AI/PEDV in solution were 320 £+ 5
nm, 0.087 £ 0.065 and 24.6 + 1.4 mV, respectively. N-2-HACC-AI/PEDV is relatively uniform and has good dispersion,
and the nano-adjuvant size of N-2-HACC-ALl is about 100 nm (Figure 3D). Although no obvious virus can be seen from
Figure 3D, the particle size and zeta potential of N-2-HACC-AI/PEDV in solution are significantly reduced compared to
N-2-HACC-AI nano-adjuvant. The zeta potential of CS-Al NPs/PEDV decreased to 19.4 = 0.96 mV, and the interparticle
repulsive force was greatly reduced, so that the particle size of CS-Al NPs/PEDV in solution reached 574.6 + 14.5 nm
(PDI 0.16 + 0.05) (Figure 3E). It can also be seen by SEM that CS-Al NPs/PEDV are more likely to agglomerate together
than CS-Al NPs (Figure 3F).

In vivo Safety Evaluation of N-2-HAC-AI Nano-Adjuvants
The external shape and color of the heart, liver, spleen and kidneys of the mice in the N-2-HACC-AI nanoadjuvant group
were normal regardless of injection or oral administration, and no lesions were observed by naked eye (Figure 4).

Pathological sections of the mouse’s heart, liver, spleen and kidneys were re-examined (Figure 4). In the pathological
section of heart tissue, the N-2-HACC-AI nano-adjuvant group was consistent with the control group, the morphology of
cardiomyocytes was normal, the interstitial inflammatory infiltration was not observed, and no pathological changes were
observed. In the histopathologic section of liver, the control liver, the tissue structure of the N-2-HACC-Al nano-adjuvant
group was consistent with that of the control group. The cells were closely arranged, and the liver cords radially arranged
with the central vein as the center and the irregular liver blood sinuses between the liver cords were complete, dense and
clearly oriented, without any pathological changes.

In the pathological sections of spleen, the tissue structure of the N-2-HACC-Al nano-adjuvant group was consistent
with that of the control group, and the white and red pulp areas and trabeculae were clearly visible. The structure of the
splenic corpuscle was complete and clear, and the central artery was visible with a complete germinal center. No
pathological changes were observed.

In kidney histopathological sections, the tissue structure of the N-2-HACC-Al nano-adjuvant group was consistent
with that of the control group, with normal cell morphology, normal glomerular and renal tubule structures, clear balloon
lumen, para-bulbar cells and macula densa, which were closely arranged on the side adjacent to the vascular pole of the
glomeruli. No pathological changes were observed in renal tissue.

Heart Liver Spleen Kidney

Control p

N-2-HACC-AI po. |
Control im.

N-2-HACC-Al im.

Scale bar : 100 um

Figure 4 Photographs and H&E staining images of mouse hearts, livers, spleens and kidneys (Magnification 20x). Scale bar=100 pm.
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Immune Effect of the N-2-HACC-AI/PEDV

Mice were immunized by injection and oral administration, and the immune effect of nano-aluminum induced mice was
studied. Among them, in addition to activating the expression of peripheral homing receptors in mucosal B cells, oral
immune antigens can also enter the circulation from mucosal epithelium through blood or lymph to induce systemic
immune response. In this study, antibodies to porcine epidemic diarrhea virus (PEDV Ab) and immunoglobulin G (IgG)
were measured in the serum of mice. The results were shown that in Figure 5, whether injected or orally, N-2-HACC
nano-aluminum adjuvant group induced antibodies to porcine epidemic diarrhea virus (Figure 5A and B) and IgG
(Figure 5C and D) have higher content than commercial vaccine.

IgGl, IgG2a, and IgG2c were further evaluated to evaluate the effect of the N-2-HACC-AI/PEDV as an oral
adjuvant on systemic humoral and cellular immune responses (Figure 6). IgG1 is humoral immunity, IgG2a and
IgG2c represent cellular immune response levels. IgG1, IgG2a, and 1gG2¢ of N-2-HACC-AL /PEDV were similar to
those of CS-AI/PEDV and commercial vaccine groups (Figure 6A, C and E). IgG1, 1gG2a, IgG2c and CS-Al/PEDV
in the oral N-2-HACC-AI/PEDV group had significant advantages over those in the commercial vaccine group
(Figure 6B, D and F).

The 1gG1/IgG2a ratio in all groups was greater than 1 (Figure 7A and B), indicating that immunity mainly induced
humoral response, whether oral or injectable. However, I1gG1/IgG2a values were lower in the N-2-HACC-AI/PEDV
group than in the commercial vaccine, indicating an improved thl type immune response.

Cytokines released by spleen cells were then further measured to investigate the effect of Th2/Thl polarization of the
nanoparticle aluminum adjuvant on the immune response (Figure 8). Cytokine interleukin 4 (IL-4) secretion is associated
with Th2 type immune response and IgG1 antibody stimulation, while IgG2a is the main antibody isotype stimulated by
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Figure 5 Mouses were respectively immunized PBS group, N-2-HACC-AL nano-adjuvant group, CS-Al NPs group, PEDV commercial vaccine group, N-2-HACC-AIl /PEDV
inactivated vaccine group and CS-Al/PEDV inactivated vaccine group. (A) Content of PEDV antibody in intramuscular injection; (B) Content of PEDV antibody in oral
administration; (C) Content of IgG in intramuscular injection; (D) Content of IgG in oral administration. * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.
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Figure 6 Mouses were respectively immunized PBS group, N-2-HACC-AL nano-adjuvant group, CS-Al NPs group, PEDV commercial vaccine group, N-2-HACC-AI /PEDV
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administration. * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.

cytokine interferon gamma (INF-y) in Thl type immune response. Both injection and oral N-2-HACC-AL/PEDV were
effective in inducing Th2 humoral immune response and Th1 cellular immune response (Figure 8). The levels of Th2 IL-
4 and Thl IFN-y after injection of N-2-HACC-AL/PEDV were slightly higher than those in the commercial group
(Figure 8A and C), while the levels of IL-4 and IFN-y in the N-2-HACC-AL/PEDV group were significantly higher than
those in the commercial group after oral vaccination (Figure 8B and D).
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Content of IL-4 in intramuscular injection; (D) Content of IL-4 in oral administration. * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.

sIgA is one of the most important criteria for evaluating the mucosal immune response of vaccines. As shown in
Figure 9, the sIgA of N-2-HACC-AI/PEDV group was the highest, which was significantly higher than that of PEDV
commercial vaccine group and CS-Al/PEDV group, indicating that N-2-HACC-AI nano-adjuvant could carry PEDV

antigen through the mucosal layer and cause strong mucosal immune response.
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Figure 9 Content of slgA in oral administration of mouses were respectively immunized PBS group, N-2-HACC-AL nano-adjuvant group, CS-Al NPs group, PEDV
commercial vaccine group, N-2-HACC-AI /PEDV group and CS-AI/PEDV inactivated vaccine group. (A) Content of IFN-y in intramuscular injection; (B) Content of IFN-y in
oral administration. * P<0.05; ** P<0.01; **** P<0.0001.

Discussion

In licensed vaccines, two types of aluminum salt adjuvants are permitted: aluminum hydroxide (AH) and aluminum phosphate
(AP).?! AH has a point of zero charge (PZC) of about 11.4 and has a positive charge at neutral pH.>* In recent years, a series of
studies have shown that the adjuvant activity of alumina hydroxide nanoparticles (AH nano-adjuvant) at less than 500nm is
significantly stronger than that of alumina hydroxide microparticles (AH MPs).>* Adjuvant particle size not only affects
immune response level but also immune response type. It is generally believed that AH MPs mainly stimulate the Th2
response.”’ Studies have shown that AH nano-adjuvant can stimulate the Th1 response and support cellular immunity.>* AH
MPs are concentrated at the injection site and recruit innate immune cells, especially neutrophils. Compared with AH MPs,
AH nano-adjuvant can increase antigen uptake by APCs. AH nano-adjuvant has a larger specific surface area and more antigen
adsorption binding sites than MPs.** Smaller nanoparticles (<500 nm) are absorbed by APCs through endocytosis, while
larger nanoparticles and microparticles (>500 nm) require phagocyte transport from the injection site to the lymph nodes.*
AH nano-adjuvant tends to be internalized by the DC, while larger AH MPs may stick to the DC surface without being
internalized. When the antigen is adsorbed on AH, the zeta potential decreases, which will affect the uptake of the antigen
carried by the APC, so it is necessary to further improve the zeta potential of the nanoparticles.**

One effective solution for increasing the zeta potential of aluminum salt adjuvants is the introduction of cationic
polymers, and one of the most effective ways for aluminum salt adjuvants to induce low level cellular immunity is to
combine them with adjuvants that can enhance the Thl type immune response.>> In our previous work, we found that
N-2-HACC has the ability to induce dendritic cell maturation and antigen-specific Thl response.”” The modification of
CS into N-2-HACC not only improves the solubility of CS but also enhances the Zeta positivity of CS under neutral and
alkaline conditions.”” Therefore, in this experiment, N-2-HACC and Al,(SO4); were combined by ion crosslinking
method to prepare a composite nano-adjuvant N-2-HACC-AI nano-adjuvant.

The average particle size of the N-2-HACC-Al nano-adjuvant prepared in this experiment was 367.9 + 2.78 nm, and the
zeta potential was +33.44+0.66 mV. Nanoparticles smaller than 500 nm can be better internalised by APC and better eliminated
through lymphatic vessels to activate inflammatory bodies and induce cellular immunity.*® Nanoparticles with a zeta potential
greater than +30mV have better adsorption effect and stability. Protective antigens can still be carried in the intestine under
neutral and alkaline conditions, so it has a better effect of enhancing mucosal immune response compared to CS-Al NPs.>”’
The results of immunisation experiments showed that the N-2-HACC-AI/PEDV group could simultaneously stimulate cellular

1332 https: International Journal of Nanomedicine 2025:20



Jin etal

immunity, humoral immunity and mucosal immunity, and achieve Th1/Th2 mixed immunity. In addition, the N-2-HACC-Al/
PEDV vaccine is suitable for intramuscular and oral immunity, which greatly compensates for the type of immune response
that is missing in the body induced by traditional single adjuvants.

Conclusions

In this study, we successfully prepared N-2-HACC-Al nano-adjuvant, which can be used for injection and oral
inoculation to cause strong immune enhancement response and play an immune enhancement role, providing a new
idea and strategy for the research and development of vaccine adjuvants. First, N-2-HACC-Al nano-adjuvant proved to
be a safe and non-toxic vaccine adjuvant. Secondly, N-2-HACC-AI nano-adjuvant, as a vaccine adjuvant, can not only
significantly enhance humoral immunity but also stimulate cellular immune response. At the same time, oral vaccination
can also stimulate good mucosal immunity. In addition, the strategy is highly scalable and provides a valuable reference
for the preparation of novel vaccine adjuvants.
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