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Herein, a novel chitosan derivative nanoparticle was proposed to function as a delivery carrier. First of all, an improvement

was made to the way N-2-hydroxypropyl trimcthyl ammonium chloride chitosan (N-2-HACC) was synthesized. 

Keywords: Nanoparticles ; chitosan ; Immune ; N-2-HACC

1. Introduction

Porcine epidemic diarrhea virus (PED) is a pig infectious disease caused by porcine epidemic diarrhea virus (PEDV),

causing in particular a large number of death of piglets . PEDV is transmitted by infecting porcine epithelial cells through

the fecal–oral route . Vaccine is an important way to prevent this disease . To contain viral transmission, an ideal

vaccine is supposed to induce mucosal immune responses. Existing vaccines are ineffective in the control and prevention

of PEDV, which makes it necessary to develop high-efficiency vaccines. However, aluminum or mineral oil adjuvants are

commonly used as vaccine adjuvants, which have certain toxic and side effects . Polymer nanoparticles, especially

nanoparticles of chitosan (CS) and its derivatives, as vaccine adjuvants are the focus of current research . In addition,

the nanoparticles of chitosan (CS) and its derivative can induce mucosal immune response, as confirmed in those

relevant reports. .

However, the widespread application of CS has been restricted by its low solubility above pH 6.5 . CS is not soluble in

water, dilute alkali solution, or common organic solvents, but only in low-concentration inorganic acid acidic solutions such

as dilute acetic acid, dilute hydrochloric acid, and some particular organic solvents. This is attributed to the

stereoregularity of its molecular structure and the hydrogen bonding between molecules, which hinders its practical

application . In order to break down the H-bond network of CS and improve the solubility of CS, the introduction of

functional groups into CS free amine groups or primary hydroxyl groups for chemical modification has now become the

focus of attention for research . The commonly used techniques of modification include carboxymethylation ,

quaternization , sulfation , and thiolation . These artificially introduced functional groups endow CS with new

functional properties, which makes CS and CS derivatives attract much attention for use in various medical and industrial

settings . Thus, in order to improve the water solubility of CS, while widening the scope of its application, CS was

modified by quaternization and synthesized quaternized chitosan in previous studies, which is N-2-HACC, thus improving

the water solubility of the modified CS derivative significantly . Preparation of CS and CS derivative nanoparticles can

be performed by cross-linking polymer chains together with covalent bonds, or by exploiting physical interactions between

the polymer chains, such as hydrogen bonds, electrostatic forces, or hydrophobic associations. The attractive forces that

can be exploited in the preparation of the particles may lead to both contraction and aggregation of the particles over time.

Estimation of the compactness of the nanoparticles, along with their size, can help to discriminate between intra- and

interparticle associations . CS is readily soluble in an acidic environment due to protonation of the amine groups. The

resultant positive charge makes it possible to prepare nanoparticles by ionotropic gelation with multivalent anions, such as

tripolyphosphate (TPP) . The same reaction can be achieved if there is a certain amount of retention of amine groups in

CS derivatives, but TPP can be irritating to eyes and skin, which limits its use. Researchers propose to replace TPP with

β-glycerophosphate sodium (β-GC). In addition, it is understood that there is no relevant report on the application of N-2-

HACC and β-GC to the preparation of nanoparticles in the field of vaccines. However, the introduction of hydroxypropyl

trimethyl ammonium chloride group will reduce the number of NH  functional groups on N-2-HACC, thus affecting the

effect of crosslinking into nanoparticles. The way in which to ensure good water solubility at a lower degree of substitution

is an urgent problem to be solved in the preparation of N-2-HACC.

2. Materials

Chitosan (CS) with the molecular weight of 713 kDa and deacetylation degree of 85% was purchased from Sinopharm

Chemical Reagent Co. Ltd, while acetic acid (AR) and β-glycerophosphoric (β-GC) acid disodium salt was provided by
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Tianli Chemical Reagent Co., Ltd. Sodium hydroxide (NaOH) and isopropanol (IPA) were purchased from Yongda

Chemical Reagent Co., Ltd.; 2,3-epoxypropyl trimethyl ammonium chloride (EPTAC) was sourced from Dibo

Biotechnology Co., Ltd.; and anhydrous ethanol was obtained from Fuyu Fine Chemical Co., Ltd.

3. Synthesis of the N-2-HACC

First of all, 6 g of CS was dissolved in acetic acid solution (66.6 mL acetic acid + 173.4 mL deionized water). Secondly, the

pH value of the above liquid was adjusted to 9 with 15 mol/L NaOH solution for 0.5 h of soaking. Thirdly, the precipitate

was washed to neutral with deionized water, and then dried in a vacuum freeze dryer (SJIA-10N-80C, Ningbo Shuangjia

Instrument Co., Ltd., China). Fourthly, the freeze-dried product was dispersed in 50 mL of isopropanol solution, 80 °C

water bath, with EPTAC isopropanol solution (9 g/50 mL) added dropwise within 30 min, wherein the reaction was 9 h and

150 mL ice-cold anhydrous ethanol was added; then, the mixture was soaked for 0.5 h, suction filtered, and vacuum

freeze-dried to constant weight. The yield (Y) was gravimetrically determined using the following equations:

where W  (g) represents the added quality of CS, W  (g) indicates the theoretical generation quality of N-2-HACC, W  (g)

denotes the actual generation quality of N-2-HACC, 162 indicates the molecular weight of the CS monomer, and 328.5

refers to the molecular weight of the N-2-HACC monomer.

4. Nanoparticle Synthesis and Immune Effect Evaluation

First of all, 2 mL of sorbitan monooleate (span80), 10 mL of petroleum ether, and 20 mL liquid paraffin as the oil phase

were added into a beaker. Then, 3 mL of N-2-HACC as the water phase was added into the beaker dropwise and stirred

at 900 r/min for 15 min. Next, 1 mL β-GP was added and stirred for 4 min at the same speed, so as to obtain a pre-

emulsion, which was then poured into a rapid emulsification device. The pre-emulsion penetrated the membrane (with a

pore size of 0.45 μm) 3 times under a nitrogen pressure of 0.15 MPa, before curing in a 37 °C water bath for 3 h. Finally,

the solution was centrifuged at 15,285× g for 10 min at 4 °C, with the supernatant removed. This was repeated three times

for lyophilization.

Diluted to varying concentrations at 0.5%, 1%, 5%, and 10% (w/v) and mixed with the same amount of PEDV after

inactivation, N-2-HACC NPs were stirred at a high speed of 8916× g for 30 min to obtain the N-2-HACC/PEDV inactivated

vaccine with different doses of N-2-HACC NPs. The vaccine components of different N-2-HACC NPs supplemented doses

are shown in Table 1. Care of laboratory animals and experimentation on animals were in accordance with animal ethics

guidelines and approved protocols. All the animal studies were approved by the Experimental Animal Ethics Committee of

Heilongjiang University (ethic approval number: 20190304001). A total of 25 healthy guinea pigs with negative PEDV

serum antibodies were randomly divided into 5 groups. The injection doses are detailed in Table 1 With each group of

guinea pigs raised in the same environment, the second booster of immunization was administered in the same way 15

days after the first-time vaccination. After immunization, blood was collected on a weekly basis to detect the antibody titer

of ELISA in the serum, and the trend of antibody changes in ELISA was observed to determine the optimal dosage of N-2-

HACC NPs. The N-2-HACC solution of the optimal adjuvant dose as determined above was taken for the thorough mixing

with the inactivated PEDV, and then stirred at 8916× g for 30 min. Finally, the N-2-HACC/PEDV inactivated vaccine was

produced.

Table 1. The vaccine composition with different adjuvant doses.

Group N-2-HACC NPs (%, w/v) PEDV (mL) N-2-HACC NPs (g/mL) Adjuvant Dose (mL)

1 0.5 1 0.01 1

2 1 1 0.02 1

3 5 1 0.1 1

4 10 1 0.2 1

1 2 3



5. N-2-HACC/PEDV Immune Effect

Figure 1 shows the immune effects of N-2-HACC/PEDV inactivated vaccines at varying adjuvant dosages. Since the

prepared N-2-HACC/PEDV (10  TCID /mL) was a pink liquid, it was easily separated from the bottle wall by gentle

shaking. From the above results, the ELISA antibody titer of each adjuvant group was higher than that of the control

group. Except for the 0.5% (w/v) adjuvant group, the ELISA antibody titer of each adjuvant group was significantly

different to the control group. After 10 weeks of immunization, each adjuvant group reached their maximum, with the

antibody titer of the 10% (w/v) adjuvant group found to be the highest, followed by the 5% (w/v) adjuvant group. In

contrast, the antibody titer of the two groups remained at a high level. Compared with previous reports, the N-2-

HACC/PEDV inactivated vaccines prepared by us had less PEDV (1%) mixed in proportion, and the immune effect and

immune time were better, indicating that the N-2-HACC/PEDV inactivated vaccines is an effective PEDV candidate

vaccine .

Figure 1. ELISA antibody dynamics regularity of serum in guinea pigs.

6. Preparation of N-2-HACC NPs
As can be seen from Figure 2, N-2-HACC NPs prepared under optimized conditions had uniform particle size, good

dispersion, and regular morphology.
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Figure 2. TEM morphology of N-2-HACC NPs.

Average diameter of N-2-HACC NPs was 215.9 ± 44.0 nm, and zeta potential was + 32.31 ± 0.65 mV. As reported, the

size of the nanoparticles affects the absorption of the nanoparticles by immune cells. Nanoparticles similar in size to

pathogens (5–300 nm for viruses) are easily absorbed by antigen-presenting cells, which enhance the immune response

. In addition, zeta potential is an important influencing factor in mucosal drug delivery, while positively charged

polymers are conducive to adsorbing negatively charged mucins, enhancing mucosal adhesion, and extending the drug

residence time . Therefore, the N-2-HACC NPs was expected to deliver drugs to the mucosa and achieve local

administration.
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