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  Abstract     Hydroxypropyltrimethyl ammonium chloride chitosan (HACC) and hydroxypropyltrimethyl 
ammonium chloride fully deacetylated chitosan (De-HACC) were synthesized with various degrees of 
substitution by altering the ratio of chitosan to glycidyl trimethyl-ammonium chloride (GTMAC). The 
eff ects of the quaternary ammonium degree and the acetyl group of these polymers on immunostimulatory 
activities were detected in RAW 264.7 cells. The expression levels of nitrogen oxide (NO), interleukin-6 
(IL-6) and tumor necrosis factor (TNF-α) were compared. Results show that the removal of acetyl groups 
in chitosan obviously improved the degree of substitution of quaternary ammonium salts. In addition, 
HACC and De-HACC were capable of promoting immunological activity in a substitution-dependent 
manner; HACC was positively correlated, and De-HACC was negatively correlated. Among tested ratios, 
HACC-30% and De-HACC-54% performed better than the others, and De-HACC-54% performed the best. 
Generally, quaternized chitosan possesses immunostimulatory activity, which is related to the degree of 
quaternization and the acetyl group. 

  Keyword : quaternized chitosan; fully deacetylated quaternized chitosan; degree of quaternization; 
Immunostimulatory activity 

 1 INTRODUCTION 

 Vaccination is the primary preventive treatment to 
prevent infections (Guimarães et al., 2015). With the 
promising eff ects it has achieved, the demand for 
vaccines in disease treatment has increased. However, 
the entire antigen used alone exhibits underestimated 
toxicity problems. While subunit vaccines have been 
developed with reduced toxicity, they sometimes 
have poor immunogenicity (Yüksel et al., 2020). 
Thus, the increasing demand for adjuvants is needed 
to help antigens improve the effi  ciency of immune 
responses and preserve antigen usage. 

 Adjuvants are defi ned as agents that are added to 
vaccines to induce enhanced immune responses 
(Petrovsky and Aguilar, 2004). Ideally, adjuvants 
should be nontoxic, inexpensive to produce and 

promote an appropriate immune response according 
to a specifi c antigen. There has been great progress in 
the development of adjuvants, but there are still some 
problems. Traditional oil emulsions can cause fever 
and granuloma (Aucouturier et al., 2001). The well-
known alum adjuvant may induce weak cellular 
immunity and is diffi  cult to degrade (Sun et al., 2018). 
Therefore, it is urgent to develop novel adjuvant 
materials that are characterized as safe, biodegradable, 
and eff ective stimuli in immunity. 

 Chitosan, a partial deacetylated product of chitin 
that is composed of glucosamine and 
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N-acetylglucosamine units, has attracted wide 
attention in the pharmaceutical and immunization 
fi elds (Amidi and Hennink, 2010; Li et al., 2013). 
Surprisingly, chitosan possesses many ideal 
characteristics to perform as an adjuvant, such as 
being natural, biocompatible, biodegradable, and 
nonantigenic. The adjuvant properties of chitosan 
were proven as early as the 1980s (Suzuki et al., 
1984). Furthermore, over 20 years ago, chitin 
derivatives, including chitosan, were found to enable 
potent immunological activities in activating 
macrophages and natural killer (NK) cells (Nishimura 
et al., 1984). Unfortunately, its poor water solubility 
has limited the application of chitosan in biomedical 
applications. The active sites on chitosan chains can 
be modifi ed to various derivatives, such as 
carboxymethyl chitosan (Costain et al., 1997), 
quaternized chitosan (Thanou et al., 2002), sulfated 
chitosan (Dimassi et al., 2018). Among these 
modifi cations, quaternized chitosan displays superior 
water solubility over a broader spectrum of pH values, 
accompanied by brilliant biological activities. Guo et 
al. (2007) found that quaternized chitosan exhibits 
better antifungal activities than chitosan due to the 
introduction of quaternary ammonium groups. It has 
also been reported that N-2-hydroxypropyl trimethyl 
ammonium chloride chitosan can eff ectively provide 
potent immunization against porcine parvovirus 
(PPV) infection (Zhou et al., 2020). They also found 
that N-2-HACC showed higher immense potential for 
preventing Newcastle disease viruses (NDV) (Zhao et 
al., 2016). The obvious enhancements in activity 
produced by quaternary ammonium salts are due to 
the introduction of a positive charge bonded to 
quaternary ammonium groups. Obviously, the 
quaternary group plays a signifi cant role in the 
activities of the quaternary ammonium salt (Hamman 
et al., 2002). However, few studies have reported the 
impact of quaternary ammonium levels on 
macrophages. 

 Macrophages, important members of the immune 
system involved in detection and phagocytosis, can 
also initiate infl ammation by releasing active 
molecules. Therefore, the activation of macrophages 
is crucial in immune responses (Zhang et al., 2018). 
Activated macrophages have higher levels of nitrogen 
oxide (NO) and cytokines such as tumor necrosis 
factor (TNF)-α and interleukin (IL)-6. Yang et al. 
(2019) found that Hydroxypropyltrimethyl 
ammonium chloride chitosan (HACC) could 
eff ectively activate macrophages to trigger an immune 

response. In addition, N,N,N-trimethyl chitosan 
(TMC) was helpful to improve the immunogenicity 
of antigens on RAW264.7 cells (Liu et al., 2015). 

 The degree of quaternary ammonium does have an 
important impact on immunity (Kotzé et al., 1999a; 
Hamman et al., 2002). It was found that the quaternary 
ammonium degree was a signifi cant factor infl uencing 
the adjuvant properties of HACC; and quaternized 
degrees of 41% and 60% were favorable to induce a 
higher immune response (Wang et al., 2016). The 
infl uences of the degree of quaternization of TMC 
were evaluated in Caco-2 cells to measure their 
permeability, and TMC-61% showed better absorption 
enhancement than TMC-12% (Kotzé et al., 1999a). 
However, the immunomodulatory eff ect of 
quaternized chitosan on RAW 264.7 macrophages has 
never been studied. In addition, the acetyl group is the 
most important activity index of chitosan. In this 
study, to determine the infl uence of the acetyl group 
on the quaternization of chitosan, we synthesized 
quaternary ammonium salts of chitosan and fully 
deacetylated chitosan quaternary ammonium salts 
with diff erent degrees of substitution and studied their 
immunomodulatory activity.  

 2 MATERIAL AND METHOD 
 2.1 Material 

 Chitosan, 1 820 kDa in mass with an 86% 
deacetylation degree (DD), was obtained from 
Qingdao Yunzhou Biochemical Corp (Qingdao, 
China). Acetic acid, hydrochloric acid, epoxypropyl 
trimethyl ammonium chloride (GTMAC), sodium 
hydroxide and hydrogen peroxide (30%) were 
purchased from Sinopharm Chemical Reagent Co. 
Ltd. (Shanghai, China). Roswell Park Memorial 
Institute (RPMI) 1640 medium was obtained from 
HyClone (Logan, UT, USA), fetal bovine serum 
(FBS) was acquired from Gibco in Australia, 
(4,5-dimethylthiazol-2-yl)-3,5-diphenyltetrazolium 
bromide (MTT) was supplied by Apexbio (Houston, 
TX, USA), an E.Z.N.A. Total RNA Kit was supplied 
by OMEGA Biotechnology Company (USA), and a 
Prime Script RT reagent Kit (include gDNA Eraser) 
and a SYBR Premix Ex Taq II (Tli RNaseH Plus) 
were purchased from Takla in Japan. 

 2.2 Preparation of fully deacetylated chitosan 

 Fully deacetylated chitosan was prepared by the 
method of He et al. (2016). Briefl y, 100-g chitosan 
and 200-g NaOH were dispersed in 800-mL deionized 



Vol. 401162 J. OCEANOL. LIMNOL., 40(3), 2022

water and heated at 120 ℃ under high-pressure 
conditions. After 2 h, it was washed with water until it 
was neutralized and was then fi ltered by suction. 
Finally, the product was dried in oven at 60 °C and 
pulverized into a powder to obtain chitosan with 
100% DD. 

 2.3 Preparation of HACC and De-HACC with 
diff erent degrees of substitution 

 Diff erent degrees of quaternization (DQ) HACCs 
and De-HACC were prepared using the modifi ed 
method of Spinelli et al. (2004). Briefl y, 5-g chitosan 
or fully deacetylated chitosan and a certain amount of 
glycidyl trimethylammonium chloride were added to 
70-mL distilled water and then placed in a three-
necked fl ask heated at 80 °C. After 24 h, the reaction 
products were dialyzed on a 3 000-Da dialysis 
membrane for 72 h against distilled water, and fi nally, 
the product was concentrated and lyophilized to 
obtain quaternized chitosan or fully deacetylated 
chitosan with diff erent degrees of substitution. 

 The ratio between chitosan and glycidyl 
trimethylammonium chloride was adjusted to obtain 
various quaternary degrees of chitosan or fully 
deacetylated chitosan quaternary ammonium salt. 
The synthetic route of the two samples is shown in 
Fig.1. 

 2.4 Characterization of fully deacetylated chitosan, 
HACC, and De-HACC with diff erent degrees of 
substitution 

 Fourier transform infrared (FTIR) spectra of 
chitosan, fully deacetylated chitosan, HACC and De-
HACC with diff erent degrees of substitution were 
obtained using a Thermo Scientifi c Nicolet iS10 FT-
IR spectrometer with a scope of testing from 4 000 to 
400 cm -1  and KBr discs. 

 Chitosan, fully deacetylated chitosan, HACC, and 
De-HACC with diff erent degrees of substitution were 
dissolved in D 2 O to a concentration of 20 mg/mL and 
were then evaluated by a JEOL JNM-ECP600 
spectrometer (JEOL Ltd., Tokyo, Japan) to record 
their  hydrogen nuclear magnetic resonance (1 HNMR) 
spectra. 

 2.5 Determination of the degree of quaternization 
(DQ) 

 DQ was defi ned as the molar ratio of bonded 
GTMAC per mol of glucosamine, which was 
determined by the conductometric titration of 
introduced Cl – . Briefl y, various HACCs and De-
HACCs with diff erent degrees of substitution (50 mg) 
were dissolved in ultrapure water (50 mL) to make a 
1-mg/mL solution. Then, the above solution was 
conductometrically titrated with AgNO 3  solution 
(0.01 mol/L) and monitored by a conductivity meter. 
The specifi c DQ was determined by the following 
formula: 

 1
2
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 where  V  (mL) is the volume of AgNO 3  solution used 
when the conductivity of the solution is the lowest;  c  
(mol/L) is the concentration of AgNO 3  solution;  m  (g) 
is the masses of HACC and De-HACC used with 
diff erent degrees of substitution; DD is the 
deacetylated degree of chitosan;  M  1  (mol/g) is the 
molar mass of quaternized chitosan, and  M  2  (mol/g) is 
the molar mass of glucosamine. 

 2.6 Determination of solubility 

 A   0.5-g HACC sample was prepared into a 
supersaturated solution with water. Then, the solution 
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was fully dissolved under stirring for 24 h. After that, 
the sample was centrifuged to remove the supernatant, 
and the undissolved sample was dried and weighed. 
The solubility was calculated by comparing the mass 
diff erence before and after dissolution. 

 s

w

Solubility ,m m
V


  

 where  m  is the mass of quaternary chitosan, and  m  s  is 
the mass of the undissolved sample after centrifugation 
and drying.  V  w  is the volume of distilled water. 

 2.7 Cell culture 

 RAW 264.7 macrophages were purchased from 
American Type Culture Collection (Manassas, VA, 
USA). RPMI 1640 supplemented with 10% fetal 
bovine serum (FBS) and 1% penicillin-streptomycin 
was used as the culture medium. The cells were 
incubated in a plastic culture bottle placed at 37 °C in 
an atmosphere of 5% CO 2 . 

 2.8 Cell viability test 

 The   MTT method was used to determine the 
cytotoxicity of HACC and De-HACC with diff erent 
degrees of substitution. Briefl y, cells were adjusted to 
10 5 cells/ mL in a 96-well plate and preincubated for 
24 h. Then, 100-μL aliquots of the samples at diff erent 
concentrations were added. Then, the initial medium 
was replaced with 100-μL MTT solution (0.5 mg/
mL). Four hours later, 15-μL dimethyl sulfoxide 
(DMSO) was added to stop the MTT reaction. 
Immediately following this addition, the  optical 
density (OD) OD 550  was measured to determine the 
viability of cells using an Infi nite M200 Pro 
spectrophotometer (Tecan, Männedorf, Switzerland). 

 2.9 Determination of NO 

 The expression of NO was indirectly refl ected by 
measuring the production of nitrite (NO 2 ̄  ) in the 
culture medium using Griess reagent as reported by 
Baek et al. (2015). We used seven kinds of HACC and 
De-HACC with diff erent degrees of substitution 
ranging from 7% to 71% (HACC 7%, HACC 13%, 
HACC 23%, HACC 30% and De-HACC 54%, De-
HACC 60%, De-HACC 71%) in solution to clarify 

the NO expression activity. Briefl y, RAW 264.7 cells 
were cultured in 96-well plates at a concentration of 
1×10 5  cells/mL and incubated with 100-μL RPMI 
1640 medium per well. After 24 h, 100-μL HACC and 
De-HACC with diff erent degrees of substitution 
diluted to 100 μg/mL with RPMI 1640 medium were 
added to the wells for 24 h of incubation. Wells 
containing 1 μg/mL lipopolysaccharides (LPS) or 
RPMI 1640 alone were included as controls. After 
24 h, the cell supernatant was collected in a new 96-
well plate and mixed with an equal volume of Griess 
reagent and incubated for 10 min at room temperature 
under dark conditions. Then, the absorbance at 
540 nm was determined using an M200 Pro 
spectrophotometer. The expressed NO production 
was calculated by the NaNO 2  standard curve. 

 2.10 RNA isolation and reverse transcription-
polymerase chain reaction 

 RAW 264.7 macrophages were seeded onto 6-well 
plates for 24 h at 1×10 6  cells/well. Then, the cells were 
stimulated with HACC and De-HACC with diff erent 
degrees of substitution (100 μg/mL), and RPMI 1640 
culture medium was used as the control group. After 24 
h of incubation, the original suspension was discarded, 
and phosphate buff er saline (PBS) was added to wash 
the cells. After that, the cells were collected to extract 
total RNA using TRIzol reagent (E.Z.N.A. Total RNA 
Kit). For subsequent successful amplifi cation of DNA, 
we also measured the RNA concentration using a 
Nanodrop spectrophotometer before reverse 
transcription. Meanwhile, the original mixed DNA was 
removed at 42 °C for 2 min. Single-stranded cDNA 
was synthesized using a reverse transcription kit 
according to the instructions. After synthesis, the 
cDNA was diluted 5–10 times using sterile water 
before the amplifi cation experiment. Then, 
amplifi cation was performed according to the 
introduction of the PCR procedure. Specifi c PCR 
primers were designed and are shown in Table 1. The 
relative mRNA levels of all tested genes were calculated 
by the real-time quantitative PCR 2 -ΔΔ  C  t  method. 

 2.11 Statistical analysis 

 The given data are expressed as the mean±standard 

 Table 1 Specifi c primer sequences for real-time PCR 

 Primer  Forward primer sequences (5′  3′)  Reverse primer sequences (5′  3′)  

 GAPDH  ACTCACGGCAAATTCAACGGCA  GACTCCACGACATACTCAGCAC 

 TNF-α  TGCCTATGTCTCAGCCTCTTC  GAGGCCATTTGGGAACTTCT 

 IL-6  AGACTTCCATCCAGTTGCCTTCTTG  CATGTGTAATTAAGCCTCCGACTTGTG 
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deviation (SD). The statistical analysis was performed 
by analysis of variance (ANOVA) via Statistical 
Product and Service Solutions software (SPSS). 
Values at  P <0.05 were considered signifi cant. 

 3 RESULT 
 3.1 Characterization of fully deacetylated chitosan 

 The infrared spectra of chitosan and fully 
deacetylated chitosan are shown in Fig.2. The 
diff erences indicate the removal of the acetyl group 
on fully deacetylated chitosan chains. In the spectrum, 
the peak at 1 644 cm -1  represents the C=O stretching 
vibration peak of the original chitosan. Comparatively, 
we found that the peak at 1 644 cm -1  in the fully 
deacetylated chitosan disappeared, accompanied by 
an increase in the bending vibration peak at 1 589 cm −1  
of the free amino group. These results indicated the 
successful preparation of fully deacetylated chitosan. 
In the  1 HNMR spectra, strong and sharp peaks at 
1.7×10 -6  represent the characteristic peaks of primary 
amines exposed by the successful removal of acetyl 
groups. Compared with raw chitosan, the higher 
deacetylated samples had stronger signals at 2.95×10 -6 , 
which was attributed to GlcN H-2. In addition, the 
molecular weight of raw chitosan did not change 
much after deacetylation, and the molecular weight of 
fully deacetylated chitosan was 1 780 kDa. 

 3.2 Characterization of HACC and De-HACC 
with diff erent degrees of substitution 

 HACC and De-HACC with diff erent degrees of 
quaternization were prepared by altering the feeding 
ratio. To detect whether the quaternary ammonium 
salt groups were successfully introduced, the products 
were tested by FTIR and  1 HNMR (Fig.3a–d). In the 
FTIR spectra, the strong absorption peaks at 1 476 cm -1  

were attributed to C-H bending of methyl groups on 
the grafted trimethyl ammonium group. Moreover, 
the spectrum of HACC showed a broader absorption 
band at approximately 3 300 cm -1  for the increased 
number of hydroxyl groups with the continuous 
introduction of quaternary ammonium groups. In 
addition, the peaks in the range of 1 152–1 072 cm -1  
did not change in HACC, indicating the successful 
introduction of quaternary ammonium groups on the 
-NH 2  sites. In the  1 HNMR spectra, the strongest peak 
at  δ =3.09×10-6 was attributed to the protons of the 
methyl groups of HACC. The other signals at 4.18×
10 -6 , 3.29×10 -6 , and 2.65×10 -6  were assigned to H8, 
H10, and H7 of the introduced quaternary ammonium 
groups, respectively. The signals at 4.45×10 -6 , 
3.88×10 -6 , 3.65×10 -6 , 3.70×10 -6 , 3.55×10 -6 , and 
2.47×10 -6  were attributed to H1, H6, H4, H5, H3, and 
H2 of the chitosan chain, respectively. 

 De-HACC could be confi rmed in Fig.3c–d. In 
FTIR, a new peak of quaternary chitosan appeared at 
1 472 cm -1 , indicating that the quaternary ammonium 
group was successfully synthesized on chitosan. In 
the  1 HNMR spectra, the most intense peak at 3.10×10 -6  
was assigned to the characteristic peak of the trimethyl 
group on the introduced quaternary ammonium group. 

 3.3 DQ characterizations of HACC and De-HACC 

 The DQs of HACC and De-HACC were measured 
by conductivity titration. As listed in Table 2, ranges of 
diff erent quaternary degrees of HACC and De-HACC 
were successfully synthesized by altering the ratio of 
chitosan to GTMAC. As shown, the DQ of HACC 
increased from 13% to 30% when the ratio was 
increased from 1꞉1 to 1꞉5. This is because with 
increasing GTMAC concentration, the probability of 
GTMAC entering the chitosan chain improves, which 
makes the reaction between chitosan and GTMAC 
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 Fig.2 Infrared and  1 HNMR spectra of raw chitosan and fully deacetylated chitosan 
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more thorough; as a result, the DQ also increases. 
However, further continuous addition of GTMAC to 
the chitosan solution resulted in an obvious decrease 
in the DQ (Fig.4), which was probably caused by the 
intermolecular polymerization of GTMAC and the 
steric hindrance of chitosan. Therefore, after 
comprehensive consideration, we chose HACC 13%, 
HACC 23% and HACC 30% as the following test 
materials. 

 Fully deacetylated chitosan can more easily 
introduce quaternary ammonium groups. As shown in 
our results, although the reaction ratio of chitosan to 
GTMAC was only 1꞉1, surprisingly, a 54% degree of 

quaternization was obtained. Obviously, the removal of 
acetyl groups is helpful for the improvement of DQ. 
On the one hand, after the acetyl group is removed, the 
steric hindrance encountered by the introduced group 
is reduced, which increases the possibility for the 
quaternary ammonium group to bond. On the other 
hand, the -NH originally connected to the acetyl group 
of chitosan turns to -NH 2  due to the removal of the 
acetyl group, resulting in more active sites. 
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 Fig.3 Characterization analysis of HACC and De-HACC with diff erent degrees of quaternization 
 a. FTIR spectra of HACC; b.  1 HNMR spectra of HACC (30% HACC, for example); c. FTIR spectra of De-HACC; d.  1 HNMR spectra of De-HACC. 
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 Table 2 Degrees of quaternization of HACC and De-HACC 

 Sample  n(COS)꞉n(GTMAC)  DQ (%) 

 Chitosan 

 1꞉1  13 

 1꞉3  23 

 1꞉5  30 

 Fully deacetylated chitosan 

 1꞉1  54 

 1꞉3  62 

 1꞉5  71 
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 3.4 Characterization of the solubility of HACC 
and De-HACC 

 The solubilities of HACC and De-HACC are 
summarized in Table 3. As the table shows, as the 
quaternary degree increased, the solubility of 
quaternary chitosan was enhanced. However, chitosan 
itself is insoluble in water due to strong hydrogen 
bonding. The introduction of quaternary ammonium 
groups into chitosan chain can greatly weaken the 
hydrogen bonds between chitosan molecules so that 
its water solubility can be improved. For De-HACC, 
its solubility is generally higher than that of HACC. 

 3.5 Cell viability 

 The RAW 264.7 cell cytotoxicities of various 
HACC and De-HACC formulations were measured 
by the MTT method. The results are shown in Fig.5, 
and the data indicated that HACC and De-HACC 
were safe and nontoxic at concentrations of 200 and 
250 μg/mL, respectively. However, high quaternary 
ammonium was accompanied by a certain degree of 
toxicity. This was especially obvious at a concentration 
of 500 μg/mL fully deacetylated quaternary 
ammonium salt. When the degree of quaternization 
was 54%, there was no damage to the cells, but 71% 

quaternized fully deacetylated chitosan produced 
obvious toxicity. Therefore, to eliminate toxic 
interference, we applied a concentration of 100 μg/
mL in the following experiments. 

 3.6 Comparison of the eff ects of various 
formulations of HACC and De-HACC on NO 
production in RAW 264.7 cells 

 NO is an important signaling molecule for the 
immune activity of macrophages. To determine 
whether the immunostimulatory activities of HACC 
and De-HACC were related to the degree of 
quaternization, the NO-promoting expression levels 
of HACC and De-HACC with diff erent quaternization 
degrees were compared. Figure 6 shows the eff ects of 
HACC and De-HACC with diff erent quaternary 
degrees on the expression of NO in RAW 264.7 cells. 
The results show that compared with the control 
group, HACC and De-HACC eff ectively promoted 
the production of NO, indicating that quaternary 
ammonium salt is an eff ective immunostimulant. 
Furthermore, the eff ects of HACC and De-HACC far 
exceeded those of chitosan and De-chitosan 
respectively. This eff ect is related to the degree of 
quaternization but is not linearly proportional. As 
shown in Fig.6, as the degree of quaternization of 
HACC increased, the promoting eff ect of NO was 
enhanced, and 30% quaternization was the best, at 10 
times that of the control group. However, De-HACC 
exhibited the opposite trend: as the quaternary 
ammonium degree increased, the NO-promoting 
eff ect decreased, and the 54% quaternization eff ect 
was superior, at 20 times that of the control group. In 
comparison, De-HACC 54% displayed the best 
promotion eff ect. 

 Table 3 Solubilities of HACC and De-HACC 

 Sample  DQ (%)  Solubility (mg/mL) 

 HACC 

 13  62.33 

 23  75.33 

 30  104.25 

 De-HACC 

 54  139.33 

 62  152.17 

 70  >174.8 
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 Fig.5 The eff ects of HACC (a) and De-HACC (b) on cell viability 
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 3.7 Quantifi cation of the expression of immune-
related genes 

 IL-6 and TNF-α are both important proinfl ammatory 
cytokines that are involved in immune responses. To 
test and compare various HACC and De-HACC 
formulations on the eff ect of gene expression, the 
RNA extracted from RAW 264.7 cells was subjected 

to quantitative PCR after reverse transcription to test 
the expression levels of selected genes, and the results 
are shown in Fig.7. The gene expression of IL-6 and 
TNF-α was calculated by the 2 -ΔΔ  C  t  method. This study 
mainly evaluated the eff ects of diff erent quaternary 
degrees on quaternary chitosan, the results of IL-6 
and TNF-α caused by chitosan deacetylation and 
chitosan were not measured. 

 The results show that HACC and De-HACC 
displayed upregulation of the expression levels of 
immune factor genes and were aff ected by the 
quaternary degree. More specifi cally, among the 
HACC group, the 30% degree of quaternization had 
better eff ects on the gene expression levels of the 
cytokines IL-6 and TNF-α. However, for De-HACC, 
the promotion level decreased with increasing 
quaternary degree, and a 54% quaternization degree 
showed higher expression levels, with 6-fold 
upregulation of IL-6 compared with the control group. 

 4 DISCUSSION 

 Immune adjuvants have already become an 
indispensable part of improving vaccine eff ectiveness. 
The ideal adjuvant should be broad-spectrum, have 
no side eff ects, be nontoxic, have good 
biocompatibility, be eff ective in activating the 
immune system, and be easy to produce and use 
(Portuondo et al., 2015; Trier et al., 2019). 

 Chitosan quaternary ammonium salt is a positively 
charged chitosan derivative, and previous studies 
have shown that it is nontoxic and has good 
biocompatibility and good immunostimulatory 
properties (Jin et al., 2013). The degree of substitution 
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 Fig.6 The eff ects of HACC and De-HACC on NO expression 
levels 
 HACC-13%: 13% quaternized hydroxypropyltrimethyl 
ammonium chloride chitosan; HACC-23%: 23% quaternized 
hydroxypropyltrimethyl ammonium chloride chitosan; HACC-
30%: 30% quaternized hydroxypropyltrimethyl ammonium 
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deacetylated  hydroxypropyltrimethyl ammonium chloride 
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hydroxypropyltrimethyl ammonium chloride chitosan. HACC 
versus control and De-HACC versus control.  * :  P <0.05;  ** :  P <0.01. 
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 Fig.7 Gene expression levels of two types of quaternary chitosan 
 a. IL-6 expression on RAW 264.7 cells of HACC and De-HACC; b. TNF-α expression on RAW 264.7 cells of HACC and De-HACC. The values are given 
as means±SD ( n =3). HACC versus control and De-HACC versus control.  *: P <0.05;  ** :  P <0.01. 
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of the quaternary ammonium group has a signifi cant 
impact on the performance of immune activity 
(Hamman et al., 2002). However, the eff ects of the 
optimum quaternary ammonium degree and the 
acetylation degree of chitosan on immune activity 
have not been reported. In this paper, quaternized 
chitosan (HACC) and fully deacetylated chitosan 
(De-HACC) with diff erent degrees of substitution 
were successfully synthesized. During the synthesis 
process, it was found that changing the ratio of 
chitosan to GTMAC can eff ectively increase the 
degree of substitution, but under the infl uence of 
steric hindrance, the quaternary ammonium degree 
will decrease. In contrast, the removal of the acetyl 
group of chitosan reduces the steric hindrance and 
increases the exposure of the active sites. Therefore, 
the degree of quaternary ammonium is higher under 
the same ratio. In other words, the acetyl group in 
chitosan has a signifi cant eff ect on the degree of 
substitution of quaternary ammonium salt of chitosan. 
To obtain a high degree of substitution of chitosan 
quaternary ammonium salt products, removing the 
acetyl group of chitosan is eff ective. At the same time, 
in this study, we found that the immunostimulatory 
eff ect of HACC on RAW 264.7 cells increased with 
increasing quaternary ammonium levels. However, 
due to the high substitution degree of De-HACC, the 
immunostimulatory eff ect on RAW 264.7 cells 
decreased with increasing quaternary ammonium 
levels. 

 Macrophages play a crucial role in the immune 
system. They release a large number of anti-
infl ammatory factors to provoke the immune response 
when activated eff ectively, among which NO is an 
important active signaling molecule. Thus, in this 
study, NO expression in RAW 264.7 cells evoked by 
HACC and De-HACC with various quaternary 
degrees was fi rst determined. The results showed that 
the bioactivity of HACC was related to the degree of 
quaternization, which was also dependent on 
structure. In the HACC, a higher quaternary degree 
(30%) showed better stimulation of NO expression 
than the other DQs. In contrast, in De-HACC, De-
HACC with a DQ of 54% had a more obvious 
promotion eff ect on NO production than other higher 
DQs. Moreover, for De-HACC with a DQ of 54%, the 
promotion eff ect on NO was better than HACC with a 
DQ of 30%, which indicates that the acetyl group 
plays an important role in the quaternary ammonium 
salt of chitosan. Further research is needed to 
determine how these diff erences infl uence function. 

 Cytokines are secreted by stimulated immune cells 
and act as signaling molecules in mediating immune 
responses, including innate and adaptive immunity 
(Devi et al., 2019). The secretion level of cytokines 
can be used as an important indicator to refl ect the 
eff ect of the immune response. IL-6 enables activating 
lymphocytes to infl uence a specifi c immune response 
(Fan et al., 2015). TNF-α plays a signifi cant role in 
triggering an infl ammatory response and activating 
adaptive immunity against viral infection (Guo et al., 
2018). It was reported that upregulation of IL-6 and 
TNF-α was enhanced after macrophages were 
exposed to chitosan (Koppolu and Zaharoff , 2013). 
To further investigate the eff ects of quaternary degrees 
of HACC and De-HACC on macrophages, gene 
expression levels of IL-6 and TNF-α were measured. 
We found that the substitution degree of quaternary 
chitosan vitally infl uenced the expression of immune 
factors. Specifi cally, 30%-HACC introduced higher 
gene expression levels of both IL-6 and TNF-α. 
Similarly, in De-HACC, obvious diff erences in IL-6 
and TNF-α were observed between diff erent 
quaternary degrees. Among them, 54% De-HACC 
performed better in promoting the production of these 
proinfl ammatory cytokines. Our results are consistent 
with many reported studies. The DQ of quaternized 
chitosan profoundly aff ected their bioactivities. Malik 
et al. (2018) reported that a degree of quaternization 
between 40%–50% was eff ective in drug delivery 
systems. Peng et al. (2010) found that the antibacterial 
activities of HACC were substitution-dependent. 
Hamman et al. (2002) concluded that the degree of 
quaternization (>36%) of TMC displayed enhanced 
absorption properties across nasal epithelia. In 
addition, Kotzé et al. (1999b) found that the degree of 
quaternization played a vital role in the penetration 
enhancement of Caco-2 cells. Moreover, an 
exaggerated high quaternary degree will cause toxic 
eff ects and bring negative eff ects. This can fully 
demonstrate the importance of the quaternary degree 
for studying the biological activity of quaternary 
ammonium salts. 

 In this preliminary study, we found that the presence 
of acetyl groups aff ected the degree of substitution of 
quaternary chitosan. Once the acetyl group was 
removed, the degree of substitution was eff ectively 
improved. Furthermore, we also thought that the 
immunostimulatory eff ect of quaternary ammonium 
was deeply DQ-related. Previous research by our team 
found that the quaternary ammonium salt of chitosan 
could activate RAW 264.7 macrophages through the 
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mitogen-activated protein kinase (MAPK) and janus 
kinase/signal transducer and activator of transcription 
(JAK-STAT) signaling pathways (Yang et al., 2019). A 
possible explanation for the activation of these immune 
pathways is that ammonium salts can be recognized by 
toll-like receptors (TLRs) such as TLR4 (Zhang et al., 
2014). Moreover, the immune function of macrophages 
is inseparable from the supply of energy. Therefore, the 
eff ector function of immune cells is deeply aff ected by 
metabolism. M1 macrophage energy is supplied mainly 
through glycolysis (Jha et al., 2015). Therefore, after 
the infl uence of quaternary ammonium degree and the 
acetyl group was determined, whether the improvement 
of the immune level of macrophages by chitosan 
quaternary ammonium salt is achieved by regulating 
metabolism has become an interest point of our follow-
up research, with the hope of providing more directional 
signifi cance for the development of vaccine adjuvants. 

 5 CONCLUSION 

 In this study, we successfully synthesized 6 kinds 
of chitosan quaternary ammonium salts, including 
HACC and De-HACC, with diff erent substitutions. 
We also explored the immunostimulatory infl uence of 
diff erent DQs on RAW 264.7 macrophages. The 
results show that removal of acetyl groups is benefi cial 
to the improvement of the degree of substitution of 
chitosan. HACC and De-HACC can eff ectively 
promote the production of NO, particularly 30% 
HACC and 54% De-HACC. In addition, HACC and 
De-HACC displayed immune-boosting functions by 
improving the expression of proinfl ammatory 
mediators, including TNF-α and IL-6. Moreover, the 
immunostimulatory activity of 54% De-HACC was 
better than that of 30% HACC. All together, these 
results confi rm that the immunostimulatory activity 
of HACC and De-HACC was DQ-dependent and was 
infl uenced by the acetyl group. 

 6 DATA AVAILABILITY STATEMENT 

 The data generated and/or analyzed during the 
current study are available from the corresponding 
author Rong’e XING on reasonable request. 
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