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Abstract. Chitosan and its derivatives have been increasingly 
used for bacteriostasis. To date, the effect of chitosan and 
N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chlo-
ride (HTCC) on Enterococcus faecalis (E. faecalis) associated 
with endodontic infection has remained to be determined. 
Chitosan and HTCC were serially diluted with double-distilled 
water (DDW) or PBS at concentrations of 20-2,500 µg/ml. 
Various strains of E. faecalis (American Type Tissue Collection 
no. 29212, as well as isolated strains P25RC and P52Sa) in 
plankton were adjusted to an optical density at 600 nm of 
0.10 and treated with chitosan or HTCC. A colony-forming 
unit assay was used to determine the concentration of residual 
bacteria after treatment. Furthermore, E. faecalis biofilms were 
cultured on coverslips and treated with chitosan or HTCC. The 
coverslips were rinsed, stained using Live/dead® BacLight™ 
bacterial viability kit and observed under an inverted fluores-
cence microscope. In addition, biofilms on dentine blocks were 
prepared and observed under a scanning electron microscope. 
MC3T3-E1 pre-osteoblasts were seeded on 96-well plates and 
treated with chitosan or HTCC at various concentrations. The 
cytotoxicity of chitosan and HTCC on MC3T3-E1 pre-osteo-
blasts was detected using a Cell Counting Kit-8 assay after 24, 
48 and 72 h of treatment. The results revealed that the final 
minimum bactericidal concentrations (MBC) of chitosan and 
HTCC dissolved in DDW were 70 and 140 µg/ml, respectively. 
Chitosan and HTCC in DDW exerted a significantly greater 
antibacterial effect as compared with that in PBS (P<0.05). 
At the MBC, chitosan and HTCC in DDW, but particularly 
chitosan, had a significant antibacterial effect on E. faecalis 

biofilm. Chitosan exhibited no cytotoxicity to MC3T3-E1 
pre-osteoblasts at a concentration of <625 µg/ml, while HTCC 
inhibited the proliferation of the cells in the concentration 
range of 39-10,000 µg/ml. In conclusion, chitosan and HTCC 
exhibited prominent antibacterial properties on E. faecalis in 
the planktonic state and as a biofilm via charge interaction, 
indicating their potential for application in root canal disinfec-
tion and fillings.

Introduction

Chitosan, which is composed of a linear copolymer compro-
mising β-1,4-linked 2-amino-2-deoxy-β-D-glucose and units 
of N-acetyl-D-glucosamine (1,2), is derived from chitin 
after alkaline deacetylation. Chitosan possesses a number 
of biological properties, including antimicrobial, antifungal, 
biodegradable and biocompatible properties. There is a clin-
ical demand for these properties in numerous fields, including 
pharmaceutical drug delivery (3), tissue engineering (4), 
implants (5), genetic engineering (6), vaccine adjuvants (7) and 
wound healing (8).

When chitosan is dissolved in acidic medium, the amino 
groups of C-2 may be protonated to carry cations and then 
interact with negative charges. This property is associated with 
its antibacterial ability. When interacting with negative charges 
of cell membranes, amino groups disrupt the membrane 
structure and induce microbial death (9,10). However, chitosan 
cannot be dissolved in neutral aqueous solutions or organic 
solvents, which limits its application in certain fields. In addi-
tion, the antibacterial effect has been indicated to be weaker in 
neutral environments (10). Therefore, modification of chitosan 
to enhance its solubility while maintaining its antibacterial 
ability may allow for it to be applied in a broader range of 
conditions.

N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan 
chloride (HTCC) derivatives, synthesized using an alkylation 
reaction to introduce chains to obtain quaternary ammonium 
groups, have a degree of substitution of 10-98% (11). As 
compared with chitosan, this derivative has a better solu-
bility that may be dissolved in neutral or alkaline solutions. 
Furthermore, HTCC possesses the ability to resist bacteria and 
fungi (11,12).
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Most endodontic and periapical diseases are attributed to 
infection with microbes and the principal aim of treatment is 
to eliminate these pathogens. Root canal therapy is currently 
the major treatment method for endodontic and periapical 
diseases. However, based on aseptic conditions, the success 
rate of this treatment ranges from 70 to 95% (13). One of the 
prime reasons for endodontic failure is persistent infection in 
the root canal (14), which troubles patients with chronic bone 
defect. The composition of microbial species in filled root 
canals, where Enterococcus faecalis is commonly detected, 
is limited (15).

Enterococcus faecalis is gram-positive and capable of 
growing in anaerobic or aerobic environments. Under the 
microscope, it may be observed that E. faecalis exist on their 
own, in pairs or in chains, and they are abundant in human 
intestines. E. faecalis has been isolated from primary and 
persistent endodontic infections. In asymptomatic primary 
endodontic infections, the positive rate of E. faecalis ranged 
from 4 to 40%, with a prevalence in the persistent lesions of 
24-77% (16,17). Furthermore, as compared with untreated 
chronic apical periodontitis, E. faecalis was more correlated 
with persistent root canal infection (18).

E. faecalis may survive non-culturable conditions. It has 
been reported that E. faecalis that was inoculated in filled root 
canals in vitro maintained viability for a year without nutri-
ents (19). E. faecalis may invade dentinal tubules and form 
biofilms, which endow them with more viability and virulence. 
Biofilms are environmental adaptations of E. faecalis that 
protect and assist microorganisms against harsh environments 
and antibiotics, and allows for higher internal environment 
stability and viability (20).

Chitosan and quaternary chitosan have broad-spectrum 
antibacterial properties (21,22), but to date, only few studies 
have investigated the effect of chitosan and quaternary 
chitosan, particularly HTCC, on E. faecalis strains associated 
with endodontic infection. The aim of the present study was 
to explore the efficiency of chitosan and HTCC in resisting 
three strains of E. faecalis in the planktonic state and bacte-
rial biofilms. The antibacterial effect of chitosan and HTCC 
in double-distilled water (DDW) and PBS on E. faecalis was 
explored and analyzed, respectively. Both DDW and PBS are 
common solvents used in root canal irrigations (23,24). A Cell 
Counting Kit-8 (CCK-8) cytotoxicity assay was performed to 
evaluate the biocompatibility of chitosan and HTCC at various 
concentrations.

Materials and methods

Preparation of drugs at different concentrations. HTCC 
(YJ201854; Cool Chemistry) was dissolved in DDW and PBS 
(P1010; Beijing Solarbio Science & Technology Co. Ltd.) and 
the concentration of the stock solution was 10,000 µg/ml. 
Chitosan (molecular weight, 150 kDa; substitution degree, 
85%; Laizhou Haili Biological Products Co. Ltd.) was dissolved 
in 1% (v/v) acetic acid (Jiangsu Qiangsheng Chemical Co. 
Ltd.) and the concentration of the initial stock solution was 
10,000 µg/ml. DDW and PBS were used to dilute the chitosan 
and HTCC solution. The double dilution method was used to 
prepare a series of chitosan and HTCC solutions with different 
concentrations, namely 2,500, 1,250, 625, 313, 156, 78, 39 and 

20 µg/ml. All of these solutions were divided into two groups 
according to the solvents; the DDW and PBS groups. The posi-
tive control group was 2% (v/v) sodium hypochlorite (NaClO; 
Tianjin Beichen Fangzheng Chemical).

Preparation of bacteria. Three strains of E. faecalis from 
different sources were used in the present study: American Type 
Culture Collection (ATCC) 29212, P25RC and P52Sa (25-27) 
(provided by Professor Chengfei Zhang, Comprehensive Dental 
Care, Faculty of Dentistry, University of Hong Kong, Hong 
Kong, China). E. faecalis ATCC 29212 is a standard strain, 
while E. faecalis P25RC and E. faecalis P52Sa were isolated 
from the root canals and saliva of two patients (female; age, 
18 years) with refractory periapical periodontitis in June and 
September 2009, respectively, at The Hospital of Stomatology, 
Peking University (Beijing, China). The participants of the 
study all provided written informed consent. This study was 
approved by the Medical Ethics Committee of the Affiliated 
Hospital of Qingdao University (Qingdao, China).

Three strains of E. faecalis (ATCC 29212, P25RC and 
P52Sa) were inoculated on solid brain heart infusion (BHI) 
medium containing 1.5% (w/v) agar (cat. no. A8190; Beijing 
Solarbio Science & Technology Co. Ltd.) and 3.85% (w/v) 
BHI powder (cat. no. A0360; Beijing Solarbio Science & 
Technology Co. Ltd.), and cultured anaerobically at 37˚C 
for 24 h. One colony in BHI medium was then randomly 
collected, suspended in BHI broth and incubated under 
anaerobic conditions overnight at 37˚C. The bacterial suspen-
sion was adjusted to an optical density at 600 nm (OD600) of 
0.10 using a BioPhotometer plus (Eppendorf). This was equal 
to a McFarland standard of 0.5, where the concentration of 
E. faecalis was 7.5x107/ml.

Colony‑forming unit (CFU) assay. The volume ratio of 
experimental solution to bacterial suspension was 9:1 per 
well in 96‑well plates (cat. no. 3599; Corning Inc.). The 
final drug concentrations were 2,250, 1,125, 563, 282, 140, 
70, 35 and 18 µg/ml. The group with the concentration of 
0 µg/ml contained DDW or PBS alone, without any drugs. The 
different antibacterial effects of chitosan or HTCC in DDW 
or PBS as the solvent was compared at the same concentra-
tions, with the PBS group used as the control. These 96-well 
plates were cultivated under anaerobic conditions at 37˚C 
for 24 h. Following incubation, the solution in each well was 
10-fold diluted at the appropriate concentration and plated 
on the BHI medium supplemented with 1.5% (w/v) agar 
cultured overnight anaerobically at 37˚C. Colonies on plates 
were counted to calculate the bacterial concentration in each 
well. The residual bacterial concentrations were compared 
pairwise to the different antibacterial effects of chitosan or 
HTCC in DDW or PBS using the independent-samples t-test. 
The experiment was performed in triplicate and repeated 
three times independently.

Calculation of the inhibition rate (IR). To evaluate the 
capacity of bacteriostasis at different concentrations, the 
IR values of each concentration gradient were calculated to 
confirm the minimum bactericidal concentration (MBC). In 
this experiment, the 0 µg/ml group was the control group. 
The mean CFU (106/ml) was used in the following formula: 
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IR value=(CFU0 µg/ml - CFUN µg/ml)/CFU0 µg/ml x100% (N=2,250, 
1,125, 563, 282, 140, 70, 35 and 18).

Antibacterial effect on biofilm under inverted fluorescent 
microscopy. The concentration of the bacterial suspension of 
E. faecalis P25RC was adjusted to OD600=0.10. The uncoated 
coverslips (18x18 mm; Sail Brand) were put into 6‑well plates 
(cat. no. 3516; Corning Inc.) and 2 ml bacterial suspension was 
added to each well for culturing biofilms. The medium was 
changed every other day. After constant culture for 7 days, 
coverslips were randomly selected for staining and the forma-
tion of bacterial biofilm was detected. The coverslips covered 
with bacterial biofilms were divided into 7 groups: i) 78 µg/ml 
chitosan solution diluted in PBS; ii) 156 µg/ml of HTCC solu-
tion diluted in PBS; iii) PBS solution; iv) 78 µg/ml of chitosan 
solution diluted in DDW; v) 156 µg/ml of HTCC solution 
diluted in DDW; vi) DDW; vii) 2% NaClO. The volume of the 
solution in each well was 2 ml and culture was performed for 
24 h. The coverslips were then rinsed with PBS and stained with 
the Live-dead® Baclight™ bacterial viability kit (cat. no. L‑7012; 
Thermo Fisher Scientific, Inc.). The volume ratio of propidium 
iodide/SYTO 9/PBS was 1.5:1.5:1,000 and incubation was 
performed for 15 min in the dark. Once the residual dye was 
rinsed out, the bacterial biofilms on coverslips were observed 
using an inverted fluorescent microscope (magnification, x200; 
Olympus IX53, Olympus Corp.). Images were processed with 
Image J software (version 1.48; National Institutes of Health) 
and quantitative data on the expression of green and red fluo-
rescence were obtained. IR was used to compare the different 
antibacterial effects of experimental solutions on biofilm. The 
experiment was performed in triplicate and repeated three 
times independently. The IR was calculated using the following 
formula: IR value=mean red fluorescence/(mean red fluores-
cence +mean green fluorescence) x100%.

Biofilm on dentine observation by scanning electron microscopy 
(SEM). Teeth were extracted from 3 healthy volunteers (sex, 
2 female and 1 male; age range, 18‑30 years) at the Affiliated 
Hospital of Qingdao University (Qingdao, China) in December 
2019. The third permanent molars were enrolled in the study and 
the written informed consents were provided. Dentine blocks 
(5x5x1 mm) were sliced from the third permanent molars. 
Following autoclave sterilization (121˚C; 20 min), they were 
immersed in bacterial solution of the E. faecalis P25RC strain 
(OD600=0.10). These dentine blocks were cultured for 7 days and 
the old medium was changed by fresh BHI medium every other 
day. After rinsing the surface with DDW, they were divided into 
4 groups and placed in DDW, 78 µg/ml chitosan (dissolved in 
DDW), 156 µg/ml HTCC (dissolved in DDW) and 2% NaClO 
(diluted in DDW) for 24 h. The total volume of the solutions 
was 2 ml. After rinsing with PBS, the dentine blocks were fixed 
with 2.5% glutaraldehyde (2 h; 4˚C) and observed under SEM 
(Tescan China, Ltd.). The experiment was performed in tripli-
cate and repeated three times independently.

Cell proliferation‑inhibition test. MC3T3-E1 pre-osteoblasts 
(ATCC) were seeded into 96-well plates at 3x103 cells per well 
and cultured in α-Minimum Essential Medium (αMEM; Beijing 
Solarbio Science & Technology Co. Ltd.) supplemented with 
10% (v/v) fetal bovine serum (Hangzhou Sijiqing Biological 

Engineering Materials Co. Ltd.) and 1% (v/v) penicillin/strep-
tomycin (Beijing Solarbio Science & Technology Co. Ltd.) for 
24 h. After removing the medium, 100 µl chitosan and HTCC 
solution at various concentrations were added in 96-well 
plates, including 10,000, 5,000, 2,500, 1,250, 625, 31, 156, 78 
and 39 µg/ml. These solutions were diluted with cell culture 
medium. The control group was cell culture medium without 
drugs and the blank group was cell culture medium without any 
cells and drugs. After 24, 48 and 72 h, CCK‑8 reagent (10%; 
cat. no. HY‑K0301; MedChemExpress) with αMEM was added 
following the removal of residual solution and then incubated 
in the dark for 2 h. The absorbance (A) value (OD450) of each 
well was detected using a microplate reader (Multiskan MK3; 
Thermo Fisher Scientific, Inc.) and the mean A values of each 
group were used to calculate the proliferation-IR (PIR) of 
MC3T3-E1 pre-osteoblasts. The experiment was performed 
in duplicate and repeated three times independently. The PIR 
was calculated as follows: PIR=(OD450 experimental group - OD450 blank 

group)/(OD450 normal medium - OD450 blank group) x100%, where the normal 
medium represents cell medium without any other solutions.

Statistical analysis. Data analysis was performed using SPSS 
version 21 (IBM Corp.). The results were expressed by the 
mean ± standard deviation. The independent-samples t-test 
was applied. P<0.05 was considered to indicate a statistically 
significant difference. All experiments were performed in 
triplicate and repeated three times independently.

Results

Antibacterial effects of chitosan. The antibacterial effect of 
chitosan in DDW or PBS was enhanced as the concentration 
increased. The MBC of chitosan in DDW on the three strains 
was 70 µg/ml, which was lower than the MBC of 282 µg/ml 
for chitosan in PBS (Fig. 1D-F). The IR of the positive control 
group (2% NaClO) was 100% (data not shown).

The results of the CFU (106/ml) assay suggested that 
under most conditions, the antibacterial effect of chitosan in 
DDW was greater than that in PBS at the same concentration 
(P<0.05; Fig. 1A‑C).

Antibacterial effects of HTCC. The results regarding the 
inhibitory effects of HTCC are presented in Fig. 2. The 
MBC of HTCC in DDW was 140 µg/ml on the three strains 
(Fig. 2D-F). The minimum inhibitory concentration (MIC) for 
E. faecalis P25RC was 18 µg/ml, while that for the other two 
strains was outside the gradient concentration in this experi-
ment (Fig. 2D). Furthermore, it was clearly demonstrated that, 
as compared with the negative control, the bacterial concentra-
tions were significantly increased when the concentration of 
HTCC was below the MIC.

It was not possible to determine the definite bactericidal 
concentration of HTCC in PBS in the experimental ranges. 
The maximum IRs of E. faecalis strains P25RC, P52Sa and 
ATCC 29212 were 92.79, 96.34 and 91.19%, respectively. The 
final MIC of E. faecalis P25RC in PBS was 70 µg/ml (Fig. 2D) 
and the CFU (106/ml) of concentrations below the MIC were 
all higher than the negative control groups. The antibacterial 
effect of HTCC dissolved in PBS or DDW on three strains of 
E. faecalis was concentration-dependent (Fig. 2).
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To compare the antibacterial effect of HTCC in different 
solvents, the CFU (106/ml) assay indicated that, in most condi-
tions, there were statistically significant differences between 
HTCC in PBS and DDW at the same concentrations (P<0.05; 
Fig. 2A-C). It was indicated that the number of CFUs in the 
presence of HTCC in DDW was generally lower than that 
in PBS. Furthermore, the IR curve of HTCC in DDW on all 
E. faecalis strains was almost higher compared with that in 
PBS, which all meant the antibacterial effect of HTCC in DDW 
was greater compared with that dissolved in PBS. (Fig. 2D-F).

In addition, the resistance of the three strains of bacteria 
to chitosan and HTCC were presented in Figs. 1G and 2G, 
where lower IR curves indicate greater bacterial resistance to 
chitosan or HTCC. Prior to reaching MBC, the IR curves of 
E. faecalis P25RC were generally lower compared with those 
of the other strains, apart from those for chitosan in PBS. This 
finding suggest that the P25RC strain showed the greatest 
resistance to chitosan and HTCC among the three strains.

Effect on the viability of the bacterial biofilm using fluores‑
cence microscopy. Stained live and dead bacteria emitted 
green and red fluorescence, respectively. According to the IR, 
2% NaClO exerted the greatest bactericidal effect among the 7 
groups with the IR of 97.80%. The IR of group 4 was 94.00%, 
indicating that the antibacterial effect of 78 µg/ml chitosan in 

DDW almost reached that of 2% NaClO. Group 5 (156 µg/ml 
HTCC in DDW) had an IR of 79.56% and the values of the 
other groups were far below those of these groups (Fig. 3).

Effect on biofilm on dentine surface. The effect of the treat-
ments on biofilm on dentine blocks was observed by SEM 
(Fig. 4). Except for the 2%NaClO group (Fig. 4A), 78 µg/ml 
chitosan in DDW had the best effect on biofilms on dentine 
blocks (Fig. 4C). It was observed that most of the cells were 
killed and rinsed away, and a minority remained together 
with debris. As compared with the DDW group, HTCC solu-
tion was also able to kill part of the bacteria (Fig. 4D). The 
whole structure of the cells on the biofilm was disrupted with 
membranolysis following treatment with chitosan or HTCC 
(Fig. 4E and F) and the dentine surface in the DDW group was 
contaminated by more microorganisms (Fig. 4B).

Cell proliferation‑inhibition test. According to the CCK-8 
assay performed at 24 h of incubation, the chitosan solution 
exhibited superior biocompatibility and even promoted cell 
proliferation at <625 µg/ml (Fig. 5). In particular, the cell 
proliferation was stimulated by up to 200% (Fig. 5A). However, 
HTCC exhibited higher toxicity than chitosan and only the 
39 µg/ml concentration had relatively lower cytotoxicity than 
the other concentrations of HTCC.

Figure 1. Chitosan in PBS and DDW exerts an inhibitory effect on E. faecalis. A CFU (106/ml) assay was used to evaluate the different antibacterial effects in 
the PBS and DDW solvents. E. faecalis strains (A) P25RC, (B) P52Sa and (C) ATCC 29212. *P<0.05 vs. PBS. The inhibition rate (%) represented the antibacte-
rial effect of the gradient concentrations. E. faecalis strains (D) P25RC, (E) P52Sa and (F) ATCC 29212. (G) Inhibition rate (%) of chitosan on the three strains 
of E. faecalis in PBS and DDW. DDW, double‑distilled water; E. faecalis, Enterococcus faecalis; CFU, colony‑forming unit. 
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Discussion

The present study indicated that chitosan and its derivative 
HTCC displayed excellent antibacterial properties against 
E. faecalis associated with endodontic infection. It has been 
reported that the antibacterial properties of chitosan and 
its derivatives are affected by certain aspects, including the 
degree of deacetylation, degree of substitution and molecular 
weight (28). However, the present study indicated that the anti-
bacterial effects of chitosan and HTCC exhibited significant 
differences in different solvents. According to the CFU assay, 
the residual bacterial concentration in the DDW group, under 
most conditions, was lower than that in the PBS group at the 
same drug concentration. This phenomenon appeared simulta-
neously for chitosan and HTCC. These results indicated that 
the antibacterial effect was attenuated when the compounds 
were dissolved in PBS.

PBS is composed of Na+, K+, Cl-, HPO4
2- and H2PO4

-. PBS is 
usually used as a buffering solution and unlike DDW, it keeps 
the pH value stable (7.2-7.4), which, in the present study, may 
have interfered with the antibacterial action of chitosan and 
HTCC. The mechanism of the antibacterial effect of chitosan 
is the interaction between the positive charges on amino groups 
of chitosan and negative charges on the bacterial surface, as 

well as changes in the permeability of cell membranes, which 
induces the rupture of bacteria (29). To obtain HTCC, quater-
nary ammonium groups were introduced in the chains of 
chitosan and the antibacterial mechanism of this derivative is 
similar to that of chitosan (30). It was speculated that the ions 
of PBS have a pivotal role in disrupting the attraction between 
charges of drugs and E. faecalis, suggesting that the cations 
of chitosan and HTCC may bind to anions in PBS and further 
result in less contact between the positive charges of drugs and 
the negative charges on the bacterial surface. Furthermore, 
Chung et al (31) reported that more negative charges on the 
cell surface of waterborne pathogens led to an enhanced inter-
action with chitosan. Therefore, in the present study, cations 
of PBS may also lead to a decline of negative charges on cell 
surfaces by competing with positive charges of chitosan or 
HTCC and reduce the probability of contact between chitosan 
or HTCC and pathogens, finally weakening the antibacterial 
properties of chitosan and HTCC. In addition, PBS contains 
a buffer pair, which attenuates changes in the pH value. This 
change in pH value due to different solvents may affect the 
protonation of amino groups (-NH3

+) on C-2 of chitosan and 
HTCC and further intensify the difference in the antibacterial 
effect in PBS and DDW. These speculations indicated that the 
mechanism of the antibacterial action of chitosan and HTCC 

Figure 2. HTCC in PBS and DDW exerts an inhibitory effect on E. faecalis. CFU (106/ml) assay was used to evaluate the different antibacterial effects in the 
PBS and DDW solvents. E. faecalis strains (A) P25RC, (B) P52Sa and (C) ATCC 29212 strains. *P<0.05 vs. PBS. The inhibition rate (%) represented the anti-
bacterial effect among gradient concentrations. E. faecalis strains (D) P25RC, (E) P52Sa and (F) ATCC 29212. (G) Inhibition rate (%) of HTCC on the three 
strains of E. faecalis in PBS and DDW. HTCC, N‑(2‑hydroxyl) propyl‑3‑trimethyl ammonium chitosan chloride; DDW, double‑distilled water; E. faecalis, 
Enterococcus faecalis; CFU, colony‑forming unit. 
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may be associated with the electrostatic attraction between 
opposite charges.

Chitosan has been used in root canal therapy for its anti-
bacterial effect. Ong et al (32) reported that a chitosan-propolis 
nanoparticle formulation partly reduced the number of 
bacteria in biofilm and pre‑formed biofilm at a concentration 
of 200 µg/ml. In addition, photo-dynamic therapy combined 
with 3 mg/ml chitosan performed best among various 
groups (33). 2% Chlorhexidine with chitosan in gel had the 
strongest effect against E. faecalis (34). This combination also 
performed well in the form of root canal sealer (35). However, 
the antibacterial effect of chitosan in a gradient concentration 
had not been tested in previous reports. Based on the CFU 
assay in the present study, it was observed that the residual 
bacterial concentration decreased with the increase of drug 
concentration in general, until the MBC was reached. In addi-
tion, a suitable concentration may be determined based on the 
IR. Kong et al (36) suggested that the antibacterial activity of 
chitosan microspheres on E. coli was proportional to the drug 
concentration, indicating that enhancement of the disinfecting 
effect of chitosan and HTCC may be achieved by adjusting the 
concentration.

In addition, the IR curve indicated that the value of certain 
low concentrations of chitosan and HTCC was negative, 
suggesting that at these concentrations, the residual bacterial 
concentration was higher than that in the control groups and 
that chitosan and HTCC promoted proliferation instead of 
inhibiting it. Chitosan has a hydrolytic susceptibility to certain 
types of enzymes from bacteria and may be hydrolyzed 
to serve as a source of energy for bacteria (37), which may 
lead to bacterial proliferation. According to the MBC, the 
antibacterial effect of chitosan was better than that of HTCC. 
Ji et al (38) compared the antibacterial properties of chitosan 
and HTCC on periodontal pathogens, indicating that chitosan 
had a better antibacterial effect than HTCC, which was consis-
tent with the results of the present study. However, HTCC is 
more soluble than chitosan and may be used as an alternative 
in root canal therapy.

The drug resistance of clinical strains isolated from the 
oral cavities of patients with refractory periapical periodon-
titis was stronger than that of the standard strains. Based on 
the IR curve, when the concentration of HTCC was below 
the MBC, the antibacterial rate of E. faecalis P25RC was the 
lowest among the three strains, which was the same as that 

Figure 3. Bacterial biofilms of the E. faecalis P25RC strain were treated with chitosan, HTCC or 2% NaClO. Live bacteria emitted green fluorescence and 
dead bacteria emitted red fluorescence under the inverted fluorescent microscope (magnification x200; scale bar, 50 µm). Inhibition rates (%) of bacteria, 
presented as a ratio of red/(red + green) fluorescence x 100% in the biofilm in the 7 groups were presented in a bar graph. Groups were as follows: i) Chitosan 
dissolved in PBS at a concentration of 78 µg/ml, ii) HTCC dissolved in PBS at a concentration of 156 µg/ml, iii) PBS, iv) Chitosan was dissolved in DDW at 
a concentration of 78 µg/ml, v) HTCC was dissolved in DDW at a concentration of 156 µg/ml, vi) DDW, vii) 2% NaClO. E. faecalis, Enterococcus faecalis; 
HTCC, N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chloride; DDW, double‑distilled water. 
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of chitosan in DDW, indicating that E. faecalis P25RC may 
have the highest drug resistance due to having been isolated 
from an infectious root canal. It has been reported that the 
IRs in clinical strains of Candida albicans were lower than 
the standard strains following photodynamic therapy in 
biofilms (39). Therefore, E. faecalis P25RC was selected and 
then used in the bacterial biofilm experiments to form more 
resistant biofilms.

In persistent infectious root canals, E. faecalis exists in 
the form of biofilms. According to the IR curve, 78 µg/ml 
chitosan in DDW had an IR of 94.00%, which was close 
to the IR of 2% NaClO (97.80%). Prior to reaching the 
higher cytotoxicity concentration (>625 µg/ml), the IR of 
chitosan can be improved by increasing the concentration. 
However, chitosan and HTCC were dissolved in PBS and the 
antibacterial effects on the biofilms were much worse than 

Figure 4. Bacterial biofilms of the E. faecalis P25RC strain on dentine were observed by scanning electron microscopy. (A) 2% NaClO, (B) DDW, (C) 78 µg/ml 
chitosan in DDW, (D) 156 µg/ml HTCC in DDW (A‑D, magnification, x5,000; scale bar, 10 µm). (E) Normal morphology of E. faecalis, (F) Rupture of 
membrane of E. faecalis after treatment with 156 µg/ml HTCC solution. (E and F, magnification, x20,000; scale bar, 2 µm). E. faecalis, Enterococcus faecalis; 
DDW, double‑distilled water; HTCC, N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chloride. 

Figure 5. Proliferation-inhibition curves of chitosan and HTCC at various concentrations acting on MC3T3-E1 pre-osteoblasts for evaluating the cytotox-
icity in a time-dependent manner. (A) 24 h, (B) 48 h and (C) 72 h. The untreated control group (0 µg/ml) was set as 100% of PIR. HTCC, N-(2-hydroxyl) 
propyl-3-trimethyl ammonium chitosan chloride. 
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those in DDW. It may be speculated that PBS weakened 
the antibacterial effect by interfering with the electrostatic 
attraction between the amino groups of chitosan or HTCC 
and cell membranes. In addition, the resistance of biofilms 
to drugs was stronger than that in the planktonic state. It has 
been reported that the resistance of biofilms to antimicro-
bials, antibodies and phagocytosis is 1,000 times stronger 
than that of planktonic bacteria (37). It was indicated that 
in DDW, the anti-biofilm effect of chitosan was stronger 
than that of HTCC, which was consistent with the plank-
tonic state of E. faecalis. Furthermore, biofilms on dentine 
blocks were subjected to SEM and broken cells along with 
debris were observed. The morphology and complement of 
cells were damaged. According to the quantity of residual 
bacteria, 78 µg/ml chitosan in DDW also had a better effect.

Due to the potential of application of chitosan and its 
derivatives in disinfection and obturation of root canals, its 
biocompatibility was also detected in the present study. The 
traditional materials in clinical obturation are substances 
including zinc oxide, resin, calcium hydroxide and glass 
ionomers. However, nearly each of those materials has 
certain deficits. For instance, cytotoxicity has been reported 
for the components of zinc oxide and resin sealers and there 
is insufficient evidence for the biocompatibility of glass 
ionomers (40-42). E. faecalis exhibited resistance to calcium 
hydroxide via a proton pump mechanism (43). Hence, the 
composition of materials for root canal disinfection and 
obturation requires further exploration. According to the 
CCK-8 assay results, chitosan exhibited clear cytotoxicity 
when the concentration was >625 µg/ml. However, below 
that concentration, chitosan did not inhibit the prolifera-
tion of MC3T3-E1 pre-osteoblasts at 24, 48 and 72 h, and it 
even promoted the proliferation at certain concentrations. 
The range of available concentrations for the application of 
chitosan was expanded while ensuring bactericidal efficacy 
and biocompatibility. However, HTCC exhibited higher 
cytotoxicity within the concentration range used in this study 
and it may be used in the irrigation of root canal disinfection 
due to its excellent solubility. HTCC has been reported as a 
component in an injectable thermosensitive hydrogel that may 
be applied in periodontal therapy and had no acute toxicity 
even if exhibiting higher cytotoxicity (44,45). Therefore, 
chitosan and HTCC, both of which have strong antibacterial 
effects, may be used as alternatives for root canal disinfection 
and obturation.

In conclusion, chitosan and HTCC have antibacterial 
effects on E. faecalis in the state of plankton and biofilm. 
Charge interference reduces the antibiotic efficacy of 
chitosan and quaternary chitosan on E. faecalis by affecting 
the electrostatic interaction between amino groups and cell 
membrane. Chitosan has better biocompatibility, which means 
it may be used in long‑term root canal disinfection and filling. 
In addition, HTCC may also serve as a new material for the 
disinfection of root canals.
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