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CHN nanocomposites and nanocoating resist
enamel white spot lesions by enhancing
remineralization and antibacterial activity
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Enamel white spot lesions (WSLs) are usually caused by the dissolution of minerals (mainly calcium and
phosphate) on the tooth surface due to the acidic environment in the oral cavity. Without timely
intervention, WSLs may lead to white spots or a sense of transparency on the tooth surface, and even
the formation of dental caries (tooth decay) in severe cases. The key to preventing and treating WSLs is
inhibiting the activity of acid-producing bacteria and promoting the remineralization of demineralized
enamel. In this study, the network structure formed by sodium tripolyphosphate (TPP) cross-linked
chitosan was used to stabilize calcium phosphate, and the multifunctional nanocomposite was
constructed by integrating antibacterial components of traditional Chinese medicine, honokiol
nanoparticles (HK-NPs) and sodium fluoride to achieve the purpose of resisting cariogenic bacteria and

remineralizing with sustained release of calcium and phosphate ions. Notably, we enhanced the
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Accepted 15th April 2024 remineralization effect of nanocomposites wi e help of functional nanocoatings inspired by the
mussel biomimetic coating. The experimental results show that the synergistic remineralization effect of

DOI: 10.1039/d4ra01143k nanocomposite and nanocoating is better than that of a single strategy. This multi-prong treatment

rsc.li/rsc-advances strategy provides the theoretical and experimental basis for the clinical prevention and treatment of WSLs.
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1 Introduction

Dental caries is the most common chronic bacterial infectious
disease, which seriously endangers human oral and general
health and brings a huge health burden to many countries
around the world." Dental caries is a chronic, progressive and
destructive disease that occurs in the hard tissues of teeth under
the influence of a variety of factors, mainly bacteria.> Enamel
white spots lesions (WSLs) are the early stage of caries. When
cariogenic bacteria metabolize carbohydrates, they create an
acidic environment, which leads to demineralization of hard
tooth tissues, the formation of enamel white spots, and even
caries lesions if left untreated.® The risk factors of dental caries
include poor oral hygiene, dry mouth caused by eating high-
sugar substances, drugs or diseases, etc. During the ortho-
dontic process, orthodontic appliances such as brackets and
archwires increase the difficulty of cleaning and the incidence
of dental caries.*® However, in fact, caries lesions are a process
that proceeds alternately with demineralization and reminer-
alization.® Destroying the acidic environment or promoting
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remineralization can prevent the development of caries and
promote the remineralization of demineralized teeth.”® There-
fore, the development of a safe and effective system with both
antibacterial and remineralizing properties is the key to prevent
and stop dental caries.

Biomimetic remineralization technology,” a method that
mimics the natural mineralization process, has become
a development trend in the prevention and treatment of dental
caries. Remineralization materials are broadly classified into
two categories,' fluoride therapies, which strengthen enamel
with fluoride and promote mineral deposition,"** and calcium
phosphate techniques, which promote remineralization by
providing additional calcium and phosphate.**™” Studies have
applied bioactive glass in combination with chitosan as an
alternative therapy to stop the development of dental caries.'®"
Its caries prevention ability is derived from the calcium ion and
phosphate ion provided by bioactive glass and the antibacterial
property of chitosan. Bioactive glass (Bglass) is a bioactive glass-
based biomaterial that provides calcium and phosphate ions
during remineralization and has been demonstrated to have the
potential to promote remineralization of early enamel lesions.*®
However, the application of bioactive glasses is limited by the
difficulty of controlling the dissolution rate and the possible
irritation of surrounding tissues. Chitosan is an N-deacetylated
chitin derivative naturally present in arthropod shells.>* Due to
its easy availability, biocompatibility, biodegradability, and
non-toxicity, it has received much attention as a functional
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biomaterial.*> Its high nitrogen content makes chitosan
a potential carrier for carrying Ca and phosphate plasma for
biomineralization.”*** In addition, the positive charge of chi-
tosan can bind to the negatively charged Streptococcus mutans
and play an antibacterial role by inhibiting the growth of S.
mutans.”>** Calcium phosphate has attracted much attention
because it can provide large amounts of Ca>*, PO,*~. Nowadays,
a series of novel calcium phosphate-based remineralization
delivery systems have been developed for clinical
remineralization.”®®* However, different forms of calcium
phosphate have different stability and solubility in the oral
environment, and require controlled release through specific
carriers.”>*** Therefore, designing a sustained release system is
helpful for calcium phosphate to play a better remineralization
role. Sodium tripolyphosphate (TPP) is an inorganic compound
that has been widely studied for its ability to react with a variety
of biopolymer molecules such as chitosan. In these reactions,
the negative charge of TPP interacts with the positively charged
amino group on the chitosan molecule to form a stable cross-
linking network.** This process not only enhances the physi-
cochemical stability of the material, but also enables the control
of drug release rate, making it an important application in
biomedicine and drug delivery systems.**"*

The key to prevent the occurrence and progression of dental
caries is to inhibit carogenic bacteria and promote reminerali-
zation.*® There is no doubt that the enamel biomimetic recon-
struction system combined with the antibacterial idea will be
more effective. Oral antimicrobial agents (chlorhexidine,
metronidazole, roxithromycin, etc.) affect the normal oral flora,
destroy the ecological balance, and cause bacterial resistance.*®
In recent years, traditional Chinese medicine (TCM) has
received extensive attention due to its low side effects, and
natural antibacterial agents have been explored. Honokiol (HK)
is a natural antibacterial agent extracted from Magnolia offici-
nalis.*”*® HK showed significant antibacterial activity against
both Gram-positive and Gram-negative bacteria, especially
against S. mutans. Honokiol is not easy to produce bacterial
resistance, and has a wider range of antibacterial properties.****
However, the inaqueous solubility of honokiol reduces its
bioavailability. Recent advances in nanoparticle technology are
addressing this challenge.****

In recent years, significant progress has been made in inte-
grating functional coatings into biomimetic enamel recon-
struction systems. Dopamine and metal phenol coatings have
received much attention due to their outstanding adhesion
properties. Dopamine (DA) is a common catechol-like neuro-
transmitter. A series of reactions occur in an alkaline environ-
ment to form polydopamine films, which can adhere to the
surface of any fixed material with good adhesion and induce the
deposition of hydroxyapatite.*>*¢ Alternatively, inspired by the
adhesive properties of mussel polyphenols, polyphenolic
substances have been identified as ideal intermediate mole-
cules to link inorganic and organic phases. Multifunctional
functional metal-phenol networks (MPNS) have been developed
by exploiting the different chelating abilities of phenolic
materials and metal ions. They are used to modify or coat
inorganic and metallic surfaces, thereby promoting
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hydroxyapatite crystallization, biomineralization, bone regen-
eration, and cell adhesion. For example, after deposition of
tannin-Fe**/Cu®" complexes, calcium and phosphate ions can
be attracted from natural saliva to promote the remineralization
of hydroxyapatite crystals.*”*®

In summary, we fabricated a network structure consisting of
TPP and chitosan to stabilize calcium and phosphate ions in
calcium phosphate, introduced honokiol nanoparticles to
enhance the material's inhibition against cariogenic bacteria,
and added sodium fluoride to enhance enamel remineraliza-
tion nanocomposites (CHN). The anti-biofilm activity and
enamel remineralization activity were evaluated in vitro. At the
same time, the combination of nanocoatings prolongs the
action time and efficiency of nanocomposites. CHN nano-
composites combined with nanocoatings have great clinical
potential to effectively halt the cariogenic process and prevent
dental caries.

2 Materials and methods
2.1 Materials

Honokiol (purity = 98.5%), bovine serum albumin (96-99%)
(BSA), polyvinylpyrrolidone (PVP 9003-39-8 average mol wt 40
000), and acetone, chitosan (MW 100000-350000), calcium
dichloride (CacCl,), acetic acid, di-potassium hydrogen phos-
phate (K,HPO,), and sodium tripolyphosphate (TPP) were
purchased from Sigma-Aldrich. Fetal bovine serum (FBS) and
penicillin-streptomycin, artificial saliva, KOH, NaF, thymol,
75% ethanol, 10% CCK-8 culture medium, FeCl,-4H,0,
CuCl,-2H,0, tannic Acid (TA), tris buffer, 37% phosphoric acid,
Baclight Live/Dead Bacterial Viability Assay Kit (Molecular
Probes, Eugene, OR, USA), crystal Violet (CV) staining solution
were purchased from Macklin Reagent Co. Ltd (Shanghai,
China), Brain Heart Infusion Broth (BHI), Trypticase (Tryptic)
Soy Broth (TSB), Lysogeny Broth (LB) broth, Nutrient Agar were
purchased from Macklin Reagent Co. Ltd (Shanghai, China). All
reagents were used as received without further purification.

2.2 Synthesis of honokiol-loaded nanoparticles (HK-NPs)

HK-NPs were synthesized using the liquid antisolvent precipi-
tation method.* In this process, 10 mg BSA and 10 mg PVP were
dissolved in 4 mL deionized water at room temperature as
stabilizers to form a water phase. Subsequently, HK 20 mg was
dissolved in 0.8 mL acetone to form the oil phase, and then the
oil phase was slowly and evenly added to the water phase under
ultrasonic wave. HK-NPs was obtained after acetone was
removed by spin evaporation with a rotary evaporator.

2.3 Load capacity and encapsulation efficiency calculation

UV-vis spectrophotometry (Bio-DL, USA) was used to detect the
loading capacity (LC) and encapsulation efficiency (EE) of HK-
NPs according to a standard curve method. Briefly, the
prepared HK-NPs were centrifuged at a high speed of 5000 rpm
for 15 min. After centrifugation, the supernatant was collected
and an aqueous acetonitrile solution was added to the precipitate
and washed three times. The last obtained precipitation is freeze-
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dried for further use. The supernatant was collected and the
amount of honokiol neutralized in the supernatant was detected
by UV. The LC and EE are calculated by the following formula:

_ Weight of HK in NPs

100%
Weight of NPs X 100%

LC(%)

Weight of HK in NPs
Weight of HK

EE(%) = x 100%

2.4 In vitro release behavior

The in vitro release of honokiol from the nanoparticles was
analyzed using dialysis bag diffusion in artificial saliva, PBS (pH
5.5), PBS (pH 7.4) and artificial saliva (pH 6.5-7.0) with 0.5 wt%
sodium dodecyl sulfate (SDS). 1 mg mL ™' HK-NPs were placed
in dialysis bags (MwCO 3500) and incubated in 50 mL of release
medium at 37 °C with constant shaking at 120 rpm. Samples (3
mL) were withdrawn at specified intervals up to 72 h and
replaced with an equal amount of fresh medium to maintain
sink conditions. The drug release was quantified using a UV
spectrophotometer, and cumulative drug release was calcu-
lated, with each sample analyzed in triplicate.

2.5 Synthesis of Chi-CaP/HK-NPs/NaF nanocomposites
(CHN)

Chitosan microgel was synthesized using the ionotropic gela-
tion method.? (i) Briefly, chitosan (0.175 w/v%) was dissolved in
1% acetic acid, and the pH was adjusted to 4.76 using 10 M KOH
with agitation at 100 rpm. To this solution, 10 mL of 0.46 M
CaCl, was added under similar conditions.

(ii) TPP solution (0.29 w/v%) was prepared by mixing TPP in
10 mL of 0.282 M K,HPO,. 10 mL of TPP solution was added to
(i) and stirred at 500 rpm continuously until an opalescence
appeared, indicating the formation of Chi-CaP (chitosan-
calcium phosphateses). Different amounts of HK-NPs and NaF
(3900 ppm) were mixed with the chitosan microgel, designated
as Chi-CaP/HK-NPs/NaF nanocomposites (CHN nano-
composites). According to the description of the antibacterial
concentration of HK in the existing literature* and the study of
the antibacterial concentration of HK-NPs, the concentration of
HK-NPs in the experiment was 50, 100 and 500 pg mL %
respectively, named CHN-1, CHN-2 and CHN-3, respectively.

2.6 Characterization of HK-NPs and CHN nanocomposites

The size and shape of HK-NPs and CHN nanocomposites were
determined by transmission electron microscopy (TEM, JEM-
2100UHR, JEOL, Japan). The zeta potential was determined
using dynamic light scattering (DLS, Malvern instrument,
England). Fourier transform infrared (FTIR) spectroscopy
analyses of CS, Chi-CaP, CHN nanocomposites, HK, and HK-
NPs in the range of 500-4000 cm™ ' were performed with an
attenuated total reflectance-infrared (ATR-IR) system by a Nico-
let iN10 FTIR spectrometer (ThermoFisher Scientific, Waltham,
MA, USA).
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2.7 Remineralization of demineralized enamel lesions

2.7.1 Demineralization of enamel specimens. All isolated
teeth were obtained from Qingdao Stomatological Hospital and
approval was provided by the Ethics Committee of Qingdao
Stomatological Hospital (2023KQYX028). The enamel of
a healthy adult third molar was taken without caries, cracks or
defects, and all soft tissues, dental stones and pigments were
removed. After mechanical cleaning, the crown is cut into
enamel pieces with emery along the bucco-lingual surface. The
blocks were then ultrasonic cleaned in pure water for 30 min,
and rinsed in 75% ethanol. The enamel sample was etched with
37% phosphoric acid for 30 s to form a demineralized model,
which was then extensively rinsed with deionized water and
ultrasound and stored in 0.1% thymol solution at 4 °C for
further use.

2.7.2 Different tooth surface coating treatments. Tannic
acid (TA)-Fe" coating”: The cleaned dental flakes were
immersed in tris buffer (pH = 8) containing FeCl,-4H,0
(0.074 mg mL™") and TA (0.4 mg mL™"). After 12 h, the flakes
were ultrasonically washed with deionized water and dried to
form a TA-Fe" coating.

TA-Cu" coating*®: The cleaned dental flakes were immersed
in tris buffer (pH = 8) containing CuCl,-2H,0 (0.4 mg mL ™)
and TA (0.25 mg mL ™). After 12 h, the flakes were ultrasonically
washed with deionized water and dried to form a TA-Cu"
coating.

Polydopamine coating”®: Dental flakes were immersed in tris
buffer (pH = 8) containing dopamine (2 mg mL ™). After 24 h,
the treated flakes were ultrasonically washed with deionized
water and dried to form a PDA coating.

2.7.3 Study on in vitro remineralization of demineralized
enamel. This study evaluated the effect of CHN nanocomposites
on promoting remineralization of demineralized teeth. First, all
the enamel plates are soaked in deionized water for 30 min,
gently rinsed, and then dried. Each disk was soaked in a solu-
tion corresponding to a different treatment group (rn = 3) con-
sisting of a control group (artificial saliva), Chi-CaP, Chi-CaP +
NaF, and CHN nanocomposites. The remineralization process
was simulated over 6 h to simulate overnight remineralization.
After incubation, the specimen was rinsed with water, soaked in
1 mL synthetic saliva, and kept at 37 °C for 18 h, and the
medium was updated daily. After a week of circulation, the
specimens were thoroughly rinsed with deionized water and air-
dried at 25 °C for analysis. Surface morphology was detected by
scanning electron microscopy (SEM, Zeiss, Germany),
elemental analysis was performed by energy dispersions X-ray
spectroscopy (EDS), and crystal orientation and minerals on
the surface of newly formed enamel were analyzed by X-ray
diffractometry (XRD, Rugaku Corporation, Japan).

2.8 Antibacterial and Antibiofilm performance

2.8.1 Bacterial culture. An isolated S. mutans colony was
cultured in BHI broth until reaching the mid-log phase at 37 °C
in a shaker incubator (120 rpm). E. coli and S. aureus were
similarly prepared using LB broth and TSB broth, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.8.2 Planktonic bacterial viability study. The colony
forming unit (CFU) method was used to evaluate the antibac-
terial effect of CHN nanocomposites on several common cari-
ogenic bacteria, including S. mutans, E. coli, and S. aureus.
Different samples (0.2 mL, n = 3) were cultured with bacterial
solution (10° CFU mL ™", 1 mL) at 37 °C and 150 rpm for 12 h.
Dilute the bacterial solution of each group to coat the plate. The
group without adding materials was used as the blank control
group. After the agarose plate was incubated in a 37 °C bacterial
incubator for 18 h, the CFU on the plate was recorded with
a digital camera. The antibacterial rate was calculated by the
following formula:

Control CFU — Treatment CFU

1 0
Control CFU x 100%

Bactericidal rate =

2.8.3 The capability of CHN nanocomposites to destroy
biofilm. Live/dead staining and crystal violet (CV) staining
assays were conducted to assess the ability of the nano-
composites against biofilms. The prepared S. mutans was added
to the BHI medium. Incubate at 37 °C for 36 h, changing the
medium every 12 h. E. coli and S. aureus biofilms were prepared
by the same method. Chi-Cap/NaF and CHN (n = 3) were co-
cultured with biofilms, respectively. After incubation at 37 °C
for 24 h, they were gently washed with PBS and stained with
Live/Dead kit according to the work instructions. The biofilm of
each group was observed by a laser confocal microscope. In
addition, the micromorphology of the biofilm was observed by
SEM (Zeiss, Germany). First, after incubation at 37 °C for 24 h,
the above-treated bacteria biofilms were rinsed twice with PBS
and then fixed at room temperature with 2.5% glutaraldehyde
solution for 8 h. After fixation, the sample was continuously
dehydrated with gradient ethanol solutions (30%, 50%, 70%,
and 100%). After that, the bacteria were dried on the silicon
wafer, sprayed with gold, and then observed with the SEM.

Subsequently, the biofilms treated with Chi-CaP/NaF and
CHN were further examined by crystal violet (CV) staining. Each
group was added with 300 pL of 0.1% CV solution, incubated at
room temperature for 15 min, and then gently washed with PBS.
Then, anhydrous ethanol was added and treated for 15 min. The
absorbance at 570 nm was recorded with a microplate reader
(Bio-TEK, USA).

2.9 Toxicity of in vitro and in vivo CHN nanocomposites

2.9.1 Mammalian cell culture. Human oral keratinocytes
(HOK) (purchased from Wuhan Pricella, China) were cultured
in Dulbecco’'s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum and 1% antibiotic/antimycotic
solution, maintained at 37 °C in a humidified atmosphere
with 5% CO,.

2.9.2 Biocompatibility in vitro assessment. Cell prolifera-
tion was detected with the CCK-8 kit. HOK cells were inoculated
on 96-well plates at a density of 1 x 10* cells per well. The
prepared CHN-3 is then added to the well at different concen-
trations (n = 5) of 5, 10, 15, 20, and 25% (w/v), respectively. After
incubating for 24 h, carefully replace the medium with 10%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CCK-8 working solution. After incubation for 4 h, the absor-
bance at 450 nm was detected.

Biocompatibility of CHN nanocomposites was determined
by living/dead cell viability. PBS, CHN-2 and CHN-3 were added
to the cells in the above prepared 96-well plates (n = 3), cultured
for 24 h, and then stained with live/dead staining kit for 0.5 h
without light. The cell viability of each group was observed by
laser confocal microscopy.

2.9.3 Biocompatibility in vivo assessment. 4 weeks-old
male rats (170-220 g) were selected (n = 3) to evaluate the
toxicity of the nanocomposites.*” These animal experiments
were approved by the Ethics Committee of Qingdao Stomato-
logical Hospital (2023KQYX027) and complied with the regula-
tions on the management of experimental animals. The control
group was given single steaming water. The treatment group
was given CHN-2 nanocomposites and CHN-3 nanocomposites,
respectively, and one week later, the rats were euthanatized and
their major organs were pathologically analyzed. Blood was
collected by cardiac puncture for hematological and biochem-
ical analysis. The heart, liver, spleen, lung, and kidney were
taken, and fixed with 10% formalin, then pathological sections
were taken, and hematoxylin and eosin (H&E) staining were
used for histological evaluation.

2.10 Statistical analysis

All data are expressed as means standard deviations of values
from three independent experiments. One-way analysis of
variance and t-tests were used to analyze the differences
between the experimental groups. Statistical significance was
set at 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).

3 Results and discussion

As shown in Fig. 1, this paper designed a network structure
formed by TPP linked chitosan to stabilize calcium ions and
phosphate ions, and assembled HK-NPs and sodium fluoride to
construct a multifunctional nanocomposites (CHN). The remi-
neralization effect was improved by nanocoating. The remi-
neralization and antibacterial properties of the nanocomposites
were verified by remineralization experiment and bacterial
experiment in vitro.

3.1 Synthesis and characterizations of CHN nanocomposites

Honokiol (HK) nanoparticles were synthesized by the method
previously reported.** Firstly, HK-NPs were prepared by
combining PVP and BSA as colloidal stabilizers with HK in
acetone solution to improve their water solubility. Drug loading
is an important index to measure the drug-loading ability of
nanoparticles.>® The drug loading rate of HK-NPs was 74.65 £+
0.47% and the encapsulation rate was 92.86 + 0.28%, which
indicated that there was a certain drug loss during the prepa-
ration of nanoparticles.

The morphology of HK-NPs was observed by TEM (Fig. 2a).
The nanoparticles were well dispersed and regularly spherical,
with an average diameter of about 229.8 nm. The specific
distribution of these nanoparticles is known through Fig. S1

RSC Adv, 2024, 14,15008-15020 | 15011
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Fig. 1 The top left corner illustrates the formation process of honokiol nanoparticles and Chi-CaP. The top right corner depicts how CHN
nanocomposites facilitate dental remineralization. The bottom left corner demonstrates the functional mechanism of the dental surface coating.

The bottom right corner represents the antibacterial process.

ESI.T HK-NPs are unimodal and have a narrow size distribution
(0.170). To demonstrate the synthesis of HK-NPs, we used FT-IR
to detect the composition of chemical groups of HK-NPs. Fig. 2b
shows the FT-IR spectra of HK and HK-NPs. The characteristic
peaks of HK can be seen at 3300 cm™ " (hydroxyl stretching
vibration), 3000 cm ™' (aromatic ring C-H vibration), 1500 cm "
(aromatic ring C=C vibration) and 1000 cm " (ether bond C-O
vibration) in the HK-NPs spectrum. Furthermore, 1650 cm ™" is
kicked up by the amide group vibration in PVP, and at
1540 cm ™' (a combination of N-H bending vibration and C-N
stretching vibration) is the characteristic peak of the amide II
band.*® At the same time, there are characteristic peaks of the
amide II band (a combination of N-H bending and C-H
stretching vibrations).?*** The above characterization proves the
successful synthesis of HK-NPs. The acidic environment in the
mouth where cariogenic bacteria break down carbohydrates can
lead to tooth demineralization.”® We therefore examined the

15012 | RSC Adv,, 2024, 14, 15008-15020

release kinetics of HK-NPs in PBS solutions (pH 5.5 and 7.4) and
artificial saliva (pH 6.5-7.0). As expected, the release of HK-NPs
at 37 °C for 72 h was time - and pH - dependent. As can be seen
from the release curve in Fig. 2¢, HK releases the fastest in pH
5.5 environment. The release rate was about 55% at 12 h and up
to 80% at 72 h, while the release rate of HK was relatively low in
neutral PBS and artificial saliva. This indicates that HK-NPs has
stronger antibacterial ability in caries causing environment.
Fig. 2d shows the chemical equation involved in the experi-
mental reaction. Chitosan dissolves under acidic conditions,
the amino group in chitosan is converted to NH;", and then the
excess acetic acid is neutralized with KOH, and a more nano-
composites chemical reaction occurs after adding calcium
chloride, which can be simplified as calcium ions and ions on
chitosan combine to form a stable network structure. The
polyvalent anions in TPP can be cross-linked by amino groups
on chitosan to form gel particles. This is the structural basis of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterizations of HK-NPs and CHN nanocomposites. (a) Transmission electron microscopy (TEM) image of HK-NPs. (b) Fourier-
transform infrared (FTIR) spectroscopy of HK and HK-NPs. (c) The drug release profile of HK-NPs over 72 h at pH 5.5, pH 7.4, and in artificial saliva.
(d) Chemical equations involved in the synthesis of CHN nanocomposites. (e) TEM images of Chi-CaP and (f) CHN nanocomposites. (g) FTIR

spectroscopy of chitosan, Chi-CaP and CHN-3.

the formation of chitosan-calcium phosphate microgels. Phos-
phate ions and calcium ions form calcium phosphate and
finally form the chitosan-calcium phosphate nanocomposites.

The Chitosan (Chi)-CaP was synthesized through ionotropic
gelation. In Fig. 2e, The TEM imaging of the Chi-CaP revealed
uniformly dispersed, near-spherical CaP nanoparticles within the
chitosan matrix. These nanoparticles exhibited an average
diameter of approximately 2 nm, and their zeta potential was
measured to be 21.4 £+ 0.304 mV. In Fig. 2f, the TEM imaging of
the CHN nanocomposites revealed HK-NPs is dispersed in Chi-
CaP, proving that CHN is a stable system. Further elucidate the
molecular and functional group changes during the synthesis of
CHN nanocomposites by FTIR. The FTIR of chitosan, Chi-CaP
composites, and CHN nanocomposites in Fig. 2g demonstrated
distinctive bands, reflective of their molecular structures. In the
case of chitosan, the absorption band near 1650 cm™"' corre-
sponds to the amide I band and originates mainly from C=0
stretching vibrations. Furthermore, the band observed near
1540 cm ' is attributed to the combination of N-H bending
vibrations and C-N stretching vibrations, which are characteristic

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the amide II band. In addition, 1150 em ' is a C-O-C
stretching vibration, representing the skeleton vibration in the
chitosan molecular chain. Chi-CaP spectra show additional
peaks, especially around 960 cm ', attributed to the inherent
P-O stretching vibrations of CaP. This particular band signals the
successful integration of CaP within the composite material. The
intensity and a slight shift in this band within the composite may
be interpreted as evidence of interaction between CaP and the
chitosan matrix. Notably, the peak around 3570 cm ™" observed in
the components’ spectrum is suggestive of O-H stretching,
possibly resulting from the hydration of the HK-NPs.

In conclusion, the comprehensive analysis using FTIR
spectroscopy, alongside TEM, dynamic light scattering, and zeta
potential assays, collectively confirms the successful synthesis
of CHN nanocomposites.

3.2 Evaluation of antimicrobial performance of CHN
nanocomposites

3.2.1 Evaluation of the performance against planktonic
bacteria. To verify the antibacterial effect of CHN on common
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oral pathogens, S. mutans, E. coli, and S. aureus were selected as
model bacteria. The antibacterial activity of CHN against three
planktonic bacteria was verified by plate counting method. In
Fig. 3b and c, NaF/CaP had certain antibacterial effect on S.
mutans and S. aureus, with the antibacterial rate of 65.38% and
77.4%, while it had no obvious antibacterial effect on large

15014 | RSC Adv, 2024, 14, 15008-15020

intestine, with the antibacterial rate of 29.82%. The antibacte-
rial properties were significantly enhanced by the addition of
HK-NPs, which may be due to the destruction of the biofilm of
the bacteria and the interference of the synthesis of key
substances to interfere with the growth and reproduction of the
bacteria.®® CHN-3 had significant antibacterial activity against

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the three types of bacteria, and the bactericidal rate was close to
100%. Therefore, based on the balance between bactericidal
ability and biocompatibility, CHN-3 was used in subsequent
experiments.

3.2.2 Evaluation of anti-biofilm performance. In this study,
S. mutans, E. coli, and S. aureus were selected as representative
strains to establish a biofilm model closely related to enamel
WSLs. The anti-biofilm performance of CHN was evaluated
using live/dead bacterial viability reagents (Fig. 4a). Green
means live bacteria, and red means dead bacteria. The enamel
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surface of the control group showed green fluorescence and
a small number of red spots in NaF/CaP, indicating that NaF/
CaP had weak anti-biofilm effect, while the CHN-3 group
showed almost all red fluorescence, indicating that CHN-3 had
excellent anti-biofilm activity. The microscopic morphology of
biofilm co-cultured with materials was further observed by SEM.
As can be seen from Fig. 4b in the control group, S. mutans, E.
coli, and S. aureus have intact morphology and smooth surfaces.
Only a few biofilms were incomplete in the NaF/CaP group.
However, the surface of the bacteria in CHN is severely

L6
v". >

(a) Depicts CLSM images after a 48 hours culture of S. mutans, E. coli, and S. aureus. These cultures were subsequently co-incubated for

24 h with PBS (control group), NaF/CaP, and CHN. (b) SEM images of biofilms from S. mutans, E. coli, and S. aureus after various treatments.
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wrinkled, the morphology is incomplete, and the surface bio-
film is damaged, demonstrating that CHN-3 can cause effective
destruction of the biofilm. In Fig. S2a ESI,} little biofilm was
seen in the CHN-3 group, and a large number of biofilm was
formed in the control group and the NaF/CaP group. At the
same time, the biofilm content measured by 570 nm absor-
bance showed that CHN-3 had prominent biofilm inhibition
effect. This is consistent with the above results (Fig. S2b, ESIT).
All the results showed that CHN had better antibacterial activity
and biofilm inhibition ability.

3.3 Evaluation of remineralization

The synergistic effect of CHN nanocomposite with three coat-
ings on enamel mineralization was investigated using an in vitro
demineralized enamel model. SEM was used to observe the
surface morphology of enamel in each group (Fig. 5a and S3
ESIY). After 37% phosphoric acid corrosion, the enamel devel-
oped a “fish scale” appearance and exposed enamel prismatic
structure (Fig. S3 ESIT). In the uncoated group, the typical
morphology of the acid-etched enamel surface could still be
seen after the demineralized enamel block was immersed in
artificial saliva for 7 days, illustrating the necessity of using
a remineralizing agent. The degree of remineralization was
similar between the NaF/CaP and CHN-3 groups (Fig. S3 ESIf),
indicating that the addition of HK-NPs did not affect the
remineralization of the material. The degree of remineraliza-
tion in the NaF/CaP and CHN-3 groups was significantly higher
than that in the artificial saliva and Chi-CaP groups, and HAp
crystal deposition was evident between enamel prism structure.
This result illustrates the ability of CHN nanocomposites to
promote remineralization. However, the uncoated enamel
blocks treated with CHN-3 retained the outline of the enamel
prism structure (Fig. 5b). Inspired by the bioadhesion of
mussels in nature, nanocoatings were used to increase the
interaction time of CHN complex on the tooth surface to
improve the remineralization effect. The effects of dopamine
and metallophenol on enamel remineralization have been
investigated.*®*® PDA coating and TA-Fe and TA-Cu coating were
prepared on the demineralized tooth surface, and after CHN-3
treatment, dense and ordered rod-like mineral crystals were
formed on the enamel surface without obvious outline of the
enamel prism-like structure (Fig. 5 and S3 ESI}). Under the
magnification of x3000, the deposited crystal particles can be
observed in the TA-Cu and PDA groups, and the HAp crystal
layer of the TA-Fe group is denser. X-ray diffraction analysis was
used to identify the types of crystals formed on the enamel
(Fig. 5c and d). As shown in Fig. 5¢, (002), (211), (300), (222), and
(213) have distinct HAp diffraction peaks at 26 = 25.9°, 31.8°,
32.8°, 46.7°, and 49.5°. After acid etching, the characteristic
peaks of (002), (211), (300), (222) and (213) were weakened or
disappeared. The recovery of these peaks after CHN-3 and
coating treatments indicated the formation of crystalline HAp,
indicating the outstanding remineralization promoting prop-
erties of the CHN nanocomposites. Fig. 5d shows that after CHN
treatment, compared with the uncoated group, the relative
intensity of HAp characteristic peaks in the PDA coated group

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calcium—-phosphorus ratios obtained by EDS assay of
dentinal surfaces with different coatings treated with artificial saliva

Cu-TA Fe-TA PDA
Uncoating coating coating coating
Ca 24.38 30.59 36.4 34.89
P 14.33 17.29 19.07 19.5
Ca/P 1.701 1.769 1.908 1.789

Table 2 Calcium-phosphorus ratios obtained by EDS assay of
dentinal surfaces with different coatings treated with CHN-3
nanocomposites

Cu-TA Fe-TA PDA
Uncoating coating coating coating
Ca 40.99 34.66 47.68 41.12
P 21.71 19.08 23.44 22.06
Ca/P 1.88 1.816562 2.034 1.86

and TA-Fe coated group increased, and the TA-Fe coated group
increased more, indicating that the CHN nanocomposite
formed HAp crystal phase in the TA-Fe coated group had higher
content and the best remineralizing performance. The Ca/P
value of natural enamel is close to Hap (1.67),* the standard
chemical measure. Energy dispersive X-ray spectroscopy (EDS)
(Tables 1 and 2, Fig. S4 ESI}) showed that the ratio of Ca to P in
the remineralization layer increased. Compared with the ratio
of Ca to P after acid etching, the ratios of Ca to P in the TA-Cu
group, TA-Fe group and PDA group were 1.8, 2.0, and 1.86,
respectively, which further confirmed that CHN-3 could play
a better remineralization role under the synergic action of the
coating. Overall, the results show that the CHN nanocomposites
have good remineralization properties under the synergistic
action of the coatings and are critical for practical and clinical
applications.

3.4 Cytocompatibility evaluation

A live/dead cell viability assay and CCK-8 kit assay were con-
ducted to measure the influence of CHN on HOK cells viability
after being cocultured for 24 h, and the cytotoxicity was negli-
gible (Fig. 6a and b). Rats treated with CHN were closely
monitored and recorded to assess the biosafety of CHN, and no
adverse reactions occurred in the experimental group, as in the
control group. CHN materials can accumulate in different
organs through the digestive and blood circulation systems,
which can also lead to unexpected toxicity. However, studies
comparing hematological parameters in serum, including
blood biochemical parameters such as alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and URE
showed no significant difference between the control and
experimental groups (Fig. 6¢). Hematoxylin-eosin (H&E) stain-
ing of major organs (heart, liver, spleen, lungs, kidneys) did not
reveal any significant signs of degeneration, necrosis, or toxicity
(Fig. 6d), indicating the safety of CHN for dental applications,
particularly in remineralization and antibacterial treatments.

RSC Adv, 2024, 14,15008-15020 | 15017
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4 Conclusion

In this study, a network structure was formed by the cross-
linking reaction of sodium tripolyphosphate (TPP) with chito-
san to stabilize calcium and phosphate ions. By introducing
traditional Chinese medicine components HK-NPs, as well as
sodium fluoride, we successfully constructed a CHN composite
nanomaterials with efficient antibacterial and remineralization
functions. The successful construction of the nanocomposite
was demonstrated by FTIR characterization. The results of in
vitro and in vivo experiments showed that CHN nanocomposites
could effectively inhibit the growth of common cariogenic
bacteria, including S. mutans, S. aureus and E. coli. The inhibi-
tion rate of S. mutans reached 65.38% in CFU assay, thereby
reducing the production of acidic substances and preventing
the development of dental caries. CHN nanocomposites effec-
tively promoted remineralization of demineralized enamel
through sustained release of calcium, phosphate, and fluoride
ions. In particular, combined with nanocoating technology, the
remineralization effect of CHN nanocomposites was further
enhanced. Compared with other nanocoatings such as PDA and
TA-Cu, the combination of TA-Fe and CHN nanocomposites
showed the best remineralization effect. In conclusion, the
multifunctional composite material presented in this study
shows significant advantages in antibacterial and promoting
tooth remineralization compared with the traditional single
remineralization method, providing an effective new strategy
for the prevention and treatment of enamel white spot lesions.
In the future, we plan to further explore the potential of this
material for the treatment of dentin caries and provide theo-
retical and experimental basis for the clinical prevention and
treatment of dental caries.
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