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Mussel-inspired novel coating with cariogenic
biofilm inhibition and in situ remineralization
properties for caries treatment
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Dental caries is a biofilm-mediated dynamic disease associated with imbalance in teeth mineralization.
In this study, a facile and dual-functional hybrid polydopamine@proanthocyanidin (PDA@PC) coating
was designed to inhibit cariogenic biofilm formation and remineralize demineralized dental hard tissues.
PDA@PC exhibited excellent antibiofilm ability with a lower cariogenic bacterial biofilm biomass
(0.15 + 0.03 ODsgsnm) than that (1.45 4+ 0.16 ODsgsnm) exhibited by the control group. In addition, a
dense mineral layer was observed on the surface of demineralized enamel. The microhardness of
etched enamel with the PDA@PC coating reached 329.28 + 10.16 HV after incubation with artificial
saliva, which was similar to the healthy enamel (368.5 + 17.18 HV). Furthermore, the in vivo rat dental
caries model showed that the PDA@PC coating effectively slowed down the progression of caries, with
only superficial demineralization and low dental caries scores. The total score was 3—-4 times lower than
that of the control group. The successful construction of the dual-functional hybrid PDA@PC coating
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1 Introduction

Dental caries is one of the most prevalent human diseases
affecting more than 3.5 billion people worldwide." The World
Health Organization has identified dental caries as one of the
primary diseases in humans to be prevented and controlled.
The continuous demineralization of dental hard tissues, caused
by the acid production of bacteria in dental biofilms, leads to
the development of caries.»* Without timely intervention,
dental caries may cause negative impacts such as pain, loss
of teeth, sleeping difficulties, and even serious systemic inflam-
matory reactions.”®

Current clinical approaches for caries treatment are invasive
and implemented after the occurrence of tooth defects.” More-
over, the lack of antimicrobial properties in restoration materi-
als and their failure to match the composition and mechanical
properties of dental tissues result in secondary caries and
fractures of prosthetics or teeth.*'® Meanwhile, traditional
non-invasive treatments such as fluorides, mouthwashes, and
dental floss reduce the cariogenic potential of biofilms by
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provides a novel approach for dental caries treatment.

controlling dental plaque. However, these methods rely on
patient compliance,"" and household fluorides and mouth-
washes have a mild therapeutic effect due to their low content
of active ingredients. Since the main components of dental
hard tissue are hydroxyapatite (HAP), many remineralization
methods or products have been undertaken to restore defective
enamel.”>™"” For example, fluorides form fluorapatite by sub-
stituting the hydroxyl groups in HAP and effectively reduce the
incidence of dental caries.'® However, this method is limited
when residual seed crystallization is deficient.’® Other pro-
ducts, such as calcium phosphate and bioglass, also merely
form disordered mineral deposits, which are far from the
dental structure.’® Recently, biomimetic remineralization,
inspired by the natural process of tooth mineralization, has
provided numerous strategies for reconstructing dental hard
tissues.”’ For example, self-assembled anionic peptides or
amphiphilic peptides bioinspired by the structure and function
of amelogenin have achieved effective HAP regeneration.?*?
However, the peptide sequences are usually unavailable, and
the complicated procedures limit their further clinical applica-
tions. Furthermore, these methods or products fail to take into
account the risks of stubborn cariogenic biofilms in the demi-
neralization lesions of caries, which tends to minimize their
efficacy.>**® Therefore, combating cariogenic biofilms and
regenerating defective dental hard tissues are essential for
dental caries treatment.
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Proanthocyanidin (PC) is a plant-derived polyphenol known
for its potent biological effects including antioxidative, anti-
cancer, antibacterial, antibiofilm, and anti-inflammatory pro-
perties.?® In the field of dentistry, the antibacterial and anti-
biofilm abilities of PC are particularly noteworthy. Previous
studies have demonstrated that PC has the potential to effec-
tively treat various oral infectious diseases such as period-
ontitis, dental caries, and oral mucositis.?”*® In addition, the
abundant phenolic hydroxyl groups in PC facilitate the deposi-
tion of mineral ions and promote HAP crystallization.***°
Based on these properties, PC is quite a good candidate for
dental caries treatment. However, PC has insufficient adhesion
and cannot be retained on the tooth surface for a long time
when meeting the buffering effect of saliva in oral cavity.*' To
enhance adhesion, Li et al., inspired by the peptide sequences
of salivary acquired pellicle (SAP), developed a novel SAP-PC
coating for dental caries treatment. The findings demonstrated
that the SAP-PC coating can firmly adhere to the enamel sur-
face. Furthermore, it effectively promoted mineralization and
inhibited the formation of Streptococcus mutans (S. mutans)
biofilm.?*** However, peptide sequences are not easily avail-
able, and the corresponding modification procedures are com-
plicated. Therefore, more efficient strategies are required to
assist the adhesion of PC to the tooth surface, and then exert
antibiofilm and remineralization efficacy.

Inspired by the mussel-adhesion phenomenon in nature,
polydopamine (PDA) coating can easily and firmly adhere to
various types of material surfaces.>® Owing to the abundant
catechol/quinone groups of PDA, functional molecules or inor-
ganic HAP crystals can anchor onto PDA by physical or
chemical bonding.*>” Previous studies have also reported that
PDA coating can effectively promote enamel remineralization
and dentin tubule occlusion.*®™*' Therefore, due to its strong
adhesion property, modifiability and mineralization ability,
PDA can be used to construct a hybrid coating with PC for
caries treatment.

In this study, a facile and dual-functional hybrid coating (PDA@PC
coating) was constructed on the tooth surface for dental caries
treatment. The coating was successfully prepared via the Michael
addition and Schiff base reactions between PDA and PC (Scheme 1).
First, enamel samples were simply immersed in a PC solution for 1 h,
and then oxidative polymerization of dopamine resulted in an
adhesive PDA@PC coating. Due to the improved adhesion, PC can
effectively exert its antibiofilm property. Meanwhile, enamel surface-
anchored phenolic hydroxyl groups and catecholamine moieties can
induce calcium ion deposition in saliva. Both in vitro and in vivo
experiments showed that the PDA@PC coating exhibited good per-
formance in the inhibition of cariogenic bacterial biofilm formation
and remineralization for dental caries treatment.

2 Materials and methods
2.1 Materials

Dopamine hydrochloride (DA, 98%), tris(hydroxymethyl)
aminomethane hydrochloride (Tris-HCl, 98%) and N-(2-hydro
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Scheme 1 Schematic of the PDA@PC coating with dual antibiofilm and
remineralization functions (A). Schematic of PDA@PC synthesis (B).

xyethyl)piperazine-N’-ethanesulfonic acid (HEPES) were pur-
chased from Sigma-Aladdin Scientific Co., Ltd (Shanghali,
China). Proanthocyanidins (PC, AR, >95%), calcium chloride
(CaCly,), potassium chloride (KCl) and potassium dihydrogen
phosphate (KH,PO,) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Dulbecco’s mod-
ified Eagle’s medium (DMEM) was purchased from Solarbio
Technology Co., Ltd (Beijing, China). Fetal bovine serum (FBS,
99%) was purchased from CellMax Cell Technology (Beijing)
Co., Ltd. Acridine orange (AO) and ethidium bromide (EB) were
purchased from Bestbio Biotechnology Co., Ltd (Shanghali,
China). TRITC-labeled phalloidin (>90%) and 4',6-diamidino-
2-phenylindole (DAPI, >90%) were purchased from Maokang
Biotechnology Co., Ltd (Shanghai, China). Triton X-100 was
purchased from Thermo Fisher Scientific Co., Ltd, 4% paraf-
ormaldehyde was purchased from Sopo Biological Technology
Co (Guangzhou, China). Brain heart infusion (BHI) broth was
purchased from Qingdao Hope Bio-Technology Co., Ltd
(China).

2.2 Preparation of demineralized enamel samples

Freshly extracted human third molars were collected with the
approval of the Stomatological Hospital of Nanchang Univer-
sity. After removing the organic contaminants, teeth were
immersed in 0.5% Chloramine T at 4 °C. The enamel samples
were cut from the buccal, lingual, mesial, and proximal sur-
faces of each tooth, and then sequentially wet-polished with
600-, 800-, 1200-, and 2000-grit silicon carbide sandpapers. To
simulate early caries lesions, the enamel samples were etched
with 35% phosphoric acid gel for 1 min and then ultrasoni-
cated for 10 min to remove the smear layer and stored in
deionized water at 4 °C.

2.3 Preparation of PDA@PC coatings

First, 30 mg of PC was dissolved in 30 mL of Tris—-HCL solution
(10 mM, pH = 8.5). Demineralized enamel samples were
immersed for 1 h. Then, 30 mg of dopamine hydrochloride
was added and stirred for 0.5 h. Finally, the enamel samples

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were rinsed with deionized water to remove the unattached
molecules, resulting in PDA@PC-coated enamel. Moreover,
other substrates such as cover slips, HAP discs, and molar
crowns were also coated with PDA@PC by following the same
procedures.

2.4 Evaluation of biocompatibility

An AO/EB cell assay kit and a TRITC-labeled phalloidin kit were
used for evaluating the biocompatibility of PDA@PA coatings
for mouse fibroblasts (L929 cells). Coverslips were used instead
of enamels for better observation of biocompatibility.
PDA@PC-coated coverslips were obtained by immersed cover-
slips in the PC solution for 1 h, followed by the same steps as
the procedure depicted in Section 2.3. The blank coverslips and
PDA@PC-coated coverslips were placed in 24-well plates, and
then L929 cells were seeded onto the surface of coverslips at a
density of 8 x 10" cells per well. After 48 h of coculture, these
cells were processed for live/dead cell staining and cytoskeleton
staining according to the specification. For live/dead cell stain-
ing, 50 puL of AO/EB solution was placed into each well and
incubated for 5-10 min. As for cytoskeleton staining, L929 cells
were fixed with 4% paraformaldehyde, permeabilized with
0.1%Triton X-100, blocked with bovine serum albumin, and
then immunostained with TRITC-labeled phalloidin for F-actin
filaments and 4’,6-diamidino-2-phenylindole (DAPI) for
nucleus analysis in the darkness. Finally, the cells were
observed by fluorescence microscopy (Leica, DMi8).

2.5 Antibiofilm experiments

2.5.1 Preparation of the cariogenic bacterial biofilm. In
this study, S. mutans (ATCC 25175) was selected for bacterial
cultivation and biofilm preparation. This bacterial strain was
anaerobically incubated in a brain heart infusion (BHI) broth at
37 °C in an atmosphere containing 5% CO,. Sterilized HAP
discs and non-carious human molar crowns pretreated with or
without the PDA@PC coating were used for antibiofilm experi-
ments. First, HAP discs or molar crowns were placed in 48-well
plates and cocultured with 800 pL of S. mutans (OD 600 = 0.3)
under an anaerobic environment to form S. mutans biofilms.
Then the BHI medium was refreshed every 12 h. After incuba-
tion for 48 h, these samples were gently washed 3 times with
sterile PBS to remove unattached bacteria and transferred to
new 48-well plates.

2.5.2 Live/dead staining of biofilms. After 48 h of incuba-
tion, the S. mutans biofilm on the HAP disc surface was stained
with a live/dead BacLight Viability Kit. In detail, each HAP disc
was stained with 10 pL mixture of NucGreen/EthD-II1/0.85%
NaCl for 15 min and then observed using a fluorescence
microscope. Dead bacteria with defective cell membranes were
stained with EthD-III to emit red fluorescence. At the same
time, live bacteria were stained with NucGreen to emit green
fluorescence.

2.5.3 Crystal violet staining of biofilms. Non-carious molar
crowns were subjected to biofilm crystal violet staining. After
48 h, the S. mutans biofilm on each molar crown was fixed with
10% methanol for 30 min. Then, methanol was removed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, 1% crystal violet dye was added to stain for
20 minutes. The crowns were then rinsed with sterile water to
remove unbound dye and dried for further imaging. Next, 33%
(w/v) acetic acid was added to dissolve the dye, followed by
incubation in the darkness for 15 min. Finally, the absorbance
was measured at 595 nm to quantify the biofilm biomass.

2.6 In vitro enamel remineralization

The demineralized enamel samples coated with or without
PDA@PC coating were immersed in artificial saliva at 37 °C
for in vitro remineralization experiments. The demineralized
enamel samples without coating served as the control group.
The artificial saliva (1.5 mM CaCl,, 0.9 mM KH,PO,, 130 mM
KCl, 20 mM HEPES, pH was adjusted to 7.0 with 1 mol L™*
KOH) was refreshed every 24 h. After 1, 4, 7, and 14 days, the
enamel samples were washed and dried for subsequent
examinations.

The surface morphology or mineral deposits of the enamel
samples were observed by field emission scanning electron
microscopy (FE-SEM, Apero C HiVac, USA) with a beam voltage
of 5 kv. The wettability of the enamel surface was measured
using a water contact angle tester (SL200 KS, USA). Besides, the
surface microhardness was measured using a Vickers hardness
tester (VH1202-01-0110, USA), with a diamond indenter under a
25-gf load for 10 s. Six sites of each sample were tested.

2.7 In vivo enamel remineralization

In vivo experiments were conducted with the approval of the
Animal Experimental Ethics Committee of Nanchang Univer-
sity. The demineralized enamel samples with different thick-
nesses (approximately 2.5 mm and 1.2 mm, respectively) were
prepared. Then these samples were pretreated by following the
same procedure as the in vitro experiment. The demineralized
enamel samples without coating served as the control group.
Then twelve female SD rats (200-240 g) were anesthetized with
pentobarbital sodium (70 mg kg™ ') and randomly divided into
the control group and the PDA@PC group (n = 6). The enamel
samples were disinfected with alcohol cotton, and then fixed
in the oral cavity of rats using a 0.20 mm stainless steel
ligature wire. Furthermore, a S. mutans suspension (200 pL,
1 x 10® CFU per mL) was inoculated on the enamel sample
surface on the first 3 days, and the rats were fed with soft food
containing 5% sucrose to establish a cariogenic environment.
After 7 days, all the enamel samples were removed, rinsed with
deionized water, and then investigated by FE-SEM and using a
Vickers hardness tester.

2.8 In vivo dental caries model

Twelve 20-day-old female SD rats were used to establish the
dental caries model for evaluating the therapeutic effect of
PDA@PC coating. First, all rats were fed with the cariogenic
Keyes 2000 Diet (Jiangsu Syony Bioengineering Co., Ltd, China)
supplemented with 5% sucrose water. After infected with the S.
mutans suspension for one week (10° CFU per mL, once a day),
the rats were randomly divided into control and PDA@PC
groups (n = 6). Next, 400 uL of sterile water or PDA@PC solution
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(2 mg mL™") was locally smeared on the rat molars, the
procedure lasted for 5 weeks (once a day during the first month,
then once every two days for a week), and the rats were weighed
weekly. Then, all rats were fed with a cariogenic diet for another
10 days without any local administration. On day 73, all the rats
were sacrificed. Maxillary/mandibular jaws were isolated and
stained with murexide solution (0.4%) for 12 h, and then
hemisectioned along the mesiodistal sagittal plane. The pro-
gression of dental caries was evaluated using a stereoscopic
microscope, following the Keyes caries scoring method.*? In
addition, the oral mucosa (tongue and buccal) and major
organs were collected for Hematoxylin and eosin (H&E) staining
to evaluate in vivo biocompatibility.

2.9 Statistical analysis

All the results are presented as mean =+ standard deviation. The
statistical difference between groups was examined using Stu-
dent’s ¢-test with significance accepted at p < 0.05.

3 Results and discussion
3.1 Biocompatibility of PDA@PC

Considering that cells tend to grow unevenly on the surface of
enamel samples, coverslips were used for biocompatibility
evaluation. First, live/dead staining of L929 cells was performed
to evaluate the cytotoxicity. After 48 h coculture, the PDA@PC-
coated coverslips had an equivalent cell density to that of the
blank coverslips (Fig. 1A). There were large numbers of live cells
labeled by green fluorescence and almost no red fluorescence-
labeled dead cells, which suggested that PDA@PC can well
support cell survival. Furthermore, the cell morphology of L929
cells was assessed by cytoskeleton staining (Fig. 1B). There was
no obvious difference between the two groups. The cells
showed active stretching, with regularly round and intact
nuclei. These results indicated that PDA@PC has good biocom-
patibility to L929 cells.

Live Dead Merge
- -

®) controt  PpA@PC B

@&
®D
oS

E
B

F-actin Nuclei Merge

Control

PDA@PC  Control
PDA@PC

3

Live _ Dead M

- -
&5 3

Fig. 1 Biocompatibility and antibiofilm activity of the PDA@PC coating:
live/dead staining (A) and cytoskeleton staining (B) of L929 cells. Live/dead
staining of biofilms (C). Crystal violet staining of biofilms (D) and corres-
ponding biofilm biomass (E).

5

Control

Biofilm biomass
(OD 595nm)
s

PDA@PC

—
Control PDA@PC

1070 | Mater. Adv., 2025, 6,1067-1074

View Article Online

Materials Advances

3.2 Antibiofilm activity of the PDA@PC coating

S. mutans is a well-known cariogenic bacterium which can
adhere to the enamel surface and metabolize carbohydrates
to produce organic acids, resulting in tooth demineralization
and even the formation of dental caries. Therefore, in vitro
experiments of S. mutans biofilms on the HAP discs or molar
crowns that mimic the oral environment were established to
investigate the antibiofilm effects of the PDA@PC coating.

The live/dead staining of S. mutans biofilm showed that the
biofilm without PDA@PC pretreatment (the control group)
maintained a relatively intact structure with dense bacteria
dyed with green fluorescence (Fig. 1C). In contrast, for the
PDA@PC group, the proportion of live bacteria significantly
decreased, and the biofilm was broken and almost completely
stained red (Fig. 1C). Then, the biofilms on the molar crowns
were also observed and quantified by the crystal violet method.
The biofilms of the control group were dense and dark purple,
while biofilms in the PDA@PC group were slightly stained, and
the pits and fissures of the molar crowns were still clear
(Fig. 1D). The ODsgsnm value of the corresponding biofilm
biomass in the PDA@PC group was 0.15 + 0.03, which was
significantly lower than that of the control group (1.45 +
0.16 ODs95nm) (Fig. 1E). Taken together, the PDA@PC coating
can inhibit S. mutans biofilm formation and prevent teeth from
suffering from dental caries. The antibiofilm mechanisms
mainly include several aspects: (i) PC can interfere with the
bacterial adhesion stage, thus reducing biofilm formation;*? (ii)
PC can bind with Ca®>* and Mg>" on the membrane via chelation
to destabilize the cell membrane, destroy the integrity of cell
walls, and increase cell membrane permeability;** and (iii) PC
can inhibit extracellular microbial enzymes and deprive micro-
bial substrates needed for growth.*>*¢

3.3 In vitro enamel remineralization

In this study, non-caries human enamel samples were carefully
polished and then etched for remineralization experiments.
SEM images showed that the surface of normal enamel was
relatively flat. In contrast, the elaborate structures of the prisms
and interprisms became clear after acid etching (Fig. 2A). In
addition, the water contact angle of normal enamel was 77.35 £
5.07° however, the value dramatically decreased to 15.43 =+
2.16° for the acid-etched enamel (Fig. 2B). This obvious change
may be attributed to the rougher tooth surface caused by the
dissolution of HAP minerals.

A) (B) ©)
Normal Acid-etched e sv ——Control
< EX ——PDA@PC
e
E] 2 350
g
g m £
ER H
g Fm
g w - 20
ERD 2150
= -
Normal  Acid-etched S SN

Fig. 2 SEM images (A) and water contact angles (B) of the enamel
samples. (C) Surface Vickers hardness of normal enamel and acid-
etched enamel samples after soaking in artificial saliva for 1 day, 4 days,
7 days and 14 days.
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In vitro enamel remineralization experiment was carried out
by immersing acid-etched enamel samples (the control group)
or acid-etched enamel samples with PDA@PC coating (the
PDA@PC group) in artificial saliva for 2 weeks. The typical
“fish scale” morphology of etched enamel was still clearly
visible after 7 days in the control group (Fig. 3). However,
new mineral crystals began to grow in the interprismatic zones
of PDA@PC group after only 4 days (Fig. 3). On day 14, a layer of
crystalline minerals was formed on the enamel surface in the
two groups. However, unlike the loose and disordered mor-
phology in the control group, a dense mineral layer was
observed on the surface of the acid-etched enamel. The regen-
erated mineral layer completely covered the enamel prisms
(Fig. 3). It can be reasonable to assume that the mineral layer
is somewhat similar to the rodless enamel in the outermost
layer of enamel, which is aprismatic and highly mineralized
and protects prismatic structures against acid and mechanical
attacks.">*” Therefore, the recovery of mechanical properties is
also critical for evaluating the mineralization efficiency. The
Vickers hardness of normal enamel and etched enamel was
368.5 £ 17.18 HV and 140.96 + 14.66 HV, respectively (Fig. 2C).
With the extension of soaking time, the microhardness
increased gradually. It was noteworthy that the microhardness
recovery in the PDA@PC group was greater than that in the
control group (**P < 0.01; ***P < 0.001). After 14 days, the
microhardness of the PDA@PC group was 329.28 + 10.16 HV,
which was close to that of normal enamel. Combined with the
observation of SEM, it suggested that the PDA@PC coating
could restore the mechanical properties of enamel through
efficient remineralization.

3.4 In vivo enamel remineralization

To further evaluate the remineralization effect of the PDA@PC
coating in vivo, enamel samples were fixed to the upper jaw of
rats for 7 days (Fig. 4A). First, we prepared enamel samples with
a thickness of 1.2 mm to assess the resistance of the newly
regenerated mineral layer to daily salivary flushing and food

Day 1 Day 4

Day 7

Day 14

Control

PDA@PC

Fig. 3 SEM images of different enamel samples after soaking in artificial
saliva for 1 day, 4 days, 7 days and 14 days.
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Fig. 4 Photograph of enamel fixed to the upper jaw of rat (A). SEM images
of enamel after oral incubation (B). Photographs of enamel with different
thicknesses (C). SEM images (D) and Vickers hardness (E) of thick enamel
after oral incubation.

friction. The SEM images showed that the control group
displayed a thin and loose mineral layer, while the PDA@PC
group exhibited a dense regenerated mineral layer (Fig. 4B).
Subsequently, to further verify the remineralization stability of
the PDA@PC coating, we prepared enamel samples (2.5 mm
thickness) thicker than the average crown height of SD rat
molar teeth, so that the coating received friction from the soft
tissue (Fig. 4C). After 7 days of oral incubation, the SEM images
showed that the newly generated mineral layer on thick enamel
samples in the control group (thick and etched enamel without
PDA®@PC coating) had low stiffness and was prone to fracture
and microcracks. In contrast, the PDA@PC group (thick and
etched enamel with PDA@PC coating) showed a dense and
well-organized regenerated mineral layer with a homogeneous
appearance even after being subjected to erosion by soft tissue
friction (Fig. 4D). The SEM results were consistent with the
Vickers hardness results of thick enamel samples. The Vickers
hardness of the control group was only 232.4 £+ 22 HV, while
the Vickers hardness of the PDA@PC group increased signifi-
cantly to 383.2 + 19.8 HV, which was close to normal enamel
(Fig. 4E). Thick enamel samples differed from thin enamel
samples in that they were subjected not only to salivary scour-
ing and food friction, but also to soft tissue chewing friction.
Cracks and pits appeared on the surface of the thick enamel
samples in the control group (Fig. 4D). Under the influence of
soft tissue friction, the PDA@PC coatings still showed good
remineralization, indicating that the induced regenerated
minerals had good mechanical properties and the regenerated
mineral layer was stable. In conclusion, the PDA@PC coating
was effective at promoting enamel remineralization in a real
oral environment, which is expected to be a promising candi-
date for clinical enamel repair.

3.5 Dental caries treatment in vivo

The rodent caries model is widely accepted for evaluating the
efficiency of dental caries treatment. Rat caries progressively
from initial demineralization to moderate and extensive lesions
are characterized by tooth structure damage and cavitation,
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Fig. 5 Schematic diagram of in vivo experiment (A). Body weights of rats
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mandibular arch (F) and (G).

which is similar to caries development in humans.*® Based on
the excellent antibiofilm properties and remineralization per-
formance, it is reasonable that the PDA@PC coating can per-
form well for in vivo dental caries treatment. The well-
established rat caries and experimental procedures are shown
in Fig. 5A. All rats survived until the experimental endpoint,
and there was no significant difference in body weights
between the two groups (p > 0.05, Fig. 5B). The enamel
structure in the control group (without PDA@PC coating) was
seriously damaged and carious lesions progressed to extensive
dentin, resulting in obvious cavitation, while there was merely
superficial demineralization without extensive dental damage
in both the upper and lower dental arches in the PDA@PC
group (Fig. 5C). Quantitative caries scoring analysis for the
upper arch revealed that the control group had the most severe
caries (Fig. 5D and E). For example, the total caries score of the
sulcal surface reached 45 + 6.8, and the moderate and extensive
lesions accounted for a significant proportion. In contrast,
PDA@PC greatly suppressed the initiation and progression of
caries lesions on both smooth and sulcal surfaces (P < 0.001).
Although the incidence of dental caries and the scores of initial
and moderate lesion caries in the PDA@PC group increased
slightly due to the poor efficiency of mandibular administra-
tion, they were still significantly lower than those in the control
group (Fig. 5F and G). The probable reason for this phenom-
enon is that bacterial fluids and cariogenic foods are influenced
by gravity and are more likely to accumulate in the mandibular
arch. The above-mentioned results indicated that the PDA@PC
coating was efficient in slowing down the progression of dental
caries in vivo.

H&E staining images of the buccal and lingual mucosa are
presented in Fig. 6A and B. No significant inflammation or
other lesions were observed. Furthermore, the H&E staining
was also employed to assess the potential toxicity to major
organs (Fig. 6C). Similar to those in the control group, no organ
abnormalities were found in the PDA@PC group. These
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Fig. 6 HG&E staining images of the buccal mucosa (A) and lingual mucosa
(B) after PDA@PC coating. H&E staining images of the heart, liver, spleen,
lung and kidney (C) after PDA@PC coating.

histopathological results demonstrated the good biosafety of
PDA@PC coating and further supported the application of
PDA@PC in the oral environment for dental caries treatment.

4. Conclusions

In this study, we have successfully constructed a novel
proanthocyanidin-grafted polydopamine coating via the
Michael addition and Schiff base reactions on demineralized
tooth enamel for dental caries treatment. Due to the improved
adhesion inspired by the adhesion mechanism of mussels, PC
can effectively exert its antibiofilm properties. Meanwhile,
enamel surface-anchored phenolic hydroxyl groups and cate-
cholamine moieties can induce calcium ion deposition in
saliva. In vitro experiments showed that a PDA@PC coating
effectively inhibited cariogenic biofilm formation, which are
pivotal in dental caries. Moreover, it promoted the dense
mineral layer formation, restoring the microhardness of the
decayed enamel to that of healthy enamel. In vivo, PDA@PC
coating thus effectively slowed down the progression of dental
caries. Overall, this novel and dual-functional PDA@PC coating
provides a convenient and promising strategy for dental caries
treatment.
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