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Background: The dentin exposure always leads to dentin hypersensitivity and/or caries. 
Given the dentin’s tubular structure and low mineralization degree, reestablishing an effec-
tive biobarrier to stably protect dentin remains significantly challenging. This study reports 
a versatile dentin surface biobarrier consisting of a mesoporous silica-based epigallocatechin- 
3-gallate (EGCG)/nanohydroxyapatite delivery system and evaluates its stability on the 
dentinal tubule occlusion and the Streptococcus mutans (S. mutans) biofilm inhibition.
Materials and Methods: The mesoporous delivery system was fabricated and character-
ized. Sensitive dentin discs were prepared and randomly allocated to three groups: 1, 
control group; 2, casein phosphopeptide–amorphous calcium phosphate (CPP–ACP) 
group; and 3, the mesoporous delivery system group. The dentin permeability, dentinal 
tubule occlusion, acid and abrasion resistance, and S. mutans biofilm inhibition were 
determined for 1 week and 1 month. The in vitro release profiles of EGCG, Ca, and 
P were also monitored.
Results: The mesoporous delivery system held the ability to sustainably release EGCG, Ca, 
and P and could persistently occlude dentinal tubules with acid and abrasion resistance, 
reduce the dentin permeability, and inhibit the S. mutans biofilm formation for up to 1 month 
compared with the two other groups. The system provided prolonged stability to combat oral 
adverse challenges and served as an effective surface biobarrier to protect the exposed 
dentin.
Conclusion: The establishment of the dentin surface biobarrier consisting of a mesoporous 
delivery system indicates a promising strategy for the prevention and the management of 
dentin hypersensitivity and caries after enamel loss.
Keywords: epigallocatechin-3-gallate, nanohydroxyapatite, mesoporous silica, dentin, 
biofilm

Introduction
Nature evolves numerous organisms with delicate structures and excellent function-
ality, of which the human teeth are among the best examples.1 As the hardest tissue, 
the enamel surrounds the outermost layer of the tooth crown and consists primarily 
of apatite crystals.2 Owing to the tightly packed arrangement and well-defined 
orientation of the crystals, the enamel can respond effectively to routine challenges, 
including thermal, cool, chemical, and mechanical stimuli, serving as a natural 
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surface barrier for the protection of the underlying dentin 
and the internal pulp tissue in oral environments.3,4

However, the mature enamel is acellular and scarcely 
self-repairing once damaged or lost.5 With the disappear-
ance of such a barrier, the underlying dentin will inevita-
bly be exposed. In most cases, in clinical practice, this 
phenomenon frequently occurs after the tooth preparation 
during the process of the indirect restoration.6–9 The 
unique tubular structure of dentin provides channels for 
external irritants to trigger several aggravating symptoms 
or relevant diseases.10,11 For instance, the movement of the 
intradentinal fluid induced by tactile, osmotic, thermal, or 
chemical stimuli can provoke impulse conduction, leading 
to dentin hypersensitivity.12 The mineralization in dentin is 
lower compared to enamel, and coupling with patent ori-
fices allow dental caries to be susceptible and progress 
rapidly.13 The frequent invasion of cariogenic bacteria 
from the dentin to the dental pulp results in pulp 
inflammation.14

Various approaches have been introduced to address 
these issues over the decades. On the one hand, desensitiz-
ing materials, such as adhesives, bioglass, calcium phos-
phates, and fluorides, aim at blocking dentinal tubules and 
decreasing the intradentinal permeability (also known as 
immediate dentin sealing) have emerged on the basis of 
the classic hydrodynamic hypothesis.15–18 The stability 
and the durability of these methods remain limited despite 
their immediate efficacy because obstructed tubules are 
generally unreliable for resisting routine acid or abrasion 
attack in a complicated oral environment for prolonged 
periods.19,20 On the other hand, a number of antimicrobial 
agents, including stannous fluoride, chlorhexidine, triclo-
san, and silver ions, are designed to eliminate dental bio-
film triggered by cariogenic bacteria, especially 
Streptococcus mutans (S. mutans).21–23 Unfortunately, the 
longevity of such therapies is always compromised due to 
the incompetence of the tubule sealing to cut off bacterial 
invasion pathways.24 Given the nature of the dentin, an 
effective surface biobarrier after the enamel loss during the 
process of the indirect restoration should be engineered to 
stably protect the vulnerable dentin against external 
adverse challenges.

Since the dentin is mainly composed of apatite crystals, 
analogous mineral compounds, such as nanohydroxyapatite 
(nHAp), should be applied for tubule occlusion on the basis 
of biomimetics.25 As a green tea extract with high biological 
activity, the epigallocatechin-3-gallate (EGCG, Figure 1) has 
exhibited remarkable advantages in inhibiting the biofilm 

formation of cariogenic bacteria.26 On account of their 
unique properties, a biocompatible nanocarrier, mesoporous 
silica nanoparticles (MSN),27,28 is used in our previous study 
to develop the MSN-based delivery system (EGCG- 
encapsulated nHAp@MSN, EGCG@nHAp@MSN).29 

This system shows an immediate efficacy to block the 
tubules and suppress the biofilm growth of S. mutans. 
However, whether this system remains effective for provid-
ing prolonged stability to overcome oral adverse challenges 
and prevent the occurrence and progression of related dis-
eases is unknown. An effective surface biobarrier must 
sustainably protect the exposed dentin after enamel damage 
and possess reliable stability for tubule occlusion with acid 
and abrasion resistance and S. mutans biofilm inhibition. To 
the best of our knowledge, no information is currently 
available concerning this point.

Therefore, this study aims to determine the feasibility 
of the mesoporous delivery system to serve as a dentin 
surface biobarrier and evaluate its stability to protect den-
tin. Three hypotheses are tested in the present study: 
applying the mesoporous delivery system would 1) 
achieve dentinal tubule occlusion for 1 month, 2) provide 
acid and abrasion resistance for 1 month, and 3) retain its 
ability to inhibit S. mutans biofilm formation for 1 month.

Materials and Methods
Materials
All experimental materials were used as received with no 
purification. MTT kit was purchased from Amresco Inc. 

Figure 1 Chemical structure of epigallocatechin-3-gallate (EGCG).
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(Solon, OH, USA). Casein phosphopeptide–amorphous 
calcium phosphate (CPP–ACP) contained commercial 
paste Tooth Mousse was purchased from GC Corp. 
(Tokyo, Japan). Brain heart infusion (BHI) and agar pow-
der were obtained from Difco, Becton-Dickinson (Sparks, 
MD, USA). EGCG, MSN, and dimethyl sulfoxide 
(DMSO) were acquired from Sigma-Aldrich (St. Louis, 
MO, USA). Glutaraldehyde, sucrose, citric acid monohy-
drate, ethylenediamine tetraacetic acid (EDTA), absolute 
ethanol, and phosphate-buffered saline (PBS) were 
obtained from Aladdin Bio-Chem Technology (Shanghai, 
China). Ammonium phosphate [(NH4)2HPO4] and calcium 
nitrate tetrahydrate [Ca(NO3)2·4H2O] were supplied by 
Kermel Chemical Reagent (Tianjin, China). Cell 
Counting Kit-8 (CCK-8) was purchased from Dojindo 
(Kumamoto, Japan).

Fabrication of EGCG@nHAp@MSN
EGCG@nHAp@MSN, the mesoporous silica-based deliv-
ery system, was fabricated based on reported techniques 
and modified in the recently published paper.29,30 In brief, 
the nHAp@MSN was initially synthesized through the 
dropwise addition of aqueous solutions of Ca(NO3)2·4H2 

O (8 mmol) and (NH4)2HPO4 (4.8 mmol, in accordance 
with the molar ratio of calcium and phosphorus at 1.67) 
into the MSN suspension (MSN, 0.48 g; deionized water, 
20 mL). The mixed suspension was centrifuged, vacuum- 
dried, and calcined to obtain the nHAp@MSN powder. 
The EGCG@nHAp@MSN was fabricated by dispersing 
100 mg nHAp@MSN powder into the ethanol solution of 
EGCG with concentration of 2 mg/mL (40 mL). The 
mixture was constantly stirred for 2 h and vigorously 
shaken for 72 h. A white precipitate was retrieved by 
centrifuging the dispersed mixture. After ethanol washing 
three times, filtering, and vacuum drying, the powdery 
product of EGCG@nHAp@MSN was ultimately 
achieved. A JEM-1400Plus transmission electron micro-
scope (TEM, JEOL, Tokyo, Japan) was employed to char-
acterize the ultrastructure of the two powdery products. 
The surface characteristics of the MSN and the 
EGCG@nHAp@MSN were analyzed by collecting N2 

adsorption–desorption isotherms using porosimetry 
(ASAP2020M, Micromeritics, Atlanta, GA, USA). The 
Brunauer–Emmett–Teller (BET) and Barrett–Joyner– 
Halenda (BJH) methods were employed to calculate the 
specific surface areas and pore size distributions, respec-
tively. The powder of nHAp@MSN, EGCG, and 
EGCG@nHAp@MSN was suspended in deionized water 

at pH 7.0 and ultrasonically oscillated for 15 min. Their 
zeta potentials were immediately detected by using a laser 
particle sizer (Zetasizer Nano ZSP, Malvern Instruments 
Ltd., Malvern, UK).

Preparation of Dentin Discs
This study was conducted in accordance with the 
Declaration of Helsinki. After achieving donors’ informed 
consents according to the protocol approved by the Ethics 
Committee of School and Hospital of Stomatology, Wuhan 
University [no. 2019 (A11)], sound human third molars 
were obtained, cleaned, and reserved in thymol solution 
[0.5% (w/v)] at 4 °C. Dentin disc specimens (1.0 ± 0.1 mm 
in thickness, 6.0 ± 0.5 mm in diameter) were prepared 
using a water-cooling, low-speed Isomet diamond saw 
(Buehler, Lake Bluff, IL, USA) to slice molars below the 
enamel–dentinal junction, which was parallel to the occlu-
sal plane. These discs were uniformly burnished to 1.0 mm 
thickness while excluding unqualified ones for minimizing 
the effect on measuring the dentin permeability.

Design of Experiments
The chief experimental design is summarized in Figure 2. 
The smear layer was created using the 600-grit SiC sand-
paper under water irrigation to polish the occlusal surface 
of each dentin disc. An aqueous EDTA solution (0.5 mol) 
at pH 7.4 was immediately prepared. The sensitive tooth 
model was simulated by immersing each disc into the 
EDTA solution for 2 min to remove the smear layer and 
expose the dentin and then thoroughly rinsed.31 Ninety-six 
EDTA-etched discs were randomly classified into three 
groups (n = 32) according to the following surface treat-
ment protocols.

Group 1 (control group): The occlusal surface of the 
discs was treated by applying sterile deionized water twice 
with a prophy cup at low speed for 30 s.

Group 2 (CPP–ACP group): The occlusal surface of 
the discs was treated by applying a CPP–ACP contained 
Tooth Mousse paste twice with a prophy cup at low speed 
for 30 s.

Group 3 (EGCG@nHAp@MSN group): The occlusal 
surface of the discs was treated by applying a slurry of 
EGCG@nHAp@MSN twice in accordance with the pow-
der/liquid ratio at 10 mg/100 μL (prepared by dispersing 
the dried powder of the material into sterile deionized 
water) by using a prophy cup at low speed for 30 s.

The discs from three groups were preserved in artificial 
saliva (contained 30 mM KCl, 4.0 mM KH2PO4, 0.2 mM 
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MgCl2·6H2O, 0.7 mM CaCl2, 0.3 mM NaN3, and 20 mM 
HEPES buffer) prepared in line with a previous study at 37 
°C (pH 7.4) and replaced every 2 days.32 After 7 days (1 
week) of storage, half of the discs (16 discs) from each 
group were chosen and randomly classified into two sub-
groups (n = 8). One subgroup was used to determine the 
routine acid resistance by soaking the discs into the aqu-
eous citric acid solution [6% (w/v)] at pH 1.5 for 60 s.19 

Another subgroup was used to determine the routine abra-
sion resistance by brushing the discs with Colgate 360° 
soft-bristled toothbrush (Colgate-Palmolive Co., 
Guangzhou, China) for 3 min. A uniform velocity of 150 
strokes per min and a constant load of 150 g were adopted, 
and an inclination angle of 90° on the occlusal surface of 
each disc was applied by the toothbrush.19 After 30 days 
(1 month) of storage, the other half of the discs (16 discs) 
from each group were randomly classified into two sub-
groups by using the previously mentioned procedure to 
determine the routine acid or abrasion resistance.

Assessment of Dentin Permeability
A modified fluid permeation device designed on the basis 
of our previous research was utilized to assess the dentin 
permeability.29 The approximate pulp pressure of 20 cm 
deionized water was simulated using a water reservoir. For 

the fluid permeation, the uniform surface area of approxi-
mately 0.38 cm2 was provided by each disc, which was 
tightly connected to two plexiglass cubes and rubber rings. 
The flow rate (μL/min) across the discs was individually 
monitored by following a bubble shifted in a 25 μL micro-
capillary glass tube. By dividing the flow rate (μL/min) by 
surface area (cm2) and simulated pressure (20 cm H2O), 
the hydraulic conductance (Lp) was calculated. The Lp 
values of each disc at different time points (ie, after 
EDTA etching, surface treatments, citric acid challenge, 
or abrasion challenge) were recorded. The Lp value 
derived from the EDTA etching was designated as 100% 
dentin permeability, and the dentin permeability of each 
disc at the other time points was expressed as a percentage 
(Lp%) of the Lp value of 100% permeability.

Tubule Occlusion Examination
The effectiveness of different surface treatments on the 
tubule occlusion and the acid or abrasion resistance was 
evaluated using a Sigma Carl-Zeiss field-emission scan-
ning electron microscope (FESEM, Jena, Germany). In 
accordance with the same procedure as described in the 
aforementioned sections, 12 dentin discs for each group 
were prepared and grouped. Prior to the FESEM observa-
tion, each disc was longitudinally segmented into two 

Figure 2 Schematic of the experimental design conducted in the present study.
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equal parts according to the approach suggested by Wang 
et al.31 One part was used for cross-section examination, 
and the other part was applied for longitudinal-section 
examination. After dehydration and sputter-coating by 
Au–Pd alloy, each disc was surveyed under FESEM, and 
the representative images were recorded.

Antibiofilm Evaluation of S. Mutans
Specimen Preparation and Biofilm Cultivation
S. mutans (ATCC 25175), the standard strain isolated from 
carious dentin, was achieved from the School of 
Stomatology, Wuhan University. After 24 h of anaerobic 
cultivation in BHI broth at 37 °C, the S. mutans suspension 
was collected. The inoculation medium of S. mutans with 
the concentration at 108 CFU/mL was adjusted before 
usage. In accordance with the same approach as described 
in the aforementioned sections, additional third molars 
were sliced to produce 60 qualified dentin discs and sub-
jected to the EDTA etching. The discs were randomly 
assigned to three groups (control, CPP–ACP, and 
EGCG@nHAp@MSN groups; n = 20 each) with 2 h of 
ultraviolet disinfection on each aspect followed by storage 
in sterile deionized water at 37 °C (half for 1 week of 
storage, and the other half for 1 month of storage). Twenty 
discs (10 for a 1-week test, 10 for a 1-month test) from 
each group were transferred into 24-well plates (NEST 
Biotechnology, Wuxi, China). Subsequently, 1 mL of 
S. mutans medium supplemented with 1% (w/v) sucrose 
was injected into each well. After 24 h of biofilm forma-
tion under anaerobic environment at 37 °C, all discs were 
collected. Nonadherent bacteria were gently rinsed away 
by using sterile PBS, and all discs were placed in another 
24-well plate.

CLSM Evaluation
Four discs (two for a 1-week test, two for a 1-month test) 
in each group were randomly selected, and a Zeiss LSM 
510 confocal-laser scanning microscope (CLSM, Jena, 
Germany) was employed to evaluate the S. mutans biofilm 
formation. Green and red fluorescence were yielded after 
staining live and dead bacteria with SYTO-9 and propi-
dium iodide for 15 min by using LIVE/DEAD BacLight 
bacterial viability kits (Kit L 13152, Molecular Probes, 
Invitrogen, Eugene, OR, USA).33 By capturing the biofilm 
images from bottom (attached with the treated surface of 
each disc) to top, 2 μm z-step images of the two repre-
sentative z-stacks from each biofilm were obtained. These 
confocal z-stack images were analyzed by Bitplane Imaris 

7.4.2 software (Zurich, Switzerland). To determine the 
effectiveness of different surface treatments on biofilm 
inhibition, the z-stacks (20 μm thickness) derived from 
the first 10 layers were counted in live/dead bacteria bio-
mass distributions.

FESEM Evaluation
Four discs (two for a 1-week test, two for a 1-month test) 
in each group were randomly chosen and immobilized 
using 2.5% (w/v) aqueous glutaraldehyde solution for 2 
h at 4 °C. After that, the discs were subjected to gradient 
dehydration by using ethanol, desiccated for 48 h, and Au– 
Pd alloy sputter coating. The effects of different surface 
treatments on the S. mutans adherence and the biofilm 
morphology were observed using FESEM.

CFU Evaluation
Six discs (three for a 1-week test, three for a 1-month test) 
in each group were randomly chosen to determine the 
inhibitory ability on the S. mutans colony reproduction. 
Each disc was placed in centrifuge tubes containing 3 mL 
of sterile PBS. The coated biofilm was detached by vortex- 
mixing for 2 min and subjected to tenfold gradient 
dilution.34 Culture dishes (NEST Biotechnology, Wuxi, 
China) overspread with BHI agar were used by injecting 
each dilution at 40 mL aliquot. After 24 h of anaerobic 
cultivation at 37 °C, manual calculation was conducted for 
counting the total number of colonies from each dish. For 
each disc in each group, three replicates were performed.

MTT Evaluation
The six remaining discs (three for a 1-week test, three for 
a 1-month test) in each group were used for monitoring 
S. mutans metabolic activities. The disc in each well was 
injected by MTT solution (prepared at the concentration of 
0.5 mg/mL) with 1 mL. After 4 h of anaerobic cultivation 
at 37 °C, the supernatant was removed. The disc in each 
well was then injected with DMSO (1 mL) for dissolving 
formazan crystals. A Powerwave 340 spectrophotometer 
(Bio Tek Instruments, Winooski, VT, USA) was employed 
to detect absorbance. The measuring wavelength was set at 
570 nm. For each disc in each group, four readings were 
performed.

Cytotoxicity Assay
The cytotoxicity of EGCG@nHAp@MSN was assessed 
using CCK-8 assay. After achieving the donors’ 
informed consents, human dental pulp cells (HDPCs) 
were acquired from healthy human dental pulp tissues 
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of premolars for orthodontic extraction. Briefly, the 
HDPCs were seeded in 96-well plates at 5000 cells/ 
well and cultured for 24 h (5% CO2, 37 °C) to obtain 
80–85% confluency. These cells were then exposed to 
gradient concentrated EGCG@nHAp@MSN at 0, 250, 
500, and 1000 μg/mL. After incubation for 1, 3, and 7 
days, 10 μL of CCK-8 solution was added into each well 
and cultured for 2 h. The optical density at 490 nm was 
detected by using the spectrophotometer. Background 
optical density of media was subtracted from the read-
ings. The result was expressed as relative cell viability 
(%) with regard to a control group only with the culture 
medium. Experiments were implemented in sextuplicate.

Release of EGCG, Ca, and P
Briefly, 100 mg EGCG@nHAp@MSN was dispersed into 
10 mL of sterile deionized water. Under constant shaking 
at 37 °C in the dark, the released amounts of EGCG, Ca, 
and P was respectively measured at 1, 3, 7, 14, and 30 
days. At each time interval, the suspension was centri-
fuged at 4000 rpm for 5 min. After that, 1 mL of super-
natant was collected and replaced with equal volume of 
fresh sterile deionized water.35 An ultraviolet–visible UV- 
2401 spectrophotometer (Shimadzu, Tokyo, Japan) was 
employed to measure cumulative EGCG release of these 
supernatants. The monitoring wavelength of 325 nm was 
selected. An IRIS Intrepid II inductively coupled plasma- 
atomic emission spectrometer (ICP-AES, Thermo-Fisher 
Inc., Waltham, MA, USA) was used to measure cumula-
tive release of Ca and P ions.

Statistical Analysis
All data were directly presented as mean ± standard devia-
tion without preprocessing and calculated in Excel 2016 
(Microsoft, Redmond, WA, USA). The statistical analysis 
was carried out using SPSS 22.0 (IBM, Armonk, NY, 
USA). After the normal distribution and the equal var-
iance of dentin permeability, CFU, MTT, and CCK-8 data 
were confirmed, a two-factor (main effect, surface treat-
ment [group]; repeated measurement, time point) 
repeated-measurement analysis of variance (ANOVA) 
and post-hoc Tukey’s test were conducted for dentin per-
meability analysis and pairwise comparison. The two- 
factor (variables: surface treatment [group] and storage 
time) ANOVA and post-hoc Tukey’s test were conducted 
for CFU and MTT analyses and pairwise comparison. The 
two-factor (variables: concentration and time) ANOVA 
and post-hoc Tukey’s test were conducted for CCK-8 

analysis and pair-wise comparison. Significance level 
was set at 0.05.

Results
Characterization
The representative TEM image of MSN revealed distinct 
spherical ultrastructure with diameter of approximately 
300 nm, highly ordered mesoporosity, and a channel fra-
mework (Figure 3A). The EGCG@nHAp@MSN exhib-
ited a well-maintained spherical morphology with 
mesoporosities that were not clearly defined after the 
involvement of nHAp and EGCG (Figure 3B). The sur-
face of MSN was uniformly loaded with nHAp clusters, 
and the channel framework of MSN was partially 
obscured by the encapsulation of EGCG into the meso-
pores. The N2 adsorption–desorption analysis (Figure 3C 
and D) manifested that the MSN and the 
EGCG@nHAp@MSN showed a type IV isotherm, 
which was indicative of the presence of mesopores. The 
former displayed the Type H1 hysteresis loop while the 
latter displayed a Type H3 hysteresis loop. The specific 
surface area and the pore volume decreased after the 
encapsulation of nHAp and EGCG (Table 1). The zeta 
potentials of nHAp@MSN, EGCG, and 
EGCG@nHAp@MSN were −10.9, −16.9, and −20.2 
mV, respectively (Figure 3E–G).

Assessment of Dentin Permeability
The data of the dentin permeability derived from each time 
point are shown in Figure 4. Irrespective of the storage 
period (1 week or 1 month), significant main effects by 
group (p < 0.001), time point (p < 0.001), and group × 
time point interactions (p < 0.001) on the dentin perme-
ability were noted from the two-factor repeated- 
measurements ANOVA. Irrespective of the storage period, 
the dentin permeability deceased significantly after the 
EGCG@nHAp@MSN treatment (p < 0.001). The Lp% 
value from this treatment group was significantly lower 
than values recorded in the two other groups (p < 0.001).

After the acid challenge (Figure 4A and C), regardless 
of 1 week or 1 month measurement, the dentin permeabil-
ity in the control and the CPP–ACP groups increased 
significantly (p < 0.001), but no statistically significant 
increase was observed from the EGCG@nHAp@MSN 
treatment group (p > 0.05). Moreover, the Lp% value 
from this treatment group was the lowest of the three 
treatment groups (p < 0.001).

http://doi.org/10.2147/IJN.S290254                                                                                                                                                                                                                                     

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 3046

Yu et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


After the abrasion challenge (Figure 4B and D), 
regardless of 1 week or 1 month measurement, the dentin 
permeability in the CPP–ACP group increased (p < 0.05), 
but the two other groups did not experience statistically 
significant increases (p > 0.05). Furthermore, the lowest 
Lp% value of the three treatment groups was found in the 
EGCG@nHAp@MSN group (p < 0.001).

Tubule Occlusion Examination
The FESEM images of tubule occlusion after surface 
treatments are summarized in Figure 5. After 1 week of 
storage, open tubules with a smear-free layer were evident 
in the control group (group 1, Figure 5A1–A3). A portion 
of the sealed tubules with about 3 μm crystal infiltration 
could be seen in the CPP–ACP group (group 2, Figure 

5B1–B3). Absolutely occluded tubules with 20 μm preci-
pitate penetration were observed from the 
EGCG@nHAp@MSN group (group 3, Figure 5C1–C3). 
After 1 month of storage, group 1 showed all open tubules 
(Figure 5A4–A6). A small percentage of the blocked 
tubules with superficial crystal infiltration appeared in 
group 2 (Figure 5B4–B6). Completely obstructed tubules 
with approximately 18 μm precipitate penetration from the 
orifice were found in group 3 (Figure 5C4–C6). These 
precipitates were tightly integrated with internal tube 
walls.

Acid Resistance Examination
The FESEM images after surface treatments, storage, and 
acid challenge are provided in Figure 6. After 1 week of 
storage and acid challenge, open tubules with enlarged 
diameters and a neat surface manifested in group 1 
(Figure 6A1–A3). A majority of the open orifices were 
discovered with enlarged diameters and sporadic crystal 
infiltration in group 2 (Figure 6B1–B3). A large proportion 
of the tubules remained occluded, and 15 μm precipitate 
penetration from the orifice was observed in group 3 
(Figure 6C1–C3). Although some orifices were slightly 
open, the underlying tubules were closely plugged by the 

Figure 3 Ultrastructure and surface characteristics of MSN and EGCG@nHAp@MSN. 
Notes: TEM images of (A) MSN and (B) EGCG@nHAp@MSN. Nitrogen adsorption–desorption isotherms of (C) MSN and (D) EGCG@nHAp@MSN. Zeta potentials of 
(E) nHAp@MSN, (F) EGCG, and (G) EGCG@nHAp@MSN. 
Abbreviations: TEM, transmission electron microscopy; MSN, mesoporous silica nanoparticles; EGCG, epigallocatechin-3-gallate; EGCG@nHAp@MSN, epigallocatechin- 
3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparticles (mesoporous delivery system); nHAp@MSN, nanohydroxyapatite/mesoporous silica 
nanoparticles.

Table 1 Nitrogen Adsorption Results

Samples SBET (m2/g) Vp (cm3/g) Dp (nm)

MSN 847.1 0.930 4.39

EGCG@nHAp@MSN 226.3 0.482 8.51

Abbreviations: SBET, specific surface area; Vp, average pore volume; Dp, average 
pore diameter; MSN, mesoporous silica nanoparticles; EGCG@nHAp@MSN, epi-
gallocatechin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nano-
particles (mesoporous delivery system).
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precipitates. After 1 month of storage and acid challenge, 
tubules with enlarged diameters were all open in group 1 
(Figure 6A4–A6). Almost all tubules with enlarged dia-
meters were open in group 2 (Figure 6B4–B6). The vast 
majority of the tubules were still obstructed with 15 μm 
precipitate penetration from the orifice in group 3 (Figure 
6C4–C6). These precipitates were well preserved inside 
the underlying tubules and membrane-like covering layers 
were formulated.

Abrasion Resistance Examination
The FESEM images after surface treatments, storage, and 
abrasion challenge are shown in Figure 7. After 1 week of 
storage and abrasion challenge, open tubules with remnant 
debris were found in group 1 (Figure 7A1–A3). A fraction 

of the sealed orifices was exhibited in group 2 (Figure 7B1– 
B3). Totally occluded tubules with a rough surface were 
observed in group 3 (Figure 7C1–C3). The precipitates of 
EGCG@nHAp@MSN were tightly integrated with internal 
tube walls with 15 μm penetration from the orifice. After 1 
month of storage and abrasion challenge, all tubules were 
open with some debris in group 1 (Figure 7A4–A6). 
Scarcely any blocked tubules with a rough surface were 
found in group 2 (Figure 7B4–B6). Entirely obstructed 
tubules with approximately 10 μm precipitate penetration 
from the orifice remained in group 3 (Figure 7C4–C6).

CLSM and FESEM of Biofilm Inhibition
The S. mutans biofilm growth on dentin surfaces from 
three-dimensional overlay CLSM images is exhibited in 

Figure 4 Dentin permeability values from each time point (subjected to EDTA etching, surface treatments, acid challenge, or abrasion challenge) for (A and B) 1 week or 
(C and D) 1 month of storage. 
Notes: Data are represented as percentage (Lp%) and expressed as mean ± standard deviation. The maximum permeability (100%) was defined as Lp% that was obtained 
after EDTA etching. Groups with different letters (a–e) are significantly different (p < 0.05, n = 8). 
Abbreviations: EDTA, ethylenediamine tetraacetic acid; Lp, hydraulic conductance.
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Figure 8A1–C1 and A2–C2. Live/dead bacteria in each 
layer from corresponding CLSM images were repre-
sented by biomass distribution (Figure 8A1–C1 and 
A2–C2). After 1 week of storage, the 

EGCG@nHAp@MSN group revealed significantly 
fewer live/dead bacteria compared with the two other 
groups (Figure 8A1–C1). Measurements of total biomass 
in the EGCG@nHAp@MSN group manifested 

Figure 5 Tubule occlusion from FESEM cross- and longitudinal-section observation after surface treatments. 
Notes: For 1 week of storage, apparent patent tubules with a smear-free layer in group 1 (control, A1–A3), partially blocked tubules in group 2 (CPP–ACP, B1–B3), and 
completely obstructed tubules with 20 μm precipitate penetration depth in group 3 (EGCG@nHAp@MSN, C1–C3) were discovered. For 1 month of storage, all patent 
tubules in group 1 (A4–A6), few sealed tubules with superficial crystal infiltration in group 2 (B4–B6), and absolutely occluded tubules with 18 μm penetration depth, in 
which precipitates were tightly integrated with internal tube walls, in group 3 (C4–C6) were captured. Images of (A2–C2 and A5–C5) correspond to the high- 
magnification images of the yellow square region in (A1–C1 and A4–C4). Pointers denote the dentinal tubules. 
Abbreviations: FESEM, field-emission scanning electron microscopy; CPP–ACP, casein phosphopeptide-amorphous calcium phosphate; EGCG@nHAp@MSN, epigalloca-
techin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparticles (mesoporous delivery system).

Figure 6 Tubule occlusion from FESEM cross- and longitudinal-section observation after surface treatments and storage and then subjected to acid challenge. 
Notes: For 1 week of storage, expanded patent tubules in group 1 (control, A1–A3), a majority of expanded patent tubules with scattered crystal infiltration in group 2 
(CPP–ACP, B1–B3), and a high percentage of obstructed tubules with 15 μm precipitate infiltration depth in group 3 (EGCG@nHAp@MSN, C1–C3) were discovered. For 
1 month of storage, all expanded patent tubules in group 1 (A4–A6), almost all expanded patent tubules in group 2 (B4–B6), and the vast majority of occluded tubules with 
15 μm infiltration depth, in which precipitates were well preserved inside the underlying tubule, in group 3 (C4–C6) were captured. Images of (A2–C2 and A5–C5) 
correspond to the high-magnification images of the yellow square region in (A1–C1 and A4–C4). Pointers denote the dentinal tubules. 
Abbreviations: FESEM, field-emission scanning electron microscopy; CPP–ACP, casein phosphopeptide-amorphous calcium phosphate; EGCG@nHAp@MSN, epigalloca-
techin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparticles (mesoporous delivery system).
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a significant decrease at the 10th layer (20 μm), whereas 
the two other groups exhibited an upward trend. After 1 
month of storage, despite an increase in the amounts of 
live/dead bacteria in all three groups compared with 
quantities after 1 week of storage, the 
EGCG@nHAp@MSN group still revealed significantly 
fewer live/dead bacteria compared with the two other 
groups (Figure 8A2–C2). The total biomass in the 
EGCG@nHAp@MSN group significantly decreased at 
the 10th layer, whereas the two other groups displayed 
an apparent upward trend.

The S. mutans adherence and biofilm growth on dentin 
surfaces from representative FESEM images are displayed 
in Figure 8A3–C3 and A4–C4. Compared with the control 
group, the CPP–ACP group revealed relatively low levels 
of bacteria adhesion after 1 week of storage. The 
EGCG@nHAp@MSN group showed completely 
obstructed orifices and significantly fewer bacteria among 
the three groups (Figure 8A3–C3 and A3–C3). After 1 
month of storage, a thick and extensive biofilm was 
formed in both the control and the CPP–ACP groups. 
Significantly less biofilm was formed in the 
EGCG@nHAp@MSN group with blocked orifices com-
pared with the two other groups (Figure 8A4–C4 and 
A4–C4).

CFU and MTT of Biofilm Inhibition
The inhibitory effects on the S. mutans colony reproduc-
tion and the metabolic activities from the CFU and the 
MTT assays after surface treatments are depicted in Figure 
9. Regardless of the CFU or the MTT data, significant 
differences by group (p < 0.001), storage time (p < 0.001), 
and group × storage time interactions (p < 0.001) were 
noted from the two-factor ANOVA. After 1 week of sto-
rage, there was no statistical difference between the con-
trol and the CPP–ACP groups (p > 0.05), irrespective of 
the CFU or the MTT data. Meanwhile, the 
EGCG@nHAp@MSN group exhibited the fewest colonies 
(Figure 9A) and the lowest metabolic activity (Figure 9B) 
of the three groups (p < 0.05). After 1 month of storage, no 
statistical difference between the control and the CPP– 
ACP groups was noted (p > 0.05), irrespective of the 
CFU or the MTT data. The CFU and the MTT values in 
the EGCG@nHAp@MSN group represented the fewest 
colonies and the lowest metabolic activity of the three 
groups (p < 0.05).

Cytotoxicity
Figure 9C manifests the relative cell viability of HDPCs 
cultured with EGCG@nHAp@MSN (0, 250, 500, and 
1000 μg/mL) for 1, 3, and 7 days. After 1 or 3 days of 

Figure 7 Tubule occlusion from FESEM cross- and longitudinal-section observation after surface treatments and storage and then subjected to abrasion challenge. 
Notes: For 1 week of storage, for 1 week of storage, distinct patent tubules with surface debris in group 1 (Control, A1–A3), a small quantity of the blocked tubules in 
group 2 (CPP–ACP, B1–B3), and entirely obstructed tubules with 15 μm infiltration depth, in which precipitates were tightly combined with internal tube walls, in group 3 
(EGCG@nHAp@MSN, C1–C3) were discovered. For 1 month of storage, all patent tubules with few debris in group 1 (A4–A6), barely any blocked tubules with a rough 
surface in group 2 (B4–B6), and totally occluded tubules with the well-maintained precipitate infiltration depth of 10 μm in group 3 (C4–C6) were captured. Images of (A2– 
C2 and A5–C5) correspond to the high-magnification images of the yellow square region in (A1–C1 and A4–C4). Pointers denote the dentinal tubules. 
Abbreviations: FESEM, field-emission scanning electron microscopy; CPP–ACP, casein phosphopeptide-amorphous calcium phosphate; EGCG@nHAp@MSN, epigalloca-
techin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparticles (mesoporous delivery system).
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incubation, no significant difference in the relative cell 
viability of HDPCs was noted among the concentration 
groups (p > 0.05), and the cell viability at all concentra-
tions was higher than 90%. Moreover, even after 7 days of 
incubation, the cell viability of HDPCs exposed to 
EGCG@nHAp@MSN at the highest concentration (1000 
μg/mL) still exceeded 85%.

Profiles of EGCG, Ca, and P Release
The in vitro cumulative EGCG, Ca, and P release of the 
mesoporous delivery system is shown in Figure 10. 
A trend for a relatively rapid release in the first 7 days 
and a sustained release to the 30th day were observed for 
EGCG (Figure 10A), and nearly 70% of EGCG was 
released after 30 days of measurement on the basis of its 
standard curve (y = 0.0036x + 0.0168; R2 = 0.9994). 
Meanwhile, a stable release of Ca and P ions until the 
30th day was evident in Figure 10B.

Discussion
In this study, the feasibility of a mesoporous delivery 
system to serve as a dentin surface biobarrier and its 

stability to protect the exposed dentin are investigated. 
Results demonstrate that the mesoporous delivery system 
effectively occludes dentinal tubules with acid and abra-
sion resistance and decreases dentin permeability for up to 
1 month. These findings suggest that prolonged sealing 
stability is achieved. Thus, the first and the second hypoth-
eses are accepted.

Human oral cavity is a relatively complicated environ-
ment. After the tooth preparation during the process of the 
indirect restoration, the exposure of dentin may be suscep-
tible to post-operative sensitivity and face with several 
adverse challenges, including the acid, abrasion, and car-
iogenic bacteria attack.13,19,20 It is actually not associated 
with specific oral diseases but is linked to different chal-
lenges in oral environment. Given the tubular structure and 
the low mineralization of dentin,4 an effective surface 
biobarrier after the enamel destruction can play 
a significant role in combating adverse challenges and 
protecting internal dentin and pulp tissue. On account of 
the superior characteristics of EGCG, nHAp, and MSN, 
the mesoporous silica-based delivery system 
(EGCG@nHAp@MSN) is highly suitable for establishing 

Figure 8 S. mutans biofilm grown on dentin surfaces from CLSM and FESEM images. 
Notes: (A1–C1 and A2–C2) Biofilm formation from representative z-stacked 3D CLSM images of each group. Live/dead (green/red) bacteria of each layer at the z-step for 
each group are expressed by biomass distribution (A1–C1 and A2–C2) plotted below the corresponding CLSM image. (A3–C3 and A4–C4) Biofilm adherence and grown 
from representative FESEM images of each group. Images of (A3–C3 and A4–C4) correspond to the high-magnification images of the yellow square region in (A3–C3 and 
A4–C4). Pointers denote obstructed orifices by EGCG@nHAp@MSN. 
Abbreviations: S. mutans, Streptococcus mutans; CLSM, confocal laser scanning microscopy; FESEM, field-emission scanning electron microscopy; EGCG@nHAp@MSN, 
epigallocatechin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparticles (mesoporous delivery system).
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such a biobarrier. A homogeneous precipitation technique 
is used in the present study to fabricate the mesoporous 
delivery system, and TEM images of the system indicate 

a well-maintained framework and successful incorporation 
of EGCG and nHAp into MSN (Figure 3B). The N2 

adsorption–desorption analysis reveals that the specific 

Figure 9 S. mutans biofilm grown on dentin surfaces from CFU counts and MTT assay and cytotoxicity of EGCG@nHAp@MSN from CCK-8 assay. 
Notes: (A) Biofilm formation from CFU counts of each group after 1 week or 1 month of storage. CFU data are represented as mean ± standard deviation. Groups with 
different letters (a–d) are significantly different (p < 0.05, n = 9). (B) Biofilm formation from MTT assay of each group after 1 week or 1 month of storage. MTT data are 
represented as mean ± standard deviation. Groups with different letters (a–e) are significantly different (p < 0.05, n = 12). (C) Relative cell viability of HDPCs exposed to 
different concentrations of EGCG@nHAp@MSN after 1, 3, and 7 days of incubation. CCK-8 data are expressed as mean ± standard deviation. Statistical analysis against the 
control (0 μg/mL) was performed. Groups with different letters (a and b) are significantly different (p < 0.05, n = 6). 
Abbreviations: S. mutans, Streptococcus mutans; CFU, colony-forming unit; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EGCG@nHAp@MSN, 
epigallocatechin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparticles (mesoporous delivery system); CCK-8, Cell Counting Kit-8; HDPCs, human 
dental pulp cells.
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surface area and the pore volume decrease after the encap-
sulation of nHAp and EGCG (Table 1), but the 
EGCG@nHAp@MSN still exhibits a type IV isotherm, 
which is indicative of the presence of mesopores 
(Figure 3D). Theoretically, the high surface area, pore 
volume, and channel structure make the effective encap-
sulation of drug molecules within the MSN pores feasible; 
the reason may be derived from the drug interaction with 
the pore walls via van der Waals interactions, electrostatic 
binding, hydrogen bonding, and covalent bonding.36–38 

Thus, the electrostatic binding may not be the dominant 
mechanism for the adsorption of EGCG by the 
nHAp@MSN in accordance with the zeta potential results 
(Figure 3E–G). In vitro release profiles indicate that meso-
porous silica can act as a reservoir and a carrier to deliver 

sustainable supplies of calcium and phosphate ions and 
EGCG molecules (Figure 10), suggesting the potential to 
realize a durable system for managing the exposed dentin.

According to the hydrodynamic theory, the effective 
occlusion of exposed dentinal tubules is a reliable regimen 
and a prerequisite for decreasing dentin permeability and 
avoiding irritants invasion to treat related dental 
diseases.39 The consistent outcomes with respect to the 
dentin permeability (Figure 4) and FESEM inspections 
(Figure 5) support the hydrodynamic theory and indicate 
that the mesoporous delivery system can reduce the dentin 
permeability and obstruct dentinal tubules efficiently for 1 
month. Several mechanisms may contribute to this phe-
nomenon. Initially, the average size of the 
EGCG@nHAp@MSN (approximately 300 nm) is far 
smaller than the diameter of the tubules. Polishing using 
a slurry of materials facilitates the ability to permeate the 
tubules deeply.40,41 What’s more, uniformly loaded nHAp 
on MSN can complement and occupy the gaps between 
each silica sphere inside the tubules and readily bind to 
other atoms and dentin matrix due to the high surface 
energy associated with large atomic numbers.42 These 
characteristics endowed the EGCG@nHAp@MSN with 
favorable capacity to block the orifices of the tubules 
tightly and integrate with interior tubular walls. Besides, 
the local supersaturation of sustained released calcium and 
phosphate ions likely promotes the mineral deposition 
inside the tubules, not merely on the dentin surface.43,44

An oral environment for the routine acid challenge is 
simulated by utilizing the citric acid solution with the 
concentration of 6% (w/v) to assess the acid resistance 
since the main acidic ingredient in dietary soft drinks or 
fruit juices is citric acid.19,45 The results for dentin perme-
ability (Figure 4) and FESEM (Figure 6) confirm the 
efficacy of the mesoporous delivery system with respect 
to acid resistance for 1 month. This finding can be attrib-
uted to the outstanding aciduric stability of mesoporous 
silica.46 Although loose deposits around the orifices are 
dissolved to some extent, underlying precipitates are well 
retained because such stability protects the precipitates 
from erosional forces and because of the solid integration 
between the EGCG@nHAp@MSN and tubular internal 
walls before the acid challenge. Additionally, the nHAp 
holds the potential to extract Ca and P for the reminerali-
zation along the tubules and the creation of covering layers 
on the dentin surface,47 and the degradation of dentin 
collagen induced by matrix metalloproteinases can be 
inactivated by EGCG to tolerate erosion.48 The tubular 

Figure 10 In vitro cumulative release of (A) EGCG and (B) Ca and P of 
EGCG@nHAp@MSN in sterile deionized water for 30 days at 37 °C. 
Abbreviations: EGCG, epigallocatechin-3-gallate; EGCG@nHAp@MSN, epigallo-
catechin-3-gallate-encapsulated nanohydroxyapatite/mesoporous silica nanoparti-
cles (mesoporous delivery system).
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diameter and the dentin permeability in the control group 
increase after the acid challenge because the peritubular 
dentin is vulnerable to acidic attacks, as previously 
reported.49,50 As a milk protein derivative, the CPP–ACP 
complex can remineralize the dentin to block dentinal 
tubules.51 Increased dentin permeability after the acid 
challenge is observed in the CPP–ACP group, denoting 
its incompetence in maintaining relatively lasting tubule- 
sealing effects, and acid erosion cannot be countered due 
to insufficient remineralization.52

The Abrasion resistance is also investigated in this 
study as mechanical brushing or abrasion readily reopens 
obstructed tubules and removes covering layers.19,53 The 
results of the dentin permeability (Figure 4) and the 
FESEM examination (Figure 7) highlight the efficiency 
of the mesoporous delivery system with regard to the 
abrasion resistance after 1 month. Probable mechanisms 
should be illustrated as follows. On the one hand, the 
satisfactory mechanical strength from mesoporous silica 
undoubtedly contributes to the enhancement of the anti- 
abrasion action.54 On the other hand, the likelihood of 
being brushed away can be minimized by the compact 
filling of EGCG@nHAp@MSN precipitates inside the 
tubules, and the involvement of nHAp supplements the 
remineralization effect.55 By contrast, the loose and the 
inadequate occlusion of CPP–ACP materials results in 
a large proportion of patent tubules and increased perme-
ability, which represented unendurable abrasion resistance.

Although the efficacy of different desensitizing 
approaches on the occlusion of dentinal tubules is exten-
sively investigated, these therapies are not generally asso-
ciated with the effective integration of antibiofilm and 
tubule-sealing abilities or long-lasting action. Inferior 
blocked tubules that remain provide available pathways 
for bacterial invasion and aggregation, thereby producing 
acid compounds by metabolizing carbohydrates, causing 
dentin demineralization and caries, and influencing the 
stability of already occluded tubules.56 The conundrums 
regarding the adherence and the growth of cariogenic 
bacteria and biofilms on exposed dentin surfaces should 
be addressed during the process of the indirect restoration. 
CLSM, FESEM, CFU, and MTT analyses (Figures 8 and 
9) verify that the mesoporous delivery system effectively 
inhibits the S. mutans adherence and the biofilm formation 
on dentin surfaces for up to 1 month. These findings 
suggest that prolonged antibiofilm stability is obtained. 
Thus, the third hypothesis is accepted.

Considering the components of EGCG@nHAp@MSN, 
several points contribute to the inhibitory function. First, 
the continuous release of EGCG from the mesoporous 
delivery system unfolds over 30 days in vitro (Figure 
10A), suggesting an essential role in providing the sustain-
able suppression of the biofilm formation for 1 month. 
Second, the attachment of S.mutans on the dentin matrix 
can be interfered through restraining glucosyltransferase 
B, C, and D gene expression by EGCG,57 and the cario-
genicity of S.mutans can also be suppressed through con-
trolling its acidic production and virulence factors, such as 
lactate dehydrogenase.58 Third, numerous nanopores in the 
mesoporous silica provide a favorable reservoir to absorb 
EGCG molecules and Ca and P ions, enabling a stable 
release during 30 days (Figure 10). This phenomenon may 
endow the acid-etched dentin with considerable reminer-
alization capability and protect the exposed dentin col-
lagen by neutralizing acids for combating tooth decay.59,60

Given that nanoparticles may infiltrate into the pulp 
cavity via the dentinal tubules and interact with the vital 
pulp tissue, the biocompatibility should be considered to 
assess the safety of synthetic biomaterials. The cytotoxi-
city of EGCG@nHAp@MSN on the proliferation of 
HDPCs is conducted using the CCK-8 assay. This assay 
is accomplished by culturing the pulp cells with 
EGCG@nHAp@MSN (0, 250, 500, and 1000 μg/mL) 
for 1, 3, and 7 days (Figure 9C). After 1 or 3 days of 
incubation, the relative cell viability at all concentrations 
is higher than 90%. What’s more, the viability of HDPCs 
exposed to EGCG@nHAp@MSN at the highest concen-
tration (1000 μg/mL) still exceeds 85% even after 7 days 
of incubation. Hence, the mesoporous delivery system is 
proven to possess relatively low cytotoxicity to pulp cells 
and may be suitable for in vivo application.

Since this study aims to determine the stability of the 
mesoporous delivery system on the tubule occlusion and 
the biofilm inhibition, a material that can provide tubule- 
occluding and anti-biofilm effects could serve as a positive 
control to be fairly compared with the 
EGCG@nHAp@MSN. Thus, the commercial available 
CPP-ACP-contained paste is selected appropriately as the 
positive control because its tubule-occluding and anti- 
biofilm efficacy has been reported previously.19,61–63 

Although a paste form, a slurry of the CPP-ACP- 
contained paste can be achieved during the polishing pro-
cedure because dentin is a moist substrate. The compar-
ison between EGCG@nHAp@MSN and CPP-ACP would 
be more likely to highlight the practical clinical value. In 
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addition, it should be noteworthy that the discs are stored 
in artificial saliva for dentin permeability assessment and 
tubule occlusion examination to simulate clinical condi-
tions better. Whereas sterile deionized water is used for 
antibiofilm experiments because the cultivation of cario-
genic bacteria has relatively strict requirements, and the 
antibiofilm ability may be interfered by different factors in 
other storage media. A series of previous research has used 
sterile deionized water as the storage medium to evaluate 
the antibiofilm activity of the synthetic dental 
materials.64–66 In line with the reported methods, our 
experiments are carried out by using sterile deionized 
water. As for the measurement of EGCG, Ca, and 
P release, sterile deionized water is utilized to avoid the 
influence of Ca and P ions existing in artificial saliva, 
simulated body fluid (SBF), or PBS.

Based on these results, the mesoporous delivery sys-
tem can continuously release EGCG, Ca, and P; effi-
ciently occlude dentinal tubules with acid and abrasion 
resistance; reduce the dentin permeability; and inhibit the 
S.mutans adhesion and biofilm formation for up to 1 
month for the first time. These findings confirm that the 
mesoporous delivery system can serve as an effective 
surface biobarrier and provide desirable sealing and anti-
biofilm stability to protect the exposed dentin against 
external challenges. This work bridges the gap between 
the clinical practice and the versatile biomaterial research 
and offers a promising framework for overcoming the 
dentin hypersensitivity and caries after the enamel 
damage. Further studies are needed to explore the effects 
of the engineered biobarrier on the bond stability at 
adhesive–dentin interfaces and the potential application 
in clinical dentistry.

Conclusion
This study aimed at evaluating the stability of the dentin 
surface biobarrier consisting of mesoporous silica-based 
EGCG/nHAp delivery system on the tubule occlusion 
and the S.mutans biofilm inhibition. The engineered sur-
face biobarrier persistently occluded dentinal tubules 
with acid and abrasion resistance and inhibited the S. 
mutans biofilm formation for up to 1 month. This bio-
barrier provided prolonged stability for protecting the 
underlying dentin to combat adverse challenges in oral 
environments. Therefore, the establishment of the dentin 
surface biobarrier consisting of mesoporous delivery sys-
tem suggested promising progress toward the prevention 

and the management of dentin hypersensitivity and caries 
after the enamel loss during the process of the indirect 
restoration.
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