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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to investigate the binding ability of a arginine-glycine-aspartate-serine (RGDS) peptide
RGDS to dentin and its effect on the dentin remineralization, dentin cohesive strength and intrafibrillar mineralization
Dentin remineralization induced by nanobioactive glass (nBG). The demineralized dentin discs were treated with RGDS and/or nBG and
gizz:s:zzsy then incubated in stimulated body fluid for 2 weeks. The results of scanning electron microscopy, energy-
Restorative dentistry dispersive X-ray spectroscopy, X-ray diffraction and confocal laser scanning microscopy showed that RGDS
could bind to dentin and promote the attachment of nBG. Compared to the nBG group, the RGDS + nBG group
induced more apatite formation on the dentin surface and apatite rods inside the dentinal tubules. The results of
transmission electron microscopy showed crystal lattice formation in the demineralized dentin matrix treated
with nBG or RGDS + nBG, indicating the remineralization of dentin. The RGDS + nBG-treated dentin had the
highest dentin cohesive strength in all groups. The self-assembled collagen fibrils exposed to RGDS + nBG
exhibited intrafibrillar mineralization. In conclusion, RGDS promoted nBG-induced apatite formation and dentin
collagen matrix remineralization, thus enhancing the dentin strength. The results lay a foundation for the wide
application of RGDS and nBG in dentin erosion, dentin hypersensitivity, dentin bonding interface improvement,

and regenerative dentistry.

1. Introduction

Dental diseases, such as caries and erosion, often cause the demin-
eralization of dentin, the disintegration of collagen and the formation of
hard tissue defects in the tooth. In addition, acidic chemical reagent
etching as a part of restorative adhesive materials also results in dentin
demineralization, and demineralized regions with incomplete resin
infiltration are susceptible to collagen degradation, resulting in a
reduction in bond strength [1]. Therefore, remineralization of demin-
eralized dentin is important for controlling dental caries and improving
dentin bonding stability [2-4]. Dentin consists of a collagen matrix and
hydroxyapatite nanocrystals hierarchically deposited between (extra-
fibrillar) and within (intrafibrillar) collagen fibrils. Although intra-
fibrillar minerals account for only 25%-30% of the dentin mineral
phase, they are the major contributors to the mechanical properties of
dentin [5,6]. When dentin is remineralized by simple calcium phosphate
precipitation on the lesion surface and the minerals do not infiltrate the
collagen fibrils, it is not sufficient to ideally restore the mechanical
properties [6,7]. The biomimetic remineralization strategy attempts to

achieve close bonding between mineral crystallites and the collagen
matrix, especially intrafibrillar mineralization, which is very promising
for the restoration of functional dentin [8].

Bioactive glass (BG) is a well-studied biomaterial with an indicated
ability to induce hydroxyapatite (HA) formation and osteoinductive
capacity. In the oral environment, BG treatment forms HA on the dentin
surface [9], seals the dentinal tubules, reduces the permeability of the
dentin, and thus, alleviates dentin sensitivity [10-12]. In recent years,
BG has also been added as a filler in newly developed materials or in
existing materials to improve their restorative and regenerative capacity
[13,14]. Demineralized dentin treated with BG showed mineral and
microhardness gains [15,16], but whether the remineralization that is
formed is intrafibrillar mineralization or only extrafibrillar mineraliza-
tion has not been well explored. Nanotechnology provides revolutionary
ways for materials to meet new needs. Our previous study showed that
dentin treated with nanoBG (nBG, with a particle size of approximately
20 nm) had the highest apatite formation quantity with the strongest
acid resistance compared to dentin treated with microscale BG (with a
particle size of 2-20 pm) and submicroscale BG (with a particle size of

* Corresponding author at: Peking University School and Hospital of Stomatology, 22 Zhongguancun Nandajie, Haidian district, Beijing, 100081, China.

E-mail address: kqdongyanmei@bjmu.edu.cn (Y. Dong).

https://doi.org/10.1016/j.mtcomm.2021.102515

Received 28 May 2020; Received in revised form 6 May 2021; Accepted 3 June 2021

Available online 10 June 2021
2352-4928/© 2021 Published by Elsevier Ltd.


mailto:kqdongyanmei@bjmu.edu.cn
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2021.102515
https://doi.org/10.1016/j.mtcomm.2021.102515
https://doi.org/10.1016/j.mtcomm.2021.102515
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2021.102515&domain=pdf

S. Wang et al.

approximately 500 nm) [17]. Thus, nBG is a suitable candidate for
dentin remineralization.

In the biomineralization of dentin, noncollagenous proteins (NCPs),
such as dentin matrix protein 1 (DMP1) and dentin phosphoproteins
(DPP), have crucial roles in the initiation of mineral nucleation and
crystal growth during the mineralization process [18,19]. Therefore,
many researchers are focused on finding and developing strategies that
mimic the functions of NCPs for biomimetic remineralization. Synthe-
sized peptides, peptide-like polymers and oligopeptides that mimic the
function of NCPs can improve dentin remineralization and mechanical
strength [20-22]. In addition, charged polymers, such as polyacrylic
acid and polyvinylphosphonic acid, are used as NCP analogs for intra-
fibrillar mineralization of dentin [23,24]. DPP and DMP1 are particu-
larly rich in serine, aspartic acid and glutamic residues and contain a
common short peptide sequence of arginine-glycine-aspartate (RGD)
[19]. These amino acids contain large amounts of carboxyl structures,
which have a strong binding ability to participate with calcium ions in
dentin mineralization [25-27]. Therefore, the incorporation of
RGD-serine (RGDS) peptide may be an effective method for improving
biomimetic remineralization of demineralized dentin.

In this study, our hypothesis is that pretreatment with a RGDS pep-
tide improves the dentin remineralization process in the presence of
nBG.

2. Materials and methods
2.1. Sample preparation

Intact human third molars were collected with the approval of the
Ethics Committee, and all patients provided informed consent. The ob-
tained teeth were stored in distilled water containing 0.9 % NaCl at 4 °C.
Dentin discs at the crown part of the teeth were cut at a thickness of
1 mm with a hard histotome (SP1600, Leica, Wetzlar, Germany). The
dentinal tubules were aligned perpendicular to the specimen surface
being treated. After removing the surrounding enamel with diamond
burs, the dentin discs were divided into four parts. The dentin surfaces
were wet ground using 600 grit silicone abrasive paper to increase their
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Fig. 1. Characteristics of nBG and RGDS.
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smoothness. The dentin discs were then immersed in 17 % ethyl-
enediaminetetraacetic acid (EDTA) (pH = 7.4) at room temperature for
7 days with shaking, and the solution was changed on alternate days. In
this way, completely demineralized dentin discs were obtained [17,28].
The discs were rinsed thoroughly with deionized water 3 times and
randomly divided into four groups: the control group, RGDS group, nBG
group, and RGDS + nBG group.

2.2. Bioactive glass/RGDS and treatment procedures

The nBG sol-gel particles with molar compositions of 58 % SiOg, 33
% CaO and 9% P05 were prepared according to the procedure reported
in previous work [29]. The nBG exhibited a spherical morphology with a
particle size of approximately 20 nm (Fig. 1A,B) and was composed of
large amounts of silicon (Si), some calcium (Ca), and phosphate (P)
(Fig. 1C). The surface area of nBG was 63.545 + 0.2 mz/g. The nBG
particles were labeled with rhodamine B [30]. Next, 10 mg of rhodamine
B powder was dissolved in 10 mL of deionized water to prepare a 0.1 %
rhodamine B solution. nBG particles were incubated in rhodamine B
solution overnight and then washed with deionized water 3-5 times
until the liquid supernatant became colorless. Rhodamine B-labeled nBG
particles were obtained by freeze-drying. The nBG particles were mixed
with deionized water to form an nBG suspension at 50 wt%; 0.05 g of
nBG particles was suspended in 0.1 mL deionized water and vibrated
under ultrasound for 1 min [17]. The acquired nBG suspension was used
immediately after preparation. The dentin discs in the nBG group were
brushed with nBG suspensions for 20 s. RGDS (GenScript, Nanjing,
China) peptide was synthesized and labeled by covalently binding
fluorescein isothiocyanate (FITC) to the N-terminus of the amino acid.
The molecular formula of RGDS is C;5sH7N7Og, and the structural for-
mula is shown in Fig. 1D. The purity is 98.5 %. The molecular weight of
RGDS is 433.42, and the isoelectric point is approximately 6.3. RGDS
peptide was added to 1 mM HEPES (pH = 7.0) to prepare a 100 pM
RGDS solution. The dentin discs in the RGDS group were incubated in
RGDS solution at a ratio of 10 pl/mm?® for 2 h and then washed with
deionized water 3-5 times to remove excess peptides. The amount of
RGDS in the supernatant solution before and after incubation with
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Morphology of nBG determined by SEM (A) and TEM (B); (C) Surface elemental composition of nBG determined by EDS; (D) Structural formula of RGDS.
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dentin discs was determined by BCA protein assay. The dentin discs that
were incubated in RGDS for 2 h and then treated with nBG particles
formed the RGDS + nBG group. All specimens were stored in individual
stimulated body fluid (SBF) containers for 2 weeks at 37 °C for remi-
neralization [31], and the SBF solution was changed every 24 h.

2.3. Field emission scanning electron microscopy (FE-SEM)

RGDS- and/or nBG-treated dentin disks were prepared as previously
described and observed under FE-SEM (S4800; JEOL, Tokyo, Japan)
(n = 8). Eight additional specimens in each of the control, RGDS, nBG,
and RGDS + nBG groups were incubated in SBF for 2 weeks to observe
mineral formation on dentin by FE-SEM. All specimens were dried at
60 °C for three days, coated with a 15 nm layer of Pt/Pd to increase the
conductivity, and then examined using FE-SEM. The surface elemental
compositions were evaluated using an energy-dispersive X-ray spec-
troscopy (EDS) and FE-SEM.

2.4. X-ray diffraction (XRD)

XRD analysis was carried out before and after 2 weeks of reminer-
alization for specimens in the control, RGDS, nBG, and RGDS + nBG
groups (n = 8). The specimens were dried at 60 °C for three days before
testing. XRD spectra were collected using a Rigaku (D/MAX 2500,
Rigaku, Japan) instrument with Cu Ka (A =1.54 /O\) operated at 40 kV
and 200 mA. Data were collected for 20 values between 10° and 70° with
a speed of 4°/min.

2.5. Confocal laser scanning microscopy

RGDS- and/or nBG-treated dentin disks were prepared as previously
described and observed under a confocal laser scanning microscope
(FV1000; Olympus, Tokyo, Japan) (n = 8). Eight additional specimens
in each of the control, RGDS, nBG, and RGDS + nBG groups were
incubated in SBF for 2 weeks to observe mineral formation on dentin by
confocal microscopy. All specimens were observed under a confocal
laser scanning microscope (FV1000; Olympus, Tokyo, Japan). Fluores-
cence images were obtained with a 1-pm z-step to optically section the
specimens to a maximum depth of 15 pm below the dentin surface. The
configuration of the system was standardized and used at the same
setting for different groups.

2.6. Transmission electron microscopy (TEM)

Specimens in the control, RGDS, nBG, and RGDS + nBG groups were
incubated in SBF for 2 weeks (n = 4) fixed with 10 % formalin, dehy-
drated in graded ethanol, and embedded in epoxy resin. Sections with a
thickness of 70 nm were cut from resin blocks using an ultramicrotome
(UC6, Leica, Germany) and then double stained with 2% uranyl acetate
and lead citrate. The formation of the minerals in the samples was
observed by TEM (Tecnai G2 F30, FEI, USA).

2.7. Dentin cohesive strength

Dentin discs at the crown part of the teeth were cut at a thickness of
1 mm with a hard histotome. The orientation of the tubule was cut
perpendicular to the dentin surface. Dentin discs were then cut into
dentin sticks with a length, height and width of 8 mm, 1 mm and 1 mm,
respectively. The dentin sticks were randomly divided into control,
RGDS, nBG, and RGDS + nBG groups (n = 20). The entire surface of each
dentin stick was brushed with nBG suspension or/and incubated with
RGDS. All specimens were then incubated in SBF for 2 weeks, rinsed
with deionized water for 20 s, and dried at room temperature for 2 min.
The specimens were submitted to a dentin cohesive strength test in a
microtensile tester (T-61,010 K, Bisco, USA) at a crosshead speed of
0.5 mm/min. The maximum load p(N) was recorded, and the dentin
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cohesive strength ot (MPa) was calculated according to the following
formula: ot = p/(b x d), where b is the sample width (1 mm) and d is the
sample thickness (1 mm).

The dentin cohesive strength data were analyzed using SPSS version
21 (SPSS Inc., IL, USA). Homogeneity of variance was determined using
Levene’s test. Normal distribution of data was assessed using the
Shapiro-Wilk test. One-way ANOVA and Tukey’s test were employed to
determine the differences. The value of each group is expressed as the
mean + standard deviation (SD). P < 0.05 was considered statistically
significant.

2.8. Mineralization of type I collagen fibrils

Self-assembled collagen fibrils were prepared as reported [32]. A
single layer of type I collagen fibrils was reconstituted over formvar- and
carbon-coated 400 mesh Ni TEM grids (Zhongjingkeyi, P. R. China) by
neutralizing a 0.1 mg/mL collagen stock solution (pH 4-5) with 1 mol/L
NaOH. To prepare the collagen stock solution, 100 pL of lyophilized type
I collagen powder derived from rat tails (Corning, New York, NY, USA)
was dissolved in 300 pL of acetic acid (0.1 mol/L and pH 3.0) and 400 pL
of potassium solution that contained KCl (200 mmol/L), NayHPO4
(30 mmol/L), and KHyPO4 (10 mmol/L). The neutralized collagen so-
lution was left to gel by incubating at 37 °C for a maximum of 24 h. To
stabilize the structure of the reconstituted collagen fibrils, collagen
cross-linking was carried out using 0.3 mol/L 1-ethyl-3-(3-(dimethyla-
mino)propyl)-carbodiimide (Sigma-Aldrich, St. Louis, MO, USA) and
0.06 mol/L N-hydroxysuccinimide (Sigma-Aldrich, USA) for 4 h.
Thereafter, the collagen-coated grids were briefly immersed in deion-
ized water and then dried in air. The collagen-coated grids were placed
upside down over 100 pL SBF containing 100 pM RGDS and/or 0.5 g/mL
nBG inside a 100 % humidity chamber for 72 h. The control group uti-
lized 100 pl SBF. The collagen-coated grids were then washed with
deionized water, dried in air, and observed with TEM.

3. Results
3.1. Attachment of RGDS and/or nBG on demineralized dentin discs

The amount of RGDS adsorbed on the dentin discs was determined by
measuring the depletion in the supernatant solution prior to and after
adsorption. Before and after incubating RGDS with the dentin discs, the
amount of RGDS in the solution was 32.88 + 5.84 ng/pl and
7.71 £ 3.04 ng/l, respectively, indicating that approximately 80 % of
the RGDS in the solution was adsorbed on the dentin discs (Fig. 2A). No
release of RGDS from dentin was detected during 2 weeks of immersion
in SBF.

SEM and EDS were used to observe the attachment and distribution
of nBG on the demineralized dentin. After demineralization by EDTA,
the dentinal tubules were completely open, and collagen fibrils around
the dentinal tubules in the control group and RGDS group were exposed
(Fig. 2B,C,E,F). The yellow arrows in Fig. 2C and F represent collagen
fibrils. No silicon element was detected on the surface of untreated and
RGDS-treated dentin by EDS (Fig. 2D, G). After treating the specimens
with nBG, the nBG particles adhered to the dentinal collagen fibrils
(Fig. 2H,I), and some silicon was detected on the dentin surface, indi-
cating the presence of nBG on dentin (Fig. 2J). As indicated by silicon,
more nBG particles adhered to RGDS + nBG-treated dentin than to nBG-
treated dentin, and the collagen fibrils were completely covered by
attached particles and were no longer shown (Fig. 2K,L,M). The yellow
arrowheads in Fig. 2I and L represent nBG particles.

There were no obvious diffraction peaks in the XRD patterns of the
samples in all groups, indicating that the dentin surface was completely
demineralized (Fig. 2N).

Confocal immunofluorescence was used to further detect the
attachment of RGDS and nBG on demineralized dentin. RGDS peptide
labeled with FITC produced green fluorescence, and the nBG particles
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RGDS-FITC nBG-Rhodamine B
. . i

A: RGDS depletion in supernatant solution prior to and after adsorption to dentin; SEM and EDS for silicon of untreated dentin (B,C,D), RGDS-treated dentin (E,F,G),
nBG-treated dentin (H,I,J) and RGDS + nBG-treated dentin (K,L,M). The yellow arrow represents collagen fibrils, and the yellow arrowhead represents nBG particles.
N: XDR spectra of untreated dentin (black), RGDS-treated dentin (red), nBG-treated dentin (blue) and RGDS + nBG-treated dentin (green). Confocal immunofluo-
rescence images of RGDS-treated dentin (O,P,Q), nBG-treated dentin (R,S,T) and RGDS + nBG-treated dentin (U,V,W). RGDS appears green; nBG appears red; and

RGDS and nBG colocalization appears yellow.

labeled with rhodamine B produced red fluorescence. Because the RGDS
with green fluorescence was adsorbed homogeneously onto the dentin of
the RGDS group, the outline of the dentinal tubules was clearly shown
(Fig. 20-Q). Scattered and aggregated nBG particles were detected on
the surface of the nBG-treated dentin, but no dentin tubule structure was
observed, indicating that part of the dentin surface was not covered by
nBG particles (Fig. 2R-T). For the RGDS + nBG group, both RGDS and
nBG were observed on the entire surface of the dentin. Compared with
that of the nBG group, the red fluorescence area of the RGDS + nBG
group was larger, and the structure of the dentin tubules was outlined by
red fluorescence, indicating that more nBG particles were adsorbed on
RGDS + nBG-treated dentin (Fig. 2U-W).

3.2. Apatite formation on RGDS- and/or nBG-treated dentin after 2
weeks of remineralization

After the samples were incubated in SBF for 2 weeks, SEM showed
that no minerals formed in the control and RGDS groups, and collagen
fibrils were clearly shown (Fig. 3A-D). The yellow arrow in Fig. 3B and D
represents the collagen fibrils. Minerals were formed on the dentin
surface of the nBG and RGDS + nBG groups (Fig. 3E-H). Some dentin
tubules were covered by the newly formed minerals in the nBG group.
Almost completely sealed tubules can be detected in the RGDS + nBG-
treated dentin discs. The yellow arrowhead in Fig. 3F and H represents
the newly formed minerals.

The form of apatite on nBG-treated dentin and RGDS + nBG-treated
dentin was evident from the XRD spectra, intensified diffraction peaks
(26° and 32°) which indicated HA were noted after 2 weeks of remi-
neralization (Fig. 3I). There were no obvious diffraction peaks in the
XRD patterns of the samples in the control and RGDS groups.

Confocal immunofluorescence was used to further observe apatite

formation in the dentinal tubules. After incubating in the SBF for 2
weeks, no apatite formation was observed in the RGDS group, while
confocal imaging revealed the presence of RGDS in the dentin specimens
because it fluoresced green (Fig. 3J-M). Specimens in the nBG and
RGDS + nBG groups showed the formation of distinctive rod-like apatite
that adapted to the dentin tubules (Fig. 3N-U). In particular, red-
fluorescent minerals in the RGDS + nBG group were associated with
green-fluorescent peritubular dentin (Fig. 3U), indicating that RGDS-
mediated nBG not only promoted apatite formation but also may have
induced the remineralization of peritubular dentin. The maximum depth
of the apatite rod was measured from the dentin surface to the tip of the
apatite rod, where fluorescence was no longer detectable. The 3D
reconstruction images showed that the maximum depth of the newly
formed apatite rods in the nBG group was 8 pm, while the apatite rods in
the RGDS + nBG group were thicker and extended into the tubules to a
maximum depth of 12 pm (Fig. 3V-X).

3.2. Remineralization of the treated dentin matrix

Dentin remineralization in different groups was observed by TEM.
The deeply stained area in the field of view represents the mineralized
area, and the collagen appears as light gray strips. After incubating in
SBF for 2 weeks, dentinal tubules and collagen structures were observed
in the experimental groups and the control group at low magnification
(Fig. 4A, D, G and J). The high-magnification field showed no mineral
deposition in and between the collagens in the control and RGDS groups,
and the collagen profile was distinct (Fig. 4B and E). Specimens in the
nBG and RGDS + nBG groups showed deeply stained mineralized areas,
and the collagen profile was not distinct (Fig. 4H and K). At increased
magnification, a large amount of crystal lattice formation was observed
in the dentin samples in the nBG group and RGDS + nBG group (Fig. 41
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Fig. 3. Apatite formation on dentin with different treatments after 2 weeks of remineralization.

SEM of untreated dentin (A,B), RGDS-treated dentin (C,D), nBG-treated dentin (E,F) and RGDS + nBG-treated dentin (G,H). The yellow arrow represents the collagen
fibrils, and the yellow arrowhead represents the newly formed minerals. I: XDR spectra of HA, untreated dentin (black), RGDS-treated dentin (red), nBG-treated
dentin (blue) and RGDS + nBG-treated dentin (green). Confocal immunofluorescence images of RGDS-treated dentin (J,K,L,M), nBG-treated dentin (N,O,P,Q) and
RGDS + nBG-treated dentin (R,S,T,U). 3D reconstruction of immunofluorescence images of RGDS-treated dentin (V), nBG-treated dentin (W) and RGDS + nBG-
treated dentin (X). RGDS appears green, nBG appears red, and RGDS and nBG colocalization appears yellow.

and L), while the control and RGDS groups had no crystal lattice for-
mation (Fig. 4C and F). The inserted SEAD images showed that the
dentin samples of the nBG group and RGDS + nBG group had stronger
diffused rings than those of the RGDS and control groups, but there was
no obvious diffraction ring in all groups. These results indicated that
although minerals may be formed in nBG- and RGDS + nBG-treated
dentin, the mineral content may be low.

3.3. Dentin cohesive strength of the treated dentin

According to the Shapiro-Wilk test, the dentin cohesive strength data
were normally distributed (P > 0.05). The dentin cohesive strength of
the nBG-treated dentin (31.0242.30 MPa) and RGDS 4 nBG-treated
dentin (33.71+£2.82 MPa) was significantly higher than that in the
control group (22.83+2.18 MPa) and RGDS group (22.67+2.26 MPa)
(P<0.05). The specimens in the RGDS + nBG group had the highest
dentin cohesive strength among the samples tested herein (P < 0.05)
(Fig. 5A).

3.4. Mineralization of type I collagen fibrils

A single layer of self-assembled type I collagen fibrils was used to
evaluate the mineralization effect of RGDS and nBG. After reacting with
SBF for 3 days, the collagen fibrils in the control group and in the RGDS
group exhibited smooth edges and specific periodic stripes, which con-
sisted of gaps and overlapping zones (Fig. 5B,C), indicating that no
mineralization was formed. Collagen fibrils exposed to nBG and

RGDS + nBG exhibited minerals (white arrow in Fig. 5D,E) inside the
collagen fibrils. The stripes of collagen could no longer be observed by
TEM.

4. Discussion

This study showed that nBG, especially in association with RGDS,
was able to form an apatite layer on the dentin surface and apatite rods
in the dentinal tubules. Apatite growth involves multiple axes; the
apatite that grew along the c-axis formed needle-like crystallites, while
the apatite that grew along the a-axis formed platelet-like crystallites
[33,34]. The orientation and development of the apatite crystallites is
controlled by the interdiffusion kinetics and diffusion direction of the
ions at the propagating interface [35]. This finding suggested that
apatite formation may be affected by the distribution of BG on the dentin
and the structural characteristics of the dentin. After BG was attached to
the dentin surface, it underwent dissolution and formed an apatite layer
[36]. In contrast, the formation of apatite with a rod-like structure may
be constrained by the dentinal tubules, and the local ion diffusion
gradient in the dentinal tubules is more likely to enhance the directional
crystallization and continuous expansion of the apatite at the tips of the
rods [37]. The nBG particles with a size of 20 nm became lodged within
the dentinal tubules, which may favor the formation of apatite rods, and
the nanoBGs led to rapid apatite formation due to their smaller size and
larger surface area [38]. RGDS improved nBG-induced apatite forma-
tion, which occluded more dentinal tubules and had deeper rod-like
apatite in the dentinal tubules. This characteristic is beneficial to
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Fig. 4. TEM and SEAD images showing dentin remineralization.
Dentin specimens with different treatments incubated in SBF for two weeks. A-C: Untreated dentin; p-F: RGDS-treated dentin; G-I: nBG-treated dentin; and J-L:
RGDS + nBG-treated dentin.
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Fig. 5. Dentin cohesive strength and
collagen mineralization with different

treatments.
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improving the treatment effect and stability of dentin hypersensitivity
and dental erosion.

The key to restoring demineralized dentin is to mineralize the dentin
collagen matrix, not just to form minerals on the surface of dentin. In this
study, nBG also induced crystal formation in the demineralized dentin
matrix and further improved the dentin cohesive strength, which

dentin specimens. * indicates statistical
significance, P < 0.05; ** indicates sta-
tistical significance, P < 0.01; *** in-
dicates statistical significance,
P < 0.001. Transmission electron mi-
croscopy images of untreated type I
collagen fibrils (B), type I collagen fibrils
treated with RGDS (C), nBG (D), and
RGDS + nBG (E) for 3 days. The white
arrow represents the newly formed
minerals.

indicated that mineral crystallites were closely linked or even chemi-
cally bound to the collagen matrix. BGs have been proposed for dentin
remineralization because they provide calcium and phosphate ions.
Vollenweider et al. found that dentin treated with 20-50 nm BG nano-
particles had a pronounced increase in mineral content, suggesting rapid
remineralization. However, the lack of mechanical reconstitution of the
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remineralized dentin sample indicated an imperfect arrangement of the
newly deposited mineral [39]. A recent study suggested that the use of
BG increased root dentin microhardness [16]. Nanoparticles have the
ability to penetrate dentin and remain embedded within the collagen
matrix, and then the infiltrated particles may release ions and nuclei for
mineral growth in dentin [40].

In the biomineralization process, NCPs are bound to the collagen
matrix and play an important role in controlling apatite nucleation and
growth. Using confocal laser scanning microscopy and SEM analysis, our
results demonstrated that the RGDS peptide was able to bind to dentin
collagen, captured more nBG particles than the untreated dentin and
further promoted HA nucleation and growth. It has been reported that
more metastable amorphous calcium phosphate (ACP) nanoprecursors
were combined with the collagen matrix in demineralized dentin pre-
incubated with peptides in phosphate-containing fluid than in dentin
without peptide treatment [21]. RGDS is negatively charged and may be
able to adsorb positively charged calcium ions, which further combine
with phosphate ions to form ACP [41]. Aspartic acid can increase ion
supersaturation in localized regions in the solution and inhibit calcium
phosphate crystallization [42,43]. Aspartic acid and serine can combine
with special sites on the collagen surface to guide calcium phosphate
into collagen fibers [42,44]. A recent study found that aspartic acid
promoted the crystallization kinetics of metastable ACP to hydroxyap-
atite, promoted the biomimetic remineralization of demineralized
dentin and shortened the remineralization time [45]. Therefore, the
aspartic acid and serine in RGDS may contribute to its induction of
dentin remineralization. Furthermore, dentin repair or regeneration can
be achieved by stimulating odontoblasts or stem/progenitor cells,
secreting reactionary or reparative dentin. Our previous studies
confirmed that BGs induce odontogenesis and promote dentin formation
[29,46]. The RGDS peptide is known to improve cell adhesion [47,48].
Therefore, in the presence of cells, due to the bioactivity of both RGDS
and nBG, nBG mediated by RGDS may also provide satisfactory cell and
tissue reactions.

5. Conclusions

RGDS could bind to dentin and enhance the attachment of nBG.
RGDS-mediated nBG effectively enhanced dentin remineralization and
improved dentin cohesive strength. The results presented here introduce
a wide array of applications in dentin erosion, dentin hypersensitivity,
dentin bonding interface improvement, and regenerative dentistry.
Further research is needed to obtain the optimal concentration and
processing time of nBG and RGDS and to investigate how the RGDS
behaves during dentin remineralization.
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