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The development of nanomaterials capable of effectively occluding dentinal tubules and inducing
biomimetic mineralization is critical for treating dentin hypersensitivity and early-stage caries. Owing to
its high reactivity, amorphous calcium phosphate (ACP) serves as an ideal mineralization precursor.
Although organic molecules are known to modulate and stabilize ACP, how small organic molecules
(SOM) with distinct functional groups influence its remineralization efficacy remains incompletely
understood. In this work, phytic acid (IP6) and cyclohexanehexacarboxylic acid (H6L), two structurally
analogous yet functionally distinct molecules, were used as regulators to synthesize organic/ACP
nanocomposites, denoted as IP6/CaP and H6L/CaP, respectively. A control sample prepared without
organic additives was denoted as CaP. These composites were systematically evaluated for their ability
to occlude dentinal tubules, promote remineralization, and resist acid challenge, using commercial 45S5
bioactive glass (BG) as a positive control. Material characterization revealed that the CaP comprised
hydroxyapatite with an average particle size of 548.75 + 2.32 nm. In contrast, both IP6 and H6L
facilitated the formation of uniformly distributed microscale round-shaped aggregates, yielding IP6/CaP
and H6L/CaP with average diameters of 87.64 + 2.37 nm and 99.56 + 1.67 nm, respectively. In vitro
mineralization assays showed that IP6/CaP induced a uniform, dense nanomineral layer on both the
dentin surface and type | collagen, achieving optimal integration within the collagen matrix. H6L/CaP led
to the formation of uniformly distributed microscale round-shaped aggregates, whereas CaP produced
disordered, loosely packed large crystals, indicative of poor mineralization quality. Dentinal tubule
occlusion tests demonstrated that IP6/CaP and H6L/CaP afforded significantly superior sealing and acid

resistance compared to both CaP and BG. Cytotoxicity assays confirmed the good biocompatibility of all
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‘ to hydroxyapatite. Notably, IP6/CaP outperformed both CaP and H6L/CaP in dentin remineralization and
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rsc.li/rsc-advances dental desensitization and hard tissue regeneration.

dental materials research to develop non-invasive reminerali-
zation techniques that can genuinely achieve “regeneration” of
dental hard tissues.’

Introduction

With the aging population and shifts in dietary patterns, dental

caries and dentin hypersensitivity, resulting from demineral-
ization of dental hard tissues, have become major public health
challenges worldwide."* Mainstream “replacement” therapies
(e.g., resin fillings, crown restorations) fail to restore the natural
biomineralized structure and often result in long-term
complications, including polymerization shrinkage and
marginal microleakage.>* Hence, there is a pressing need in
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The essence of regeneration is biomimetic mineralization-
a process that replicates the natural, orderly deposition of
apatite regulated by an organic matrix. Compared to crystalline
hydroxyapatite (HA), amorphous calcium phosphate (ACP)
exhibits higher solubility and ionic activity, allowing it to infil-
trate more effectively into the nanoscopic pores of demineral-
ized tissue.*” As a key kinetic precursor, ACP can guide the
orderly deposition of minerals within collagen fibrils, making it
an ideal foundation for achieving high-quality biomimetic
mineralization.®* However, pure ACP is highly unstable in solu-
tion and transforms rapidly into highly crystalline HA in
a disordered manner. The resulting random crystals are unable
to penetrate deeply into the nanoscopic pores of demineralized
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lesions and dentinal tubules.” This limitation substantially
hinders the clinical effectiveness of ACP-based materials.

To address the stability of ACP, small organic molecules
(SOM) have been used as potential modulators due to their
ability to effectively regulate the crystallinity and morphology of
calcium phosphate (CaP)."” Compared to traditional resin-
based materials, ACP-based nanomaterials exhibit enhanced
biomimetic affinity and ion-releasing capabilities, making them
highly effective for dentinal tubule occlusion.*> These modu-
lators, particularly with high negative charge density and low
molecular weight, have been demonstrated to stabilize ACP
nanoclusters and promote their penetration into the collage-
nous matrix. This mechanism, which aligns with the ground-
breaking work by Zheng et al. demonstrating that specific
charged SOM can directly mediate intrafibrillar mineralization
through electrostatic matching," is further exemplified in other
effective systems, such as the gelatin-stabilized ACP coating
developed by Feng et al.**

Indeed, the charged functional groups of organic molecules
are central to their regulatory function. Negatively charged
groups, such as carboxylate (COO ) and phosphate (PO,*7), can
bind to calcium ions (Ca®") through electrostatic attraction.s”
This interaction not only inhibits the excessive aggregation and
disordered transformation of ACP precursors but also directs
their orderly nucleation and growth on organic matrices such as
collagen fibrils."® Recent studies have further demonstrated that
polymers containing different negatively charged groups (e.g.,
polyacrylic acid) can effectively stabilize ACP and enhance its
remineralization and antibacterial properties.”**' However,
a systematic comparative analysis of how the specific properties
of different functional groups influence their interaction
mechanisms with ACP, the microstructure of the resulting
mineralized products, and their ultimate reparative efficacy is
still lacking. Meanwhile, in dentistry, although ACP-based
nanomaterials exhibit greater potential than traditional resin
materials for sealing dentinal tubules,* the long-term stability
and precise intra-tubular orientation of the formed minerals
remain significant challenges.****

To investigate the effects of SOM with different chemical
groups on CaP formation and dentin remineralization, this
study employed phytic acid (IP6) and  cyclo-
hexanehexacarboxylic acid (H6L) as morphology modulators in
CaP synthesis. The selection of these two molecules is strate-
gically based on their structural symmetry yet distinct chemical
functionalities, providing a controlled model to compare the
influence of phosphate versus carboxyl groups. Both molecules
possess a symmetric cyclohexanehexasubstituted backbone, but
differ fundamentally in the chemical nature of their functional
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Fig.1 The molecular structure of H6L and IP6.
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groups, as illustrated in Fig. 1. IP6, a naturally occurring organic
phosphate ester in plants, carries six fully deprotonated PO,>~
at physiological pH, conferring high negative charge and strong
Ca”*-chelating ability. In contrast, H6L contains six carboxyl
groups, with a deprotonation degree that is pH-dependent.*
The highly electronegative phosphate groups can effectively
attract free Ca®" in solution, facilitating the formation of
necessary intermediates for precipitation and thus promoting
CaP deposition.”® Meanwhile, carboxyl-containing organic
molecules, such as y-carboxyglutamic acid in osteocalcin, have
been shown to stabilize and promote the growth of nanoscale
CaP ion clusters through direct interaction.”” These studies
indicate that both phosphate and carboxyl groups can enhance
CaP formation and growth via distinct molecular pathways, and
composites incorporating these functional groups generally
demonstrate favorable cytocompatibility.?®*

Beyond their roles as crystal modulators, both molecules
exhibit significant potential in tissue regeneration. Recent
studies have further revealed that IP6 possesses intrinsic oste-
ogenic bioactivity; for instance, it has been shown to improve
the osteogenesis of bone marrow mesenchymal stem cells
(BMSCs) by activating the ERK signaling pathway and exhibits
potent antioxidant properties that support a pro-regenerative
microenvironment.*®** Meanwhile, Xiao et al. successfully
prepared CaP materials with different microstructures using
H6L as a morphology regulator. In vitro cell assays demon-
strated that when co-cultured with BMSCs, these materials
exhibited good biocompatibility.*” Therefore, the integration of
IP6 and H6L not only regulates material synthesis but also aims
to synergistically enhance the biological performance of the
resulting composites for tissue repair.

This study aims to combine IP6 and H6L with ACP nano-
clusters, respectively, to fabricate two nanocomposite materials:
H6L/CaP and IP6/CaP. Through systematic physicochemical
characterization and in vitro mineralization assays, their effects
on dentin remineralization and repair will be comparatively
analyzed at the micro- and nanoscale.

Materials and methods
Preparation and characterization of materials

In this study, SOM/CaP nanocomposites were prepared via
a chemical co-precipitation method. The concentrations of
calcium ions and phosphate ions in the reaction system were
10 mM and 6 mM, respectively, corresponding to a Ca/P molar
ratio of 1.67, and the concentration of each SOM was 2 mM. The
specific procedure was as follows: 0.026 mL of a 70% (w/w)
aqueous solution of IP6 (Sinopharm Chemical Reagent,
China) and 58.80 mg of calcium chloride dihydrate (CaCl,-
-2H,0, Sinopharm Chemical Reagent, China) were first di-
ssolved together in 20 mL of deionized water. Subsequently,
20 mL of an aqueous solution containing 41.76 mg of di-
potassium hydrogen phosphate (K,HPO,, Sinopharm Chemical
Reagent, China) was added dropwise to the above mixture, and
the pH of the above solution was adjusted at 7.0 using a KOH
(Sinopharm Chemical Reagent, China) solution. After the
reaction, the precipitate was collected by filtration, thoroughly
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washed sequentially with deionized water and ethanol,
collected by centrifugation and freeze-dried to obtain the IP6/
CaP product. The H6L/CaP product was prepared following
the same procedure, except that the IP6 aqueous solution was
replaced with 13.5 mg of H6L powder (Sinopharm Chemical
Reagent, China). The control sample, prepared without the
addition of any organic molecules, was designated as CaP. 45S5
bioactive glass (BG, particle size =20 pm) composed of 45 wt%
SiO,, 24.5 wt% CaO, 24.5 wt% Na,O, and 6 wt% P,O5 was ob-
tained from Hebei Yougu Biotechnology Co., Ltd, China.

To observe the morphology of the samples, CaP, IP6/CaP,
and H6L/CaP were separately dispersed in anhydrous ethanol
(purity = 99.5%), ultrasonicated for 5 minutes, and then
dropped onto carbon-coated copper grids. The morphology and
structure were analyzed using transmission electron micros-
copy (TEM, Tecnai G2 F30, FEI, Holland) and selected area
electron diffraction (SAED). Phase composition analysis of the
samples was performed using an X-ray diffractometer (D8
ADVANCE, Bruker AXS, Germany) under the following scanning
conditions: 26 range of 10°-60°, step size of 0.02°, and scanning
speed of 2° min~". Fourier transform infrared (FTIR) spectra
were obtained using an FTIR spectrometer (Vertex 70, Bruker,
Germany) in attenuated total reflection (ATR) mode. For
dynamic light scattering (DLS) and zeta potential measure-
ments, each dried powder was added to anhydrous ethanol at
a concentration of 0.5 mg mL ™", and the zeta potential was
measured using a laser particle size analyzer (Malvern Instru-
ments, UK) at a voltage of 50 V and a temperature of 25 °C.

Self-mineralization performance of materials

After being compressed into pellets (0.01 g each), CaP, IP6/CaP and
H6L/CaP powders were immersed separately in 5 mL of artificial
saliva solution and incubated statically in a 37 °C water bath for
12 h and 7 days. The artificial saliva was prepared in compliance
with ISO 10271 standards (0.400 g per L NaCl, 0.400 g per L KCl,
0.795 g per L CaCl,-2H,0, 0.690 g per L NaH,PO,-2H,0, 0.005 g
per L Na,S-9H,0, and 1.000 g per L CH,N,0).** The mineralization
morphology and composition on the surface of each sample were
subsequently examined and evaluated using scanning electron
microscopy (SEM, Sigma360, Germany) and FTIR.

Preparation of collagen electrospun membranes

Type I collagen (BS929, Biosharp, China) and polycaprolactone
(PCL, Aladdin, China) were co-dissolved in 5 mL of hexa-
fluoroisopropanol at amounts of 0.67 g and 0.33 g, respectively,
to prepare an electrospinning solution with a total concentra-
tion of 20% (w/v). The solution was loaded into a 5 mL syringe
equipped with a metal needle having an inner diameter of 0.21
mm. Electrospinning was performed at room temperature
under the following parameters: an applied voltage of approxi-
mately +10 kV, a needle-to-collector distance of 10 cm, a voltage
of —2 kV applied to the collector, a solution feed rate of 1.0 mL
h™, and a spinning duration of 4 h. The resulting fibrous
membrane was placed in a vacuum drying oven and dried at
room temperature under a vacuum of 1 torr for 24 h to obtain
the final dried electrospun collagen membrane.
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Biomimetic mineralization of electrospun collagen
membranes

Collagen electrospun membranes were secured at the bottom of
6-well plates. To each well, 2 mL of artificial saliva containing
carboxymethyl cellulose (CMC, Goldbio, Beijing, China) and
2 mM suspensions of IP6/CaP, H6L/CaP, or CaP alone were
added, designated as C + IP6/CaP, C + H6L/CaP, and C + CaP,
respectively. A pure collagen electrospun membrane without any
additive was used as the control (C). After incubation for 3 and 7
days, the liquid in each well was aspirated, and the membranes
were gently rinsed three times with deionized water. Following
of residual liquid, the surface mineralization
morphology of the samples was examined by SEM.

removal

Preparation of dentin demineralization model

All experiments were performed in accordance with the Declaration
of Helsinki and the national ethical guidelines for biomedical
research involving human subjects (No. 4 [2023] of the National
Health Commission of China). The study was approved by the
Medical Ethics Committee of Nanchong Central Hospital (Approval
No. 2025-YS-205). All human extracted teeth used in this study were
obtained from discarded teeth extracted during clinical treatments
for reasons such as orthodontics or periodontal disease. Informed
consents were obtained from human participants of this study.
Freshly extracted, caries-free human third molars with intact
crowns were collected and stored in physiological saline at 4 °C for
use within one month. The teeth were sectioned coronally using
a diamond saw attached to a micro-motor to obtain dentin discs
approximately 1 mm thick. The dentin surfaces were then
sequentially ground under running water with 800, 1500, 2000, and
3000 grit silicon carbide paper until a smooth, flat surface was
achieved. Finally, the specimens were immersed in a 35% phos-
phoric acid solution for 30 s to expose the dentin tubules.

Preparation of toothpaste

A commercially available toothpaste containing 0.1% fluoride
(Darlie toothpaste, China) was used as the control group, desig-
nated as F. The experimental toothpastes were prepared by
uniformly blending CaP, IP6/CaP, H6L/CaP, or BG powder (each
at 5 wt%) into the fluoride-containing Darlie toothpaste. The
resulting formulations were labeled as F + CaP, F + IP6/CaP, F +
H6L/CaP, and F + BG, respectively. To ensure the uniform
dispersion of nanoparticles within the viscous matrix, a dual-
syringe homogenization technique was employed. Specifically,
the respective powders and the base toothpaste were loaded into
two separate 5 mL syringes, which were then coupled using
a short, tightly-fitted plastic tube. The mixture was homogenized
through 50 cycles of manual inter-syringe extrusion, achieve
a visually uniform, air-free paste. All prepared samples were
sealed in light-shielded aluminum tubes and stored at 4 °C.

Evaluation of dentin surface adhesion of calcein-labeled
materials

Calcein-labeled suspensions of BG, CaP, IP6/CaP, and H6L/CaP
were prepared. The labeling procedure was as follows: 0.2 g of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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each powder (CaP, IP6/CaP, H6L/CaP, or BG) was mixed with
1 mL of a 100 pg per mL calcein solution. After incubation in the
dark for 30 min, the labeled particles were collected through
repeated washing and centrifugation, followed by drying at 60 °©
C for 12 h. Fluorescence micrographs of the dentin surfaces
were taken after a single treatment with the calcein-labeled
toothpaste and subsequent immersion in artificial saliva for
12 h to visualize the distribution of BG, CaP, IP6/CaP, and H6L/
CaP particles.

Evaluation of dentin tubule occlusion in vitro

Acid-etched dentin specimens with exposed tubules were
randomly allocated to four groups and subjected to twice-daily
brushing (morning and evening) using one of the four
prepared toothpastes. Simulated brushing was performed by
applying a pea-sized amount of toothpaste to the head of an
electric toothbrush, which was operated at 150 rpm under
a 175 g load for 60 s per specimen. After each brushing cycle,
specimens were rinsed with deionized water to remove residual
toothpaste and subsequently immersed in artificial saliva at 37 ©
C until the next brushing session. Following 7 days of treat-
ment, the dentin specimens were rinsed three times with
deionized water, dried overnight at 60 °C, and examined using
SEM. For each specimen, at least three images were captured
from different random locations under SEM. The percentage of
exposed dentin tubule area in SEM images was calculated using
Image J software as the following formula:

Exposed dentin tubule area (%)
= (exposed dentin tubule area/total area) x 100%

Acid resistance stability

To evaluate the acid resistance stability of occluded dentin
tubules, dentin specimens treated with the F + BG, F + CaP, F +
IP6/CaP and F + H6L/CaP toothpastes were immersed in a 6%
citric acid solution for 1 min. After acid challenge, the speci-
mens were rinsed three times with deionized water and then
examined by scanning electron microscopy (SEM). Further-
more, the percentage of exposed dentin tubule area was calcu-
lated according to the formula described in the previous
section.

Cytotoxicity assay of extracts from IP6/CaP, H6L/CaP, CaP,
and BG

The powders of BG, CaP, IP6/CaP and H6L/CaP were sterilized
by UV irradiation for 6 h. Subsequently, 10 mg of each sterilized
powder was placed into a 15 mL centrifuge tube containing
10 mL of complete DMEM/F12 medium and incubated in a cell
culture incubator for 72 h to prepare the extracts. After centri-
fugation, the supernatant was collected as a 1000 pug per mL
stock extract solution, which was then diluted to concentrations
of 500 pg mL™~" and 100 pg mL~" for subsequent use.

Human skin fibroblasts (HSF) were digested, centrifuged,
counted, and diluted to a concentration of 8 x 10> cells per mL.
The cell suspension was seeded into 96-well plates at 100 pL per

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

well. After 24 h of attachment, the culture medium was replaced
with the corresponding extract solutions. The extracts were
refreshed every 48 h. At 24 h, 48 h, and 72 h, 110 pL of CCK-8
reagent was added to each well and incubated in the dark for
1 h. Then, 100 pL of the CCK-8 solution from each well was
transferred to a new plate, and the absorbance was measured at
450 nm using a microplate reader. High-density polyethylene
and 0.64% phenol in medium were used as the negative and
positive controls, respectively.

The biocompatibility of the materials was graded according
to the National Standard (GB/T 16886.5-2017) based on the
relative growth rate (RGR) of cells: RGR > 100% (Grade 0); RGR >
80% (Grade 1); RGR > 50% (Grade 2); RGR > 30% (Grade 3); RGR
> 0% (Grade 4). The same procedure was performed to evaluate
biocompatibility at extract concentrations of 500 pug mL ™" and
1000 pg mL~". Additionally, cell viability was visualized using
a Calcein-AM/PI double-staining kit (Invitrogen, USA).

Statistical analysis

All quantitative data were expressed as the mean + standard
deviation (SD). Statistical analysis was performed using
GraphPad Prism 9.5.0 software. Comparisons among multiple
groups were conducted using one-way analysis of variance
(ANOVA). A P-value < 0.05 was considered statistically
significant.

Results
Characterization of CaP, IP6/CaP and H6L/CaP

The preparation process of IP6/CaP and H6L/CaP was illus-
trated in Fig. 2A. SEM results (Fig. 2B) revealed significant
morphological differences among the CaP, IP6/CaP, and H6L/
CaP samples. Combined with the low-magnification TEM
images (Fig. 2C, upper right corners), the CaP group exhibited
a typical thin plate-like morphology, whereas both the IP6/CaP
and H6L/CaP groups formed relatively uniform spherical
nanoparticles. High-resolution TEM images (Fig. 2C) showed
clear lattice fringes in the CaP group, and the corresponding
SAED patterns (Fig. 2C, lower right corners) displayed partially
resolved polycrystalline diffraction rings, indicating a poorly
crystalline CaP phase. In contrast, no obvious lattice fringes
were observed in the high-resolution images of the IP6/CaP and
H6L/CaP groups, and their SAED patterns exhibited only diffuse
halo rings, confirming that both were predominantly amor-
phous structures. This transition in morphology and crystal-
linity can likely be attributed to the interference of the
introduced SOM with the nucleation and growth processes of
CaP crystals. EDS mapping (Fig. 2D) confirmed the presence of
calcium, phosphorus, oxygen, and carbon in all three groups.
Notably, the carbon content in the IP6/CaP and H6L/CaP
samples was significantly higher than that in the CaP group,
verifying the successful incorporation of the SOM and their role
in modulating the crystallization process, thereby altering the
morphology and structure of the materials.

Based on the XRD patterns (Fig. 3A), distinct differences in
crystallinity were observed among the three groups. The CaP
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Fig. 2 (A) Schematic diagram of IP6/CaP and H6L/CaP preparation

process; (B) SEM images of CaP, IP6/CaP, and H6L/CaP; (C) TEM
images of CaP, IP6/CaP, and H6L/CaP at low (upper right insets) and
high magnifications, with the corresponding SAED patterns inset at the
bottom-right corner; (D) corresponding EDS elemental mappings.

sample exhibited weak peaks at 25.8° and 32.2°, corresponding
to the (002) and (112) lattice planes of HA (JCPDS 09-0432),
respectively, indicating its poor crystallinity. In contrast, both
IP6/CaP and H6L/CaP samples showed only a broad hump in
the 20°-35° range, characteristic of ACP, which is consistent
with the TEM results and indicates that the introduced organic
ligands (IP6 and H6L) effectively inhibited the crystallization of
CaP, transforming it from crystalline HA into amorphous
phosphate. XPS survey spectra (Fig. 3B) indicated that all
samples exhibited characteristic peaks for Ca 2p, P 2p, O 1s, and
C 1s. Compared with pure CaP, the H6L/CaP and IP6/CaP
groups showed significantly enhanced C 1s signals, which was
consistent with the EDS mapping results and further confirmed
the successful integration of the organic molecules with CaP.
The FTIR spectra of all products (Fig. 3C) displayed a broad
absorption band at 3422 cm ™" and a narrow bending vibration
peak near 1639 cm ™, which are attributed to adsorbed water
molecules typically retained on the powder surface during
synthesis.** The CaP group exhibited characteristic HA peaks.
Specifically, the bands at 564 cm ™' and 603 cm ™' were attrib-
uted to the bending vibrations of PO,*”, while the bands at
960 cm™ ', 1033 cm ™', and approximately 1116 ¢cm™ " corre-
sponded to the stretching vibrations of PO,*". Additionally,
weak peaks observed at 877 cm™ ' and 1462 cm ™' were attrib-
uted to the substitution of CO;>~ for PO,*”, indicating the
formation of B-type carbonated hydroxyapatite, which is
commonly observed in biological apatites.>*** For the IP6/CaP
group, a broad peak was observed at 1116 cm ™', which is
attributed to the overlapping absorption of PO, from phytic
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Fig. 3 Physicochemical characterization of the samples. (A) XRD, (B)
XPS, (C) FTIR, (D) hydrodynamic size, (E) zeta potential, (F) TGA.

acid and ACP.**** The band located at 992 cm ™" corresponds to
the characteristic absorption peak of ACP, while the absorption
band observed near 540 cm™ ' is assigned to the v, bending
vibration mode of PO,*” in ACP.”” In the H6L/CaP group, the
FTIR spectrum exhibited characteristic absorption peaks
attributed to COO™ at 1560 cm ' and 1414 cm™ "% In the
phosphate vibration region, the broad peak at 1058 cm™ " was
assigned to the vibration of PO,*>~ in ACP, while the band at
992 cm ™ corresponded to the characteristic absorption peak of
ACP.*”” Additionally, the absorption band observed near
553 cm ™! was attributed to the v, bending vibration mode of
PO,*” in ACP.*> Collectively, these results confirm that IP6
and H6L were successfully incorporated into CaP.

DLS measurements (Fig. 3D) showed that the average
hydrodynamic diameters of IP6/CaP and H6L/CaP were 87.64 +
2.37 nm and 99.56 + 1.67 nm, respectively, substantially smaller
than that of pure CaP (548.75 + 2.32 nm), indicating effective
size regulation by the organic modifiers. Moreover, the surface
negativity of the composites increased markedly, with zeta
potentials (Fig. 3E) of —22.2 mV for IP6/CaP and —17.8 mV for
H6L/CaP, compared to —2.77 mV for pure CaP. This enhanced
negative charge favors the electrostatic attraction and enrich-
ment of positively charged mineral precursors (e.g., Ca**) in
solution, thereby promoting heterogeneous nucleation on
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target surfaces such as collagen fibers and providing a basis for
the remineralization capability of the materials.**"**

TGA results (Fig. 3F) showed that CaP exhibited the first
stage of weight loss between 30-130 °C, primarily attributed to
the removal of adsorbed water, with a content of approximately
1.9%. The second stage of weight loss occurred between 130-
380 °C, mainly corresponding to the removal of crystalline
water, with a content of approximately 3.8%, after which the
sample mass stabilized. For IP6/CaP, the weight loss between
30-230 °C corresponded to the removal of adsorbed and crys-
talline water, with a total water content of approximately 12.4%.
The decomposition of the IP6 occurred between 230-480 °C,
with a content of approximately 7.1%, after which the sample
stabilized. For H6L/CaP, the weight loss between 30-400 °C was
attributed to adsorbed and crystalline water, with a content of
approximately 14.1%. The decomposition of the H6L occurred
between 220-680 °C, with a content of approximately 14.8%.
These results indicated that the successful incorporation of IP6
and H6L significantly influenced the hydration behavior and
thermal decomposition characteristics of CaP.

Self-mineralization ability of CaP, IP6/CaP, and H6L/CaP

To evaluate the inherent bioactivity and chemical stability of the
materials, CaP, IP6/CaP, and H6L/CaP were compressed into
disk-shaped samples and immersed in artificial saliva for 12 h
and 7 days. After immersion, the surface mineralization
morphology was observed by SEM, and the functional group
composition of the surface mineralization products was
analyzed by FTIR.

SEM results (Fig. 4A) showed that after 12 h of immersion, all
three groups presented relatively dense surfaces. Correspond-
ing FTIR spectra (Fig. 4B) showed no significant changes
compared to those before mineralization (Fig. 3C), indicating
that the material surfaces were likely in an early nucleation
stage of mineralization induction, without obvious crystal
formation. The CaP group exhibited characteristic HA peaks
(1116, 1033, 960, 603, 564 cmfl). Both the IP6/CaP and H6L/CaP
groups displayed typical ACP absorption features, including
a characteristic peak at 992 cm ™" and the v, bending vibration
of PO,*>" around 540-560 cm™ . In addition, the IP6/CaP group
showed a broad peak at 1116 cm ™", attributed to the overlap of
PO,*” absorption from phytic acid and ACP, while the H6L/CaP
group retained the characteristic COO~ peaks (1560 and
1414 cm ™ Y). After 7 days of immersion, distinct differences in
surface morphology were observed among the groups. The CaP
group exhibited disordered sheet- and needle-like structures
with evident cracks and bulky aggregates, which may result
from random heterogeneous nucleation and crystal overgrowth
in artificial saliva. In contrast, the organically modified IP6/CaP
and H6L/CaP groups displayed regular surface morphologies,
consisting of densely packed, uniformly sized round-shaped
nanoparticles with clear boundaries and overall smooth
surfaces, reflecting a more ordered and controllable minerali-
zation process. FTIR analysis further confirmed the changes in
the chemical composition of the mineralization products. After
7 days of mineralization, the characteristic absorption peaks
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Fig. 4 Self-mineralization performance evaluation of CaP, IP6/CaP,
and H6L/CaP immersed in artificial saliva for 12 h and 7 days. (A) SEM;
(B) FTIR spectra after 12 h of immersion; (C) FTIR spectra after 7 days of
immersion.

originally attributed to IP6 and H6L in the IP6/CaP and H6L/CaP
samples disappeared, and the characteristic peaks of ACP also
vanished. All three groups exhibited characteristic PO,*~
absorption bands around 1089, 983, and 560 cm . This indi-
cates that after 7 days of mineralization, the ACP in both the
IP6/CaP and H6L/CaP groups had transformed into HA. The
organic molecules primarily functioned as regulators during
the ordered mineralization process and were not retained in the
final mineral phase.

Mineralization capacity of CaP, IP6/CaP, and H6L/CaP on type
I collagen

To further evaluate the mineralization capacity of the materials,
collagen electrospun membranes were first fabricated. These
membranes were then immersed in artificial saliva containing
the respective materials for mineralization periods of 3 and 7
days, followed by SEM observation of their surface mineraliza-
tion morphology. As shown in Fig. 5A, the as-prepared collagen
membrane consisted of interwoven fibers with diameters of
approximately 400-600 nm, exhibiting a straight morphology.
After 3 days of mineralization (Fig. 5B), fibers in all groups
appeared curved and showed signs of degradation. The C group
displayed no obvious mineral formation. The C + CaP group
exhibited unevenly distributed mineral deposits, the C + IP6/
CaP group showed round-shaped particle deposition, and the
C + H6L/CaP group formed microscale petal-like particles. After
7 days, degradation in group C further intensified, still without
significant mineral deposition. EDS mapping detected only
sparse distribution of Ca and P elements on its surface, indi-
cating a low degree of mineralization. In contrast, the other
three groups all exhibited considerable mineral deposition,
with EDS mapping confirming abundant Ca and P signals.
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High magnification

Fig. 5 (A) SEM images of the electrospun collagen membranes; (B)
SEM images and EDS mapping of the C, C + CaP, C + IP6/CaP, and C +
H6L/CaP after mineralization for 3 and 7 days.

Specifically, the C + CaP surface was completely covered by
large, irregular mineral aggregates that filled the fiber inter-
stices. This mineral layer was highly non-uniform, exhibited
cracks, and appeared detached from the fibers, making it prone
to washing off. The C + IP6/CaP group formed a uniform and
continuous mineral coating on the fiber surfaces, where nano-
particles completely covered the collagen fibers, resulting in
a blurred interface and a fused state between the mineral and
the fiber. In the C + H6L/CaP group, the microscale petal-like
particles on the fiber surfaces increased further, with a rela-
tively uneven distribution; some fibers were completely covered,
In summary, the mineralization capacity of the different groups
can be ranked as C + IP6/CaP > C + H6L/CaP > C + CaP. The C +
IP6/CaP group achieved the most effective and stable biomi-
metic mineralization, forming a dense and uniform coating
that integrated seamlessly with the collagen fibers. While the C
+ H6L/CaP group also promoted mineralization, its distribution
was less consistent. The C + CaP group showed the weakest
performance, with minerals forming irregular clusters that
lacked strong adhesion to the membrane surface.

Dentin slice preparation and evaluation of toothpaste
adhesion on dentin

Human third molars were collected and sectioned into slices
measuring 5 x 5 x 1 mm?, following the procedure illustrated
in Fig. 6. After acid-etching, the dentin surface revealed clearly
exposed dentinal tubules. Prior to evaluating the effectiveness
of each material in occluding dentinal tubules, their adhesion
to the dentin surface was examined. First, all material groups
were fluorescently labeled with calcein. As shown in Fig. 7A, the
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Acid-etched dentin

Fig. 6 Flowchart
experiments.

of tooth slice preparation and subsequent

calcein-labeled materials and their corresponding toothpaste
mixtures exhibited green fluorescence. After a single treatment
of dentin with the labeled toothpaste (Fig. 7B), more green
fluorescent particles were observed on the dentin surface in the
F + CaP@C, F + H6L/CaP@C, and especially the F + IP6/CaP@C
groups compared to the F + BG@C group.

Quantitative analysis (Fig. 7D) revealed that the percentage
of fluorescent area followed the order: F + IP6/CaP@C > F + H6L/
CaP@C > F + CaP@C > F + BG@C. Subsequently, the treated
dentin samples were immersed in artificial saliva for 12 h to
reassess particle retention (Fig. 7C). Although both the fluo-
rescence area and intensity decreased noticeably in the F + IP6/
CaP@C and F + H6L/CaP@C groups, distinct green particles
remained on the dentin surface. In contrast, almost no fluo-
rescent particles were detected in the F + BG@C and F + CaP@C
groups. Quantitative results (Fig. 7E) confirmed that the
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Fig.7 Evaluation of dentin surface adhesion of toothpastes containing

calcein-labeled samples. (A) Fluorescence microscopy images of
toothpastes incorporated with calcein-labeled materials. Fluores-
cence microscopy images of dentin surfaces after a single treatment
with calcein-labeled toothpaste (B) and after subsequent immersion in
artificial saliva for 12 h (C). Area percentage of the residual fluorescent
region after a single treatment (D) and after 12 h of immersion in
artificial saliva (E).
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Fig. 8 Evaluation of dentinal tubule occlusion efficacy and acid
resistance stability by different toothpastes. (A) Representative SEM
images of dentin surfaces after 3 days and 7 days of treatment in an in
vitro brushing model, and subsequent citric acid challenge. (B-D)
Statistical analysis of the percentage of exposed dentinal tubule area
after 3 days toothpaste treatment (B), 7 days toothpaste treatment (C),
and post-citric acid treatment (D). *p < 0.05, **p < 0.01, ***p < 0.001,
****¥p < 0.0001.

fluorescent area percentage was highest for F + IP6/CaP@C,
followed by F + H6L/CaP@C, while the F + BG@C and F +
CaP@C groups showed the lowest values.

Occlusion of dentinal tubules and acid resistance evaluation
of toothpaste

To simulate daily brushing habits, dentin samples were treated
in vitro with toothpaste containing BG, CaP, IP6/CaP, or H6L/
CaP particles, and the dentinal tubule occlusion effect was
evaluated by SEM, as shown in Fig. 8A. After 3 days of treatment,
all groups exhibited varying degrees of tubule occlusion. The F +
CaP group showed almost no effective mineral deposition on
the dentin surface, while the F + H6L/CaP group displayed
relatively uneven mineral deposits that covered most tubule
openings. Quantitative results (Fig. 8B) indicated that the
exposed tubule area followed the order: F + CaP > F + BG > F +
H6L/CaP > F + IP6/CaP. After 7 days, the F + IP6/CaP group
achieved a substantially dense and uniform occlusion layer over
the tubules. The occlusion effect in the F + H6L/CaP group also
improved, though the deposits appeared loosely bound to the
substrate; nevertheless, most tubule openings were nearly
completely sealed. The F + CaP and F + BG groups showed slight
improvement compared to 3 days, but scattered, irregular large
crystals were visible on the surface, and the dentinal tubule
openings remained largely exposed. Statistical results (Fig. 8C)
confirmed that the exposed tubule areas in the F + IP6/CaP and
F + H6L/CaP groups were significantly lower than those in the F
+ CaP and F + BG groups.

After acid treatment, the exposed tubule area increased in all
groups (Fig. 8D), but the values for the F + IP6/CaP and F + H6L/
CaP groups remained markedly lower than those of the F + CaP
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Fig. 9 Evaluation of the cytocompatibility of the materials. (A) Cell
viability was measured by the CCK-8 assay after culture in material
extracts at various concentrations for different time periods. (B)
Representative fluorescence images of live/dead staining for cells
cultured in 100 pg per mL extract for 1 day.

and F + BG groups. This demonstrates the effective tubule
occlusion and acid-resistant stability of the F + IP6/CaP and F +
H6L/CaP groups in vitro. The strong adhesion of IP6 and H6L
particles to the dentin surface, along with their good stability in
artificial saliva, promoted the accumulation and penetration of
these particles into dentinal tubules. In contrast, CaP and BG
particles exhibited poor adhesion to dentin, making them
susceptible to being washed away under mechanical brushing
forces and acid attack, leading to re-exposure of the tubules.

Cell compatibility

The cytotoxicity of BG, CaP, IP6/CaP, and H6L/CaP toward HSF
cells was evaluated using CCK-8 assay and live/dead staining. As
shown in Fig. 9A, no significant cytotoxic effects were observed
for any material group under different extract concentrations
and incubation periods. Compared with the negative control,
the relative proliferation rates of HSF cells cultured with
material extracts on days 1, 2, and 3 all remained above 80%.
According to the National Standard GB/T 16886.5-2017, this
result falls within the grade 0-1 biocompatibility range, indi-
cating favorable cytocompatibility for all tested materials.

To further verify biocompatibility, live/dead staining was
performed. After incubation with 100 pg per mL extracts
(Fig. 9B), HSF cells in all groups exhibited high-density green
fluorescence (live cells) with minimal red fluorescence (dead
cells), consistent with the CCK-8 results. This confirms that at
the tested concentrations, none of the four material extracts
induced obvious cytotoxicity, further supporting their good
biocompatibility.

Discussion

To develop ACP-based nanomaterials for caries repair and
dentin hypersensitivity treatment, this study utilized two
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structurally similar SOM, IP6 and H6L, which differ in their
chemical functional groups, as regulators. Using a simple
chemical precipitation method, IP6/CaP and H6L/CaP nano-
particles with a size of approximately 100 nm were synthesized
at room temperature. In the absence of organic regulators, the
synthesized CaP was primarily HA. In contrast, when IP6 or H6L
was added, the resulting CaP was predominantly ACP. Subse-
quently, the performance of these materials in dentin remi-
neralization, dentin tubule occlusion, and acid resistance was
systematically compared. The results showed that IP6/CaP
exhibited the most effective promotion of dentin tubule occlu-
sion and formation of a uniform and stable mineralized layer,
followed by H6L/CaP. Both formulations outperformed pure
CaP and commercial BG.

Traditional dentin remineralization therapies, such as those
involving fluoride and bioactive glass, often focused on
enhancing the acid resistance of the tooth surface or providing
calcium and phosphate ions to create a localized supersaturated
microenvironment for rapid mineralization.**** Although these
methods achieved notable success in caries prevention, their
mode of action primarily relied on surface mineral accumula-
tion, which often failed to achieve deep occlusion of dentinal
tubules and ordered intrafibrillar mineralization of
collagen.***® Therefore, transitioning from “surface mineral
accumulation” to “biomimetic structural repair” emerged as
a key research focus in the field of dental materials. In recent
years, CaP, as the primary inorganic constituent of dentin,
garnered significant attention in dentin repair research due to
its excellent biocompatibility and ion-releasing capability.*”
However, pure-phase CaP was highly unstable in physiological
environments and prone to rapid disordered phase trans-
formation, leading to the formation of large HA crystals that
could hardly penetrate the nanoscale collagen pores of demin-
eralized dentin. To address this bottleneck, researchers gradu-
ally turned their attention to ACP. As a natural precursor to HA
formation, ACP possessed higher solubility and ionic activity,
enabling effective penetration into the deep layers of deminer-
alized tissue, and was thus regarded as an ideal “seed” for
achieving intrafibrillar mineralization.*®** However, ACP was
highly unstable and readily transformed into HA, posing
a significant challenge for its practical application.

Currently, multiple strategies have been employed to stabi-
lize ACP, such as utilizing carboxylate-rich polymers (e.g., poly
(acrylic acid)) to chelate calcium ions and inhibit the rapid
phase transformation of ACP, or employing biomacromolecules
(e.g., casein phosphopeptides, gelatin) to stabilize ACP through
steric hindrance and electrostatic interactions.”®*' However,
these approaches are often limited by proteolytic degradation,
high cost, or suboptimal kinetic control. In contrast, SOM
enriched with negatively charged groups (e.g., IP6, H6L) offered
the potential to overcome these limitations due to their high
charge density and suitable molecular size. In this study, IP6
and H6L were selected to regulate the growth of CaP, leading to
the successful synthesis of ACP nanoparticles. In the absence of
SOM in the solution, the resulting CaP phase was HA. This
indicated that both IP6 and H6L effectively stabilized ACP and
inhibited its transformation into HA. This stabilization was
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likely attributed to the six phosphate groups of IP6, which
exhibited a strong chelation affinity for Ca**, enabling rapid
adsorption onto the surface of nascent CaP clusters, thereby
reducing local supersaturation and sterically blocking crystal
growth sites®** Similarly, H6L, with its six symmetric carbox-
ylate groups, functioned through an analogous dual mecha-
nism involving chelation-mediated supersaturation reduction
and surface adsorption-induced steric hindrance.** This syner-
gistic action significantly elevated the activation energy barrier
required for the dissolution-recrystallization pathway, thereby
prolonging the stability of the amorphous precursor.®
Compared to the un-stabilized control group, this stabilizing
effect was particularly pronounced: in the absence of IP6 or
H6L, CaP clusters rapidly and spontaneously rearranged into
thermodynamically stable crystalline HA;'>** whereas the
presence of IP6 and H6L maintained their amorphous struc-
ture, preserved high reactivity, and resulted in the formation of
smaller, more stable ACP nanoparticles with slower trans-
formation kinetics.?”

The binding affinity between the restorative material and the
dentin surface was one of the critical factors affecting dentin
repair. In the complex and dynamic oral environment, an ideal
restorative material was not only required to possess pro-
mineralization capability but also needed to firmly adhere to
the dentin surface to withstand mechanical challenges such as
toothbrushing, salivary flow, and masticatory stress, thereby
providing a foundation for the sustained deposition of subse-
quent minerals. Typically, inactive ingredients or physically
deposited particles in conventional toothpaste only loosely
covered the tooth surface and were easily rinsed away during
mouth rinsing or toothbrushing. In this study, ACP was incor-
porated into toothpaste to investigate its adhesion on the
dentin surface. As a well-established material in clinical
dentistry, BG functions as a commercial reference and a potent
ionic reservoir, facilitating the continuous release of mineral
precursors to drive the remineralization process.> Based on
SEM images and quantitative analysis of calcein-labeled mate-
rials after toothpaste treatment (Fig. 7), the F + H6L/CaP@C and
F + IP6/CaP@C groups exhibited significantly stronger binding
to the dentin surface compared to the F + BG@C and F + CaP@C
groups. This enhanced binding was likely attributable to the
smaller nanoscale size of IP6/CaP and H6L/CaP, as well as the
strong affinity of the abundant phosphate and carboxyl groups
on the nanoparticle surfaces for calcium ions in dentin. In
contrast, the F + BG@C and F + CaP@C groups, possibly due to
the lack of effective chemical bonding, were more prone to
detachment under mechanical challenges.

Furthermore, intrafibrillar mineralization, characterized by
the infiltration of minerals into the collagen fibrils to form
a hybrid structure analogous to natural dentin, was considered
a hallmark of ideal dentin repair.®® As shown in Fig. 5, the IP6/
CaP treatment resulted in well-integrated mineral-fibril struc-
tures with seamless interfaces. Concurrently, the effective
occlusion of dental tubules represented another -crucial
prerequisite for alleviating dentin hypersensitivity, preventing
bacterial invasion, and ensuring the long-term stability of the
restoration. As illustrated in Fig. 8, following treatment with
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IP6/CaP and H6L/CaP nanocomposites, a continuous, uniform,
and dense mineralized layer was formed on the demineralized
dentin surface. The reparative efficacy of both groups was
significantly superior to that of the pure CaP group and the
bioactive glass group. This remarkable performance was likely
attributed to a synergistic mechanism combining physical
penetration and chemical remineralization.

According to previous reports, particle size and binding
affinity were identified as the primary factors determining
tubule occlusion efficiency.®** The TEM (Fig. 2C) and DLS
(Fig. 3D) results from this study confirmed that the IP6/CaP and
H6L/CaP nanoparticles, stabilized by SOM, possessed particle
sizes below 100 nm and exhibited excellent dispersibility, which
facilitated their deep penetration into the tubules under
mechanical brushing action. Once localized within the tubules,
these amorphous nanoparticles, characterized by high solu-
bility and ionic activity, functioned as sacrificial “ion reser-
voirs”. Subsequently, the dissolution of these ACP clusters
elevated the local concentrations of Ca®>" and PO,*>” ions,
creating a supersaturated microenvironment that drove the re-
precipitation and growth of stable HA crystals onto the tubule
walls and collagen matrix. This transition from initial “particle
filling” to active “mineral growth” ensured the formation of
a dense and acid-resistant occlusive layer. The particularly
outstanding performance of the IP6/CaP group was likely
associated with the stronger Ca®" chelation capacity and steric
hindrance effect conferred by its six phosphate groups, which
more effectively prolonged the stability period of ACP and
guaranteed the ordered growth of minerals.

Compared with previously reported biomimetic systems
utilizing high molecular weight polymers (e.g., polyacrylic acid,
PAA), biomimetic peptides, or other biological macromolecules,
the IP6/CaP system proposed in this study exhibited multiple
advantages. Benefiting from their suitable size and biomimetic
affinity, the IP6/CaP and H6L/CaP nanocomposites were able to
readily penetrate into the nanopores and tubule interiors of
demineralized dentin. Once internalized, these stable ACP
precursors, acting as high-energy metastable phases, gradually
released Ca** and PO,>".%** This localized ionic supersatura-
tion triggered the in situ reprecipitation of HA-like minerals
within the tubules. Consequently, the CaP synthesized under
the regulation of IP6 or H6L in this study demonstrated unique
dual advantages: on one hand, the phosphate or carboxyl
groups effectively inhibited the rapid aggregation and disor-
dered transformation of ACP by chelating Ca®" ions; on the
other hand, the low steric hindrance characteristic of the SOM
facilitated the penetration of the stabilized ACP nanoclusters
into demineralized dentin tubules and collagen fibrils, thereby
promoting dentin repair.*

While the aforementioned advantages are significant, it
must be objectively acknowledged that the current system has
certain limitations. First, the in vitro static mineralization
model could not fully replicate the complex dynamic microen-
vironment of the oral cavity, including masticatory stresses,
salivary flow, and bacterial colonization. Second, although IP6/
CaP demonstrated excellent dentinal tubule occlusion efficacy
in vitro, the current formulation remained a simplified binary
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composite. Compared to sophisticated “multifunctional inte-
grated” restorative materials, it lacked inherent antibacterial
properties, which are crucial for achieving long-term clinical
success in a caries-prone environment. Furthermore, although
the acid resistance of the coating was evaluated, the mechanical
durability of the mineralized layer under repetitive shear
stresses from mastication remained to be quantified. Future
directions for improvement should explore the incorporation of
synergistic ions (e.g., F~, Zn>") or integration with adhesive
resins, as well as validation through in vivo animal studies, to
provide a more substantial basis for the clinical translation of
this material.

In summary, owing to its unique molecular structure and
strong chelating ability, IP6 can serve as an effective stabilizer
for ACP, facilitating the formation of a structurally dense and
stable biomimetic mineralized layer. This study not only
confirms the significant potential of SOM in regulating bi-
omineralization, but also presents a promising strategy for
developing next-generation dentin repair materials.

Conclusions

This study systematically evaluated the biomimetic dentin
remineralization performance of three materials: IP6/CaP, H6L/
CaP, and CaP. The comprehensive results indicated that the
IP6/CaP nanocomposite, regulated by the IP6, effectively stabi-
lized ACP and promoted the formation of a densely structured
biomimetic mineralized layer. In vitro, it demonstrated excel-
lent rapid tubule-occlusion capability and remarkable acid-
resistant stability, with overall performance surpassing that of
the H6L/CaP and CaP groups. Thus, IP6/CaP holds considerable
promise as a next-generation biomimetic mineralization mate-
rial for the rapid and durable treatment of dentin
hypersensitivity.
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