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1. Introduction

A novel biomaterial derived from the skin
secretion of Andrias davidianus for dentinal tubule
occlusiont

Yongxiang Zeng,?*“® Lin Yang,®*“® Na Wu,?*“® Hong Chen,?*“ Ximu Zhang*®*<°
and Deqin Yang () xabcdef

Dentin hypersensitivity is a common challenge for dentists and patients. Occluding dentinal tubules
through dentin remineralization is considered an alternative therapeutic approach to manage dentin
hypersensitivity. The skin secretion of Andrias davidianus (SSAD) contains various binding functional
groups. In this study, SSAD hydrolysate was prepared with tris(2-carboxyethyl)phosphine reduction. Its
binding ability to acid-etched dentin, as well as its efficacy in dentin remineralization and tubule
occlusion were evaluated. The results demonstrated that SSAD hydrolysate could easily and firmly bind
to the surface of collagen fibrils. This hydrolysate could stabilize calcium and phosphorus ions in an
amorphous state and induce the accumulation of apatite on the dentin surface. After 4 weeks of
incubation in artificial saliva, dentinal tubules treated with 0.5 mg mL™ SSAD hydrolysate were evidently
sealed by regenerated minerals. The deposited minerals were observed deep within the dentinal tubules
(up to 30 £ 5 um). X-Ray diffraction and energy-dispersive X-ray analyses further confirmed that the
regenerated minerals were mainly hydroxyapatite. Sequentially, stable occlusion after acid challenge and
significant reduction in dentin permeability were achieved. The microhardness value of the remineralized
dentin treated with SSAD hydrolysate was significantly increased. In addition, the proliferation, migration,
mineralization, and odontogenic differentiation of human dental pulp stem cells were promoted. Animal
experiments indicated that SSAD hydrolysate could also occlude dentinal tubules in the oral
environment. In conclusion, our work provides an experimental basis for the potential use of SSAD
hydrolysate for treating dentin hypersensitivity.

trauma.>* According to the hydrodynamic hypothesis, occluding
dentinal tubules to reduce fluid movement and subsequent

Dentin hypersensitivity, a prevalent and recurrent dental com-
plaint, presents with short and sharp pain."* This dental condi-
tion is common among patients with dentin exposure caused by
caries, attrition, wedge-shaped defects, gingival recession, and
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impulse transmission represents an effective method for alleviat-
ing relevant clinical symptoms.® Although several therapeutic
approaches, such as toothpaste or mouth rinses with desensitiz-
ing agents, laser irradiation, and filling repair, have been used to
occlude dentinal tubules, their long-term effectiveness remains
unsatisfactory.®® Recently, occlusion agents capable of inducing
biomimetic mineralization have been proposed to repair mineral-
depleted dentin and subsequently occlude dentinal tubules.'®™"?
The role of non-collagenous proteins (NCPs) in dentin reminer-
alization has been widely discussed.”® Some researchers believe
that NCPs can initiate apatite nucleation and control the growth
of hydroxyapatite (HA) crystals."* However, obtaining intact NCPs
is difficult and economically unfeasible.'” Therefore, strategies
involving the coating of biomimetic NCP analogs onto the demi-
neralized dentin surface have been adopted to facilitate dentin
remineralization.

Li et al.*® successfully synthesized the amyloid-like protein
lysozyme coupled with polyethylene glycol (lyso-PEG), which is

This journal is © The Royal Society of Chemistry 2025
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rich in B-sheets and can penetrate narrow and deep dentinal
tubules. The lyso-PEG oligomers further achieved deep and
steady occlusion of dentinal tubules.’® Han et al.'” extracted
multifunctional polyphenol ingredients from gallnut. Their
experiments suggested that the hydroxyl functional groups in
phenols could accumulate calcium and phosphate, which is of
great significance for the repair of dental hard tissues and
the occlusion of dentinal tubules. Saravana Karthikeyan
et al."® demonstrated that eggshell-derived nanohydroxyapatite
combined with carboxymethyl chitosan enhanced dentin remi-
neralization by mimicking NCP-mediated mineralization path-
ways, leading to complete tubular occlusion and improved
microhardness. Similarly, Rani et al.'® reported that the combi-
nation of eggshell nanohydroxyapatite and phytosphingosine
promotes mineral deposition and stabilizes collagen fibrils in
demineralized dentin. In summary, these studies highlight the
significant potential of various biomaterials and peptides to
mimic NCPs to enhance dentin remineralization and protect
dental structures, representing promising solutions for addres-
sing dentin hypersensitivity and promoting overall oral health.

Our previous research on the skin secretion of Andrias
davidianus (SSAD) demonstrated that the SSAD hydrogel
has strong tissue adhesion properties and exhibits excellent
biocompatibility, promoting soft tissue repair and enhanc-
ing wound healing.”® SSAD is a complex mixture rich in
proteins, amino acids, antimicrobial peptides, and mucopoly-
saccharides.”’ These proteins contain tyrosine, phenylalanine,
and tryptophan, which possess functional groups such as
phenolic hydroxyl groups, amino groups, and benzene rings,
all of which are believed to facilitate bonding effects.>'">* Based
on the excellent adhesion ability of SSAD, we hypothesized that
it could represent an excellent candidate for the surface mod-
ification of the dentin matrix, effectively binding to exposed
collagen fibrils. After reducing the disulfide bonds of
SSAD proteins with tris(2-carboxyethyl)phosphine (TCEP), we
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obtained SSAD hydrolysate with abundant biochemically active
end-groups, which may be able to perform the function of NCPs
and induce dentin mineralization. Moreover, Zhang et al.*®
applied TCEP-reduced functional SSAD hydrolysate to bone
defects and observed osteogenic-associated stem cell recruit-
ment and the formation of multiple bone centers. Component
analysis has also revealed that SSAD contains various growth
factors that stimulate tissue repair.’® As a desensitizing mate-
rial applied to dentin, it is crucial for SSAD to exhibit good
biocompatibility. Therefore, the investigation of its biological
performance is of great significance.

In this study, SSAD hydrolysate was prepared and coated
onto acid-etched dentin (Scheme 1). We hypothesized that
SSAD hydrolysate could effectively bind to collagen fibrils,
induce dentin remineralization, and subsequently occlude
dentinal tubules. Experiments with human dental pulp stem
cells (HDPSCs) were conducted to evaluate the biocompatibility
of SSAD hydrolysate, while animal experiments were performed
to simulate the dentin remineralization effects of SSAD hydro-
lysate in the oral environment.

2. Materials and methods

2.1. Preparation and characterization of SSAD hydrolysate

The SSAD powder was prepared according to our previous
protocol.>>?”*® Briefly, healthy male Andrias davidianus (Chi-
nese Giant Salamanders) (3-5 years old, 65-110 cm in length,
and 2.8 + 0.7 kg in weight) from a Chinese Giant Salamander
Breeding Base in Chongqing, China, was cleaned with fresh
water. Chinese giant salamanders have abundant mucous
glands on their dorsal skin. Gentle scraping of the dorsal skin
with a stainless steel curette induced mucus secretion. As a
non-invasive procedure, this does not cause pain to the giant
salamanders. Each adult animal typically yielded more than

Skin secretion (, [3‘>r~
collection N /\}/

& } — 5@\
. A1) o
Andrias
davidianus

SSAD powder

OH
TCEP N
S-S reduction N'/Hz\?@

E— COOH

SSAD hydrolysate

i

Exposed dentin 5

Mineral crystal

i

Occlusion
of DTs 4
.

SSAD hydrolysate

.
e
b
]

SSAD hydrolysate
bond with DTs

(PO, Ca?*

Remineralization

Scheme 1 Schematic illustration of the preparation of skin secretion of Andrias davidianus (SSAD) hydrolysate. Remineralization of dentin and the

occlusion of dentinal tubules (DTs) induced by SSAD hydrolysate.
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20 mL of mucus during harvesting. All experiments were
conducted in strict accordance with China’s Animal Protection
Law, and no Chinese giant salamanders were sacrificed. The
skin secretions were washed with phosphate buffer saline
(PBS), freeze-dried, and ground into 300-mesh powder. Subse-
quently, a 4 mg mL~" TCEP solution was prepared, and 200 mg
of SSAD powder was added to 10 mL of the TCEP solution at
4 °C for 24 h. After centrifugation and 48 h of dialysis, SSAD
hydrolysate was obtained, and its concentration was measured
using a Bradford protein assay kit.

The secondary structures of SSAD before and after TCEP
reduction were characterized using circular dichroism (CD)
spectroscopy. The measurements were conducted from 180 to
260 nm at a rate of 200 nm min . After eight scans, the average
data were obtained. HDPSCs were used to evaluate the cyto-
toxicity of SSAD hydrolysate. The details of HDPSCs isolation,
culture, and identification are presented in the ESIt (Fig. S1).
The cell density was adjusted to 5000 cells per well of a 96-well
plate. The cells were then cultured with SSAD hydrolysate at
different protein concentrations (0.05, 0.1, 0.5, 1, and 2 mg
mL ") for 24 h. Cell viability was analyzed using cell counting
kit-8 (CCK-8). Cells cultured in PBS were used as the control
group. As per the kit instructions, 10% (v/v) CCK-8 solution was
added and incubated in the dark for 1 h, before recording
optical density at 450 nm. Each experiment was repeated
three times.

2.2. Effects of different SSAD hydrolysate concentrations on
dentin remineralization

2.2.1. Preparation of dentin specimens. Human exfoliated
third molars free of caries, defects, cracks, or abrasions were
collected after receiving informed consent from patients. The
experiment was approved by the Ethics Committee of Chongqg-
ing Medical University (CQHS-REC-2020; LS No. 68). After
scraping off the extra soft tissue and washing with PBS, the
molars were immersed in 0.1% (w/v) thymol solution at 4 °C for
subsequent application. The teeth were sliced perpendicular to
the long axis below the enamel-dentinal junction using a
hard tissue saw (EXAKT, Germany) with cooling water. Next,
130 dentin disks, each with a thickness of 1 mm, were prepared
for subsequent experiments. The dentin disks were polished
with silicon carbide sandpapers (600-2000 mesh) and then
cleaned in deionized water with ultrasonication (400 W) for
15 min. To prepare the dentin hypersensitivity model, dentin
tablets were soaked in 0.5 M ethylenediaminetetraacetic acid
(EDTA, pH 8.0) for 30 min and then ultrasonicated in deionized
water (400 W) for 15 min.>®

2.2.2. Bonding capability of SSAD hydrolysate on dentin.
The EDTA acid-etched dentin slices were gently blown dry and
then coated with different concentrations of SSAD hydrolysate
(0.05, 0.1, 0.5, 1, and 2 mg mL ") using a small brush for 20 s.
The coated dentin samples were then subjected to ultrasonic
treatment (400 W) for 1 min. Field-emission scanning electron
microscopy (FESEM) (ZEISS Gemini 300, Germany) was used to
observe the bonding stability of SSAD hydrolysate on the dentin
surface before and after ultrasonic treatment.
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2.2.3. Contact angle measurement. Acid-etched dentin sur-
faces were coated with SSAD hydrolysate of different concentra-
tions (0.05, 0.1, 0.5, 1, and 2 mg mL ") or with deionized water
as a control and then dried at room temperature. Using a
micro-syringe, 5 uL of deionized water was slowly dropped onto
the surface of the pre-coated dentin. After 15 s, the static
contact angles were documented with a contact-angle measur-
ing instrument (Beijing Global Hengda, China). Each group was
measured five times (n = 5).

2.2.4. Remineralization capability of SSAD hydrolysate on
dentin. To investigate the effects of SSAD hydrolysate on dentin
remineralization, the hydrolysate was applied to the acid-
etched dentin at concentrations of 0.05, 0.1, 0.5, 1, and
2 mg mL™', before incubating in artificial saliva (AS)
(pH 7.02) at 37 °C for 1 week. The AS, containing CaCl,
(1.5 mM), KH,PO, (0.9 mM), KCIl (130 mM), NaN; (1.0 mM),
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(20 mM), was prepared as previously reported and refreshed every
24 h.*° The dentin morphology was detected using FESEM.

2.3. Remineralization of reconstituted collagen

Single-layer reconstituted collagen was used to observe the
effects of SSAD hydrolysate on dentin remineralization. Briefly,
a 0.05 mg mL™" type I rat tail collagen solution was dripped
onto 300-mesh Ni transmission electron microscopy (TEM)
grids. Collagen fibrils were self-assembled with 1% ammonia
vapor and then maintained at 37 °C for 12 h. Glutaraldehyde
(0.05 wt%) was used to cross-link the collagen fibrils for 1 h.
SSAD hydrolysate (0.5 mg mL™") or deionized water (as the
control) was dripped on the TEM grids covered with collagen
fibrils and air-dried. The samples were then floated over AS at
37 °C for a designated time (6, 12, and 24 h). The grids were
retrieved for TEM (HT7700, Hitachi, Japan) observation after
washing in deionized water and air drying.

2.4. Assessment of dentinal tubule occlusion

2.4.1. FESEM morphology of dentin. Based on the above
results, we found that the 0.5 mg mL ™" SSAD hydrolysate group
had better dentin remineralization efficacy than the other
groups. To further evaluate its tubule-sealing efficacy, acid-
etched dentin disks treated with 0.5 mg mL ™' SSAD hydrolysate
or deionized water (as the control) were incubated in AS at 37 °C
for 1, 2, and 4 weeks, and the solution was replaced daily.
FESEM and energy-dispersive X-ray (EDX) were used for mor-
phology observation and element composition detection of
dentin.

2.4.2. X-ray diffraction analysis. X-ray diffraction (XRD;
Bruker D8 advance, Germany) patterns were applied on dentin
disks before and after remineralization for 4 weeks to examine
the type of biomineralized crystal and the orientation degree of
crystallinity. Untreated dentin and EDTA-etched dentin were
also analyzed for comparison.

2.4.3. Acid resistance. After 4 weeks of remineralization,
dentin specimens were subjected to a 6% citric acid challenge
for 1 min. After rinsing with deionized water, the surface and
cross-section morphology were observed using FESEM.

This journal is © The Royal Society of Chemistry 2025
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2.4.4. Permeability measurement. The permeability of den-
tin slices after EDTA acid etching, remineralization for 4 weeks,
and citric acid challenge (n = 6) was measured. A modified
hydraulic conductance system was constructed with a water
reservoir (20 cm) to simulate pulpal pressure, as previously
reported.® This system allowed for the measurement of dentin
permeability. Hollow rubber rings with an inner diameter of
7 mm were placed on the top and bottom of the dentin slices
and were then fixed between the resin fixtures. An air bubble
was injected into the 25-pL capillary tube through a syringe,
and the distance that the air bubble moved within 5 min was
recorded to calculate the flow rate (uL min~"). Then, the flow
rate was divided by the measurable area of the dentin slice
(cm?) and the water pressure (cmH,0) to obtain the water
conductivity (Lp). The water conductivity of the EDTA-etched
dentin slices was considered the maximum dentin permeability
(Lp = 100%). For each sample, the dentin permeability was
documented as a proportion (Lp%) relative to the permeability
of EDTA-etched dentin, and the measurement process was
repeated three times.

2.4.5. Assessment of dentin microhardness. The Vickers
hardness test (HVS-10Z, Jingbo Company, China) was con-
ducted to measure the microhardnesses of intact dentin,
acid-etched dentin, and remineralized dentin in the SSAD
hydrolysate and control groups.'®'®*> The loading force was
50 g with a dwell time of 10 s. Five indentations were detected
in each dentin sample.

2.4.6. Commercial sealants for dentinal tubule occlusion.
The EDTA acid-etched dentin slices were gently blown dry,
painted with Duraphat agent (Colgate-Palmolive, UK) using a
small brush, and maintained at room temperature for 4 h until
the coating hardened. The other dentin slices in the Gluma
desensitizer group were air-dried, coated with Gluma desensi-
tizer (Kulzer, Germany) for approximately 60 s, and gently
blown until the liquid film disappeared. The treatment was
repeated, and the dental surfaces were rinsed with water. The
coated dentin samples were then subjected to ultrasonic treat-
ment (400 W) for 1 min. FESEM was used to observe the
morphology of the dentin surface before and after ultrasonic
treatment.

2.5. Biocompatibility evaluation

HDPSCs were isolated, cultured, and identified, as presented in
the ESI.} Cells at passages 3-5 were used to further evaluate the
biocompatibility of 0.5 mg mL~" SSAD hydrolysate.

2.5.1. Cell proliferation essays. The cell density was
adjusted to 5000 cells per well of a 96-well plate. The cells were
treated with 0.5 mg mL ™" SSAD hydrolysate or PBS as a control
and cultured for 1, 3, and 5 days. CCK-8 was used to evaluate
the effect of SSAD hydrolysate on cell proliferation. According
to the kit instructions, 10% (v/v) CCK-8 solution was added and
incubated in the dark for 1 h, before measuring the optical
density at 450 nm. Each experiment was repeated three times.

2.5.2. Scratch wound-healing assay. A wound-healing assay
was performed to assess the effects of SSAD hydrolysate on cell
migration. HDPSCs were cultured in six-well plates with 5 x 10°

This journal is © The Royal Society of Chemistry 2025
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cells per well. When the fusion degree of the cells reached 90%,
a 200-uL pipette tip was used to make linear scratches with a
uniform width. The floating cell fragments were then gently
rinsed with a sterile PBS solution, and serum-free o-MEM
medium with 0.5 mg mL ™" SSAD hydrolysate or PBS was added.
An inverted phase-contrast microscope was used to record cell
migration at 0 and 24 h. The relative healing area of the cells
was calculated using Image] software.

2.5.3. Transwell migration assay. Briefly, the HDPSC den-
sity was adjusted to 3 x 10 cells per well and incubated in the
upper chamber of a transwell with 100 pL of a-MEM, while
800 pL of o-MEM medium with 0.5 mg mL ™" SSAD hydrolysate
or PBS was added to the lower chamber. Twenty-four hours
after cell incubation, the upper chamber was removed and
gently washed with PBS. Non-migrated cells on the upside were
wiped off with cotton swabs. The migrated cells were fixed in
4% paraformaldehyde for 15 min and washed twice with PBS.
The upper chambers were then soaked in 0.1% crystal violet
(15 min) for cell staining and rinsed with PBS. Microscopic
images were captured, and cell counts were performed to
quantify the number of migrated cells.

2.5.4. Alkaline phosphatase (ALP) activity test. For the ALP
activity test, the HDPSC density was adjusted to 2 x 10’ cells
per well and cultured with 0.5 mg mL ™' SSAD hydrolysate or
PBS in odontogenic induction (OI) medium in six-well plates.
The OI medium was prepared as described in the (ESIT).** After
14 days of incubation, ALP staining and the activity assay were
performed. Cells were fixed in 4% paraformaldehyde for 15 min
and washed twice with PBS. The BCIP/NBT ALP color develop-
ment kit was used for staining (30 min in the dark). The
morphological characteristics of the stained cells were captured
using an inverted microscope. To assess ALP activity, cell lysis
was performed in 1% Triton X-100 at a temperature of 4 °C. The
BCA protein assay kit was used to quantify the total protein
content. The ALP activity levels were measured using an ALP
assay kit and were normalized relative to the total protein
concentration. The absorbance was measured at 405 nm.

2.5.5. Alizarin red staining. Next, alizarin red staining was
conducted to evaluate calcium nodule formation in HDPSCs.
Briefly, cells (2 x 10° cells per well of a six-well plate) were
cultured in OI medium with or without SSAD hydrolysate
(0.5 mg mL™"). After 14 days of incubation, the culture medium
was removed, and the cells were fixed in 4% paraformaldehyde for
15 min, before washing twice with PBS. Staining was performed
with 1% alizarin red S solution (pH 4.2) for 10 min. The stained
cells were imaged using an inverted microscope. For quantification,
10% cetylpyridinium chloride was applied to extract the stain. The
absorbance was measured at 620 nm.

2.5.6. Odontogenic-related gene expression. Next, quantita-
tive reverse transcriptase-polymerase chain reaction (qQRT-PCR)
was performed to analyze the expression of odontogenic-related
genes. HDPSCs (5 x 10° cells per well of a six-well plate) were
cultured with or without SSAD hydrolysate (0.5 mg mL ™). After 7
days of incubation, total RNA was extracted with TRIzol reagent.
A NanoDrop2000 spectrophotometer (Thermo Scientific, Wal-
tham, MA, USA) was used to test the purity (A260/A280) and
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Table 1 gRT-PCR primers used for odontogenic differentiation

Gene Primer sequence

GAPDH Forward: GGAGTCCACTGGCGTCTTCA
Reverse: GTCATGAGTCCTTCCACGATA

DSpPP Forward: GCTGGCCTGGATAATTCCGA
Reverse: CTCCTGGCCCTTGCTGTTAT

DMP-1 Forward: GAGATAACCCCGACCCCACA

Reverse: GAGAGTGTGTGCGAGCTGTC

concentration of RNA. Subsequently, complementary DNA (cDNA)
was reverse transcribed using the Prime Script TM RT kit. qRT-
PCR was performed using an Applied Biosystems ABI 7500 System
(Bio-Rad Laboratories, Hercules, CA, USA). The relative mRNA
expression levels of dentin sialophosphoprotein (DSPP) and den-
tin matrix protein-1 (DMP-1) were normalized to GAPDH, analyzed
using the 2-22“* method, and determined using cycle threshold
(Ct) values. The primers used are listed in Table 1.

2.6. Animal experiments

Eight- to ten-week-old male Sprague-Dawley (SD) rats (200-
250 g, five rats per group) were used for in vivo experi-
ments.'®?*3*35 The Animal Experimental Ethics Committee
of the Chongqing Medical University approved the experi-
ments. Dentin specimens with a uniform thickness of 1 mm
were prepared and perforated for fixation in the oral cavity. The
dentin slices were then acid-etched and treated with 0.5 mg
mL ™" SSAD hydrolysate or deionized water. Stainless steel wire

A SSAD powder

Circular dichroism

Reaction in TCEP
solution

View Article Online
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was passed through the holes to fix the dentin samples between
the first molars and the upper central incisors. During the
experiment, the rats were fed a soft diet to better protect the
specimens from mechanical damage. All specimens were culti-
vated for 4 weeks, cleaned with deionized water, and then
analyzed using FESEM and EDX.

2.7. Statistical analyses

The results are expressed as the mean =+ standard deviation and
were analyzed by one-way ANOVA or t-test using SPSS 21.0 (SPSS
Software, USA). The Tukey method was used for post hoc tests.
The statistical significance levels are represented as *p < 0.05,
**p < 0.01, and ***p < 0.001. Each experiment was performed
three times.

3. Results

3.1. Characterization of SSAD hydrolysate

SSAD hydrolysate was prepared as shown in Fig. 1(A). When the
SSAD powder (300-mesh) was mixed with TCEP solution,
clumps of hydrogel were produced, which may have been
induced by the hydration reaction.’® After a 24-h reduction
reaction with TCEP, the SSAD hydrogel was dissolved. The
supernatant was collected by centrifugation, and a transparent
SSAD hydrolysate was obtained after the dialysis process to
remove the TCEP residue.

SSAD
hydrolysate

24 hour

After dialysis
G

2

i

@)

a ab
5 —0h - be B g
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Fig. 1 Preparation of SSAD hydrolysate (A). Circular dichroism analysis of SSAD hydrolysate before and after tris(2-carboxyethyl)phosphine (TCEP)
treatment (B). Cell counting kit-8 (CCK-8) results of SSAD hydrolysate cultured with human dental pulp stem cells (HDPSCs) (C). Different letters denote

significant differences (n = 6, p < 0.05).
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Circular dichroic spectroscopy was used to analyze the
secondary protein structure in SSAD before and after TCEP
treatment. The results (Fig. 1(B)) indicated that the relative
content of the protein secondary structure in SSAD changed
after TCEP treatment and that the hydrolysate was rich in -
sheet structures. Specifically, the relative content of the -sheet
in the SSAD hydrolysate increased from 56.1% to 60.8%, while
that of the B-turn increased from 22.9% to 33.0%. The relative
content of the a-helix decreased from 18.4% to 4.2%, while that
of the random coil decreased from 2.5% to 1.9%.

In this experiment, the cytotoxicity of SSAD hydrolysate
toward HDPSCs was evaluated using the CCK-8 assay. As shown
in Fig. 1(C), 2 mg mL " of SSAD hydrolysate exhibited an
inhibitory effect on cell growth, whereas SSAD hydrolysates
at concentrations of 1, 0.5, and 0.1 mg mL ™' exhibited
promotional effects on cell growth. The cell viability in the
0.05 mg mL~" group was not significantly different compared
with the control group. Among the tested concentrations, the
0.5 mg mL " group exhibited the most pronounced effect on
cell growth.

3.2. Effects of different SSAD hydrolysate concentrations on
dentin remineralization

Dentin specimens were prepared and treated as shown in
Fig. 2(A). FESEM images of intact dentin showed inter-tubular
and peritubular dentin with minerals. After acid etching with
EDTA, the dentinal tubules were opened, and collagen fibrils
were exposed (Fig. S2, ESIf). To investigate the effects of
different concentrations of SSAD hydrolysate on dentin remi-
neralization, we applied SSAD hydrolysate to acid-etched dentin
at concentrations of 0.05, 0.1, 0.5, 1, and 2 mg mL . The
dentin samples were then incubated in AS for 1 week.

FESEM observation revealed obvious differences in the
dentin surface morphology and remineralization effect among
the different SSAD hydrolysate concentration groups (Fig. 2(B)).
At a concentration of 2 mg mL ™', SSAD hydrolysate agglomer-
ated on the dentin surface, forming sheet-like deposits around
the collagen fibrils. At a concentration of 1 mg mL™", SSAD
hydrolysate was distributed as different-sized particles on the
dentin surface, with some areas still showing agglomeration. At
a concentration of 0.5 mg mL ™", SSAD hydrolysate was uni-
formly dispersed on the dentin surface as nanometer-sized
spherical particles, and the collagen fibrils remained fluffy
without obvious collapse. At a concentration of 0.1 mg mL ™",
SSAD hydrolysate was uniformly distributed on the dentin
surface, but the nanoparticles formed were smaller than those
in the 0.5 mg mL ™" group, and focal collagen collapse was
observed. At a concentration of 0.05 mg mL™ ', SSAD hydro-
lysate showed no nanoparticle deposition on the dentin sur-
face, and the collagen fibrils collapsed. After 1 week of
remineralization, the 0.5 mg mL ™" group exhibited the most
obvious mineral deposition.

FESEM was used to observe the dentin coated with 0.5 mg
mL~" SSAD hydrolysate before and after ultrasonication. As
shown in Fig. 2(C), before ultrasonic treatment, the SSAD
hydrolysate was uniformly distributed on the collagen fibrils,

This journal is © The Royal Society of Chemistry 2025
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keeping the fibrils fluffy. After ultrasonic treatment, although
the SSAD hydrolysate exfoliated in some regions, a significant
number of nanoparticles were still discernible, indicating that
the SSAD hydrolysate had a certain bonding capacity to col-
lagen fibrils. The contact angles of the dentin surface were
measured after treatment with different concentrations of SSAD
hydrolysate. As shown in Fig. 2(D), the contact angles of the
dentin surface in the 2 and 1 mg mL ™' groups were signifi-
cantly higher than those of the other groups (p < 0.05), while
there was no significant difference among the 0.5, 0.1, and 0.05
mg mL ™" groups. These results suggest that high concentra-
tions of SSAD hydrolysate (1 mg mL™' and 2 mg mL )
decreased the hydrophilicity of the dentin surface, whereas
concentrations lower than 0.5 mg mL ™" had no obvious effect
on its hydrophilicity.

3.3. Intrafibrillar collagen mineralization

The effect of SSAD hydrolysate on collagen fibril mineralization
was evaluated using reconstituted type I collagen. Calcium and
phosphorus ions in the control group formed needle-shaped
crystals after incubation in AS for 6 h (as shown by the white
arrow in Fig. 3(A)). There was no significant difference after
12-h and 24-h incubations in the control group. The electron
densities of the collagen fibrils were low, and HA crystal
particles were visible in the solution (Fig. 3(A1) and (A2)). In
the SSAD group, after 6 h of incubation, Ca and P ions in the
solution were in an amorphous state (as shown by the white
arrow in Fig. 3(B)), and no obvious crystal particles were
formed. After 12 h of incubation, needle-shaped crystals were
detected around the collagen fibrils (Fig. 3(B1)). After 24 h of
incubation, the electron density of collagen fibrils increased
(Fig. 3(B2)). TEM observations showed that calcium and phos-
phorus ions in the SSAD hydrolysate remained amorphous,
whereas those in the control group rapidly crystallized. Accord-
ing to the theory of dentin bionic mineralization, SSAD hydro-
lysate might be able to stabilize calcium and phosphorus ions
and induce their flow into collagen fibrils, thereby promoting
mineralization within collagen fibrils.>*®*” During the miner-
alization reaction of recombinant type I collagen, calcium and
phosphorus ions preferentially accumulated around the col-
lagen fiber surfaces in the SSAD-treated group.

3.4. Characterization of dentinal tubule occlusion

To further investigate the effects of dentinal tubule occlusion
and remineralization induced by SSAD hydrolysate, the acid-
etched dentin slices treated with 0.5 mg mL ™" SSAD hydrolysate
(SSAD group) and deionized water (as control) were incubated
in AS for 1, 2, and 4 weeks, before examining the morphology of
the dentin samples using FESEM (Fig. 3(C)).

In the control group, no significant increase in minerals was
observed on the dentin surface after 1 week of remineralization.
After 2 weeks, minimal amounts of mineral particles began to
accumulate on the dentin surface. By 4 weeks, the quantity of
mineral deposits increased but remained unevenly distributed,
and numerous dentinal tubules were still exposed. No substan-
tial mineral deposition was noted within the dentinal tubules at
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Fig. 2 Schematic illustration of dentin specimen preparation and treatment (A). FESEM images of the dentin surface after treatment with different
concentrations of SSAD hydrolysate and after remineralization for 1 week (B). FESEM images of the dentin surface treated with 0.5 mg mL™* SSAD
hydrolysate before and after ultrasonication (C). Contact angle examination of the dentin surface after treatment with different concentrations of SSAD
hydrolysate (D). Different letters denote significant differences (n = 5, p < 0.05).

any time point during the remineralization period. In contrast,
in the SSAD group, small amounts of mineral particles were
deposited around the SSAD hydrolysate on the dentin surface
after 1 week of remineralization. After 2 weeks, the amount of
deposits increased significantly both on the surface and in the
dentinal tubules, with a more uniform distribution and
reduced tubule diameter. By 4 weeks, the dentinal tubule
orifices were almost entirely sealed by nanoscale minerals,
and cross-sectional observations revealed mineral deposits
within the dentinal tubules. As the remineralization reaction
progressed, the density of deposits within the tubules gradually
increased, nearly filling the dentinal tubules by the fourth
week. These findings suggest that SSAD hydrolysate can effec-
tively induce mineral deposition on the dentin surface and
within the dentinal tubules, resulting in the deep occlusion of
dentinal tubules over time. The depth of dentinal tubule
mineralization was up to 30 + 5 pm (Fig. 3(D)).

10306 | J. Mater. Chem. B, 2025, 13, 10300-10313

As shown in Fig. S3A (ESIt), the FESEM results revealed the
formation of a uniform coating on the dentin surface after
Duraphat application, with complete occlusion of dentinal
tubules and an occlusion depth of 5-8 um (Fig. S3B, ESIY).
The Duraphat coating on the surface can be easily peeled off
after ultrasonic treatment (Fig. S3C, ESIt), and, as a result, the
dentinal tubules were empty. For the Gluma group, no change
could be observed on the surface and cross-sectional views of
the dentin surface (Fig. S4, ESIY).

EDX analysis of the dentin surface after 4-week mineraliza-
tion revealed a calcium-phosphorus ratio of 1.64, closely
resembling that of natural HA (Fig. 3(E) and (F)).***° XRD
analysis was used to characterize the mineral phase of precipi-
tates on dentin samples. As illustrated in Fig. 3(G), untreated
dentin exhibited distinct HA diffraction peaks at 20 angles of
25.9° (002), 31.8° (211), and 32.9° (300).*° These peaks are
characteristic of the crystalline structure of HA, a major

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TEM images of the remineralization of reconstructed type | collagen in the control and SSAD hydrolysate groups during different periods (A) and
(B). FESEM images of dentin remineralized for 1, 2, and 4 weeks (C). FESEM images of the cross-section of SSAD-treated dentin remineralized for 4 weeks,
and the high magnification FESEM image showing mineralized crystal deposited at a depth of 30 & 5 um (D). EDX results of the crystals on the surface of
SSAD-treated dentin remineralized for 4 weeks (E) and (F). XRD analysis of intact dentin, EDTA-etched demineralized dentin (EDTA-ED), and

remineralized dentin (RD) in SSAD and control group for 4 weeks (G).

component of dentin.*> After the EDTA acid-etched process,
most of the characteristic HA peaks showed a substantial
reduction in intensity, indicating the loss of HA in dentin.
The broadened peak widths suggested a decrease in
crystallinity.*** In contrast, after 4-week remineralization,
the dentin in the SSAD group showed characteristic HA diffrac-
tion peaks. The peaks were higher and the widths were nar-
rower than those in the control group. The enhanced
crystallinity of the SSAD group verified its effective reminerali-
zation and crystal-forming capacity.

Resistance to oral acid exposure is an important evaluation
standard for desensitizers in the clinical treatment of dentin
hypersensitivity.'>** Citric acid was used for anti-acid evalua-
tion to further explore the long-term stability of tubule occlu-
sion induced by SSAD hydrolysate.*> As shown by FESEM in
Fig. 4(A), after acid exposure in citric acid, the remineralized
dentin in the control group exhibited exposed dentinal tubules
and a mineral-free dentin surface, whereas the dentinal tubules
in the SSAD hydrolysate group remained plugged with deposits.

Control group

SSAD treated

Dentin permeability evaluation is often considered the
“gold standard” for appraising the dentin occlusion
capacity.** As shown in Fig. 4(B), the SSAD and control groups
showed significant differences in dentin permeability, both
after 4-week remineralization and after acid challenge. After
remineralization, the SSAD group exhibited a notable decrease
in Lp% values compared with the control group, which was
consistent with the excellent tubule occlusion observed using
FESEM. Acid challenge may lead to the loss of minerals,
resulting in higher dentin permeability. After citric acid chal-
lenge, the Lp% value of the SSAD group increased from 21.07%
to 38.52% but remained significantly lower than that of the
control groups (p < 0.001). In summary, although acid chal-
lenge increased the permeability in all groups, the SSAD group
maintained lower Lp% values than the control groups, high-
lighting its effectiveness in reducing dentin permeability even
under acidic conditions.

Fig. 4(C) shows the mean =+ SD of surface microhardness for
groups at various time points. The microhardness of EDTA-
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Fig. 4 FESEM images of remineralized dentin samples subjected to citric acid challenge (A). Schematic of the equipment used for the dentin
permeability assay and dentin permeability (Lp%) data in different groups (B) (n = 6, ***p < 0.001). Dentin microhardness measurement (C) of intact
dentin, EDTA-etched dentin, and dentin after 4 weeks of remineralization (n = 5; ns: not significant, **p < 0.01, and ***p < 0.001).
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Fig. 5 Role of SSAD hydrolysate in the proliferation, migration, and osteogenic and odontogenic differentiation of HDPSCs in vitro. Microscopic images
of the wound healing assay, transwell assay, and ALP and alizarin red staining of HDPSCs (A). CCK-8 assay (B) of HDPSCs cultured with SSAD hydrolysate
for 1, 3, and 5 days (n = 6; *p < 0.05 and **p < 0.01). Quantitative analysis of the wound healing assay (C), (n = 5) transwell assay (D), (n = 6), and ALP
activity (E), (n = 3); semi-quantitative analysis of alizarin red staining (F), (n = 3); qRT-PCR assay of odontogenic-related gene expression (G) and (H),
(n = 6) of HDPSCs cultured with or without SSAD hydrolysate (***p < 0.001).

etched dentin (0.228 £+ 0.06 GPa) was significantly lower than
that of intact dentin (0.771 £ 0.094 GPa). After 4 weeks of
remineralization, the dentin microhardness in the SSAD hydro-
lysate group was (0.554 + 0.08 GPa), representing a significant
increase compared with the control group (0.267 £ 0.01 GPa).
The microhardness value of the SSAD group was slightly
lower than that of the intact dentin, which suggests that
although remineralization with SSAD hydrolysate improved
the microhardness, it did not completely restore the dentin to
its original state.

3.5. Biosafety research

In our experiment, the concentration of SSAD hydrolysate that
induced dentin remineralization and dentinal tubule occlusion
was 0.5 mg mL . We selected this concentration to further
explore its effect on HDPSCs. The CCK-8 results in Fig. 5(B)
show that compared with the control group, the relative cell
vitality of the SSAD hydrolysate (0.5 mg mL ') group was
significantly increased on days 1, 3, and 5. These results

This journal is © The Royal Society of Chemistry 2025

indicate that SSAD hydrolysate (0.5 mg mL™") can promote
the proliferation of HDPSCs.

Cell scratch tests and transwell migration assays were per-
formed to evaluate the effects of SSAD hydrolysate on the
migration of HDPSCs. As depicted in Fig. 5(A, C and D), the
migration area and number of migrated cells of the SSAD
hydrolysate group were significantly greater than those of the
control group.

To verify the osteogenic effects of SSAD hydrolysate on
HDPSCs, we performed ALP staining, alizarin red staining,
and quantitative assays.’”> After 14 days of induction in OI
medium, ALP staining revealed that the stained area of cells
in the SSAD group was larger than that of the control group
(Fig. 5(A)), indicating early osteogenic effects.*® Consistent with
the quantitative results of ALP cell lysates, the ALP activity was
higher in the SSAD group than in the control group (Fig. 5(E)).
The results of alizarin red staining and the quantitative assay
(Fig. 5(A) and (F)) showed that the number of calcium nodules
in the SSAD hydrolysate-treated group was significantly
increased compared with the control group.
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DSPP and DMP-1 are key indicators of dentin matrix
mineralization.*” These genes play crucial roles in regulating
calcium and phosphate metabolism, thus affecting the initia-
tion and maturation of dentin mineralization. According to
gRT-PCR, the mRNA expression of both DSPP and DMP-1 was
significantly upregulated in the SSAD group after 7 days of
cultivation (Fig. 5(G) and (H)) compared with the control group,
demonstrating promising odontogenic efficacy. In summary,
our results confirmed that at a concentration of 0.5 mg mL ™",
SSAD hydrolysate can promote cell proliferation, migration,
and odontogenic differentiation of HDPSCs.

3.6. Animal experiments

For further clinical application, in vivo experiments were
designed. The dentin disk was first treated with or without
0.5 mg mL~ ' SSAD hydrolysate and then fixed on the teeth of
SD rats, as shown in Fig. 6(A)-a and b.***° In the control group,
the dentinal tubules were still open after a 4-week incubation
(Fig. 6(A)-c and c1), whereas the dentinal tubules of the SSAD
hydrolysate groups were completely occluded (Fig. 6(A)-d and
d1), and the deposited minerals could be observed deep in the
tubules to approximately 30 um. As shown by the EDX
(Fig. 6(B)), the Ca/P ratio of minerals in the dentinal tubules
was 2.16, slightly higher than that in HA (Ca/P 1.67), which may
be due to the mixture of impurities such as calcium oxide.
Thus, the in vivo experiments indicated that SSAD hydrolysate
facilitates oral remineralization of dentin and dentinal tubule
occlusion.

4. Discussion

In this research, we describe the application of SSAD hydro-
lysate to induce dentin remineralization and dentinal tubule
occlusion. We used TCEP to successfully reduce disulfide

10310 | J Mater. Chem. B, 2025, 13,10300-10313

linkages in proteins, thereby producing SSAD hydrolysate.
Protein spatial conformation is predominantly maintained by
intramolecular hydrogen bonds and disulfide bonds.”® TCEP,
with its high selectivity for reducing disulfide bonds, has been
previously used by Li et al to prepare nanoscale amyloid
aggregates by reducing the intramolecular disulfide bond of
lysozyme.'® Prior research has shown that when SSAD powder
is hydrated, numerous disulfide bonds are generated.>’ These
dynamic covalent disulfide bonds have found extensive appli-
cations in biomaterial creation.”® SSAD protein has an
abundance of a-helix structures, which are likely stabilized by
intramolecular S-S bonds. As shown by circular dichroic
spectroscopy, with TECP reduction, the relative content of the
a-helix decreased, and the relative content of the B-sheet and B-
turn in the SSAD hydrolysate increased. If the S-S bonds are
reduced, the o-helix transitions swiftly, leading to the rapid
formation of B-sheet-rich amyloid oligomers and protofibrils in
minutes.>>°

Compared with SSAD powder or hydrogel, SSAD hydrolysate
exhibits enhanced fluidity, which enables it to more easily
penetrate the gaps between collagen fibers and dentinal
tubules. After reduction with TCEP, SSAD hydrolysate exposes
various functional groups, including amine, guanidyl, carboxyl,
and hydroxyl groups, all of which play a crucial role in facil-
itating stable interfacial adhesion to the demineralized dentin
matrix.”® FESEM analysis before and after ultrasonication con-
firmed that 0.5 mg mL ™" SSAD hydrolysate forms a robust and
stable bond with collagen fibrils, providing favorable condi-
tions for subsequent dentin remineralization.

The concentration of SSAD hydrolysate significantly affects
its performance. The FESEM results indicated that at higher
concentrations (1 mg mL ™" and 2 mg mL™ "), SSAD hydrolysates
tend to agglomerate, which can impede their penetration into
dentinal tubules. In contrast, 0.5 mg mL~" of SSAD hydrolysate
was uniformly distributed as nanoparticles with a diameter of

This journal is © The Royal Society of Chemistry 2025
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approximately 60 nm on the collagen fibrils, while concentra-
tions lower than 0.05 mg mL~" had little effect on the dentin
surface topography. High-concentration hydrolysate agglom-
eration on the dentin surface can increase surface tension
and reduce dentin surface hydrophilicity, as evidenced by
contact angle measurements. Because surface energy and sur-
face wettability are correlated and can be objectively reflected
by surface contact angle measurements,”” smaller contact
angles indicate better surface wettability, which is vital for
the reaction between coating materials and the dentin matrix.
Agglomeration is unfavorable for calcium and phosphorus ion
binding, whereas lower-concentration hydrolysates lack suffi-
cient functional components, weakening their ability to induce
calcium and phosphorus ion accumulation. In contrast, hydro-
lysate at a concentration of 0.5 mg mL ™" can evenly distribute
around the collagen fibrils in the form of nanoscale particles
with uniform porosity, effectively promoting calcium and phos-
phorus deposition.

To further explore the dentin remineralization and dentinal
tubule-sealing processes, the acid-etched dentin disks treated
with 0.5 mg mL™" SSAD hydrolysate or deionized water were
incubated in AS for 1, 2, and 4 weeks. After 4 weeks of
mineralization, the results showed that the dentinal tubules
in the control group remained open and that the mineral
particles even disappeared after acid challenge. However, in
the SSAD hydrolysate treatment group, a large number of
minerals were deposited on the dentin surface and deep into
the tubules after 4 weeks of mineralization. Consequently, the
dentinal tubules were occluded, the dentin permeability
decreased, and minerals were retained even after citric acid
challenge. This approach provides a promising foundation for
the treatment of dentin hypersensitivity. Duraphat and Gluma
desensitizer, as commonly used agents for treating dentin
hypersensitivity, were chosen as positive controls. As shown
by FESEM, Duraphat varnish could occlude the dentinal
tubules but was unstable in response to ultrasonic challenge,
possibly attributed to the lack of stable adhesion between the
varnish and the dentin. Gluma alleviated dentin hypersensitivity
through the reaction of protein coagulation, but the dentinal
tubules remained open after Gluma treatment. In comparison,
dentinal tubule occlusion mediated by SSAD-induced dentin
remineralization was associated with more pronounced and
long-lasting efficacy. The combined results of FESEM and TEM
suggest that SSAD hydrolysate may function similarly to NCPs,
with dual roles of adhering to collagen fibrils and stabilizing
calcium and phosphorus ions.* This dual function provides the
necessary conditions for collagen fibril mineralization. Although
the exact mechanism by which SSAD hydrolysate induces dentin
remineralization is unclear, the negatively charged amino acids in
the SSAD hydrolysate could interact electrostatically with posi-
tively charged calcium ions, and the secondary structures (includ-
ing a-helices and PB-sheets) present in the hydrolyzed peptides
might provide additional binding sites for mineral deposition.

Based on the pulp-dentin complex, external stimuli can
elicit biodefense and inflammatory responses from dental pulp
stem cells under various conditions.***®*°° Therefore,

This journal is © The Royal Society of Chemistry 2025
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materials used on dentinal tubules must possess excellent
biocompatibility.®* A material that induces odontogenesis and
mineralization of dental pulp stem cells is crucial for the long-
term treatment of dentin hypersensitivity. To this end, in vitro
cellular experiments were conducted to evaluate the effect of
SSAD hydrolysate on HDPSCs. The in vitro results demonstrated
that SSAD hydrolysate exhibited good biocompatibility and
promoted the proliferation, migration, and osteogenic and
odontogenic differentiation of HDPSCs. Previous research has
verified that a bioactive hydrogel derived from SSAD hydroly-
sate, which was developed for bone regeneration, can stimulate
signaling pathways related to osteogenesis.”® SSAD hydrogels
are known to provide glycine during collagen synthesis and
release insulin-like growth factor-1 and stromal cell-derived
factor-1, both of which could contribute to enhancing cell
proliferation and collagen production.?” Thus, the effect of
SSAD hydrolysate on the induction of osteogenic and odonto-
genesis differentiation of HDPSCs may be associated with the
coordination of abundant growth factors, appropriate chemical
composition, and functional peptide components within the
SSAD hydrolysate.

According to the results of in vitro and in vivo experiments,
SSAD hydrolysate represents a safe and effective dentin desen-
sitization agent. However, given the complex intra-oral environ-
ment, the clinical application of SSAD hydrolysate must endure
the challenges posed by saliva and chewing. Therefore, clinical
research is essential before its clinical translation. While the
sample size was justified by prior research, formal power
analysis was not conducted. Future studies with larger cohorts
and multivariate analyses are warranted to further validate
these findings. To address ethical and ecological concerns,
we are attempting to isolate the effective components of SSAD
and extract active polypeptides, with the expectation of using
biosynthesis as an alternative approach to achieve more effi-
cient clinical applications.

5. Conclusion

In this study, we successfully obtained SSAD hydrolysate by
reducing it with TCEP and innovatively applied it to induce
dentin remineralization and dentinal tubule occlusion. First,
the hydrolysate could effectively bind to the dentin collagen
matrix, forming nanoscale agglomerates and promoting the
aggregation of Ca and P ions. Second, after reacting in AS for
4 weeks, the application of SSAD hydrolysate significantly
induced dentin remineralization and occluded dentinal
tubules. The remineralized dentin exhibited excellent acid
stability, the permeability of the dentinal tubules was markedly
reduced, and the microhardness of acid-etched dentin was
notably improved. Furthermore, SSAD hydrolysate demon-
strated good biocompatibility and promoted the proliferation,
migration, and osteogenic and odontogenic differentiation of
HDPSCs. Animal studies also showed that the dentinal tubules
were completely blocked after treatment with SSAD hydrolysate.
Therefore, SSAD hydrolysate has great potential in the
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management of dentin hypersensitivity, and further rando-
mized clinical trials are warranted.
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