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A B S T R A C T   

β-tricalcium phosphate (β-TCP) has been widely applied in tissue engineering due to its excellent biocompati
bility, degradability, and ability to induce mineralization. Zinc ion (Zn2+) displays excellent antibacterial 
properties and a vital role in regulating cell metabolism. In this context, the incorporation of Zn2+ into β-TCP to 
prepare Zn-doped β-tricalcium phosphate (Zn-β-TCP), emerges as a promising strategy for treating dentin hy
persensitivity. However, delivering Zn-β-TCP effectively to the dentin surface for inducing mineralization of 
dentinal tubules remains a considerable challenge. In this study, we developed a sodium alginate-polyethylene 
glycol paste loaded with Zn-β-TCP particles, aiming to deliver Zn-β-TCP to the dentin surface for inducing 
mineralization. Zn-β-TCP particles were synthesized by the hydrothermal method and were combined with a 
sodium alginate-polyethylene glycol solution to create the Zn-β-TCP/sodium alginate/polyethylene glycol (Zn- 
β-TCP/SA/PEG) paste. In vitro experiments demonstrated that Zn-β-TCP could induce mineralization, exert good 
biocompatibility and antibacterial activity, promote dentin differentiation of dental pulp stem cells. Further
more, Zn-β-TCP/SA/PEG exhibited excellent viscosity and effectively prompted the formation of a mineralized 
layer on dentin surfaces, successfully blocking dentinal tubules. Taken together, the present study demonstrated 
the potential of the Zn-β-TCP/SA/PEG paste as a promising therapeutic material for the treatment of dentin 
hypersensitivity.   

1. Introduction 

Aging and an unhealthy diet can lead to recessionary gums and 
thinning of tooth enamel, thereby exposing dentin tubules and resulting 
in dentin hypersensitivity [1]. After the dentin tubules were exposed, 
external stimuli such as mechanical pressure, temperature changes, 
chemical agents, and osmotic pressure, etc. could stimulate the nerve 
endings inside the dentin pulp, resulting in temporary and severe pain or 
discomfort, which was characterized by dentin hypersensitivity [2]. A 
survey of seven European countries showed that dentin hypersensitivity 
affected as much as 41.9% of adults aged 18–35, emphasizing its prev
alence as a significant oral health issue [3]. The development of effective 

biomaterials for treating dentin hypersensitivity has become an urgent 
problem to be solved in clinical dentistry, and blocking exposed dentin 
tubules was the key to reducing or curing dentin hypersensitivity [1]. 
Various substances such as resins, dentin adhesives, and 
nano-hydroxyapatite (nHA) particles have been widely employed as 
desensitizing agents for dentin hypersensitivity treatment [4–6]. How
ever, these approaches often yield unsatisfactory clinical outcomes due 
to their simplistic therapeutic mechanisms that do not fully address the 
multifaceted requirements of dentin allergy treatment. For instance, 
nHA particles could induce mineralization on the surface of dentin and 
thereby block dentin tubules, but they lack antibacterial properties, 
which meant that they fail to prevent oral bacteria from adhering to the 
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mineralized layer wrapped by the salivary fluid-acquired membrane 
(SAP) to form biofilms that could lead to pulpitis [7]. Moreover, 
achieving effective drug delivery to the dentin surface while maintain
ing proper adhesion timing was critical for the successful treatment of 
dentin hypersensitivity. However, drug delivery platforms designed for 
application on the tooth surface with good adhesion to prevent/treat 
allergic reactions have not been fully studied [8]. The ideal drug de
livery material for the treatment of dentin hypersensitivity should have 
good biocompatibility, underwater adhesion, mineralization-inducing 
capabilities, mechanical compatibility, antibacterial activity, and 
degradability. 

β-tricalcium phosphate (β-TCP) was widely used as a drug carrier and 
bone defect repair material, owing to its good biocompatibility, bone- 
inducing and conducting properties, and rapid degradation rate 
[9–11]. Related studies have shown that β-TCP has an excellent ability to 
induce mineralization and inhibit tumor recurrence in vitro [12,13]. In 
addition, β-TCP nanoparticles also enhanced the micro-tensile bonding 
strength of experimental adhesives and produced appropriate dentin 
interactions [14]. In recent years, zinc (Zn) has been called the "calcium 
of the 21st century", and Zn-based biodegradable biomaterials have 
become emerging biomaterials due to their inherent physiological cor
relation, biocompatibility, biodegradation, and regenerative properties 
[15]. Notably, Zn2+ contributed not only to regeneration and meta
bolism but also exhibited notable bacteriostatic effects [16,17]. Zn2+

released from Zn-based ceramic materials may interact with bacterial 
surfaces, alter charge balance and prompt cell deformation and lyso
zyme [18]. Zn2+ could modulate the physical and chemical properties of 
bioceramics, thereby improving their biological functions. Moreover, 
Zn2+ released from bioceramics could significantly promote the prolif
eration and differentiation of rat and human bone marrow cells [19,20]. 
Sodium alginate (SA), a naturally derived polysaccharide isolated from 
the cell wall of brown algae, has been approved by the Food and Drug 
Administration (FDA) for commercially available hydrogel dressings, 
such as Purilon Gel (Coloplast Ltd.), Nu-Gel Hydrogel (Systagenix 

Wound Management Ltd.) and Flaminal Hydro Alginate Gel (Flen Health 
UK Ltd.) [21]. SA was biodegradable under physiological conditions and 
readily formed gels through divalent cation chelation, thereby promot
ing mineralization [22,23]. Given its non-toxic, non-immunogenic na
ture, favorable biocompatibility, and resistance to protein adsorption, 
polyethylene glycol (PEG) has found extensive application in biomedical 
drug delivery, tissue engineering, and surface modification [24,25]. The 
carboxyl group of PEG could chelate with calcium ions and induce the 
mineralization of calcium phosphate, so it was suitable for bone repair 
material [26,27]. The viscosity of PEG aqueous solution increased with 
molecular weight augmentation, while low molecular weight PEG was 
relatively toxic [28,29]. In addition, PEG served as an effective carrier to 
enhance drug and protein loading efficacy and delivery outcome, while 
concurrently inhibiting bacterial adhesion to reduce the formation of 
biofilm [30,31]. Chen et al. confirmed that the oligomer formed by 
amyloid aggregation of lysozyme coupled with PEG could induce in-situ 
remineralization in dentin tubules for dentin hypersensitivity treatment 
[32]. PEG and SA were polycations and polyanions respectively, and 
they could form polyelectrolyte complexes to improve the effect of 
mineralization and the repair of bone tissue [33]. Given the oral envi
ronment’s humid nature and the friction exerted by daily dietary con
sumption on dentin surfaces, therapeutic materials should contain good 
viscosity in the underwater environment to avoid drug shedding. Patil 
et al. have confirmed that the aqueous solution of PEG-4000 possessed 
good viscosity [34]. 

In this study, a paste prepared by the mixture of sodium alginate, 
PEG-4000, and Zn-β-TCP showed a good mineralization-inducing effect, 
antibacterial effect, and reliable adhesion, which could serve as an 
effective carrier for delivering Zn-β-TCP to the dentin surface, effectively 
prompting mineralization processes. Consequently, dentinal tubules 
were blocked to achieve the effect of treating dentin hypersensitivity, as 
shown in Fig. 1. 

Fig. 1. Schematic diagram of Zn-β-TCP/SA/PEG paste with antibacterial and mineralization-inducing properties for the treatment of dentin hypersensitivity.  
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2. Materials and methods 

2.1. Materials 

Calcium nitrate tetrahydrate [Ca(NO3)2⋅4H2O, AR], zinc nitrate 
hexahydrate [Zn(NO3)2⋅6H2O, AR], diammonium hydrogen phosphate 
[(NH4)2HPO4, AR] were purchased from Chengdu Kelong Chemical 
Reagent Factory, and ammonium hydroxide (AR) was sourced from 
Chuandong Chemical Co., Ltd (Chongqing, China). Sodium alginate 
(AR) and Polyethylene glycol-4000 (PEG-4000) were purchased from 
Aladdin (Shanghai, China). β-TCP particles (Size: 0.5–5.0 μm) were 
provided by Nanjing Junzhuo Chemical Co., Ltd. The simulated body 
fluids (SBF) were provided by Coolaber (Beijing, China), and phosphate- 
buffered saline (PBS) was sourced from Servicebio (Wuhan, China). 
Relevant reagents for cells including dulbecco’s modified eagle (DMEM) 
medium, fetal bovine serum, penicillin-streptomycin solution, and 
DMEM high glucose medium were provided by ThermoFisher (Hyclone, 
America) with trypsin were purchased from Labgic (Biosharp, Beijing, 
China). Calcein/Propidium iodide (PI) cell viability/cytotoxicity assay 
kit and Cell Counting Kit-8 (CCK-8) was purchased from Beyotime 
(Shanghai, China). RNAiso Plus (9109) was provided by Takara (Beijing, 
China). Trichloromethane (AR), isopropanol (AR), and anhydrous 
ethanol (AR) were purchased from Sinopharm Chemical Reagent Co. 
Ltd. (Shanghai, China). RT OR-EasyTM II (220,303) was provided by 
Foregene (Chengdu, China). SYBR®Green Realtime PCR Master Mix and 
primers were procured from Genesand (SQ412, Beijing, China) and 
Tsingke (Beijing, China), respectively. Blood agar medium was provided 
by BKMAM (Changde, China). The CO2 production bag (C3) and incu
bation bag (C41) were provided by Mitsubishi Chemical Corporation 
(Japan). Brain heart infusion (BHI) broth and simulated saliva were 
purchased from Solarbio (Beijing, China). All reagents were used 
without further purification unless mentioned especially. 

2.2. Synthesis of Monetite, S-Zn-β-TCP, and B-Zn-β-TCP 

A certain amount of Ca(NO3)2⋅4H2O and Zn(NO3)2⋅6H2O were added 
to a beaker containing 50 mL of deionized water, ensuring that the 
concentration of (Zn2++Ca2+) was 2.0 M, Zn2+/(Ca2++Zn2+)= 0.1 
(molar ratio), and stirred until complete dissolution to form solution A. 
A quantity of (NH4)₂HPO₄ was dissolved in a beaker containing 50 mL of 
deionized water, ensuring that the concentration of P was 1.2 M, and 
stirred until complete dissolution to form solution B. Solution B was 
added dropwise to solution A at a rate of 8 mL/min to form a white 
emulsion under stirring state. Continue stirring for 5 min after the 
dripping process was over, then 2 mL of ammonia hydroxide was added, 
and continue stirring for 20 min. Subsequently, 40 mL of the resulting 
emulsion was removed, and 325 μL of ammonium hydroxide was added 
to it. The mixture was stirred for 5 min, and then the obtained white 
emulsion was transferred to a reaction kettle for further reaction to 
obtain a small size of Zn-β-TCP particles [denoted as S-Zn-β-TCP]. Next, 
solution B was slowly added dropwise to solution A at a rate of 8 mL/min 
under a stirring state, resulting in a white emulsion. Continue stirring for 
5 min after the dripping process was over, and then 1.5 mL of ammo
nium hydroxide was added, and stirring continued for 25 min. The 
resulting emulsion was then transferred to a reaction kettle for further 
reaction to obtain a big size of Zn-β-TCP particles [denoted as B-Zn- 
β-TCP]. The preparation procedures for the Monetite were the same as 
those of B-Zn-β-TCP, except that Zn(NO3)2⋅6H2O was not added. The 
reaction condition was 150 ◦C and 8 h. 

2.3. Fabrication of SA/PEG-4000, Monetite/SA/PEG-4000, and S-Zn- 
β-TCP/SA/PEG-4000 paste 

To prepare the paste of S-Zn-β-TCP/SA/PEG-4000, 4.0 g of S-Zn- 
β-TCP were dispersed in a 50 mL beaker containing 20 mL of deionized 
water, and stirred until the uniform emulsion was formed. The resulting 

emulsion was then placed in a water bath with stirring and heating, and 
0.2 g of sodium alginate was added to the emulsion and stirred when the 
temperature was up to 60 ◦C. After the sodium alginate was completely 
dissolved, 0.4 g of PEG-4000 was added to the mixture and stirred while 
heating for 2 h until the white paste was formed. The same procedures 
were followed to prepare the B-Zn-β-TCP/SA/PEG-4000 paste and 
Monetite/SA/PEG-4000 paste. Except for not adding PEG-4000, the 
preparation processes of Monetite/SA and S-Zn-β-TCP/SA were the same 
as the Monetite/SA/PEG-4000 and S-Zn-β-TCP/SA/PEG-4000, 
respectively. 

2.4. Preparation of tooth slices 

The human third molars were collected from the Third People’s 
Hospital of Chengdu, and the collected teeth were immersed in 75% 
ethanol solution and then dried at 37 ◦C for 48 h after the soft tissue was 
removed. The tooth slices were cut with a hard tissue slicer (SP1600, 
Leica, Germany) to a size of 5 mm in length, 5 mm in width, and 1 mm in 
thickness, as illustrated in Fig. 8(A). Subsequently, the slices were pol
ished with 800# and 1200# sandpaper, with the polished surface being 
the side near the crown. The tooth slices were decalcified by immersing 
them in EDTA solution at pH= 8.0 for 40 min and then sonicated in the 
EDTA solution for 10 min after the polishing process was over. The slices 
were then washed twice with deionized water after the decalcification 
was complete and then stored in 0.1% thymol solution for future use. 

2.5. The characterization of samples 

The morphology and elemental distribution of samples were inves
tigated by a scanning electron microscope (SEM, JSM7800F) equipped 
with the energy dispersive X-ray spectrometer (EDS), while the physical 
phase and chemical structure of samples were examined by X-ray 
diffractometer (XRD, Philips PW3040/60, Cu-Kα, 35 mA, 45 kV) and 
Fourier transform infrared spectrometer (FTIR, 500–3500cm− 1, Thermo 
Nicolet 5700). Furthermore, the element content in the samples and the 
amount of zinc and calcium released during the mineralization process 
were determined by inductively coupled plasma atomic emission spec
trometry (ICP-AES, Spectro Arcos, Speicher Germany). 

2.6. The mineralization of Monetite, S-Zn-β-TCP, and B-Zn-β-TCP in 
vitro 

0.4 g of Monetite, β-TCP, S-Zn-β-TCP, and B-Zn-β-TCP were added to 
the centrifuge tube containing 40 mL of artificial saliva, respectively. 
The tubes were then placed in a shaker (100 rpm, 37 ◦C) for 1, 4, and 7 
days. At the corresponding time points, the mineralization process was 
terminated by washing the samples three times with acetone followed by 
washing twice with deionized water after the supernatants were 
collected. The samples were then collected and subjected to relevant 
characterization. The mineralization in simulated body fluid was per
formed as the same procedure described above. 

2.7. Evaluation of viscosity of the paste 

To test the viscosity of the paste, 20 μL of Zn-β-TCP/SA and Zn- 
β-TCP/SA/PEG-4000 were coated on the surface of tooth grooves, 
respectively. Then the tooth grooves before and after scouring (40 mL/ 
min, 15 mL) were photographed and recorded, and the viscosity of Zn- 
β-TCP/SA and Zn-β-TCP/SA/PEG-4000 was evaluated by comparing the 
residual paste on the surface of the tooth grooves. 

2.8. Preparation of extract solution 

0.4 g of the Monetite, S-Zn-β-TCP, and B-Zn-β-TCP was added to 
centrifuge tubes containing 40 mL of PBS, respectively. The centrifuge 
tubes were then placed in a shaker (100 rpm, 37 ◦C) and shaken for 7 
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days. After the release period, the supernatant was collected by centri
fugation and subsequently filtered through the membrane filter to 
remove bacteria present for further use. 

2.0 g of sterilized Monetite, S-Zn-β-TCP, and B-Zn-β-TCP (high- 
pressure steam sterilization, 120 ◦C, 2 h) were added to centrifuge tubes 
with 40 mL of DMEM with high sugar (or α-MEM) and then the centri
fuge tubes were placed in a shaker (100 rpm, 37 ◦C) for 7 days. The 
mixtures were centrifuged (6000 rpm, 3 min) to collect the supernatants 
when the release process was finished. After the supernatants were 
filtered through the membrane filter to remove bacteria, 10% FBS and 
1% penicillin/streptomycin were added to the above-mentioned super
natants to form an ion extract-contained α-MEM culture medium, and 
then the solution was well shaken and placed in a refrigerator at 4 ◦C for 
storage. 

2.9. Sources of bacteria and cells 

The Streptococcus mutans (ATCC25175) was procured from Taisituo 
(Ningbo, China). Rat primary dental pulp stem cells (RAT-iCell-m012, 
DPSCs) were obtained from iCell Bioscience Inc (Shanghai, China). Bone 
marrow mesenchymal stem cells (BMSCs) were isolated from the femurs 
of SD rats (1-month-old, male), which were purchased from Dashuo 
Biotechnology (Chengdu, China). 

2.10. Evaluation of antibacterial ability in vitro 

50 µL of Streptococcus mutans solution with a bacterial concentra
tion of 4 × 108 CFU/mL was mixed with 450 µL of extract solution in a 
24-well plate. The mixture was put into an incubation bag and incubated 
in a bacterial incubator (37 ◦C) for 12 h and 24 h, respectively. 50 μL of 
bacterial solution was mixed with 450 uL of sterile PBS set as the control 
group. After incubation, 100 μL of the mixture was transferred into a 96- 
well plate and the absorbance value (wavelength= 450 nm) was 
measured by a microplate reader. Three parallel samples were set up for 
each group, and the experiment was repeated three times. 

20 μL of Streptococcus mutans solution with a bacterial concentra
tion of 4 × 108 CFU/mL and 200 μL of extract solution were uniformly 
coated on a blood plate, sealed, and incubated in a CO2 gas-producing 
bag in the bacterial incubator (37 ◦C) for 24 h. 20 μL of bacterial solu
tion and 200 μL of sterile PBS co-coated plate set as the control group. 
After incubation was finished, the growth of bacterial colonies was 
observed and photographed. Three parallel samples were set up for each 
group, and the experiment was repeated three times. 

2.11. Evaluation of biocompatibility in vitro 

DPSCs were prepared as cell suspension and were seeded in the 48- 
well plate at a density of 1 × 104 per well (2 × 104/mL), the plate 
was put into a cell incubator (37 ◦C, 5% CO2) and cultured overnight 
until the cells adhered. Subsequently, the medium was substituted with 
500 μL of extract solution from the Monetite, S-Zn-β-TCP, and B-Zn- 
β-TCP, while DMEM with high sugar containing 1% amphotericin B/ 
streptomycin/penicillin solution and 15% FBS was set as the control 
group. The culture medium was replaced every two days, and the CCK-8 
assay was performed to detect cell viability on days 1, 3, and 5. On the 
fifth day, the DPSCs were rinsed with PBS three times after the medium 
was removed. Subsequently, 200 μL of live/dead staining working so
lution was added to each well and incubated for 15 min at 37 ◦C ac
cording to the manufacturer’s instructions. After incubating, the 
staining was observed and recorded by a fluorescence microscope. 

BMSCs were seeded in 24-well plates with a density of 6 × 103 cells 
per well with the addition of 0.5 mL of medium, followed by incubation 
in the cell culture incubator for 2 days, and the medium was replaced 
once a day until the cells adhered to the wall. Subsequently, the original 
medium was removed and 1.0 mL of extract solution was added to each 
well, and incubated for 1, 3, and 5 days with the medium changed every 

two days, and α-MEM served as the control group. On days 1, 3, and 5, 
the cell viability of BMSCs was detected by the CCK-8 assay. On day 5, 
cells were washed with PBS three times and double-stained with calcein- 
AM (Biotum, USA) and propidium iodide (Biotum, USA) according to 
the manufacturer’s instructions. The fluorescent images of cells were 
captured by an inverted fluorescence microscope (Nikpc Ti-U, Nikon, 
Japan) equipped with a digital camera (40FL Axioskop, Zeiss, 
Germany). 

2.12. Evaluation of dentinogenic differentiation in vitro 

To examine the expression of dentinogenic-related genes of DPSCs, a 
real-time quantitative polymerase chain reaction (qRT-PCR) was per
formed. The DPSC were seeded in 48-well plates with a density of 6 ×
103 cells per well with 300 μL of medium and incubated overnight for 
cell attachment. Subsequently, the original medium was replaced with 
the extract medium, and the medium was changed every two days. At 
the end of the culture, the DPSCs were washed twice with PBS, and 1.0 
mL of Trizol was added. The cells were gently scraped off from the 
culture plate and left at room temperature for 5–10 min to allow com
plete lysis. After that, the lysate was transferred into 1.5 mL RNase-free 
centrifuge tubes to proceed with the RNA extraction. 200 μL of chloro
form was added after the transfer process was finished, and the mixture 
was shaken and mixed for 30 s. The mixture was left at room tempera
ture for 5 min and then centrifuged (12,000 rpm, 4 ◦C) for 10 min. Next, 
400 μL of the upper aqueous phase was transferred to a new 1.5 mL 
RNase-free EP tube, and 400 μL of pre-chilled isopropanol (4 ◦C) was 
added. The mixture was then mixed upside down and left at − 20 ◦C for 
20 min, and then the mixture was then centrifuged again (12,000 rpm, 4 
◦C) for 10 min. 1.0 mL of 75% ethanol was added after the supernatant 
was removed, and mixed upside down. Subsequently, the mixture was 
centrifuged (12,000 rpm, 4 ◦C) for 5 min and the supernatant was 
removed. The sample was air dried at room temperature for 5–10 min to 
allow the residual ethanol to evaporate. After that, 50 uL of DEPC water 
was added, and the RNA concentration was determined before reverse 
transcription. The reverse transcription was carried out by the FORE
GENE reverse transcription kit (RT OR-EasyTM II) with a 20 μL reaction 
system and primers as indicated in Table S1. The expression levels of 
target genes were quantified using the comparative CT(2− ΔΔCT) method, 
and normalized to GAPDH. The data were analyzed using GraphPad 
software (GraphPad Prism 8, La Jolla, CA, USA). Each step was per
formed three times independently to ensure minimal bias. 

2.13. The mineralization of tooth slices in vitro 

The tooth slices preserved in 0.1% Thymol solution were oven-dried 
(37 ◦C) for 12 h. Subsequently, 10 μL of each of the pastes was applied to 
one side of the tooth slices where the dentin tubules were exposed. The 
tooth slices were then immersed in a centrifuge tube containing 40 mL of 
simulated saliva and were shaken (100 rpm, 37 ◦C) for 3, 7, and 14 days, 
and the mineralization on the surface and cross-section of the tooth 
slices was observed and recorded. The thickness of the mineralized 
layers (T) was calculated and analyzed by the following formula (1): 

T =
1
9
∑i=9

i=1
Ti 

Ti represented the thickness of any mineralized layer, three miner
alized layer thickens were measured for each tooth slice, and three 
parallel samples were set up for each group. 

2.14. Statistical analysis 

All data were expressed as mean ± standard deviation (SD). Differ
ences between groups were analyzed by ANOVA and Tukey’s multiple 
comparison test. Statistically significant was considered when p < 0.05 
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(* means p < 0.05, ** means p < 0.01, *** means p < 0.001, **** means 
p < 0.0001). 

3. Results and discussion 

3.1. Characterization of samples 

As illustrated in Fig. 2A, the heights of powders of equal mass of 
Monetite (CaHPO4), S-Zn-β-TCP, and B-Zn-β-TCP in anhydrous ethanol 
were observed after 0, 15 min, and 6 h of static settling. The results 
indicated that at the starting point, the heights of the samples in anhy
drous ethanol were consistent. However, after 15 min and 6 h of static 
settling, the heights of Monetite, S-Zn-β-TCP, and B-Zn-β-TCP in anhy
drous ethanol gradually decreased, which was related to the particle 
sizes of these samples. Previous studies have shown that larger particles 
tend to settle faster compared to smaller particles [35]. As shown in 
Fig. 2B, Monetite exhibited a rod-like structure, with dimensions 
approximately measuring 150 nm in length and 20 nm in width, while 
S-Zn-β-TCP and B-Zn-β-TCP presented distinct square structures, with 
edge lengths of approximately 500 nm and 1 μm, respectively. The 
introduction of Zn2+ resulted in the transformation of monetite into the 
β-TCP phase, accompanied by a morphological change from rod-shaped 
nanoparticles to square-shaped particles. Gomes et al. have confirmed 
that Zn2+ can stabilize β-TCP [36]. The Energy Dispersive X-ray Spec
troscopy (EDS) analysis revealed a uniform distribution of Zn on the 
surface of B-Zn-β-TCP, as demonstrated in Fig. 2C. Concurrently, the 
phase analysis results indicated that in the absence of Zn2+ doping, the 
sample primarily consisted of monetite, however, with the introduction 
of Zn2+, a significant phase transformation occurred, shifting the main 

phase from monetite to β-TCP, while a minor amount of scholzite 
[CaZn2(PO4)2⋅2H2O] was also formed, as illustrated in Fig. 2D. Many 
studies have demonstrated the stabilizing effect of Zn2+on β-TCP 
[37–39]. Moreover, prior studies have indicated the biocompatibility 
and antibacterial properties associated with scholite [40,41]. In com
parison to S-Zn-β-TCP, B-Zn-β-TCP revealed a higher proportion of the 
monetite phase, this discrepancy could be attributed to the synthetic 
process of S-Zn-β-TCP, wherein a larger quantity of ammonia was 
introduced. Consequently, this led to a reaction between OH− and 
HPO4

2− to form PO4
3− and H2O, thereby driving the transformation of 

monetite into β-tricalcium phosphate [42]. When the concentration of 
OH− increased, the transformation rate of monetite to β-TCP was faster, 
so S-Zn-β-TCP possessed a smaller size compared to B-Zn-β-TCP. Without 
high temperature treatment, the main phase of Monetite was monetite, 
while the main phase of S-Zn-β-TCP and B-Z-β-TCP was Brushite (CaH
PO4•2H2O), as shown in Fig. S1. Dpsen et al. have confirmed that 
CaHPO4•2H2O was gradually transformed into CaHPO4 after high 
temperature treatment, which led to the release of chemically bound 
water [43]. In addition, high temperature treatment was beneficial to 
the formation of PO4

3− and H2O from the reaction of HPO4
2− and OH− , 

and provided energy for Zn2+ to enter the β-TCP lattice gap to stabilize 
the β-TCP phase [36,42]. 

As shown in Fig. 2E, Fourier-transform infrared spectroscopy (FTIR) 
analysis was employed to investigate the chemical structures of Mone
tite, S-Zn-β-TCP, and B-Zn-β-TCP. Notably, the broad peak observed in 
the range of 3700 to 2500 cm− 1 corresponded to the stretching vibration 
of H–O bonds of water molecules adsorbed on the sample surface. 
Additionally, the broad peak in the range of 1639 cm− 1 indicated the 
bending vibration of H–O bonds in water molecules. The characteristic 

Fig. 2. The characterization of Monetite, S-Zn-β-TCP, and B-Zn-β-TCP. (A) Samples of equal mass were placed in anhydrous ethanol for 15 min and 6 h; (B) SEM 
images; (C) EDS mapping; (D) XRD spectra; (E) FTIR spectra; (F) ICP-MS. 
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peak of CO3
2− at 872 cm− 1 indicated the presence of CO3

2− in the doped 
samples, leading to the formation of a minor quantity of carbonate 
apatite [44]. Importantly, the substitution of CO3

2− did not affect the 
biological functionality of samples. On the contrary, previous research 
has demonstrated that the combination of carbonate apatite and HA 
exhibited better biocompatibility than pure HA, as carbonate apatite 
was naturally found in human bones [45]. Further analysis of the FTIR 
spectra revealed a broad peak at 1380 cm− 1, which corresponded to the 
in-plane bending of P-O-H, while a peak at 639 cm− 1 was attributed to 
the bending vibration of PO4

3− in HA [46]. Moreover, peaks at 560 cm− 1 

and 605 cm− 1 were assigned to the bending vibration of PO4
3− in β-TCP 

and HA, respectively, while the shaded regions at 958 cm− 1, 1034 cm− 1, 
1108 cm− 1, 968 cm− 1, 1020 cm− 1, and 1120 cm− 1 were associated with 
the stretching vibration of PO4

3− in β-TCP and HA [47,48]. The peaks at 
1090 cm− 1 and 1027 cm− 1 were attributed to the stretching vibration of 
PO4

3− in monetite [48]. 
The above results showed that the phase and chemical structure of 

the main phase monetite and β-TCP, as well as the secondary phase HA 
and scholzite could correspond to other research results. In addition, 
quantitative analysis of Zn2+ content in S-Zn-β-TCP and B-Zn-β-TCP was 
conducted by ICP-MS, and the results indicated that B-Zn-β-TCP exhibits 
a higher Zn2+ content compared to S-Zn-β-TCP, as illustrated in Fig. 2F. 
A previous study has suggested that the interaction between Zn2+ and 
ammonia led to the formation of zinc ammonia complex ions [Zn 
(NH3)4

2+]. Consequently, some Zn2+ remained in the solution and did 
not precipitate, resulting in a lower overall Zn2+ content in the calcium 
phosphate matrix [49]. The concentration of Zn2+ in the supernatant 
before and after the high-temperature reaction was shown in Fig. S2. 
The results showed that the concentration of Zn2+ in B-Zn-β-TCP su
pernatant was all higher than those of S-Zn-β-TCP. Before reacted, the 
concentration of Zn2+ in the supernatant of S-Zn-β-TCP lower than that 
of B-Zn-β-TCP, which was attributed to the higher amount of ammonia 
added for the preparation of S-Zn-β-TCP, and the concentration of [Zn 
(NH3)4

2+] in the supernatant of S-Zn-β-TCP was higher than that of 
B-Zn-β-TCP. After the reaction, the concentration of Zn2+ in the super
natant of S-Zn-β-TCP and B-Zn-β-TCP increased significantly, which 
attributed to the transformation of CaHPO4•2H2O to β-TCP, the doping 
rate of Zn2+ in β-TCP (High-temperature phase) was lower [36]. Given 
the high amount of ammonia was added in preparation of the 
S-Zn-β-TCP, the situation that Zn2+ in the supernatant of B-Zn-β-TCP was 
higher than that of S-Zn-β-TCP did not change. 

3.2. The mineralization evaluation of Monetite, S-Zn-β-TCP, and B-Zn- 
β-TCP in vitro 

To evaluate the in vitro mineralization ability and bioactivity of 
samples, the simulated body fluid (SBF) can be employed to pre-test the 
in vitro formation of HA [50]. The equal masses of Monetite, S-Zn-β-TCP, 
and B-Zn-β-TCP were immersed separately in equal volumes of simu
lated saliva and SBF, and the formation and rate of HA on the sample 
surfaces were observed. The results demonstrated that compared with 
the pre-mineralization (Fig. 2B), both S-Zn-β-TCP and B-Zn-β-TCP 
exhibited rod-shaped nanoparticles adhering to the surface with some 
aggregation after mineralization, while Monetite showed significant 
aggregation (Fig. 3A). Since the mineralization product was rod-shaped 
nanoparticles, the mineral deposited on Monetite could not be clearly 
observed. During immersion in simulated saliva, all three samples 
(Monetite, S-Zn-β-TCP, and B-Zn-β-TCP) gradually released Ca2+, Zn2+, 
and PO4

3− from their surfaces, these released ions facilitated nucleation 
and subsequent surface mineralization. The locally higher concentra
tions of mineralization-promoting ions released between particles 
created favorable conditions for crystallization, leading to the formation 
of mineralized layers. These mineralized layers played a crucial role in 
connecting adjacent particles, thereby resulting in aggregation phe
nomena [51]. The mineral phases and chemical structures of Monetite, 
S-Zn-β-TCP, and B-Zn-β-TCP after mineralization were investigated 

using XRD and FTIR. The results revealed that the induced mineral 
formed during the mineralization process was HA, with the corre
sponding functional groups being detectable, as shown in Fig. S3. These 
outcomes were consistent with the findings of Tan et al. [52]. However, 
it was observed that the mineralization effects of samples in the SBF 
were relatively poor, as shown in Fig. 3B. After 4 days of mineralization, 
the Monetite group remained dispersed, and the surfaces of S-Zn-β-TCP 
and B-Zn-β-TCP exhibited almost no mineral deposits. After 7 days of 
mineralization, the Monetite group showed some degree of aggregation, 
and the surfaces of S-Zn-β-TCP and B-Zn-β-TCP displayed fine and uni
form mineral deposits. Notably, no mineral deposits were observed in 
any of the samples after just 1 day of mineralization (data not shown). 

These results suggested that the mineralization effect of Monetite, S- 
Zn-β-TCP, and B-Zn-β-TCP in simulated saliva was superior to that in 
SBF, which could be attributed to the differences in composition be
tween simulated saliva and SBF. Specifically, the concentration of 
HPO4

2− in simulated saliva was approximately five times that in SBF, 
while the concentration of Ca2+ was not significantly different 
(Tables S2 and S3). Research conducted by Tan et al. has confirmed that 
biphasic calcium phosphate exhibited better mineralization effects in 
simulated saliva when compared to SBF [52]. The β-TCP were miner
alized in AS and SBF respectively for 14 days, and the effect of inducing 
mineral deposition on the surface of β-TCP was observed, as shown in 
Fig. S4. The results showed that mineral deposited on the surface of 
β-TCP particles in both AS and SBF, and the effect of β-TCP on miner
alization induction in AS was similar to that of S-Zn-β-TCP and 
B-Zn-β-TCP, but the effect of β-TCP on mineralization induction in SBF 
was better those of them. It has been confirmed that Zn2+ could inhibit 
the mineralization effect of apatite in SBF [53]. Moreover, it has been 
shown that Ca2+, PO4

3− , and other ions dissolved from calcium phos
phate in the neutral environment were not only related to the formation 
of HA on the calcium phosphate surface and its chemical bonding with 
bone but also played a crucial role in gene activation [54]. Therefore, it 
was essential to investigate the ion dissolution behavior of Monetite, 
S-Zn-β-TCP, and B-Zn-β-TCP in vitro, which could provide a reference for 
the potential application of Zn-β-TCP in the fields of bone and dental 
repair. During the mineralization process, the concentrations of Ca2+

and Zn2+ in the simulated saliva, in which Monetite, S-Zn-β-TCP, and 
B-Zn-β-TCP were immersed, exhibited a notable pattern of initial in
crease followed by subsequent decrease, as illustrated in Fig. 3C. An 
initial increment could be attributed to as mineralization progressed, the 
samples initially dissolved and released Ca2+ and Zn2+, leading to an 
increment in their concentrations. Subsequently, during the recrystal
lization to form mineral deposits, the concentrations of Ca2+ and Zn2+

decreased, which aligned with the findings of Tan et al. [52]. Signifi
cantly, the concentration of Ca2+ and Zn2+ released from B-Zn-β-TCP 
was higher than that of S-Zn-β-TCP, probably due to differences in the 
phase composition between B-Zn-β-TCP and S-Zn-β-TCP. The related 
studies have demonstrated that, in comparison to pure Zn-β-TCP, 
Zn-doped monetite dissolved more readily and released higher amounts 
of Ca2+ and Zn2+ [55]. The pH values in the supernatant of AS and SBF 
after the mineralization were tested and the results were shown in 
Fig. S5. The results showed that the pH value in the supernatant of AS 
and SBF does not change significantly during the mineralization process. 
The pH value in the supernatant of SBF after mineralization was higher 
than that of AS because the pH value of the SBF stock was higher than 
that of AS. Due to the dissolution of CaHPO4 in AS and the release of 
HPO4

2− , HPO4
2− reacted with OH− to produce H+, PO4

3− , and H2O which 
led to the increase of H+ concentration in AS and the decrease of pH 
value, resulting in the pH value of the supernatant of Monetite miner
alized in AS being lower than those of other groups. Therefore, the pH 
value of the supernatant of the Monetite decreased after mineralization 
in AS. 
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Fig. 3. The mineralization evaluation in vitro. (A) SEM images of samples mineralized in simulated saliva for 1, 4, and 7 days; (B) SEM images of samples mineralized 
in simulated body fluid for 4 and 7 days; (C) The changes of Ca2+ and Zn2+ concentrations in simulated saliva. (n = 3). 
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3.3. The biocompatibility evaluation of samples in vitro 

The biocompatibility of Monetite, S-Zn-β-TCP, and B-Zn-β-TCP was 
assessed by co-culturing their ion leachates with primary rat DPSCs and 
rat BMSCs. The results displayed that, as the culturing time increased, 
the number of cells in each group gradually increased, and no significant 
differences were observed among them (Fig. 4A). However, the S-Zn- 
β-TCP and B-Zn-β-TCP showed a more pronounced promotion of DPSCs 
proliferation compared to the Monetite, indicating that the addition of 
Zn2+ was beneficial to the proliferation of DPSCs. The live/dead staining 
results further confirmed the excellent biocompatibility of all three 
samples, as no dead cells were observed in each group after 7 days of 
culture (Fig. 4B). Additionally, the S-Zn-β-TCP and B-Zn-β-TCP showed 
more pronounced cell spreading compared to both the control group and 
the Monetite. Notably, the B-Zn-β-TCP demonstrated the most signifi
cant cell spreading, which can be attributed to the higher concentration 
of Zn2+ in B-Zn-β-TCP. Previous studies have demonstrated that Zn2+

played a crucial role in promoting the proliferation of DPSCs [56,57]. 
To further validate the biocompatibility of Monetite, S-Zn-β-TCP, 

and B-Zn-β-TCP, the ion leachates of samples were co-cultured with rat 
MSCs. The cell numbers in all groups increased with prolonged culturing 
time, and the cell numbers in the S-Zn-β-TCP and B-Zn-β-TCP were 
higher than those of the Monetite. After 3 days and 5 days of culture, the 
cell numbers in the S-Zn-β-TCP and B-Zn-β-TCP exhibited a significant 
increase compared to the control group and Monetite (Fig. 5A). On the 

7th day, the live/dead staining results demonstrated no cell death in any 
group, consistent with the findings from the DPSCs. Moreover, the green 
fluorescence density in the S-Zn-β-TCP and B-Zn-β-TCP was higher than 
that in the control group and Monetite (Fig. 5B). Many studies have 
confirmed that Zn2+ played a significant role in promoting the prolif
eration of MSCs [58]. In comparison to pure β-TCP, Zn-doped β-TCP 
could significantly enhance both the proliferation and differentiation of 
MSCs [55]. Taken together, these results suggested that Monetite, 
S-Zn-β-TCP, and B-Zn-β-TCP all exhibited excellent biocompatibility. In 
addition, the inclusion of Zn2+ in β-TCP positively influenced their 
biocompatibility, particularly in terms of cell proliferation and 
spreading. 

3.4. The evaluation of odontoblast differentiation of Monetite, S-Zn- 
β-TCP, and B-Zn-β-TCP in vitro 

DPSCs were known for their multipotent differentiation character
istics and were considered a promising source for dental pulp regener
ation. Certain markers such as OCN (osteocalcin), OPN (osteopontin), 
DSPP (dentin sialophosphoprotein), BSP (bone sialoprotein), and DMP1 
(dentin matrix acidic phosphoprotein 1) were recognized as dental- 
specific differentiation markers for DPSCs [59,60]. Typically, OCN is 
found in bone and dentin and plays a regulatory role in hard tissue 
mineralization. The production of OCN is limited to cells with miner
alization functions, including osteoblasts, endodontoblasts, and 

Fig. 4. The biocompatibility evaluation of dental pulp stem cells in vitro. (A) OD values of DPSCs after culturing with sample extracts for 1, 4, and 7 days; (B) The 
live/dead staining of DPSCs after culturing with sample extracts for 7 days; scale bar=200 μm. (n = 3, *p < 0.05). 
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cementoblasts, and the mineralization-promoting ability of DPSCs is 
closely related to the expression level of OCN [61]. Although OPN has 
bone-related functions, it is not bone-specific and is usually involved in 
the repair of mineralized tissue, in the case of restorative dentin, OPN 
plays a role in the initial formation and mineralization of this tissue 
[62]. DSPP is one of the markers of odontogenic differentiation, and the 
expression level of DSPP increases gradually with the progression of 
induced differentiation. DSPP is also one of the essential proteins for 
normal tooth development and plays a crucial role in the process of 
dentin formation after the formation of dentin matrix [63]. DMP1 is an 
extracellular matrix protein that participates in the differentiation of 
DPSCs into odontoblasts. DMP1 is considered to play a key biological 
role in the mineralization of bone and dentin. It is reported that DMP1 
exists in all stages of tooth development and plays an important role in 
dentin differentiation of dental pulp stem cells [62]. To evaluate the 
potential of Monetite, S-Zn-β-TCP, and B-Zn-β-TCP in promoting 
dental-specific differentiation, the expression levels of OCN, BSP, DSPP, 
and DMP-1 in DPSCs were examined, as shown in Fig. 6. Among these 
samples, S-Zn-β-TCP demonstrated the highest expression levels of BSP 
and OCN. Although the expression levels of BSP and OCN in the 

B-Zn-β-TCP were not as high as those of the S-Zn-β-TCP, they still 
exhibited higher expression levels compared to the control group. Pre
vious studies have highlighted the importance of maintaining an 
appropriate concentration of Zn2+ to promote the expression of BSP and 
OCN in DPSCs, as excessive Zn2+ can inhibit their expression [56]. 
However, the expression levels of DSPP and DMP-1 in the Monetite and 
S-Zn-β-TCP were significantly lower than in the control group and the 
B-Zn-β-TCP, which may be related to the high concentration of Ca2+. 
Mizumachi et al. have demonstrated that excessive Ca2+ could inhibit 
the expression of DSPP and DMP-1 in DPSCs [64]. Furthermore, the 
expression levels of DSPP and DMP-1 in the Monetite, S-Zn-β-TCP, and 
B-Zn-β-TCP exhibited a sequential increase, indicating that the presence 
of Zn2+ can promote the expression of DSPP and DMP-1, which was 
consistent with the findings of Huang et al. [56]. Overall, these results 
suggested that an appropriate concentration of Zn2+ could play a pro
moting role in dentin-like differentiation, while excessively high con
centrations of both Ca2+ and Zn2+ were not conducive to the dentin-like 
differentiation of DPSCs. Therefore, maintaining an optimal balance of 
ions, particularly Zn2+ and Ca2+, was beneficial to the successful 
dental-specific differentiation of DPSCs. 

Fig. 5. The biocompatibility evaluation of BMSCs in vitro. (A) OD values of BMSCs after culturing with sample extracts for 1, 4, and 7 days; (B) The live/dead staining 
of BMSCs after culturing with sample extracts for 7 days; scale bar=200 μm. (n = 3, *p < 0.05). 
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3.5. The antibacterial activity evaluation of Monetite, S-Zn-β-TCP, and B- 
Zn-β-TCP in vitro 

Dentin hypersensitivity was primarily caused by the demineraliza
tion of tooth enamel and dentin. Food residues adhered to the tooth 
enamel surface could undergo bacterial fermentation, leading to the 
production of acidic substances that corrode both enamel and dentin, 
constituting a significant factor in dentin hypersensitivity [65]. 
Although various oral bacteria were present in the oral cavity, only a few 
microbial strains were suspected to play a role in promoting dentin 
hypersensitivity. Streptococcus mutants, in particular, possessed the 
capability to respond to various stresses during host acquisition and 
biofilm formation. As a result, it released substantial amounts of lactic 
acid upon fermenting dietary carbohydrates, which led to tooth etching 
and demineralization [66,67]. Antibacterial abilities were an essential 
feature for materials used to treat dentin hypersensitivity to fight 
harmful bacteria effectively. The antibacterial feature was crucial in 
preventing further deterioration of tooth structure and promoting the 
restoration of dental health in patients with dentin hypersensitivity. The 
antibacterial capabilities of the Monetite, S-Zn-β- TCP, and B-Zn-β-TCP 
were thoroughly evaluated through co-culturing leachates with Strep
tococcus mutants and agar diffusion test, as shown in Fig. 7. The results 
demonstrated that after 12 h of co-culturing, the OD value of the 
S-Zn-β-TCP was the lowest, while the Monetite exhibited the highest OD 
value. The OD value of the Monetite showed significant differences 
compared to the control group, S-Zn-β-TCP, and B-Zn-β-TCP, whereas 

the OD values of the control groups, S-Zn-β-TCP and B-Zn-β-TCP were 
similar. After 24 h of co-culturing, the OD value of the B-Zn-β-TCP was 
the lowest, and the Monetite continued to have the highest OD value. 
The OD value of Monetite still exhibited significant differences 
compared to the control group, S-Zn-β-TCP, and B-Zn-β-TCP. However, 
the OD values of S-Zn-β-TCP and B-Zn-β-TCP already showed significant 
differences compared to the control group (Fig. 7A). These findings 
suggested that a certain concentration of Ca2+ promoted the prolifera
tion of Streptococcus mutants, while Zn2+ exhibited an excellent anti
bacterial effect against Streptococcus mutants. Moreover, Spengler et al. 
demonstrated that saliva enhanced the adhesion of Streptococcus mu
tants to HA, primarily due to the abundant presence of Ca2+ in saliva 
[68]. Additionally, Zhou et al. reported that Ca2+ promoted the adhe
sion and proliferation of Streptococcus mutants by mediating the surface 
protein P1, thereby facilitating the occurrence and progression of dental 
caries [69]. Conversely, Zn2+ showed remarkable antibacterial effects 
against Streptococcus mutants, corroborating with many studies [70, 
71]. Furthermore, Liu et al. have shown that BioUnion fillers could 
induce the release of Zn2+ under acidic conditions, leading to the inhi
bition of Streptococcus mutans [71]. The results of the co-coated plate 
method were consistent with the trends of co-culturing for 24 h, with the 
Monetite exhibiting the highest number of colonies, and the S-Zn-β-TCP 
and B-Zn-β-TCP showing fewer colonies (Fig. 7B). The quantification of 
colony numbers aligned with the co-culturing outcomes, as illustrated in 
Fig. S6. Collectively, these findings indicated that the S-Zn-β-TCP and 
B-Zn-β-TCP exhibited the most effective antibacterial effects among the 

Fig. 6. The expression of BSP, OCN, DSPP, and DMP-1 in dental pulp stem cells after culturing with sample extracts for 5 days. (n = 3, *p < 0.05).  
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groups. 

3.6. Preparation of tooth slices and the viscosity evaluation of pastes in 
vitro 

The human third molars were collected and cut into dimensions of 5 
× 5 × 1 mm, as shown in Fig. 8A. During the polishing process, the tooth 
slices underwent debris generation, which sealed off the dentinal tu
bules, leaving them unexposed, as indicated by the red arrows in Fig. 8B. 
Following acid etching, the tooth slices exhibited clear dentinal tubules, 
and the side view revealed that the dentinal tubules were unblocked 
(Fig. 8C). The exposed dentinal tubules were measured to be approxi
mately 4 um, which was consistent with previous studies [32]. 
Considering the constant exposure of teeth to the moist oral environ
ment and daily consumption of food and water, dental materials needed 
to possess a certain viscosity, which could ensure firm adhesion to the 
tooth surface [72]. The image of S-Zn-β-TCP/SA/PEG paste was shown 
in Fig. 9A, and S-Zn-β-TCP/SA/PEG paste could glue the separated tooth 
slices together, as shown in Fig. 9B, demonstrating the excellent vis
cosity of S-Zn-β-TCP/SA/PEG. To further assess the binding strength of 
the paste on the tooth surface, S-Zn-β-TCP/SA and S-Zn-β-TCP/SA/PEG 
were separately applied to the tooth grooves, followed by water flush
ing, as shown in Movie S1 and Movie S2. Photographs were taken to 
record the residue of paste on the tooth groove surface before and after 
flushing, as illustrated in Fig. 9C. The above results revealed that the 
S-Zn-β-TCP/SA on the tooth groove was completely washed away after 
flushing, whereas a lot of S-Zn-β-TCP/SA/PEG remained on the tooth 

groove, indicating the superior viscosity of S-Zn-β-TCP/SA/PEG 
compared to S-Zn-β-TCP/SA. Importantly, previous studies have shown 
that PEG-4000 not only possessed excellent viscosity but also exhibited 
excellent abilities to induce mineralization [73,74]. The incorporation 
of PEG-4000 significantly enhanced the adhesion between the paste and 
tooth groove in the current study. 

3.7. The evaluation of paste-induced mineralization on tooth slices in 
vitro 

The tooth slices treated with SA, Monetite/SA, S-Zn-β-TCP/SA, and 
B-Zn-β-TCP/SA underwent mineralization in simulated saliva for 7 days 
and 14 days, as shown in Fig. 10. The dentinal tubules were gradually 
covered by the mineralization layer, and the number of exposed dentinal 
tubules was reduced as the mineralization time could be observed. In the 
control group, SA, and Monetite/SA, the number of exposed dentinal 
tubules decreased over time. In contrast, dentinal tubules of the tooth 
slices treated with S-Zn-β-TCP/SA and B-Zn-β-TCP/SA were completely 
covered by the mineralization layer, as shown in Fig. 10A. Previous 
studies have indicated that sodium alginate could induce in-situ miner
alization of calcium phosphate [22,75]. Additionally, on the 7th day of 
mineralization, almost no mineralized coating deposition was observed 
in the cross-sections of tooth slices from the control group, SA, and 
Monetite/SA. However, significant mineralized coating deposition was 
observed in the cross-sections of tooth slices from the S-Zn-β-TCP/SA 
and B-Zn-β-TCP/SA. Although the mineralized coating of the 
S-Zn-β-TCP/SA was thicker compared to the B-Zn-β-TCP/SA, it appeared 

Fig. 7. The antibacterial evaluation of sample extracts in vitro. (A) OD values of sample extracts incubated with Streptococcus mutants after 12 and 24 h; (B) 
Photographs of sample extracts co-cultured with Streptococcus mutants for 24 h. (n = 3, *p < 0.05). 
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more porous and loosely bound to the tooth slices (Fig. 10A). Further
more, in comparison to the control group and SA, the Monetite/SA 
exhibited a better mineralization-inducing effect, which could be 
attributed not only to the addition of Monetite but also to its role in 
mineralization induction [76]. After 14 days of mineralization, the 
cross-sections of tooth slices from the control group, SA, and Mone
tite/SA showed thin mineralized coating depositions, with the thickness 
of the mineralized coating increasing sequentially. The tooth slices from 
the S-Zn-β-TCP/SA and B-Zn-β-TCP/SA exhibited thick mineralized 
coatings on the surface. Notably, compared to 7 days of mineralization, 
the mineralized coating in the S-Zn-β-TCP/SA became denser after 14 
days, with no distinct boundary between the coating and the slices, 
suggesting significant degradation of sodium alginate during the 
mineralization induction. Previous studies have shown that Ca2+ and 
Zn2+ could chelate with the carboxyl groups in sodium alginate, and that 
the uniformly dispersed mineralized phase could be formed by enzy
matic induction [77,78]. However, the mineralized coating in the 
B-Zn-β-TCP/SA after 14 days was not as dense as that in the 
S-Zn-β-TCP/SA, which may be attributed to the larger particle size of 

B-Zn-β-TCP. Huang et al. have demonstrated that smaller-sized TCP 
performed better in closing gaps between teeth and composite materials, 
implying that smaller-sized TCP particles could be more effective in 
inducing mineralization to close gaps formed during the bonding pro
cess [79]. The measurement schematic diagram of the thickness of the 
mineralized layer on the dentin surface was shown in Fig. 10B. Quan
titative analysis of the mineralized coating thickness revealed an in
crease in thickness in each group with the extension of mineralization 
time. The thickest mineralized coatings of Monetite/SA and 
B-Zn-β-TCP/SA were higher than those of the control group and SA 
(Fig. 10C). The S-Zn-β-TCP/SA exhibited the thickest mineralized 
coating, which was significantly different from that of the control group, 
SA, and Monetite/SA and B-Zn-β-TCP/SA. Taken together, the 
S-Zn-β-TCP/SA exhibited the superior mineralization-inducing ability in 
the tooth slices to occlude dentin tubules. 

Fig. 8. Preparation of tooth slices. (A) Macroscopic images of tooth slices; (B) SEM image of the top and cross-sectional surfaces of tooth slice without acid etching; 
(C) SEM image of the top and cross-sectional surfaces of tooth slice with acid etching. 
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3.8. The evaluation of paste-induced mineralization on tooth slices in 
vitro 

Based on the results from Section 3.7, the SA, Monetite/SA, and S-Zn- 
β-TCP/SA were selected to be combined with PEG-4000 to further 
enhance the mineralization induction effect and viscosity of the paste. 
The tooth slices treated with SA/PEG, Monetite/SA/PEG, and S-Zn- 
β-TCP/SA/PEG were mineralized in simulated saliva for 3, 7, and 14 
days, as shown in Fig. 11. After 3 days of mineralization, the tooth slices 
treated with SA/PEG and Monetite/SA/PEG still exhibited many 
exposed dentinal tubules, whereas the Monetite/SA/PEG showed fewer 
exposed dentinal tubules than the SA/PEG, and those treated with S-Zn- 
β-TCP/SA/PEG had almost no exposed dentinal tubules. After 7 days of 
mineralization, the tooth slices coated with SA/PEG showed a few 
exposed dentinal tubules, while those treated with Monetite/SA/PEG 
had scattered dentinal tubules, the tooth slices treated with S-Zn-β-TCP/ 
SA/PEG had no exposed dentinal tubules. After 14 days, none of the 
tooth slices coated with SA/PEG, Monetite/SA/PEG, and S-Zn-β-TCP/ 
SA/PEG showed exposed dentinal tubules, as depicted in Fig. 11A. These 
findings indicated that the combination of PEG could effectively accel
erate the formation of mineralized coatings, which was consistent with 
previous studies [80]. The quantification of the mineralized coating 
thickness revealed that the mineralized coating on tooth slices treated 
with SA/PEG, Monetite/SA/PEG, and S-Zn-β-TCP/SA/PEG increased 
with the extension of mineralization time. The thickest mineralized 
coating of Monetite/SA/PEG was higher than that of the SA/PEG, 
indicating Monetite could enhance the effect of mineralization. Notably, 
the tooth slices treated with S-Zn-β-TCP/SA/PEG exhibited the thickest 
mineralized coating, showing significant differences compared to 
SA/PEG and Monetite/SA/PEG, as shown in Fig. 11B. 

From Figs. 10A and 11A, it could be observed that the addition of 
PEG-4000 to the paste not only accelerated the mineralization rate but 
also improved the mineralization-inducing effect of the paste on the 
tooth slices. The related studies have shown that PEG coatings could 
effectively improve the hydrophilicity and mineralization 

characteristics of calcium phosphate [81]. Furthermore, compared to 
the loose mineralized coating induced by S-Zn-β-TCP/SA, the mineral
ized layer induced by S-Zn-β-TCP/SA/PEG was dense and tightly 
adhered to the tooth slices, owing to the excellent viscosity and 
mineralization-inducing properties of PEG [82,83]. Siddaramaiah et al. 
demonstrated that the mixture of sodium alginate and PEG still main
tained good viscosity [84]. These findings collectively suggested that 
S-Zn-β-TCP/SA/PEG rapidly induced the formation of dense and closely 
adhering mineralized coatings on the tooth slices, effectively sealing 
dentinal tubules and holding potential as a treatment for dentin 
hypersensitivity. 

Herein, we prepared Monetite and Zn-β-TCP with different sizes by 
adding zinc and adjusting the amount of ammonia, and mixed them with 
sodium alginate and polyethylene glycol to prepare a paste for the 
treatment of dentin allergy. The Zn2+ played a dual role in regulating the 
structure and biological function of β-TCP, while the change of ammonia 
content regulated the size of Zn-β-TCP. Trace element-modified CaPs 
have been proven to be an effective material for repairing defective hard 
tissue [85]. The results of biological functions evaluation in vitro 
demonstrated that Zn-β-TCP had better effects on enhancing prolifera
tion, dentin differentiation, and antibacterial than those of the control 
group and Monetite. Monetite S-Zn-β-TCP and B-Zn-β-TCP were mixed 
with SA respectively to construct a powerful delivery platform to deliver 
the target materials with induced mineralization, good biocompatibility, 
and excellent antibacterial effect to the lesion location. The induced 
mineralization and viscosity properties of SA have been widely recog
nized, and the addition of PEG-4000 was to further improve the viscosity 
and induced mineralization rate of the paste [22,25]. The in vitro vis
cosity test and tooth slice mineralization test showed that compared 
with S-Zn-β-TCP/SA, the viscosity of S-Zn-β-TCP/SA/PEG was higher, 
the formation efficiency of an induced mineralized layer was faster and 
the mineralized layer was denser. Taken together, S-Zn-β-TCP/SA/PEG 
paste provides a good method for dentin hypersensitivity and possesses 
great application potential in hard tissue engineering and regenerative 
medicine. 

Fig. 9. The viscosity evaluation of the pastes in vitro. (A) Images of S-Zn-β-TCP/SA/PEG paste; (B) Images of S-Zn-β-TCP/SA/PEG paste adhering tooth slices; (C) 
Images of S-Zn-β-TCP/SA and S-Zn-β-TCP/SA/PEG on teeth after flushing by water flow, showing that a lot of S-Zn-β-TCP/SA/PEG remained adhering on the tooth 
groove while almost no S-Zn-β-TCP/SA on the tooth groove. 
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Fig. 10. The mineralization evaluation of pastes on tooth slices in vitro. (A) SEM images of top and cross-sectional surfaces of tooth slices treated with SA, Monetite/ 
SA, S-Zn-β-TCP/SA, and B-Zn-β-TCP/SA in simulated saliva for 7 and 14 days; scale bar=20 μm. (B) Schematic diagram of thickness measurement of mineralized 
layer. (C) Quantitative analysis of the thickness of the mineralized layer. (n = 3, ***P < 0.001). 
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CaPs are the main inorganic component of human hard tissue, which 
has many advantages, such as good biocompatibility, good effect of 
induced mineralization, low preparation cost, and green environmental 
protection [86]. Zn2+ is one of the essential trace elements in the human 
body, which plays an important role in tissue growth and human 
metabolism, so it can be used to improve or make up for some specific 
biological functions of biomaterials [15]. SA and PEG not only have a 
good effect of inducing mineralization but also can be degraded under 
physiological conditions. In addition, PEG and SA belong to polycationic 
and polyanionic polymers respectively, which provide a theoretical 
basis for further improving the mineralization rate of 
S-Zn-β-TCP/SA/PEG [33]. However, the mineralized layer induced by 
S-Zn-β-TCP/SA/PEG was located on the surface of the tooth section and 
did not go deep into the dentinal tubule, and the mechanical collision on 
the tooth surface caused by daily diet and tooth brushing will cause the 
mineralized layer to fall off, thus losing the therapeutic effect. 
Furthermore, the viscosity test of the paste was limited to the erosion of 
water flow and did not simulate the mechanical effect of the real oral 

environment on the paste. To further improve the feasibility of 
S-β-TCP/SA/PEG paste in the clinical treatment of dentin hypersensi
tivity, future studies will focus on rapidly inducing the formation of 
mineralized layer in dentinal tubules and verifying the bonding strength 
of mineralized layer by brushing teeth and simulating mastication. 

4. Conclusions 

In conclusion, our study successfully synthesized Monetite, S-Zn- 
β-TCP, and B-Zn-β-TCP particles by hydrothermal method. The in vitro 
studies revealed that these particles possessed outstanding 
mineralization-inducing capabilities and biocompatibility. Further
more, S-Zn-β-TCP and B-Zn-β-TCP demonstrated notable antibacterial 
effects and potential for promoting dentinogenesis. The paste prepared 
by combining Monetite, S-Zn-β-TCP, and B-Zn-β-TCP with sodium algi
nate, namely Monetite/SA, S-Zn-β-TCP/SA, and B-Zn-β-TCP/SA, could 
induce the formation of mineralized coatings on the surfaces of dentin 
slices, effectively sealing dentinal tubules. Among these pastes, the S-Zn- 

Fig. 11. The mineralization evaluation of tooth slices in vitro. (A) SEM images of top and cross-sectional surfaces of tooth slices treated with SA/PEG, Monetite/SA/ 
PEG, S-Zn-β-TCP/SA/PEG in simulated saliva for 3, 7, and 14 days; scale bar=20 μm. (B) Quantitative analysis of the thickness of the mineralized layer. (n = 3, *P 
< 0.05). 
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β-TCP/SA exhibited the best sealing effect. The addition of PEG-4000 to 
the paste enhanced their viscosity and mineralization-inducing capa
bilities. The in vitro flushing and mineralization results indicated that 
SA/PEG, Monetite/SA/PEG, and S-Zn-β-TCP/SA/PEG induced faster 
mineralization on dentin slices compared to SA, Monetite/SA, and S-Zn- 
β-TCP/SA. Moreover, compared to S-Zn-β-TCP/SA, S-Zn-β-TCP/SA/PEG 
not only had higher mineralization efficiency and viscosity but also 
formed a denser mineralized coating that adhered more closely to the 
dentin slices. The S-Zn-β-TCP/SA/PEG paste possessed excellent vis
cosity, antibacterial, and mineralization-inducing properties developed 
in the current study and held great potential use for the treatment of 
dentin hypersensitivity. 
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