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Introduction: Effective infection control without irritating the pulp tissue is the key to successful vital pulp therapy. Developing 
a novel antibacterial biomaterial that promotes dentin regeneration for pulp capping is thus a promising strategy for enhancing vital 
pulp therapy.
Methods: Lithium-doped mesoporous nanoparticles (Li-MNPs) were synthesized using an alkali-catalyzed sol-gel method. The 
particle size, elemental distribution, surface morphology, pore structure, and ion release from Li-MNPs were measured. Human dental 
pulp stem cells (hDPSCs) and Streptococcus mutans (S. mutans) were used to evaluate the biological effects of Li-MNPs. In addition, 
a dental pulp exposure mouse model was used to evaluate the regenerative effects of Li-MNPs.
Results: Li-MNPs had a larger surface area (221.18 m2/g), a larger pore volume (0.25 cm3/g), and a smaller particle size (520.92 ± 
35.21 nm) than MNPs. The in vitro investigation demonstrated that Li-MNPs greatly enhanced the biomineralization and odontogenic 
differentiation of hDPSCs through the Wnt/β-catenin signaling pathway. Li-MNPs showed a strong antibacterial effect on S. mutans. 
As expected, Li-MNPs significantly promoted dentin regeneration in situ and in vivo.
Conclusion: Li-MNPs promoted dentin regeneration and inhibited S. mutans growth, implying a possible application as a pulp 
capping agent in vital pulp therapy.
Keywords: lithium, mesoporous nanoparticles, dental pulp stem cells, dentin regeneration, Wnt/β-catenin signaling pathway, 
antibacterial properties

Introduction
The preservation of vital pulp plays a significant role in prolonging the period of permanent teeth’s normal function. On 
the one hand, it enables the continuous development of young permanent teeth;1 on the other hand, dental pulp, as 
a biological receptor, responds defensively to pathological stimuli and forms tertiary dentin to prevent the further 
development of lesions.2 Pulp capping is a dental procedure that attempts to preserve vital pulp by placing dental 
materials directly onto the vital pulp tissues of affected teeth.3 Therefore, an ideal pulp capping agent requires anti- 
infective, antibacterial, and pro-dentin regenerative properties.

It has been over 90 years since Hermann first used calcium hydroxide in the 1920s to treat endodontics.4 Calcium 
hydroxide raises the pH of the microenvironment, creating an alkaline environment for sterilization of the pulp tissue, 
causing necrosis of the exposed pulp and an inflammatory response that may result in tertiary dentin formation.5 Due to 
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the poor long-term clinical success of calcium hydroxide,6,7 mineral trioxide aggregate (MTA) has attracted the attention 
of clinicians and has become the gold standard among pulp capping agents because of its excellent biocompatibility.8 

MTA has been proven to promote pulp tissue regeneration and has good clinical efficacy; however, it also has some 
disadvantages, such as its long curing time, an inability to bind dentin, and that it contains bismuth trioxide, iron, and 
magnesium elements, which tend to discolor the crown, etc.9,10 Furthermore, the antibacterial activity of MTA against 
S. mutans, the key causative agent of caries, is controversial.11–15

MNPs (e.g, bioactive glass-based MNPs, silica MNPs, hydroxyapatite MNPs) possess high surface areas and highly 
organized mesoporous channel structures, which have great potential for application in drug delivery and tissue 
regeneration.16–18 Bioactive glass-based MNPs possess excellent biological activity and display promising characteristics 
in facilitating the localized delivery of therapeutically active ions (eg, lithium, zinc, strontium, or copper) to enhance their 
biological properties.19–21 Among them, lithium has a long history as a canonical Wnt signaling pathway activator, 
capable of effectively blocking GSK3β activity and leading to the stability of free cytosolic β-catenin, resulting in 
increased intracellular Wnt activity.22–24 In a study by Ali et al, it was revealed that surface pre-reacted glass fillers 
infused with lithium demonstrated a capacity to incite odontogenic differentiation in hDPSCs. Furthermore, these fillers 
exhibited the ability to promote dentin formation within a rat pulp capping model through the Wnt/β-catenin signaling 
pathway.25 In addition, lithium has garnered attention for its notable antibacterial properties and its lack of susceptibility 
to bacterial resistance, which are required for pulp capping agents to combat infections in the pulp tissue.26 It is possible 
that lithium-doped bioactive glass-based MNPs (Li-MNPs) could serve as a bioactive pulp capping agent that is both 
antibacterial and effective in stimulating dentin regeneration.

To test this hypothesis, this study aimed to synthesize Li-MNPs based on bioactive glass composition, evaluate their 
effect on dentin regeneration, and test their ability to inhibit the growth of S. mutans.

Materials and Methods
Synthesis of Lithium-Doped Mesoporous Nanoparticles (Li-MNPs)
Lithium-free and lithium-doped mesoporous nanoparticles, namely, MNPs and Li-MNPs, respectively, based on bioactive 
glass compositions of 60 SiO2 - (36-x) CaO - x Li2O - 4 P2O5 (x=0 and 5 mol%), were synthesized using an alkali- 
catalyzed sol-gel approach with dodecylamine (DDA) as the catalyst agent and cetyltrimethylammonium bromide 
(CTAB) as a structural template agent.27 The exact amounts of material used in the synthesis process are shown in 
Table 1. Briefly, DDA (Aladdin, China) was dissolved into a mixture of ethanol (Damao, China) and ultrapure deionized 
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water (DW) (18.2 MΩ, HealForce ultrapure water system, China) under vigorous stirring for 10 min. Then CTAB 
(Macklin, China) was dissolved into the resultant solution, followed by stirring for 30 min. Tetraethyl orthosilicate 
(TEOS) (Sigma-Aldrich, USA), triethyl phosphate (TEP) (Sigma-Aldrich, USA), and calcium nitrate tetrahydrate (CN) 
(Damao, China) or lithium nitrate hydrate (LN) (Macklin, China) were dissolved in sequence at intervals of 30 min while 
stirring at 40 °C. The resulting mixture was continuously stirred for 6 h to attain a white precipitate, followed by 
centrifuging, alternately washing three times with ethanol and DW, and drying at 60 °C for 24 h to attain dry powers. The 
samples were sintered in air at 650 °C for 3 h to attain the final products.

The Examination of Li-MNPs Using Different Technologies
The synthesized Li-MNPs were characterized using time of flight secondary ion mass spectrometry (TOF-SIMS) (PHI 
nanoTOF II Time-of-Flight SIMS, Japan), scanning electron microscopy (SEM) (Zeiss Sigma 300, Germany), transmis-
sion electron microscopy (TEM) (FEI Tecnai G2 f20s-twin, USA), nitrogen (N2) adsorption–desorption isotherms 
(Micromeritics ASAP 2020, USA), X-ray diffraction (XRD) (Rigaku UltimaIV, Japan), Fourier transform infrared 
spectroscopy (FT-IR) (Bruker TENSOR 27, Germany), and a Zetasizer Nanoseries (Malvern Zetasizer Nano ZS90, 
England). The particle size analyses of the SEM photographs of MNPs and Li-MNPs were performed using the Nano 
Measurer software (Fudan University, China). The Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) 
approaches were used to evaluate the specific surface area, pore volume, and pore size distribution.

In vitro Ion Release
Ion release was measured using an inductively coupled plasma-optical emission spectrometer (ICP-OES) (Agilent 720, 
USA) to evaluate the concentrations of silicon (Si), calcium (Ca), phosphorus (P), and lithium (Li) ions in the soaking 
solution. Briefly, 20 mg of MNPs or Li-MNPs were immersed in 20 mL of Tris-HCl (0.05 M, pH=7.4, Yuanye, China) 
and shaken at 120 rpm for up to 28 days at 37°C. The extract was collected and used for ion release measurements at 
specified time points (1, 3, 5, 7, 14, and 28 days).

Cell Culture and Identification
The hDPSCs used in the current study were obtained from Procell Life Science & Technology (Wuhan, China). Cells 
between passages two and five were used throughout the experiments. The cells were cultured at 37 °C in 5% CO2 with 
a culture medium (CM) which comprised α-MEM (Gibco, USA), fetal bovine serum (10%, Gibco, USA), and penicillin/ 
streptomycin (1%, Gibco, USA). The medium changed every three days. The cells were cultured in an odontogenic 
supplemental medium (OM) containing β-glycerophosphate (10 mM), ascorbic acid (50 μg/mL), dexamethasone (10 nM) 
and the abovementioned CM to induce the odontogenesis of hDPSCs.28 Cells between passages two and three were 
selected, and positive [CD29, CD44, CD73, CD90, CD105; (Biolegend, USA)] and negative antibodies [CD11b, CD19, 
CD34, CD45, HLA-DR; (Biolegend, USA)] were detected using flow cytometry (BD, USA). Analysis was performed 
using Flowjo software (BD, USA). The positive antibody CD90 (Boster, China) was detected using immunofluorescence.

Preparation of Extracts
The extracts were obtained based on the approaches of the International Standard Organization (ISO 10993–5). Briefly, 2 
g of MNPs or Li-MNPs were soaked in 10 mL of α-MEM, and the mixture was shaken at 120 rpm for 24 h at 37 °C. 
Then, the extracts were centrifuged at 4000 rpm for 15 min and sterilized by filtration through a 0.22 μm filter (Millipore, 
USA). The extract-configured culture/odontogenic supplemental medium (eCM/eOM) was formed by replacing the α- 

Table 1 The Exact Amounts of Material Used in the Synthesis Process

Sample Ethanol (mL) DW (mL) DDA (g) CTAB (g) TEOS (mL) TEP (mL) CN (g) LN (g)

MNPs 80 20 4 0.07 2.23 0.23 1.417 0
Li-MNPs 80 20 4 0.07 2.23 0.23 1.215 0.114
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MEM in CM or OM by diluting the extract at different concentrations (1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and 1/128) and 
replacing it in equal amounts.

Cell Proliferation Assay
The measurement of hDPSC proliferation in response to the MNP and Li-MNP extracts was conducted using a Cell 
Counting Kit-8 assay (CCK-8) (Dojindo, Japan). Briefly, the seeding of the cells into 96-well plates was conducted at 
a density of 2×103 cells/well, followed by treatment with various concentrations of MNP and Li-MNP eCM (1/2, 1/4, 1/ 
8, 1/16, 1/32, 1/64 and 1/128). After which the culturing lasted for 1, 3, 5, and 7 days; the medium was modified with 
CCK-8 solution (10 μL/well) and CM (90 μL/well), then kept away from light in an incubator at 37 °C for 2 h. The 
absorbance was recorded at 450 nm using an ELX Ultra microplate reader (BioTek, USA), and the optical density (OD) 
was measured for cell viability (n=6).

Alkaline Phosphatase (ALP) Staining and Quantification
The cultivation of hDPSCs was carried out at 3×104 cells/well in 48-well plates, which were then treated with various 
concentrations of MNP or Li-MNP eOM (1/8, 1/16, 1/32, 1/64, and 1/128) for 7 days, with the medium changed every 3 
days. For ALP staining: The cells were fixed with 4% PFA (Biosharp, China), followed by washing with phosphate- 
buffered saline (PBS) (Gibco, USA) and assessing with a BCIP/NBT ALP color development kit (Beyotime, China). For 
ALP quantification: The cells were lysed for protein extraction in cell lysis buffer for Western blotting and immunopre-
cipitation (IP) without inhibitors (Beyotime, China) and evaluated using an ALP assay kit (Beyotime, China) based on 
the manufacturer’s instructions.

Alizarin Red Staining (ARS)
The seeding of hDPSCs was performed at 1.5×105 cells/well in 6-well plates. When confluence was reached, the medium 
was replaced with OM, 1/32 MNPs, eOM, and 1/32 Li-MNPs eOM. Three weeks later, the cells were fixed with 4% PFA 
and stained using Alizarin red S solution (1%, pH 4.2, Solarbio, China).

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
The hDPSCs were cultured with OM, 1/32 MNPs eOM, and 1/32 Li-MNPs eOM in each of the 6-well plates for certain 
time points. The extraction of total RNA was performed using an EZ-press RNA purification kit (EZBioscience, USA) 
based on the manufacturer’s instructions. The RNA (500 ng) was reverse-transcribed to cDNA according to the method 
described elsewhere.29 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was employed as the internal control. All 
primer sequences are presented in Table 2. The conditions for RT-qPCR were set as follows: denaturation at 95°C (30 s), 
40 cycles at 95°C (5 s), and 60 °C (30 s, annealing), which was followed by a final dissociation step. The RT-qPCR 
reactions were carried out using an SYBR Green pro taq HS premix (Accurate Biotechnology, China) and an Agilent RT- 
qPCR System (Agilent, USA). The measurement of the reactions was performed three times.

Western Blotting Analyses
The hDPSCs were cultured with OM, 1/32 MNPs eOM, and 1/32 Li-MNPs eOM in each of the 6-well plates for certain 
time points. The cells were lysed for protein extraction in RIPA lysis buffer (Beyotime, China) supplemented with PMSF 

Table 2 Primers Used for RT-qPCR

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

DSPP GCTGGAAGCAATAACAGTACAG TGCTGTTGATCTGAGGTGTTAT

DMP-1 CAAAGAAGATAGCAACTCCACG CATCAACTGTTAATTTCCGGCT

ALP ACTCTCCGAGATGGTGGTGGTG CGTGGTCAATTCTGCCTCCTTCC
Runx2 AGGCAGTTCCCAAGCATTTCATCC TGGCAGGTAGGTGTGGTAGTGAG

GAPDH TGACATCAAGAAGGTGGTGAAGCAG GTGTCGCTGTTGAAGTCAGAGGAG
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(Beyotime, China) for 30 min on ice. The measurement of protein concentration was carried out using a BCA protein 
assay kit (Beyotime, China) based on the manufacturer’s instructions. The total protein (20 μg) was separated using an 
SDS-PAGE gel and then transferred to a 0.45 μm PVDF membrane (Millipore, USA). Membrane blocking was 
conducted with 5% non-fat milk for 1 h, and the incubation was conducted with primary antibodies [anti-DSPP 
(1:1000, Proteintech, USA), anti-DMP-1 (1:1000, Bioss, China), anti-GSK3β (1:2000, Proteintech, USA), Anti- 
p-GSK3β (1:1000, Cell Signaling Technology, USA), anti-β-catenin (1:10,000, Proteintech, USA) and anti-GAPDH 
(1:20,000, Proteintech, USA)] overnight at 4 °C and with horse radish peroxidase (HRP)-linked secondary antibodies 
[Anti-Rabbit IgG (H+L) (1:2000, Proteintech, USA) and anti-Mouse IgG (H+L) (1:2000, Proteintech, USA)] for 1 h at 
room temperature. The protein bands were then visualized using a BeyoECL Star (Beyotime, China), and the quantifica-
tion was conducted using ImageJ software (National Institutes of Health, USA). All protein expression levels were 
normalized to a GAPDH internal control.

In vitro Antibacterial Studies
In vitro antibacterial studies were performed using cariogenic bacteria, S. mutans (UA159, ATCC, USA). The culturing 
of S. mutans was performed in a brain–heart infusion (BHI) (Oxoid, Canada) medium. The growth of all bacterial 
samples was carried out under standardized anaerobic conditions for scheduled times at 37 °C.

The antibacterial effects of MNPs and Li-MNPs were determined using (i) colony formation assays and (ii) bacterial 
proliferation tests. Briefly, 100 mg MNPs or Li-MNPs were mixed with 100 μL PBS (1×), and a column of φ 6 mm × 
3 mm was formed using a mold to simulate the morphology of the pulp capping agent. Then, these samples were dried at 
ambient temperature for 24 h. The UV-sterilized samples were placed in 24-well plates and exposed to S. mutans under 
standard anaerobic conditions for 24 h. For the control group, 10 μL PBS (10×) was added to each well to control for the 
effect of phosphate. In case (i), the samples were transferred into test tubes containing 5 mL of BHI medium, followed by 
ultrasonicating for 10 min. The suspension containing dissociated bacteria was serially diluted with BHI medium, and the 
seeding of a 100 μL aliquot of the diluted sample onto a BHI culture plate was performed for further incubation. In case 
(ii), bacterial proliferation was detected using the WST-8 reagent (Roche, Germany).30 A total of 90 μL of BHI medium 
per well from a 24-well plate was transferred to a 96-well plate. After incubation with WST-8 reagent (diluted 1:10 with 
PBS) for 2 h at 37°C without light, the absorbance was recorded at 450 nm, and the OD was recorded to determine 
bacterial viability (n=3).

Animal Studies
For the in vivo study, a clinically relevant dental pulp exposure model was employed as described elsewhere.31,32 These 
experiments were performed following the approval from the Institutional Animal Care and Use Committee of 
Guangdong Huawei Testing Co., LTD (approval number: 202208004) and complied with the Guide for Care and Use 
of Laboratory Animals. Twelve 6-week-old male C57BL/6 mice (18–22 g) were used (Bestest, China). The mice were 
divided into four groups: Blank, MNPs, Li-MNPs, and MTA (maxillary first molars, n=6). The animals were anesthetized 
with general anesthetic according to the manufacturer’s instructions [Zoletil 50 (Virbac, France), Sumianxin II 
(ShengXin, China)]. Vital pulp therapy of the maxillary first molars in mice was performed using a microscope 
(Leica, Germany), a medical ultrasonic apparatus (Piezon Master 700, EMS, Swiss), and a dental bur (TC-21EF, 
MANI, Japan). The material was mixed well with DW (1:1 wt), then 2 mg of the mixture was added to the pulp 
exposure in each tooth. Then, the cavity was sealed with resin (Dyad FlowTM, Kerr, USA) to prevent microbial leakage. 
The blank group used only sterile cotton balls placed on the dental defect.

The mice were sacrificed after 4 weeks. Samples were fixed using 4% PFA for 48 h. After the dissection of the 
maxillae, the teeth were collected for scanning using a micro-CT scanner (Skyscan 1172, Bruker, Germany). After 
scanning, NRecon and DataViewer software (Bruker, Germany) were employed for standard reconstruction. The 
reparative dentin volume/total volume (RDV/TV) was measured and calculated using CTvox and CTAn software 
(Bruker, Germany) (n=5). For histological analysis, the teeth were decalcified with EDTA (Sangon Biotech, China) for 
4 weeks after micro-CT scanning. After decalcification, the teeth were paraffin-embedded. Hematoxylin and eosin (H&E) 
staining was performed using 4 μm thick tissue sections. These procedures were performed in accordance with the 
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manufacturer’s instructions. The area of reparative dentin and the number of blood vessels in the pulp chamber were 
counted using ImageJ software (n=5).

Statistical Analysis
All data were recorded as means ± standard deviations. One-way ANOVAs were performed to analyze the differences 
between groups, and the Student’s t-test was employed to assess the significance of these differences. Differences with 
p<0.05 were regarded as statistically significant.

Results and Discussion
Li-MNPs were synthesized using an alkali-catalyzed sol-gel method described previously.27 As can be seen in the results 
of TOF-SIMS, the surfaces of Li-MNPs uniformly feature punctated light spots, indicating that lithium has been 
incorporated uniformly into the MNPs (Figure 1A and B). SEM and TEM analyses of Li-MNPs revealed that they are 
spherical with a particle size of approximately 520 nm and a rough and porous surface (Figure 2A and C). The 
determined zeta potential values were −14.7 ± 0.10 mV for Li-MNPs and −19.63 ± 0.36 mV for MNPs (Figure 2D). 
These results provide compelling evidence of the successful removal of CTAB, encompassing a positively charged 
hydrophilic group. According to the SEM findings, the hydrated particle size of Li-MNPs is marginally smaller than that 
of MNPs (Figure 2E). To further characterize the pore structure of Li-MNPs, they were tested using the BET and BJH 
approaches, and the results are outlined in Table 3. Li-MNPs exhibit a greater specific surface area (172.38 m2/g), smaller 
pore volume (0.23 cm3/g), and reduced pore size (4.81 nm) than MNPs. The N2 adsorption–desorption curve is classified 
as a Type IV isotherm under the IUPAC system and closely resembles an H2b-type hysteresis loop (Figure 3A and B). 
This result and the pore size indicate the presence of mesoporous structures in Li-MNPs.33 XRD is capable of 
demonstrating alterations in the crystal structure pre- and post-lithium doping. Li-MNPs exhibit broad peaks that 
match the characteristics of silicate glass,34 implying that Li-MNPs retain an amorphous structure when doped with 
5% lithium (Figure 3C). The FT-IR spectra of Li-MNPs manifest absorption peaks typical of Si–O–Si bonds at 
approximately 1088 cm−1, 802 cm−1, and 476 cm−1 (Figure 3D).35 Furthermore, the peaks observed at 3452 cm−1 and 
1637 cm−1 are attributable to O–H stretching vibrations, indicative of the material’s absorption of atmospheric moisture. 
These observations align seamlessly with the quintessential attributes of bioactive glass-based MNPs.

The ionic release behavior of Li-MNPs was then subsequently investigated. Figure 4 displays the variations in Ca, Si, 
P and Li ion concentrations in Tris-HCl solution at different soaking times. The total Ca ion release is higher in MNPs 
than in Li-MNPs, which reflects the different Ca ion concentrations in these two glass structures. Due to mineralization, 
Ca and P ion concentrations decreased in the MNP and Li-MNP groups with a similar trend.36 Interestingly, the 
concentration of Li ions also showed a decreasing trend at a later stage, suggesting that Li ions may also be involved 
in forming calcium phosphate. Based on the amount of Ca, Si, P, and Li ions released, Li-MNPs are expected to influence 
the cellular regenerative response, as these ions have been shown to significantly stimulate stem cell and endothelial cell 
functions.37

Therefore, the biological effects of Li-MNPs were investigated using hDPSCs, resident cells on the dental pulp 
susceptible to bacterial infection, which play an important role in tissue regeneration.38,39 We first identified these cells 
using flow cytometry and immunofluorescence. The results showed that these cells expressed high levels of mesench-
ymal stem cell surface markers and low levels of vascular and endothelial cell surface markers, indicating high-purity 
hDPSCs (Figure 5A and B). The biocompatibility of Li-MNPs was then assessed using the CCK-8 assay. Cells were 
treated for 7 days with different concentrations of material extracts and at relatively high concentrations (1/128-1/8, 
1.5625–25 mg/mL). Extracts of both MNPs and Li-MNPs did not affect cell activity (Figure 6A). The inhibitory effect of 
Li-MNPs on cell proliferation was more evident at the 1/4 concentration (50 mg/mL). This was possibly due to the 
toxicity of the cells caused by a higher concentration of Li ions. Zhao et al showed that MTA extracts were significantly 
toxic to hDPSCs at 10 mg/mL concentrations.40 In contrast, Li-MNPs were not cytotoxic at this concentration, 
suggesting that Li-MNPs exhibit low cytotoxicity and good biocompatibility. Notably, similar to a study by Han et al,24 

Li-MNPs did not promote cell proliferation, which may be a result of the effect of lithium on the cell cycle.41 Overall, 
based on the cell proliferation and vitality studies, we concluded that Li-MNPs displayed acceptable cytocompatibility 
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Figure 1 The elemental composition of MNPs and Li-MNPs. (A) The mass spectra. (B) The ion mapping.
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Figure 2 The surface morphology, zeta potential, and particle size of MNPs and Li-MNPs. (A) The SEM images. Scale bar = 500; 200 μm. (B) The TEM images. Scale bar = 
200; 100 μm. (C) Particle size analyzed by SEM images. (D) Zeta potential. (E) Hydrodynamic size.
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and might be suitable as a pulp capping agent. Guided by the outcomes of the CCK-8 assay, subsequent experiments 
were undertaken with extract concentrations ranging between 1/128 to 1/8.

We subsequently examined the impact of Li-MNPs on the differentiation of hDPSCs, assessing ALP activity, 
mineralization, and both gene and protein expression levels. ALP is an early osteogenic or odontogenic differentiation 
marker that participates in pre-mineralization and promotes the formation of mineral nodules.42 After 7 days, an elevated 
expression level of ALP was evident within the Li-MNP extract at a concentration of 1/32 (Figure 6B and C). This 
contrasts with the MNP extract at an equivalent concentration and the control groups, as ascertained through ALP 
staining and subsequent quantitative analysis. Concurrently, calcium deposition, a vital indicator of odontogenic 
differentiation, peaks in the late phases of odontogenesis.43 An ARS assay conducted after 21 days confirmed that Li- 
MNPs fostered the formation of mineralized nodules that were denser and larger than those resulting from MNPs 
treatment, underlining Li-MNPs exemplary odontogenic induction capabilities (Figure 6D).

The effect of the 1/32 concentration of MNP and Li-MNP extracts on the expression of odontogenic-related genes in 
hDPSCs was further examined using RT-qPCR. The expression levels of genes related to odontogenesis, namely DSPP, 
DMP-1, ALP, and Runx2, were found to be significantly higher after 7 days of treatment with Li-MNPs compared with 
both the control and MNPs (p<0.05) (Figure 7A). Considering that lithium doping greatly improves the odontogenic 

Table 3 The Textural Characteristics of MNPs and Li-MNPs

Sample Surface Area 
(m2g−1)

Average Pore 
Diameter (nm)

Pore Volume 
(cm3g−1)

MNPs 172.38 5.25 0.23

Li-MNPs 221.78 4.81 0.25

Figure 3 Pore structure and chemical structure analysis of MNPs and Li-MNPs. (A) N2 adsorption–desorption isotherms and the pore size distribution of MNPs. (B) N2 

adsorption–desorption isotherms and the pore size distribution of Li-MNPs. (C) XRD pattern. (D) FT-IR spectra.
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Figure 4 Ion release from MNPs and Li-MNPs in Tris-HCl solution. (A) Si ions. (B) Ca ions. (C) P ions. (D) Li ions.

Figure 5 Identification of hDPSCs. (A) Flow cytometry of cells. (B) Immunofluorescence of cells.
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Figure 6 Cytotoxicity and odontogenic induction effects of MNPs and Li-MNPs. (A) CCK-8 assay for the proliferation of hDPSCs cultured in varying concentrations of 
MNP and Li-MNP extracts for 1, 3, 5, and 7 days. (B) ALP staining of MNP and Li-MNP extracts stimulated hDPSCs after 7 days. Scale bar = 1 mm. (C) ALP activity 
quantification of MNP and Li-MNP extracts stimulated hDPSCs after 7 days. (D) ARS after 21 days of stimulation. Scale bar = 500 μm. *Indicates significant differences 
compared with the control group; #Indicates significant differences compared with the MNP group, p < 0.05.
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properties of MNPs. The expression of dentin-associated proteins was further explored to confirm the ALP, ARS, and 
gene analyses. As expected, the Li-MNP extract significantly enhanced the expression of DMP-1 on Day 4 and DSPP 
and DMP-1 on Day 7, compared with the control group (p<0.05) (Figure 7B).

This led us to probe the mechanism behind lithium’s potentiation of odontogenic expression within hDPSCs. Given 
the pivotal role of Wnt signaling in tooth development and lithium’s status as a GSK-3β inhibitor,25,44 we delved into the 
Wnt/β-catenin signaling pathway’s activation post a 7-day Li-MNPs stimulation of hDPSCs using a Western blotting 
assay. Li-MNPs significantly enhanced the expression of p-GSK3β and β-catenin compared with the control and MNPs 
(p<0.05), suggesting that Li-MNPs have the ability to activate the Wnt/β-catenin signaling pathway by promoting the 
phosphorylation of GSK-3β, leading to the accumulation of β-catenin (Figure 7C). The results above demonstrate that Li- 
MNPs play a role in promoting the odontogenic differentiation of hDPSCs by activating the Wnt/β-catenin signaling 
pathway.

The regeneration of infected pulp tissues is a challenging topic in dentistry.45 S. mutans, an endogenous oral microflora 
component, has long been involved in the etiology of dental caries.46,47 In addition to assessing the pulp capping agent 

Figure 7 The regulatory effects of MNPs and Li-MNPs on genes and proteins. (A) RT-qPCR analysis of odontogenesis-related genes (DSPP, DMP-1, ALP, Runx2) for hDPSCs 
cultured in MNP and Li-MNP extracts for 4 and 7 days. (B) Western blotting assay for DSPP and DMP-1 in hDPSCs cultured in MNP and Li-MNP extracts for 4 and 7 days. 
(C) Western blotting assay for GSK3β, p-GSK3β, and β-catenin in hDPSCs cultured in MNP and Li-MNP extracts for 7 days. *Indicates significant differences compared with 
the control group; #Indicates significant differences compared with the MNP group. p < 0.05.
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functions of Li-MNPs, the antibacterial property was investigated (Figure 8A). As shown in Figure 8B and C, both MNPs and 
Li-MNPs inhibited the growth of S. mutans, with Li-MNPs showing a more pronounced inhibitory effect (p<0.05). We 
speculate that the antibacterial effect may be due to the synergistic effects of bioactive glass-based MNPs and Li ions. 
Bioactive glasses have been reported to inhibit S. mutans by releasing Ca and Si ions, which react with hydrogen ions in 
a protonation reaction, raising the pH of the solution and increasing the osmotic pressure of the solution.48–51 Keikhosravani 
et al have reported various antibacterial effects of Li ions.52 Li ions with a positive charge bind to bacterial cell walls with 
a negative charge, and this disrupts the cell wall, leading to the release of cytoplasmic contents and dehydration.53,54 This can 
also further contribute to the antibacterial effects of biologically active glasses. Additionally, Li ions disrupt the polynucleotide 
chains of both DNA and RNA, influencing enzyme function by changing protein conformations.53,55

Based on these observations, our next objective was to confirm the in vivo effect of Li-MNPs in promoting dentin 
regeneration in situ. For this, mouse dental pulp exposure was modeled (Figure 9A).31,32 MNPs, Li-MNPs, and MTA 
were used for pulp capping. The blank group was used as a negative control, and the MTA group was used as a positive 
control. The impact of dentin regeneration in every group was evaluated as previously reported.56 Samples were collected 
and scanned using micro-CT four weeks after the operation. Representative section view images of each group were 
obtained (Figure 9B). The blue and green areas correspond to resin and enamel, respectively. The orange and purple areas 
correspond to dentin. As anticipated, there was almost no formation of reparative dentin in the control group and only 
partial formation of reparative dentin in the MNP group. The continuous formation of reparative dentin on the tooth’s 
pulp defect was observed in the Li-MNP group, akin to the results obtained in the MTA group. To measure the efficiency 
of dentin regeneration, these data were reconstructed in three dimensions, analysed, and the RDV/TV for each group 
determined, as shown in Figure 9D. Li-MNPs and MTA exhibited higher RDV/TV values, indicating that Li-MNPs 

Figure 8 In vitro antibacterial studies. (A) Schematic illustration of the antibacterial experiment (Created with Biorender.com). (B) Bacterial proliferation test. (C) Colony 
formation assay. *Indicates significant differences compared with the control group; #Indicates significant differences compared with the MNP group. p < 0.05.
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Figure 9 In vivo evaluation. (A) Scheme of the animal modeling: a mouse molar tooth defect, filled with Li-MNPs and resin, and 4 weeks post-operation, micro-CT analysis 
was performed to observe the regeneration of reparative dentin; for comparison, MTA served as a commercial pulp regenerative dental material, and MNPs were also used 
(Created with Biorender.com). (B) Micro-CT representative section view images. (C) H&E staining. Scale bar = 200 μm. p: dental pulp. rd: reparative dentin. d: native dentin. 
bv: blood vessel. (D) Reparative dentin volume/total volume (%). n=5. (E) Relative reparative dentin area. n=5. (F) Number of blood vessels. n=5. *Indicates significant 
differences compared with the blank group; #Indicates significant differences compared with the MNP group. p < 0.05.
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possess a comparable ability to stimulate dentin regeneration to that of MTA. The tissue samples were examined 
histologically following H&E staining to analyze the characteristics of the hard tissues formed within the pulp chamber. 
As shown in Figure 9C, the blank group exhibited liquefaction and necrosis of the pulp due to pulp cavity exposure 
where no reparative dentin on the top of the pulp chamber was formed. In the MNP group, there was some formation of 
reparative dentin, but it was discontinuous. On the other hand, both the Li-MNP and MTA groups formed continuous 
reparative dentin, resulting in better regenerative capacity. Subsequently, the reparative dentin area and the number of 
blood vessels in the pulp chamber were evaluated in each group (Figure 9E and F). In the Li-MNP and MTA groups, 
a greater amount of reparative dentin and blood vessels formed compared with the blank and MNP groups (p<0.05). In 
summary, Li-MNPs combine the advantages of bioactive glass and lithium, integrating the biological effects of lithium to 
further enhance its bioactivity and antibacterial capacity, while maintaining the original biocompatibility as much as 
possible. Through in vivo experiments, a single concentration and dose of Li-MNPs were used for pulp capping, and the 
results showed that Li-MNPs have an excellent ability to contribute to dentin regeneration, suggesting that Li-MNPs are 
highly suitable for dental applications and have great clinical potential. However, the optimal concentration of Li-MNPs 
for in vivo application is unknown, and it is necessary to further investigate the effects of different doses of Li-MNPs on 
dentin regeneration in vivo to provide a further theoretical basis for achieving clinical translation.

Conclusion
In this study, the successful synthesis and comprehensive characterization of Li-MNPs were achieved. The release of lithium, 
calcium, silicon, and phosphorus ions from Li-MNPs remarkably enhanced the odontogenic differentiation and mineraliza-
tion of hDPSCs. The activation of the Wnt/β-catenin signaling pathway via the induction of GSK-3β phosphorylation, 
prompted by the presence of lithium, underscores the pivotal role of lithium in enhancing odontogenic expression within 
hDPSCs. We also demonstrated that Li-MNPs significantly curtail the growth of S. mutans, a primary perpetrator of dental 
caries. Finally, our in vivo experiments mirrored the in vitro results, showcasing the ability of Li-MNPs to foster dentin 
regeneration comparably to MTA. Given these multifaceted advantages, Li-MNPs exhibit immense clinical potential in 
dentistry and stand out as a promising candidate for broader applications in regenerative medicine.
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