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A B S T R A C T   

Vital pulp preservation, which is a clinical challenge of aseptic or iatrogenic accidental exposure of the pulp, in 
cases direct pulp capping is the main technology. Human dental pulp stem cells (hDPSCs) play a critical role in 
pulp tissue repair, but their differentiative ability could be inhibited by the potential infection and inflammatory 
response of the exposed pulp. Therefore, inflammatory regulation and differentiated promotion of hDPSCs are 
both essential for preserving living pulp teeth. In this study, we constructed a functional dental pulp-capping 
hydrogel by loading cerium oxide nanoparticles (CNPs) and dentin matrix protein-1 (DMP1) into an injectable 
Fmoc–triphenylalanine hydrogel (Fmoc-phe3 hydrogel) as CNPs/DMP1/Hydrogel for in situ drugs delivery. With 
a view to long-term storage and release of CNPs (anti-inflammatory and antioxidant) to regulate the local in-
flammatory environment and DMP1 to promote the regeneration of dentin. Results of CCK-8, LDH release, he-
molysis, and Live/Dead assessment of cells demonstrated the good biocompatibility of CNPs/DMP1/Hydrogel. 
The levels of alkaline phosphatase activity, quantification of the mineralized nodules, expressions of osteogenic 
genes and proteins demonstrated CNPs/DMP1/Hydrogel could protect the activity of hDPSCs’ osteogenic/den-
tinogenic differentiation by reducing the inflammation response via releasing CNPs. The therapy effects were 
further confirmed in rat models, CNPs/DMP1/Hydrogel reduced the necrosis rate of damaged pulp and promoted 
injured pulp repair and reparative dentin formation with preserved vital pulps. In summary, the CNPs/DMP1/ 
Hydrogel composite is an up-and-coming pulp-capping material candidate to induce reparative dentin formation, 
as well as provide a theoretical and experimental basis for developing pulp-capping materials.   

1. Introduction 

As is well known, vital pulp provides nutrition for the development 
of natural teeth, and dentin regeneration is essential for vital pulp 
preservation therapy (VPT). VPT avoids damage to the pulp-dentin 
complex and helps protect the remaining pulp tissue, promoting the 
continued development and closure of the apical foramen in young 
permanent teeth [1]. Studies have shown that the use of root canal 

treatment to remove the vital pulp tissue will make the root canal wall of 
permanent teeth thin, these fragile molars are easy to fracture over time, 
seriously affecting the survival rate of teeth [2]. Thus VPT [3], as a 
treatment approach aimed at preserving vital pulp, has gain more and 
more attention over the last 20 years [4]. Clinically, the traumatic dental 
injuries and caries management might expose the pulp and cause aseptic 
inflammation [5]. There is evidence that lower levels of 
pro-inflammatory mediators may promote tissue repair [6], while 
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intense inflammatory could inhibite the differentiative ability of hDPSCs 
[7,8]. In addition, the pathological process of pulpitis reflects the 
characteristics of oxidative stress. Inflammatory cells such as neutro-
phils in pulp tissue engulf harmful substances such as microorganisms 
and produce a large number of reactive oxygen species (ROS) [9]. The 
differentiation ability of hDPSCs is closely related to dentin regenera-
tion, and when inflammation persists in the pulp for a long time, the 
level of ROS increases, and the differentiation ability of pulp stem cells 
decreases. In short, if the inflammation persists in the pulp tissue, it will 
hinder the regeneration process of the pulp tissue and eventually lead to 
pulp necrosis [10] (see Scheme 1). 

Therefore, controlling inflammation is essential to protect the dif-
ferentiation ability of hDPSCs. In clinical practice, pulp capping agents 
are often used to avoid dental pulp necrosis and promote the differen-
tiation of hDPSCs into odontoblast cells to promote dentin regeneration 
[11–13], and these treatments focus on removing the inflammatory pulp 
and promoting the reparative dentin formation from the remaining 
normal stem cells. Currently, the clinic’s commonly used pulp capping 
agents include calcium hydroxide cements (CHC), mineral trioxide 
aggregate (MTA), and iRoot BP Plus [14]. CHC may lead to irreversible 
inflammation and pathological pulp calcification [15]. Compared with 
CHC, MTA cements have a higher success rate [16], with a lower in-
flammatory response and a more predictable hard dentin barrier for-
mation [17]. However, MTA could increase the ROS levers in hDPSCs 
[17]. The iRoot BP Plus has a slightly shorter clotting time, but is 
expensive and exhibits higher cytotoxicity than MTA and could lead to 
mild to moderate inflammation in the pulp tissue [18,19]. Therefore, 
developing new agents with the ability of anti-inflammatory, protect 
pulp stem cells and rapidly mobilize hDPSCs to promote the repairment 
of damaged pulp tissue, is still essential [20]. With the development of 
the material field, researchers have found that many biological materials 
can inhibit pulpitis and enhance the differentiation ability of hDPSCs, 
Such as baicalensis [21] and Curcumin [22] isolated from medicinal 
plant. In addition to this, many nanomaterials have also shown excellent 
anti-inflammatory ability, such as folic acid modified silver nano-
particles (FA-AgNPs) and [23]gold nanoparticles (AuNPs) [24]. Cerium 

oxide nanoparticles (CNPs) are stable lanthanide metal element oxide 
with low cost, it had been reported to have superoxide dismutase 
(SOD)-like activity and exert anti-inflammatory and antioxidant func-
tions [25,26]. In oral-related diseases, CNPs have been found to treat 
peri-implantitis and periodontitis [27,28]. In studies on hDPSCs, CNPs 
mixed with MTA effectively reduced the high ROS levels produced by 
MTA [29,30]. Our previous study revealed the differentiation ability of 
human periodontal stem cells (hPDLSCs) could be decreased under 
continuous LPS exposure for oxidative stress and inflammation micro-
environment simulation, which could be recovered by the pretreatment 
of CNPs [31]. For the anti-inflammatory ability, CNPs might potentially 
control pulpitis to create a regenerative environment, as an ideal strat-
egy for dentin regeneration. However, the effect of CNPs on the differ-
entiation ability of hDPSCs in an intense inflammatory environment has 
not been investigated yet. Growth proteins have received much atten-
tion among the studies that promote dentinogenic differentiation of pulp 
stem cells. DMP1 is a highly phosphorylated acidic non-collagenous 
protein in dentin and bone, with promising applications [32,33]. 
DMP1 has many acidic structural domains, carries a negative charge, 
and has a strong binding capacity to calcium ions, which promote hy-
droxyapatite formation and participate in the mineralization process of 
hard tissues in vivo. It is vital in regulating bone mineralization and 
inducing differentiation of bone marrow mesenchymal stem cells and 
dental pulp stem cells [34–36]. 

However, the disadvantage is that CNPs and DMP1 can only be 
injected locally, as a limitation in further clinical application. Controlled 
drug delivery systems for bioactive agents [37] for dentin regeneration 
could be promising. Hydrogels are polymer materials with 
three-dimensional network structures, one of the main advantages of 
hydrogels is that they can be used as a drug delivery system for various 
bioactive agents, thus endowing hydrogels with various effective func-
tions. Hydrogels can be synthetic or natural. Polypeptide hydrogels, a 
subgroup of natural hydrogels, have many advantages in the field of 
biological drug delivery [38]. Polypeptide hydrogels compared with 
calcium-based pulp capping materials such as MTA, Fmoc-phe3 hydro-
gel is a biocompatible carrier, which can not only load various 

Scheme 1. Schematic illustration of CNPs/DMP1/Hydrogel for dentin regeneration.  
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anti-inflammatory and pro-differentiation components but also promote 
the adhesion and proliferation of microglia cells [39]. The possibility of 
effectively coupling drug delivery systems to hydrogel materials seems 
particularly promising for tissue engineering applications, where 
hydrogels can provide cells with the support they need to grow, and 
nanoparticles can promote cell growth or differentiation by providing 
cells with the necessary bioactive molecules. 

For the localized application of these drugs into tooth cavities, we 
used an injectable hydrogel, which allows for the incorporation of DMP1 
and CNPs. Once placed in the tooth defect, the liquid solidifies upon the 
action of the Lipase from Pseudomonas fluorescens (PFL). Previous 
studies have reported that Fmoc-phe3 Hydrogel functions as a hydrogel 
3D scaffold material [40]. Our research group successfully loaded CNPs 
into the hydrogel [41]. The objective of this study was to examine the 
potential anti-inflammatory properties and ability to induce reparative 
dentin formation of the combination of DMP1 and CNPs. As a result, 
further investigation into the optimal ratio of CNPs to Fmoc-phe3 is 
recommended in order to enhance its potential as a novel capping ma-
terial. The physicochemical characteristics of CNPs and DMP1, when 
combined with the Fmoc-phe3 hydrogel, were analyzed, and it was 
demonstrated that the CNPs/DMP1/Hydrogel composite effectively 
mitigates inflammation and promotes the formation of reparative 
dentin. 

2. Materials and methods 

2.1. Materials 

Fmoc-Phe and Phe2 were purchased from Yuanye Biotechnology. Na 
(OH)2, HCl, ethylene glycol and Lipase from Pseudomonas fluorescens 
(PFL) were purchased from Aladdin Industrial Corporation. Human 
DMP1 was purchased from Sino Biological Inc. Ce (NO3) 3 6H2O and 
NH4OH were purchased from Sigma. All other reagents were of reagent 
grade. 

2.2. Synthesis of CNPs and CNPs/DMP1/hydrogel 

The CNPs and Fmoc-phe3 were synthesized following a previously 
published protocol. A solution of cerium nitrate hexahydrate (Ce 
(NO3)3⋅6H2O) with a concentration of 6 mmol was prepared by dis-
solving it in a mixture of 100 mL of deionized water (ddH2O) and 
ethylene glycol in a 1:1 ratio at room temperature. The resulting cerium 
nitrate solution was then heated to 60 ◦C, and 20 mL of ammonium 
hydroxide (NH4OH) was added. After vigorous stirring for 3 h, cerium 
nanoparticles (CNPs) were obtained. All the samples were collected and 
stored in EP tubes at a temperature of 4 ◦C for subsequent experiments. 
The effective concentrations of DMP1 and CNPs were determined by 
conducting a comprehensive literature review and conducting pre-
liminary experiments. Subsequently, the quantities of DMP1 and CNPs 
required for the synthesis of composite hydrogels were calculated based 
on the drug loading rate of said hydrogels. Ultimately, the concentra-
tions of DMP1 and CNPs in the composite hydrogel were confirmed to be 
1 μg/ml and 80 μg/ml, respectively. In brief, Fmoc-Phe (48 mg) and 
Phe2 (36 mg) were accurately weighed and placed on a sterile UV- 
irradiated surface for a duration of 4 h. PFL (50 mg) was dissolved in 
1 mL of deionized water and subsequently filtered through a 0.22 μm 
filter (Millipore, America). Fmoc-Phe and Phe2 were dissolved in a 
mixture of 3 mL PBS (Servicebio, China) and 0.5 M NaOH (1.2 mL). The 
pH was adjusted to 7.0 using 0.1 M HCl (0.4 mL). Finally, 600 μL of PFL 
solution was added and incubated at a constant temperature of 37 ◦C for 
15 min. Different samples were prepared by introducing CNPs (80 μg/ 
mL) and DMP1(1 μg/mL) to the precursor solution. 

2.3. Characterization of CNPs and CNPs/DMP1/hydrogel 

The size and distribution of cerium nanoparticles (CNPs) were 

examined using transmission electron microscopy (TEM, Tecnai G2 
Spirit Biotwin, FEI Company, USA) at an acceleration voltage of 15 kV. 
The presence of CNPs and DMP1 in Fmoc-phe3 hydrogel was observed 
through scanning electron microscopy (SEM, JSM-6700 F, JEOL, Japan). 
The zeta-potential value was determined using a Zetasizer instrument 
(Nano ZS90, Malvern, UK). Fourier transformed infrared (FITR) analysis 
was conducted on the Fmoc-phe3 hydrogel and its precursor solution. To 
obtain the corresponding IR spectra, the hydrogel and hydrogel pre-
cursor aqueous solution were dried and analyzed using Thermo Scien-
tific Nicolet iS50 FT-IR spectrometer (Thermo Scientific, Waltham, MA, 
USA). 

In brief, the CNPs/DMP1/Hydrogel, with a reduced amount of PBS, 
underwent incubation at a temperature of 37 ◦C in a water bath, which 
was covered with aluminum foil. The weight change ratio was deter-
mined by measuring the loss in weight within the PBS solution. Subse-
quently, the CNPs/DMP1/Hydrogel underwent freeze-drying and were 
weighed (W0), followed by immersion in centrifuge tubes containing 5 
mL of PBS. These samples were then incubated in a water bath at a 
temperature of 37.0 ± 0.4 ◦C. The weight of each sample after freeze- 
drying was recorded at the designated time (Wt). 

The precipitate of CNPs/DMP1/Hydrogel was collected by centrifu-
gation, and the precipitate was washed three times with PBS to collect 
the unloaded CNPs and DMP1 solutions. The drug loading efficiency 
(DLC) was calculated by detecting the drug content in the solutions. In 
addition, the supernatant was collected at each predetermined time 
point, the concentration of CNPs or DMP1 in the hydrogel was detected, 
and the collection solution was supplemented with equal amounts of 
PBS to calculate the change in drug content. At the end of the experi-
ment, DMP1 was thawed using a Human DMP1 ELISA Kit (Sigma- 
Aldrich, USA), and CNPs was determined by an ICP spectrometer (Avio 
500, PerkinElmer, USA). 

2.4. hDPSCs culture 

With the Ethics Committee of the Nanjing Stomatological Hospital 
(contract awarded to NJSH-2022NL-008, Nanjing, China) and the con-
sent of the patients, we collected reduced teeth extracted for orthodontic 
reasons from 5 healthy individuals (18 years of age). The pulp tissue was 
extracted from the teeth under aseptic conditions, then cut into 1 × 1 
mm2 mass and digested with 2 mg/mL collagenase type I (Biofroxx, 
China) for 30 min at 37 ◦C. After centrifuged and resuspended, The cell 
pellet was transferred to a 25 mm2 tissue culture flask, incubated with 
DMEM (Gibco, USA) containing 10 % fetal bovine serum (Sigma, USA), 
100 U/mL penicillin and 100 U/mL streptomycin (HyClone, USA) at 5 % 
CO2 with 37 ◦C. The hDPSCs between passages 3–5 were used for sub-
sequent experiments. 

2.5. In-vitro cytotoxicity analysis 

hDPSCs were cultured and selected according to the methodology 
outlined in our previous study [42]. All experiments were conducted in 
triplicate. To assess the cytotoxic impact of inflammatory microenvi-
ronments and CNPs/DMP1/Hydrogel on cells, a 96-well plate (Corning, 
USA) was utilized, and cells were seeded at a density of 3.0 × 103 

cells/well for a duration of 24 h. Subsequently, the complete medium 
conditions were replaced with LPS (0, 0.1, 1, 5, 10, or 20 μg/mL) or 
various hydrogel treatments (Fmoc-phe3 hydrogel, CNPs/Hydrogel, 
DMP1/Hydrogel, CNPs/DMP1/Hydrogel). After an incubation period of 
1, 3, 5, and 7 days, the cells underwent two washes with PBS. Subse-
quently, a medium devoid of FBS but containing 10 % of CCK-8 solution 
(Beyotime Biotechnology, China) was introduced into each well for a 2-h 
treatment at 37 ◦C. The absorbance at 450 nm OD values was measured 
using a SpectraMax M3 enzyme marker (Molecular Devices, CA, USA). 

For hemolysis determination, the Sprague-Dawley rats’ red blood 
cells were isolated and diluted with 0.9 % NaCl solution to obtain a 2 % 
erythrocyte solution. The ddH2O was used as a positive control and 0.9 
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% NaCl solution containing different Hydrogel groups were used as 
experimental samples (n = 5). After a total co-incubation time of 24 h at 
37 ◦C, the absorbance at 545 nm OD values was examined using a 
SpectraMax M3 enzyme marker. 

The Live/Dead assessment of cells was also carried out. Cells were 
seeded in a 6-well plate (Corning, USA) at a density of 1.0 × 105 cells/ 
well and incubated with different hydrogel samples. The cells were 
washed with PBS and stained with Calcein-AM/Propidium Iodide 
(CAM/PI) (Dojindo, Japan). Fluorescence photographs were collected 
using a confocal fluorescence microscope (A1, Nikon, Japan). The 
counts of the live cells were quantified by the ImageJ software. Cells’ 
fragments and clumps were excluded. 

2.6. TEM examination of cells 

Cells were initially seeded in a 6-well plate at a density of 1.0 × 105 

cells per well and allowed to grow overnight. Subsequently, the cells 
were incubated with CNPs/DMP1/Hydrogel for a duration of 24 h. 
Following the treatment, the cells were washed thrice with PBS (KeyGen 
bioTECH, China) and fixed in 2.5 % glutaraldehyde (Merck, Germany). 
To immobilize the cells, they were treated with 1 % osmium tetroxide 
(Merck, Germany) for a period of 2 h and then dehydrated using a 
gradient of ethanol (Merck, Germany) concentrations: 50 %, 75 %, 95 %, 
and 100 % for 10 minutes each. Finally, the cells were embedded in 
epoxy resin for the purpose of obtaining ultrathin sections. These sec-
tions were subsequently utilized for TEM (JEM-1011, JEOL) imaging at 
an acceleration voltage of 120 kV accelerated voltage. 

2.7. In vitro anti-oxidative studies 

To investigate the ROS scavenging activity of CNPs/DMP1/Hydro-
gel, the cells were co-cultured with CNPs/DMP1/Hydrogel and LPS (10 
μg/mL, Sigma, USA). In brief, hDPSCs were seeded in a 6-well plate with 
a density of 1.0 × 105 cells/well. When cells reached 60 %, CNPs/ 
DMP1/Hydrogel were added into the medium and cultured for 24 h, 
then the LPS was added to the medium at concentrations of 10 μg/mL for 
24 h, then washed three with PBS and incubated with a 10 μM DCFH-DA 
probe (Beyotime Biotechnology, China) for 15 min. The green fluores-
cence was observed at 488 nm under a confocal fluorescence microscope 
(Nikon Ti, Japan). 

2.8. Real-time quantitative PCR 

To investigate the hDPSCs inflammation and differentiation-related 
gene expression in inflammatory microenvironments, cells were 
treated with LPS (10 μg/mL) in osteogenic medium (OM, DMEM sup-
plemented with 10 % FBS, 10 mM sodium β - glycerophosphate, 50 mg/ 
mL ascorbic acid, 0.1 μM dexamethasone) for 7 days. Change the me-
dium every 2 days, and LPS is not added when we replace the new 
medium. Subsequently, an examination was conducted on the expres-
sion of genes associated with inflammation and differentiation, namely 
IL-1β, IL-6, Interleukin 8 (IL-8), ALP, Runt-related transcription factor 2 

(RUNX2), osteocalcin (OCN), DSPP, DMP1, and Bone sialoprotein (BSP). 
The specific primer sequences can be found in Table 1. Total cellular 
RNA was isolated using TRIzol (Invitrogen, Karlsruhe, Germany) and 
quantified using a Thermo Scientific NanoDropt 1000 ultraviolet–visible 
spectrophotometer (NanoDrop Technologies, Wilmington, DE). Subse-
quently, the RNA was reverse transcribed into cDNA using the Prime-
Script™ II 1st Strand cDNA Synthesis Kit. Each reaction was conducted 
with a final volume of 10 μL, consisting of 4 μL cDNA, 0.5 mM of each 
primer, and 5 μL SYBR Green PCR Master Mix (Vazyme Biotech Co, 
China). The comparative 2-△△Ct method, utilizing StepOne Software 
version 2.1.22, was employed to calculate the relative expression levels 
of the target genes. All samples were subjected to triplicate runs and 
normalized to GAPDH. 

2.9. Osteogenic/dentinogenic differentiation 

To induce osteogenic/dentinogenic differentiation in cells, the cul-
ture medium was replaced with osteogenic medium (OM) every 3 days. 
The cells were then cultured in OM medium for 7 and 14 days, and the 
osteogenic/dentinogenic potential was evaluated using ALP activity 
assay and NBT/BCIP ALP staining kits (Beyotime Biotechnology, China). 
For ARS staining, cells were stained with a 10 % ARS solution (Cyagen 
Biosciences Inc, China) for 14 and 21 days, washed with dd H2O, and 
mineral deposition was quantified using a 10 % (w/v) cetylpyridinium 
chloride solution (Sigma-Aldrich), and the staining intensity was 
quantified by measuring the absorbance at 562 nm in a microplate 
reader (Bio-Tek). All experiments were conducted in triplicate. 

2.10. Western blotting 

Total cellular protein was extracted from cultured cell populations 
using the RIPA buffer (Thermo Scientific, USA) supplemented with a 
protease inhibitor cocktail (Keygen Biotechnology, China), following 
the manufacturer’s instructions. The protein concentration was deter-
mined using the BCA Protein Assay Kit (Beyotime, China). Protein 
samples were loaded at a concentration of 10 μg per well on a 10 % 
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (10 %, 15 
wells, GenScript, China) and subsequently transferred to polyacrylamide 
fluoride (PVDF) membranes (Merck, China). The PVDF membranes were 
then blocked using 10 % skimmed milk powder in TBST (TBS with 0.1 % 
Tween) for 2 h. The primary antibodies used in this study were DSPP and 
DMP1 (Affinity, China), which were applied at a dilution of 1:3000. 
GAPDH (1:5000, Affinity, China) was utilized as the internal reference. 
Immune complexes were detected using an anti-rabbit secondary anti-
body (Abcam, USA). The membranes were washed with TBST four times 
for 10 min each, followed by incubation with anti-rabbit secondary 
antibodies for 2 h at room temperature. The Immunoreactive bands were 
then visualized using a chemiluminescence reagent (Merck Millipore, 
Darmstadt, Germany) and an imaging system (LAS4000 M). Densitom-
etry analysis was performed using ImageJ software to quantify the 
observed bands. 

2.11. In vivo direct pulp-capping model in rat 

Several studies have indicated that pulpitis can be caused not only by 
bacterial stimulation, but also by physical stimulation or the direct 
application of pulp capping material to cover the affected pulp [43]. The 
animal experiments conducted in this study were granted approval by 
the Animal Ethics Committee of Nanjing University and were conducted 
in accordance with the guidelines outlined in the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals. A total of 24 
Sprague-Dawley rats, approximately 250 g in weight and aged between 
7 and 8 weeks, were randomly assigned to six groups, with each group 
consisting of four rats: Control group, iRoot BP Plus group (manufac-
tured by Innovative Bioceramix, CA, USA), Hydrogel group, CNPs/Hy-
drogel group, DMP1/Hydrogel group, and CNPs/DMP1/Hydrogel 

Table 1 
Primers for RT-qPCR.  

Gene Forward primer sequence Reverse primer sequence 

IL-1β TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG 
IL-6 TTGGGAAGGTTACATCAGATC GGGTTGGTCCATGTCAATTT 
IL-8 CTTCTCCACAACCCTCTG ACTCCAAACCTTTCCACC 
ALP AGCGACACGGACAAGAAGC GGCAAAGACCGCCACATC 
OCN GAGGGCAGTAAGGTGGTGAA CGTCCTGGAAGCCAATGTG 
RUNX2 GCCGTAGAGCAGGGAAGAC CTGGCTTGGATTAGGGAGTCAC 
DMP1 CTCCGAGTTGGACGATGAGG TCATGCCTGCACTGTTCATTC 
DSPP GAAGACTGTTATCCTTACG GTGATCCCCTTTAGATTCTTCC 
BSP AATCTGTGCCACTCACTGC CAGTCTTCATTTTGGTGATTGC 
GAPDH ACTGGCGTCTTCACCACCAT AAGGCCATGCCAGTGAGCTT  
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group. Following administration of pentobarbital sodium anesthesia, the 
rats were securely positioned on the operating table. 

The bilateral maxillary first molar underwent treatment using a 75 % 
ethanol solution. The central fossae of the maxillary first molar were 
then drilled using a 0.08-mm-diameter round bur (Wave dental, China) 
to expose the pulp. The pulp was subsequently washed with saline to 
remove any dentin debris. Successful pulp penetration was indicated by 
the presence of blood leakage. Drugs were administered into the cavity 
using syringes, with different hydrogel precursors aspirated into 1 mL 
syringes. A volume of 10 μL was injected into each selected tooth. 
Currently, the clinic’s commonly used iRoot BP Plus as pulp capping 
agents. So that iRoot BP Plus was employed for pulp capping in the 
positive control group, followed by restoration of the occlusal cavities 
using glass ionomer cement (Fuji IX GP, GC Corporation, Japan). 
Conversely, in the control group, the pulp was left devoid of any pulp 
capping agent (Fig. S5). Subsequently, after a duration of 4 weeks, the 
maxilla and major organs of the animals were collected for further 
analysis. 

2.12. Histological evaluation 

The maxilla of the animal, along with its major organs, were 
immersed in a 10 % neutral buffered formalin solution for a duration of 
48 h. Subsequently, a series of standard procedures, encompassing 
decalcification, dehydration, embedding, and sectioning, were 

conducted. The Hematoxylin and eosin (H&E) and the Masson’s tri-
chrome staining were used to evaluate the histological changes in the 
pulp tissue of 4weeks, Immunohistochemistry (IHC) staining to detect 
the levels of dentinogenic gene (DSPP, 1:200 dilution; DMP1, 1:200 
dilution; Affinity) expression. Histopathology images of the heart, liver, 
spleen, lung, and kidney were employed to assess the toxicity of various 
hydrogels. The 3DHISTECH slice scanner was utilized to scan all tissue 
sections, which were then captured using the CaseViewer software. 

2.13. Statistical analysis 

Statistical analysis was conducted by GraphPad Prism 8 using the 
one-way analysis of variance. Data were expressed as the mean ±
standard deviation (SD). P < 0.05 was considered statistically signifi-
cant. At least three duplicate samples were tested in all experiments. 

3. Results and discussion 

3.1. Synthesis and characterization of CNP and CNPs/DMP1/Hydrogel 

Chronopoulou et al. [44] successfully encapsulated dexamethasone 
in PLGA-based nanoparticles and incorporated these nanoparticles into 
Fmoc-phe3 hydrogel. The controlled and sustained release of dexa-
methasone was achieved in this nanopolymer/hydrogel system. In a 
similar vein, Lin et al. [45] developed a photopolymerised 

Fig. 1. Synthesis and characterization of CNPs and CNPs/DMP1/Hydrogel. (A) The preparation process and digital photo of CNPs/DMP1/Hydrogel. (B) FITR spectra 
of Fmoc-phe3 Hydrogel and Fmoc-phe. (C)TEM image and digital photos of CNPs. (D) TEM image of Fmoc-phe3 Hydrogel. (E) TEM image of CNPs/DMP1/Hydrogel. 
(F) Zeta potential. (G) Drug loading efficiency. (H) The release test of DMP1 and CNPs. (I) The weight change of CNPs/DMP1/Hydrogel. 
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DMP1/MCF/gel hybrid system, which demonstrated enhanced bone 
regeneration. Motivated by these achievements, we aimed to load both 
CNPs and DMP1 into an injectable Fmoc-phe3 hydrogel with excep-
tional physicochemical properties. This approach allows for injection 
and adaptation to the anatomical morphology of the dentition, facili-
tating long-term retention of CNPs and DMP1 in the dental cavity. 

The injectable Fmoc-phe2 and phe2 solutions were self-assembled 
and solidified upon the action of the PFL. The 1, 3 and 7 days digital 
pictures of CNPs/DMP1/Hydrogel showed its degradation process 
(Fig. 1A) With the extension of time, the surface of hydrogel in contact 
with PBS becomes fuzzy, irregular and smaller in volume, and finally 
degrades and disappears. 

In the FTIR spectrum (Fig. 1B), the observed peaks at 1682 cm-1 and 
3300 cm-1 can be attributed to the C––O and –NH– functional groups, 
respectively. Upon the self-assembly of Fmoc-phe and phe2, a decrease 
in the stretching vibration intensity of the C––O group was observed. 
Additionally, the appearance of C––O peaks at 1625 cm-1 in Fmoc-phe3 
suggests the involvement of two C––O groups in the formation of 
intermolecular hydrogen bonds. The transition from multiple peaks to a 
single peak in the vicinity of 1680 cm-1 further supports this interaction. 
Furthermore, the absence of the N–H bending vibration peak at 1500 
cm-1 indicates the occurrence of polypeptide β folding during the self- 
assembly process of Fmoc-phe3 hydrogel. The aforementioned find-
ings provide evidence for the successful synthesis of Fmoc-phe3 
hydrogel. 

The aqueous solution containing the prepared CNPs exhibited an 
orange coloration, with the CNPs being uniformly dispersed (Fig. 1C). 
Additionally, the average size of the CNPs was approximately 30 nm. 
Given that oxidative stress can impact the functionality of dental pulp 
stem cells, we conducted an investigation into the SOD-mimicking ac-
tivity of CNPs. Various concentrations of CNPs were assessed using a 
SOD Assay Kit. The outcomes demonstrated a dose-dependent SOD-like 
catalytic activity of CNPs, with the elimination percentage of ⋅O 2- 

reaching nearly 80 % at a concentration of 120 μg/mL (Fig. S1). 
Fig. 1D and E displays scanning electron microscope (SEM) images of 

Fmoc-phe3 hydrogels, both with and without the inclusion of CNPs and 
DMP1. Notably, the presence of black particles within the CNPs/DMP1/ 
Hydrogel complex confirms the successful loading of CNPs. The findings 
of the study indicate that the surface properties of the negatively 
charged material exhibit superior suitability for osteoblast attachment 
and proliferation, surpassing those of the neutral or positively charged 
materials [46]. 

Prior to the introduction of PFL, the CNPs/DMP1/Hydrogel compo-
nents exhibited negative zeta potential values (Fmoc-phe: − 15.5 mV, 
phe2 = − 20.9 mV). However, following catalytic treatment with PFL, 
the zeta potential value shifted to a positive value (CNPs/DMP1/ 
Hydrogel =+0.819 mV) (Fig. 1F). This alteration in zeta potential could 
enhance the uptake efficiency of the loaded drug by facilitating attrac-
tion between the negatively charged hDPSCs and CNPs/DMP1/ 
Hydrogel. 

The loading percentages of CNPs and DMP1 by Fmoc-phe3 Hydrogel 
were determined to be 25.6 ± 7.59 % and 39.3 ± 4.28 %, respectively 
(Fig. 1G). 

Subsequently, an investigation was conducted on the drug release 
behavior of CNPs/DMP1/Hydrogel (Fig. 1H). The release of DMP1 from 
CNPs/DMP1/Hydrogel occurred gradually over the duration of the 
experiment, while the release of CNPs initially occurred rapidly and then 
reached a plateau. CNPs exhibited an initial burst release within the first 
8 h, resulting in approximately 45.33 ± 4.16 % of the DMP1 being 
released from CNPs/DMP1/Hydrogel. Notably, CNPs/DMP1/Hydrogel 
demonstrated a controlled release of CNPs, with DMP1 being released 
slowly over a period of 48 h, effectively prolonging its therapeutic effect. 
The hydrogel exhibited a considerable capacity to facilitate long-term 
dentin regeneration due to this characteristic. 

Following a 30-day immersion period, the residual quantity of CNPs/ 
DMP1/Hydrogel was observed to be 10 % (Fig. 1I), suggesting that the 

degradation cycle of the hydrogel may align with the natural cycle of 
dentin regeneration within living organisms [16]. 

3.2. Cytotoxicity and cellular uptake 

We treated the cells with LPS and hydrogel samples with different 
drug-loading concentrations. According to the results of the CCK-8 
assay, 10 μg/mL LPS (Fig. S2) and all of the hydrogel samples showed 
good cytocompatibility (Fig. 2A), however, our results showed that 
CNPs/DMP1/Hydrogel does not promote cell proliferation, which was 
inconsistent with previously reported data [47], it may be ascribed to 
the precise control of PH value during the synthesizing process of the 
hydrogel. In order to assess the levels of LDH release, as depicted in 
Fig. 2B, the LDH release rates were found to be less than 5 % [48]. 
Although the composite material group exhibited slightly higher toxicity 
compared to the control group, no statistically significant difference was 
observed between the two. Which means that CNPs/DMP1/Hydrogel 
exhibited good biocompatibility and did not damage the cell membrane 
or mitochondrial function. As shown in Fig. 2C, there was no statistical 
significance in the hemolysis rate after co-incubation of 
CNPs/DMP1/Hydrogel and red blood solution for 24 h. The viability and 
proliferation of hDPSCs growing on CNPs/DMP1/Hydrogel were eval-
uated using Live/Dead staining. As shown in Fig. 2D and E, similar 
numbers of live cells (green fluorescence) were cultured on control 
group and CNPs/DMP1/Hydrogel, and few dead cells were seen (red 
fluorescence). Those results indicated that CNPs/DMP1/Hydrogel was 
not cytotoxic in vitro. In addition, cellular uptake is an important process 
in biomedical applications of nanomaterials. TEM was employed to 
evaluate the cellular uptake and detect the introcelluar localization of 
CNPs directly. Cellular uptake is a basic and important process in po-
tential biomedical applications of nanomaterials, TEM images of cells 
incubated with CNPs/DMP1/Hydrogel for 24 h (Fig. 2F) showed that 
endosomal compartments containing nanoparticles were seen inside the 
hDPSCs, indicated CNPs to be taken up by hDPSCs, which was similar to 
previously reported literature that CNPs widely distributed within the 
cytoplasm can significantly reduce intracellular ROS, rather than 
reacting only with ROS produced and released by the cells. All the above 
results indicate the safety of CNPs/DMP1/Hydrogel in the potential 
biomedical application. 

3.3. CNPs/DMP1/hydrogel reduced inflammatory levels of hDPSCs in the 
setting of LPS stimulation 

There is research evidence that LPS causes an increase in ROS levels 
within stem cells, high intracellular ROS levers can inhibit the differ-
entiation ability of hDPSCs and even lead to apoptosis of cells [49,50]. 
The transcription factor NF-κB is crucial in inflammatory response [51], 
The activation of the TLR4/MyD88/NF-κB pathway by LPSleads to the 
up-regulation of NLRP3 and the expression of pro-IL-1β genes. Subse-
quently, the production of ROS stimulated by adenosine triphosphate 
(ATP) serves as the second signal for NLRP3 activation [52]. In the 
recent work, the anti-inflammation activity of CNPs/DMP1/Hydrogel 
was confirmed by fluorescence images of ROS formation in hDPSCs and 
real-time quantitative PCR. To assess the effect of CNPs/DMP1/Hy-
drogel on the reduced intracellular ROS, we stimulated hDPSCs by LPS 
to simulate an inflammatory environment. The qPCR analysis was used 
to detect the mRNA expression of IL-1β, IL-6, and IL-8. As shown in 
Fig. 3A–C, stimulation with 10 μg/mL LPS increased mRNA expression 
of IL-1β, IL-6, and IL-8 compared to a control group. When 
CNPs/DMP1/Hydrogel and CNPs/Hydrogel were applied to the culture 
environment, the inflammation-related gene expression of all three 
groups was reduced, demonstrating that CNPs play a role in mitigating 
the inflammatory reaction [32]. As shown in Fig. 3D, the ROS level 
increased in the setting of 10 μg/mL LPS stimulation. The green fluo-
rescence indicated that ROS levels dramatically declined once cells were 
treated with CNPs/DMP1/Hydrogel and CNPs/Hydrogel in all groups of 
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Fig. 2. Cytotoxicity and cellular uptake (A) hDPSCs cultivated on the hydrogels after 1, 3 and 5 days by CCK-8 quantitative analysis. (B) Percent cytotoxicity. (C) 
Hemolysis with inset photos of different samples. (D) Representative Live/Dead cells fluorescence images of hDPSCs encapsulated in the CNPs/DMP1/Hydrogel after 
1,3,5 day of culture (live cells: green; dead cells: red). (E) Viable cell count obtained from the Live/Dead staining assay. (F) hDPSCs treated with CNPs/DMP1/ 
Hydrogel for 24 h (red arrows: CNPs). (All data are expressed as the mean ± SD. **P＜0.01 vs. control group, ***P＜0.001 vs. control group, #P＜0.05 vs. LPS group, 
##P＜0.01 vs. LPS group, ns: no significant.) 
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LPS treated. The confocal imaging clearly revealed that their reduction 
can reduce ROS levels at the cellular level rather than only eliminate 
ROS levels around cells. 

3.4. CNPs/DMP1/hydrogel promoted the osteogenic/dentinogenic 
differentiation of hDPSCs under inflammatory environment 

Furthermore, we have elucidated the involvement of CNPs in the 
modulation of the inflammatory response. It is noteworthy that CNPs 
not only exert a pivotal role in regulating the inflammatory response of 
hDPSCs, but also possess the potential to induce dentin formation. Based 

on this, we propose the hypothesis that the combination of CNPs, DMP1, 
and Hydrogel could create a conducive milieu for the anti-inflammatory 
and odontogenic processes, thereby facilitating efficient dentin regen-
eration in LPS-induced inflammatory hDPSCs. 

We investigated whether the CNPs/DMP1/Hydrogel has a positive 
effect on the osteogenic/dentinogenic differentiation of hDPSCs under 
an inflammatory environment. The effect of differentiation was evalu-
ated by ALP activity and staining, Alizarin red S staining and quantifi-
cation of the mineralized nodules, RT-PCR, and Western Blot. First, 
hPDLSCs were cultured with different Hydrogel samples or PBS in the 
presence of 10 μg/mL LPS for 7 d, 14 d, and 21 d. 

Fig. 3. The anti-inflammation ability treated with CNPs/DMP1/Hydrogel. (A-C) hDPSCs were co-cultured with 10 μg/mL LPS and different groups for 7 days. CNPs/ 
Hydrogel and CNPs/DMP1/Hydrogel inhibit the expression of inflammatory markers (IL-1β, IL-6 and IL-8) as detected by qRT-PCR. (D) ROS levels were observed by 
laser scanning confocal microscopy in hDPSCs treated with 10 μg/mL LPS alone or combined with different Hydrogel samples. (All data are expressed as the mean ±
SD. **P＜0.01 vs. control group, ***P＜0.001 vs. control group, #P＜0.05 vs. LPS group, ##P＜0.01 vs. LPS group, ns: no significant.). 
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Compared with the control group, the ALP activity in the LPS group 
was significantly reduced on 7 d and 14 d (Fig. 4A and B, Fig. S4B); the 
Hydrogel group did not significantly affect the amount of mineralized 
nodules compared with the LPS group. Interestingly, CNPs/DMP1/ 
Hydrogel reversed the inhibitory effect of a high concentration of LPS on 
ALP activity. The Alizarin red S staining (Fig. 4C, Fig. S4A) and quan-
tification of the mineralized nodules (Fig. 4D, Fig. S4C) showed 
consistent results. 

As shown in Fig. 4E–J, the expression levels of osteogenic/dentino-
genic related genes indicated that when hDPSCs were exposed to LPS, 
the capacity for osteogenic/dentinogenic differentiation was signifi-
cantly suppressed, which showed the same trend as the ALP activity and 
Alizarin red S staining. 

The gene expressions of dentinogenic-related protein expression 
levels and the semi-quantitation of DMP1 and DSPP for a duration of 7 
days were also assessed (Fig. 4K-L). These findings consistently 
demonstrated that the dentinogenic markers of hDPSCs were up- 
regulated at CNPs/DMP1/Hydrogel compared to the LPS groups. 
These results suggest that CNPs/DMP1/Hydrogel have a positive impact 
on the osteogenic/dentinogenic differentiation of hDPSCs in an in-
flammatory environment. However, it is important to note that these 
simplified models do not account for the interactions between different 
cell types, as the development of pulpitis is a complex process in vivo 
[53]. 

3.5. Therapeutic evaluation in SD rat direct pulp capping models 

In order to examine the potential of CNPs/DMP1/Hydrogel in pro-
moting the formation of restorative dentin in vivo, a direct pulp cap 
model was employed in SD rats. Notably, the Control group exhibited a 
higher incidence of pulp necrosis compared to the Hydrogel group. The 
positive control group consisted of iRoot BP Plus, which demonstrated 
the ability to generate multiple hard tissue formations as evidenced by 
H&E and Masson staining. However, the observed hard tissues exhibited 
characteristics of diffuse calcifications rather than authentic reparative 
dentin. Notably, the CNPs/DMP1/Hydrogel group demonstrated a 
notable capacity for dentin tissue formation. However, these newly 
formed mineralized tissues were primarily localized near the CNPs/ 
DMP1/Hydrogel application site, as opposed to widespread pathological 
calcification throughout the entire root canal system. 

After a 4-week period of direct pulp capping in SD rats, both the 
control and Hydrogel groups exhibited intense inflammatory infiltrate, 
destruction of the odontoblast layer, and necrotic pulp (Fig. 5A, a, c). 
Interestingly, there was more necrotic pulp tissue in the control group 
than in the Hydrogel group, because the Hydrogel had the advantage of 
insulating the pulp from direct stimulation by glass ions possibly. Indi-
cating that Hydrogel has effective cytoprotective and non-cytotoxic ef-
fects and can insulate the pulp from direct stimulation by glass ions. In 
our in vivo experiments, it was observed that the degradation rate of 
CNPs/DMP1/Hydrogel correlated with the formation of reparative 
dentin, and minimal residual hydrogel was evident on H＆E sections. 
Conversely, the interface between pulp tissue and iRoot BP plus 
exhibited a mild inflammatory response and scattered calcifications. 
(Fig. 5A and b). Significant inflammation was observed in the DMP1/ 
Hydrogel group, accompanied by frequent deposition of incomplete 
hard tissue on the dentin walls. Conversely, the CNPs/Hydrogel group 
exhibited notable improvement in pulp tissue inflammation and a 
modest promotion of reparative dentin formation. In contrast, the 
DMP1/CNPs/Hydrogel group exhibited a larger dentin bridge area 
compared to both the CNPs/Hydrogel group and the iRoot BP Plus group 
(Fig. 5A, b, d, f). In close proximity to the DMP1/CNPs/Hydrogel group 
and the CNPs/Hydrogel group, Odontoblast-like cells and newly formed 
reparative dentin were observed, displaying continuous reparative 
bridges and distinct dentin tubules. (Fig. 5A, d, f). Further analysis using 
Masson staining demonstrated that the iRoot BP plus group exhibited 
numerous diffuse calcifications and non-uniform dyeing. In contrast, the 

reparative dentin bridges (RD) in the CNPs/DMP1/Hydrogel group 
displayed orderly arranged collagen fibers (Fig. 5B, b, f, h, l). Moreover, 
the region in direct contact with the material exhibited the formation of 
a continuous dentinal bridge. Afterward, immunohistochemistry anal-
ysis of odontogenic marker DSPP and DMP1 in Fig. S6 revealed that 
DMP1/CNPs/Hydrogel group expressed significantly higher levels of 
DSPP and DMP1 than the control group. 

The biosafety of various composite hydrogel samples was further 
substantiated through the assessment of tissue sections from vital or-
gans, revealing no substantial variations across groups, thereby affirm-
ing its appropriateness for clinical application (Fig. S7). Furthermore, 
our study was conducted with a limited number of time points, in 
accordance with previous literature [47], we selected 4 weeks for 
extraction. However, studies have shown that on the 7 d after capping 
[42], more continuous dentin regeneration was observed in a 12 weeks 
study [54]. Longer experimental days should be selected for further 
experiments so that the final effect of dentin formation and the meta-
bolism of CNPs can be observed. However, it is imperative to synthesize 
and optimize or chemically modify CNPs [55], a promising nanometer 
biomaterial, in order to investigate the enhanced odontogenic effects of 
CNPs with varying sizes. This research aims to ascertain whether CNPs 
can effectively substitute DMP1, thereby reducing financial expenses 
and enhancing the clinical applicability of nanomaterials as capping 
agents in the future. Although CNPs have been shown to reduce oxida-
tive stress levels of periodontal stem cells via the NF-κB pathway, more 
work is needed to explore how CNPs inhibit inflammation levels of 
hDPSCs in the future. Another limitation of this work is that the 
long-term metabolism of CNPs is unknown. In the context of in vivo 
experiments, the concentration of CNPs within pulp tissues was pre-
dominantly observed in close proximity to the capping agent, which can 
be ascribed to the constrained nature of the root canal system. The po-
tential capacity of CNPs to traverse the narrow apical foramen and enter 
the metabolic pathway in vivo, along with their potential to elicit 
cytotoxic effects due to prolonged presence, necessitates further inquiry 
into the tissue metabolism of these CNPs. The biodistribution of cerium 
is commonly assessed using inductively coupled plasma mass spec-
trometry (ICP-MS). However, our laboratory lacks the necessary 
equipment to conduct such measurements. Consequently, the ultimate 
distribution and metabolism of cerium oxide in dental pulp stem cells 
remain unexplored. Our findings indicate that cerium oxide does not 
induce harm to vital organs within a 30-day timeframe. If feasible, we 
intend to extend the duration of the experiment to investigate the 
toxicity and metabolism of cerium oxide further [56,57]. In conclusion, 
the results of our study indicate that the utilization of 
DMP1/CNPs/Hydrogel exhibits significant efficacy in mitigating symp-
toms of pulpitis and facilitating the formation of reparative dentin 
during direct pulp capping procedures in SD rats. These findings serve as 
a crucial foundation for the future development of optimal materials for 
pulp capping applications. 

4. Conclusions 

In conclusion, the synthesis of CNPs/DMP1/Hydrogel was under-
taken and its physicochemical properties and biocompatibility were 
examined. The impact of CNPs on the behavior and function of hDPSCs 
in inflammatory states was demonstrated, highlighting its novelty. In 
vitro experiments revealed that CNPs/DMP1/Hydrogel facilitated oste-
ogenic/dentinogenic differentiation of hDPSCs, while in vivo studies 
showed accelerated dentin regeneration and preservation of pulp ne-
crosis outcomes. It is our belief that CNPs/DMP1/Hydrogel, as a dental 
pulp capping biomaterial, offers a novel, safe, and cost-effective solution 
for sustained in situ drug delivery, with promising prospects for future 
clinical applications. 
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Fig. 4. Osteogenic/dentinogenic effects of CNPs/DMP1/Hydrogel on hDPSCs in the setting of LPS stimulation. (A) ALP stained images on 7 d. (B) ALP relative 
activity on 14 d. (C-D) ARS stained images and the OD values at 562 nm on 21 d. (E-J) Osteogenic/dentinogenic related gene expressions on 7 d. (K) Dentinogenic- 
related protein expressions on 7 d. (L) The semi-quantitation of the expression of DSPP and DMP1 on 7 d. (*P＜0.05 vs. control group, ***P＜0.001 vs. control group, 
#P＜0.05 vs. LPS group, ##P＜0.01 vs. LPS group, ###P＜0.01 vs. LPS group, ns: no significant.). 
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