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Abstract

pulpitis treatment.

Preserving pulp viability and promoting pulp regeneration in pulpitis have attracted widespread attention.
Restricted by the oxidative stress microenvironment of dental pulpitis, excessive reactive oxygen and nitrogen
species (RONS) trigger uncontrolled inflammation and exacerbate pulp tissue destruction. However, modulating
redox homeostasis in inflamed pulp tissue to promote pulp regeneration remains a great challenge. Herein,

this work proposes an effective antioxidative system (C-NZ/GelMA) consisting of carbon dot nanozymes (C-N2)
with gelatin methacryloyl (GelMA) to modulate the pulpitis microenvironment for dental pulp regeneration by
utilizing the antioxidant properties of C-NZ and the mechanical support of an injectable GelMA hydrogel. This
system effectively scavenges RONS to normalize intracellular redox homeostasis, relieving oxidative stress damage.
Impressively, it can dramatically enhance the polarization of regenerative M2 macrophages. This study revealed
that the C-NZ/GelMA hydrogel promoted pulp regeneration and dentin repair through its outstanding antioxidant,
antiapoptotic, and anti-inflammatory effects, suggesting that the C-NZ/GelMA hydrogel is highly valuable for
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Introduction

Pulpitis is inflammation of the dental pulp due to injury
or infection. It is one of the widely prevalent oral disor-
ders. Root canal therapy is a successful and established
treatment for pulpitis, yet it is a complex, expensive
and destructive technique. Although the hard tissues of
the tooth are preserved, the inherent biological proper-
ties of the pulp, including defensive, developmental and
mechanoreceptor features, are eliminated [1]. Contrary
to traditional root canal therapy or apexification, vital
pulp therapy (VPT), which focuses on the preserva-
tion of healthy pulp tissue and minimal intervention,
has emerged as a leading treatment recommendation
proposed by international endodontic organizations
[1, 2]. VPT methods usually comprise direct or indirect
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pulp capping and full or partial pulpotomy. Calcium sili-
cate cements (CSCs) such as mineral trioxide aggregate
(MTA), Biodentine, iRoot BP Plus, etc., are currently
recommended for VPT [3]. However, it has been shown
that both MTA and Biodentine cause an increase in
intracellular reactive oxygen species (ROS) levels, which
can adversely affect cell viability [4]. Meanwhile, the non-
degradable characteristics of CSCs hinder further pulp
regeneration, especially in pulpotomy procedures. The
flaws in immunomodulation and balancing of the redox
environment also compromise the clinical outcome of
pulp-capping materials to date [4—6]. Therefore, the
development of next-generation of capping biomaterials
is urgently needed.

The therapeutic efficacy of VPT is greatly restricted
by the endodontic microenvironment, where inflamma-
tion accelerates with oxidative stress, ultimately result-
ing in treatment failure [7, 8]. Excessive reactive oxygen
and nitrogen species (RONS) in the inflammatory milieu
can cause DNA damage and lipid peroxidation, result-
ing in loss of cellular function, inhibition of proliferation
and induction of apoptosis [9]. Moreover, macrophages,
as innate immune effector cells in the dental pulp, can be
differentiated into inflammation or healing phases under
specific circumstances [10]. Increased RONS production
and concomitant oxidative stress in macrophages can
serve as a secondary inflammatory response, triggering
downstream inflammatory signals, which in turn affect
macrophage polarization status and secretion profiles,
ultimately impacting tissue repair and regeneration [11].
Therefore, the design of a reliable antioxidant system
to modulate oxidative stress for treating dental pulpitis
is considered a promising strategy for pulp repair and
regeneration.

Substances capable of modulating the oxidative stress
environment of the dental pulp include antioxidants
[12-14], pharmacological inhibitors [15-17] and bioac-
tive materials [18, 19]. However, the stability, accessibility
and therapeutic efficacy of these substances are still lack-
ing, and more effective antioxidant systems remain to be
explored and researched. Nanozymes are a type of nano-
material that can catalyze enzymatic substrates under
mild or extreme conditions and have the advantages of
high catalytic activity, low cost, and good stability [20].
Nanozymes, with their excellent catalytic properties and
selectivity, have made impressive progress in biomedical
applications [21]. In particular, nanomaterials with glu-
tathione peroxidase (GPx)-, catalase (CAT)-, and super-
oxide dismutase (SOD)-like activities have been used as
antioxidant nanozymes by modulating the redox envi-
ronment for various types of antioxidant therapies, such
as neurological disease and neurotrauma [22], diabetic
wound healing [23], osteoarthritis [24], colitis [25], and
periodontitis [26]. Recently, the potential of nanozymes
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in the treatment of pulpitis has attracted increased
amounts of attention [27]. However, the in vivo toxicity
of metals and metal oxide nanozymes, i.e., their cytotox-
icity and heavy metal accumulation during treatment,
are problematic for clinical applications [21]. Moreover,
the ability of nanozymes to protect dental pulp stem cells
and modulate macrophage polarity in dental pulpitis
remains to be explored. Carbon dot nanozymes (C-NZ)
with ultrafast electron transfer and superlative catalytic
activity, featuring a nitrogen-doped graphene-like core
structure, have been shown to have excellent RONS
scavenging ability and good biocompatibility [28]. These
properties give it great potential for use in the treatment
of dental pulpitis. However, the application of nanozymes
for pulp regeneration in pulpitis has rarely been reported,
possibly due to the lack of ability to act as a tissue engi-
neering scaffold to support pulp regeneration.

Fortunately, bioactive scaffolds can be used as carriers
of nanozymes to fulfil the requirement of guided pulp tis-
sue regeneration through stem cell homing [29]. Among
these materials, gelatin methacryloyl (GelMA), which
can satisfy the requirements of pulp-capping materi-
als, has the advantages of suitable biological properties,
adjustable physical properties, and photocrosslinking
ability and injectability as a tissue engineering platform
for loading C-NZ [30, 31]. Therefore, in this work, we
innovatively integrated C-NZ with GelMA to form an
antioxidant system (C-NZ/GelMA) and assessed the
effectiveness of the C-NZ/GelMA hydrogel in treat-
ing dental pulpitis treatment both in vitro and in vivo
(Scheme 1). At the cellular level, we found that the C-NZ/
GelMA hydrogel effectively scavenged excessive intra-
cellular RONS in the inflammatory microenvironment,
reduced oxidative stress-induced cell injury, and greatly
facilitated macrophage polarization toward regenerat-
ing M2 macrophages. To further evaluate the feasibility
of using the C-NZ/GelMA hydrogels as pulp-capping
materials, we explored their physicochemical properties
and biocompatibility both in vitro and in vivo. The results
indicated that the C-NZ/GelMA hydrogel had suitable
mechanical properties, an appropriate degradation rate,
and a sustainable release ability of the loaded nanopar-
ticles, exhibited excellent biocompatibility, and was capa-
ble of facilitating pulp regeneration and dentin repair
due to its ability to protect dental pulp cells and promote
macrophage polarization to the M2 type. Therefore, the
excellent performance of the C-NZ/GelMA hydrogel to
protect pulp tissue and modulate the immune response
to pulpitis makes it a potentially effective bioactive mate-
rial for the treatment of pulpitis.
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Scheme 1 Schematicillustration of the synthetic procedure of C-NZ/GelMA hydrogel and application for pulpitis treatment. (A) The fabrication of C-N2Z/
GelMA hydrogel. (B) The proposed therapeutic mechanisms of C-NZ/GelMA hydrogel

Materials and methods

Materials

Ethanol, 1,1-diphenyl-2-picrylhydrazyl (DPPH), and
o-phenylenediamine were acquired from Aladdin
(Shanghai, China). GelMA, collagenase II, lithium phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP), and curing
ring were purchased from EFL (Suzhou, China). Gibco
(Suzhou, China) supplied 1% penicillin-streptomycin
solution, DMEM, and fetal bovine serum (FBS).

Synthesis and characteristic of C-NZ

The synthesis of C-NZ was modified from a previously
reported method [28]. Dissolve 1 g of o-phenylenedi-
amine in 100 ml of ethanol in a reaction kettle at 180 °C
for 1 h. Remove the ethanol through rotary evaporation
and resuspend it in 50 ml of water. The solution is cen-
trifuged through a 3 KD ultrafiltration tube to extract the

lower filtrates, and then dialyzed using a 100-500 D dial-
ysis bag for 1 h. The concentration of C-NZ was deter-
mined by gravimetry and UV absorption spectroscopy.

High-resolution transmission electron microscopy
(HRTEM) images of C-NZ were taken with a Tecnai G2
F20 field emission electron microscope equipped with
an energy-dispersive X-ray spectroscopy (EDS) detec-
tor (FEL Japan). The Fourier transform infrared (FTIR)
spectrum was carried out using a Nicolet iS50 (Thermo,
USA). X-ray photoelectron spectroscopy (XPS) was car-
ried out using an ESCALAB 250Xi X-ray photoelectron
spectrometer (Thermo, USA). Absorption spectra were
detected via a UV-vis spectrophotometer (Shimadzu,
Japan). Emission spectra were obtained using a Fluoro-
Max fluorescence spectrophotometer (HORIBA Scien-
tific, Japan).
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Enzyme-mimicking activity of C-NZ

The SOD-mimicking activity of C-NZ was determined
using a Total Superoxide Dismutase Kit (Beyotime,
China). To begin the reaction, add 20 pl of C-NZ, 160 pl
of the WST-8/enzyme working solution, and 20 pl of the
reaction initiator were added sequentially. The absor-
bance was measured at 450 nm after the reactions were
incubated for 30 min at 37 °C.

The GPx-mimicking activity of C-NZ was tested utiliz-
ing a Total Glutathione Peroxidase Assay Kit (Beyotime,
China). The assay system consisted of 50 pl of C-NZ solu-
tion at different concentrations, 40 pl of GPx assay work-
ing solution, and 10 pl of peroxide solution. The enzyme
activity data for GPx were obtained by continuously mea-
suring the A340 at 25 °C for 5 min using a microplate
reader.

Synthesis of the C-NZ/GelMA hydrogel

The GelMA (60% amino substitution) was added to a
0.25% (w/v) LAP solution, and the mixture was heated in
a water bath at 60-70 °C in the dark for 20—30 min. Then,
the appropriate amount of C-NZ solution (100 uM, the
storage concentration) was mixed and stored it in a light-
protected environment. The proportions of all hydrogel
components are shown in Table S1.

Material properties of the C-NZ/GelMA hydrogel

Scanning electron microscopy (SEM) images of the
hydrogels were characterized by a Sigma300 (ZEISS,
Germany). To assess the photocurable characteristics
of the C-NZ/GelMA hydrogels, an in-situ photo-rheol-
ogy analysis was conducted using a rotational speed of
5 rad/s and a 1% strain. G’ and G” were determined at a
frequency of 1 Hz. The hydrogels were cast into a circular
mold with a diameter of 20 mm and a height of 5 mm,
and compression tests were then conducted at a rate of
1 mm/min and 25 °C using an electronic universal testing
machine (Instron-9569, USA).

400 pl of the C-NZ/GelMA hydrogel was made into a
0.5 cm diameter disc and submerged in 2 ml of PBS at 37
C to observe the swelling properties. Subsequently, the
PBS was removed at 0, 2, 6, 12, 24, and 36 h, and the sam-
ples were weighed to determine the swollen weight (Ws).
The ultimate dry mass (Wd) of samples was determined
after 24 h of freeze-drying. The swelling ratio was defined
by the following formula [32]:

W, — Wy ;
—_— 1009
iz X %

Swelling ratio =

To observe the sustained release properties, 1 ml the
C-NZ/GelMA hydrogel was made into a disk 1 ¢m in
diameter and immersed in 5 ml PBS (pH=7.2-7.4) placed
in a shaker (37 °C, 100 rpm). 500 pl of supernatant was
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collected for analysis at the predefined time points and
supplemented with an equal amount of fresh PBS. The
C-NZ concentration of the supernatant was determined
from the UV-concentration standard curve.

A disk with a diameter of 0.5 cm was prepared from
200 pl of C-NZ/GelMA for in vitro degradation experi-
ments. The materials were submerged in 5 ml of PBS
containing 2 U of collagenase II, collected at 0, 2, 4, 6,
and 8 h and then freeze-dried. The weight of the samples
after freeze-drying corresponds to Wd (0 h corresponds
to Wy, and the sequence time point sample weight cor-
responds to Wy,). The following equation was used to
calculate the mass degradation ratio (DR in vitro):

Wd() - de

d0

DRin vitro = x 100%

In vitro RONS scavenging activities of C-NZ and C-NZ/
GelMA

The ROS scavenging capacity of C-NZ was assessed by a
T-AOC Assay Kit (Beyotime, China). 200 pl of 2,2"-azino-
bis (3-ethylbenzthiazoline-6-sulfonic acid (ABTS) work-
ing solution and 10 pl of varying concentrations of C-NZ
solution were gently agitated. The absorbance at 405 nm
was measured with a microplate reader. PBS was added
as a blank control. ROS scavenging efficiency of C-NZ
under different pH conditions was calculated using the
following formula:

Abl(mk - Asample %< 100%

Scavenge ef ficiency% =
Ablank

To assess the antioxidant ability of C-NZ against reactive
nitrogen species (RNS), 200 pl of DPPH/ethanol (40 pg/
ml) and 10 pl of C-NZ solution were added in each well
of a 96-well plate, and the absorbance at 517 nm was
measured with a microplate reader.

To assess the antioxidant capacity of the hydrogels,
100 pl of the hydrogel was spread at the bottom of a
96-well plate. Subsequently, the assay reagents were
added according to the two methods mentioned above.
After thorough mixing, 200 pl of the supernatant was
collected for absorbance measurement using a micro-
plate reader.

Cell culture and identification

The research received ethical approval from the Eth-
ics Committee of Guangxi Medical University (Protocol
Number: 2023015) and informed consent was obtained
from the patients. Human dental pulp stem cells (hDP-
SCs) were extracted from healthy human dental pulp
tissue utilizing a methodology previously described in
the literature [33]. Cells from the third to fifth passages
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were employed in subsequent experimental procedures.
RAW264.7 cells were purchased from American Type
Culture Collection (ATCC). The hDPSCs and RAW 264.7
cells were cultured in an incubator containing 5% CO, at
37 °C with Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS and 1% penicillin-streptomycin.

hDPSCs were characterized by their multipotent dif-
ferentiation capacity and surface markers. Osteogenesis,
adipogenesis, and chondrogenesis differentiation of hDP-
SCs were induced using the Osteogenic Differentiation,
Adipogenic Differentiation, and Chondrogenic Differen-
tiation kits (Cytogen, China), and then observed by cor-
responding staining using Alizarin Red, Oil Red O and
Alcian Blue. The surface molecular markers CD90, CD29,
CD34, and CD45 (BD Pharmingen, USA) were evaluated
on hDPSCs using flow cytometry (FCM).

Cellular uptake

To observe the cellular uptake, RAW?264.7 cells or hDP-
SCs were incubated with culture medium containing
C-NZ (10 uM) for 24 h. Then, the cells were fixed with 4%
paraformaldehyde and then stained with DAPI (Abcam,
USA). Fluorescence microscopy (Olympus, Japan) was
used to investigate cellular internalization.

Preparation of hydrogel extracts and cellular
biocompatibility

The GelMA and C-NZ/GelMA with different C-NZ con-
centrations (1 ml volume) were submerged in 5 ml of
complete medium at 37 °C for 24 h to obtain the hydrogel
extracts.

For the cytotoxicity evaluation, hDPSCs (1x10* cells/
well) were seeded in 96-well plates and incubated with
the extract medium for 24 h. Cell viability was deter-
mined by the CCK-8 assay (Beyotime, China).

To observe the adhesion behavior and survival of hDP-
SCs in the surface of hydrogels, 180 pl of hydrogel was
dropped into a curing ring and exposed to UV light for
30 s at 405 nm for solidification. After that, the ring was
placed in a 24-well plate, and hDPSCs were seeded onto
the surface at 3x10* cells/well and cultured convention-
ally for 24 h. When 3D cell culture was performed, 10 pl
of hDPSCs cell suspension containing 4x10° cells was
homogeneously mixed with 180 pl of uncured hydro-
gels. Then, the hydrogel mixed with cells was dropped
into curing ring cured and placed in a 24-well plate for
culture. Cell adhesion was assessed using phalloidin/4,6-
diamino-2-phenylindole staining (Beyotime, China). Cell
survival was assessed using Live/Dead Staining Kit (Bey-
otime, China). The results were observed by a confocal
microscope (Zeiss, Germany).
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Cell treatment categorization

The cells were divided into 4 groups: (1) Control group:
cells were cultured normally without any treatment;
(2) LPS group: cells were incubated with Porphyromo-
nas gingivalis lipopolysaccharide (Pg-LPS) (InvivoGen,
USA); (3) LPS+GelMA group: Pg-LPS induced cells were
treated with GelMA extract medium; (4) LPS+C-NZ/
GelMA group: Pg-LPS induced cells were treated with
C-NZ/GelMA extract medium.

Intracellular RONS measurement

An oxidative stress environment was created using Pg-
LPS (10 pg/ml), and different hydrogel extracts were used
to treat the cells. Detection was verified using Reactive
Oxygen Species Assay Kit for general ROS and Nitric
Oxide Fluorescent Probe Detection Kit for NO levels
(Beyotime, China), respectively. Intracellular oxidative
stress was visualized through a fluorescence microscope,
and free radicals were quantified using FCM.

Antioxidant properties of hydrogels

To test the cell survival rate, hDPSCs (1x10* cells/well)
were incubated with Pg-LPS (10 pg/ml) or H,O, (200
uM) (Sigma Aldrich, USA) for 6 h. The culture media was
then replaced with hydrogel extracts, and cell viability
was assessed using the CCK-8 test after a further 24 h of
incubation.

The Live/Dead Staining Kit (Beyotime, China) was used
to assess cell viability. The hDPSCs were treated with Pg-
LPS (20 pg/ml) according to the above procedure, and
then stained with calcein-AM (1 pM) and propidium
iodide (PI, 1 uM). The dead and live cells were recorded
with a fluorescence microscope (Olympus, Japan).

Annexin V-APC/7-AAD Apoptosis Detection Kit
(eBioscience, USA) was utilized to detect and analyze cell
apoptosis in each group by FCM cytometer (FACSCanto,
BD).

In vitro macrophage polarization

RAW?264.7 cells (4x10° cells/well) were seeded in a
6-well plate and cultured with the extract medium or
complete culture medium containing Pg-LPS (10 pg/ml)
for 24 h. The trend of RAW264.7 cells polarization was
assessed through FCM, qPCR, and ELISA.

RAW?264.7 cells subjected to different treatments
were collected and stained with anti-CD86-APC and
anti-CD206-PE antibodies (eBioscience, USA), followed
by FCM analysis.

qPCR was used to analyze the expression levels of
inflammatory genes (iNOS and ARG1). Total RNA was
extracted with TRIZOL and cDNA was reverse tran-
scribed with PrimeScript (Takara, Japan). For qPCR,
SYBR premix was added to ¢cDNA in a real time PCR
system (GenStar, China), preincubated with 1 cycle at
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95 C for 2 min, and then amplified with 40 cycles at 95
C for 15 s and 60 C for 30 s. Relative mRNA expression
was quantified by the 2-AACt method and normalized
to GAPDH. The experiment was repeated in triplicate.
The primer sequences used in the qPCR experiments are
shown in Table S2.

Supernatants from various treatment groups were ana-
lyzed using ELISA. The Mouse TNF-a ELISA Kit and
Mouse IL-10 ELISA Kit (FANKEW, China) were used to
quantify the amount of TNF-a and IL-10 as per the man-
ufacturer’s instructions.

Animal experiments

All the animals were procured from the Experimental
Animal Center of Guangxi Medical University. All exper-
imental procedures were conducted in compliance with
the guidelines set by the Animal Research Ethics Com-
mittee of Guangxi Medical University (Protocol Number:
202307435,202307004,).

Pulp capping treatment in the rat dental pulpitis model

A total of 30 male Sprague-Dawley (SD) rats, weighing
between 200 and 250 g, were used for this experiment.
The rats were divided into four groups based on the treat-
ment protocol: Control group (untreated); Pulpitis group;
Pulpitis+ GelMA group; Pulpitis+ C-NZ/GelMA group.

Dental pulpitis models were established in the upper
incisors and the maxillary first molars of rats. Rats were
anesthetized with 2% pentobarbital sodium (2 ml/kg)
by intraperitoneal injection. The pulp chambers were
exposed using a round bur (0.5 mm diameter). For the
incisors, the upper segment of the root canal was cleaned
with a 40 K file, it was sealed with Pg-LPS (1 mg/ml)
paper points for 2 days. For the maxillary first molars, the
mesial pulp chamber was enlarged to the size of 60" K file,
some coronal pulp was removed, and Pg-LPS (1 mg/ml)
paper points were sealed for 30 min. Subsequently, the
paper points were removed, and the pulp chambers were
rinsed with physiological saline. GelMA was injected
into the pulp chamber of the left-side treated teeth, while
C-NZ/GelMA was injected into the right-side treated
teeth. UV light curing was performed for 40 s, and the
surface of the hydrogel was covered with iRoot BP Plus,
followed by light-curing resin filling.

Pulpitis+ GelMA group and Pulpitis+C-NZ/GelMA
group experimental teeth were collected on day 3 and
day 7. In addition to this, maxillary first molars were col-
lected on day 35 to assess pulp regeneration and repara-
tive dentin formation. The Pulpitis group was sacrificed
immediately after the completion of the dental pulpitis
model was established. Teeth were extracted from each
group for further H&E, Mason, TUNEL, CD86 and
CD206 immunofluorescence staining, and micro-CT
evaluation.
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Levels of oxidative stress and inflammation

The dental pulp tissues from each group’s upper incisors
were isolated and preserved in liquid nitrogen. Hydro-
gen peroxide levels were determined using a Hydrogen
Peroxide Assay Kit (Beyotime, China), and the NO con-
tent was measured using a Total Nitric Oxide Assay Kit
(Beyotime, China). SOD activity was assessed using the
Total Superoxide Dismutase Assay Kit with WST-8 (Bey-
otime, China). GPx activity was assessed using the Total
Glutathione Peroxidase Assay Kit with nicotinamide
adenine dinucleotide phosphate (NADPH) (Beyotime,
China). ELISA kits (Fankew, China) were used to mea-
sure the levels of TNF-a, IL-6, and IL-10 in the dental
pulp tissues.

Subcutaneous transplantation experiment

A total of six male Kunming mice, weighing approxi-
mately 50 g, were employed for this experiment. The
mice were anesthetized with an intraperitoneal dose of
pentobarbital. 200 ul of the C-NZ/GelMA hydrogel was
prepared into a circular disc with a diameter of 0.5 cm
and subcutaneously transplanted into the dorsal area of
the mice. Using an animal live imaging system (AniView,
China), the degradation of the gel and the release of
C-NZ were observed at predetermined time points (0, 6,
14, 21, 28, and 35 days). The mice were sacrificed on day
35. The residual hydrogel along with surrounding soft tis-
sues, as well as the heart, liver, spleen, lungs, and kidneys,
were stained with H&E.

Statistical analysis

GraphPad Prism software (version 8.4.3) was used to
generate all statistical analyses. All data are presented as
meantSD, n=3. For normally distributed data sets with
equal variances, one-way ANOVA testing followed by a
Tukey multiple comparisons test was carried out across
groups, and *p value less than 0.05 was considered sta-
tistically significant. No significant difference are pre-
sented as ns, and statistical significance are presented as
*P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.

Results and discussion

Characterization of C-NZ

Typical HRTEM images revealed that the C-NZ nanopar-
ticles had a monodisperse spherical shape with an aver-
age diameter of approximately 3.2 nm (Fig. 1A and B).
Furthermore, the EDS elemental mapping data showed
a homogeneous distribution of 95.27% C, 0.7% N, and
4.03% O (Fig. 1C and Figure S1). Without additional
alteration, C-NZ in an aqueous solution has good dis-
persity and a brownish yellow hue. Under excitation by
365 nm ultraviolet light, C-NZ exhibits bright yellow
fluorescence emission (Figure S2). The UV-vis absorp-
tion spectra of C-NZ reveal a unique peak at ~432 nm
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(Fig. 1D). The fluorescence spectra show an emission
peak at 573 nm with an excitation wavelength of 390 nm
(Fig. 1E). The above structures and properties confirm
that C-NZ conforms to the characteristics of carbon dots
[34].

The surface chemical features were studied using FTIR
and XPS. The peaks at 3500—3300 and 2920 —-2850 cm™*
correspond to N-H/O-H and C-H stretching vibrations,
respectively. The peaks at 1270, 1450 and 1630 cm™! rep-
resent C-NH-C stretching bands, amide N-H bending
and C=C stretching, respectively (Fig. 1F). The FITC
results indicated the presence of hydroxyl and amino
groups in C-NZ, and the presence of a large num-
ber of hydroxyl groups on the surface of carbon cores
enhanced the hydrophilicity of C-NZ nanoparticles [35].
XPS reveals that C-NZ is predominantly composed of
C, N, and O components. Furthermore, the deconvolu-
tion of Cls spectra yields three peaks at 284.78, 286.28
and 288.68 eV, which correspond to the C=C, C=N, and
C=0 groups, respectively. Similarly, the N1s peak can be
separated into the distinctive peaks of pyridinic N, pyr-
rolic N and graphitic N (398.68, 399.38 and 400.18 eV),
whereas the Ols peaks can be dissected into C=0 and
C-0O bonds (530.98, and 532.08 eV) (Fig. 1G). As a result,
C-NZ possesses a nitrogen-doping graphitic structure
as its core and amide, hydroxyl, and pyrrolic groups as
surface functional groups, as previously reported [28].
The presence of these electron donors and acceptors can
enhance the intramolecular charge transfer effect, which
promotes catalytic activity.

SOD is an important antioxidant enzyme that catalyzes
the disproportionation of O,"~ to convert H,0O, and O,.
As shown in Fig. 1H, with increasing C-NZ concentra-
tion, the ability to scavenge O,'~ free radicals increased,
and 20 pM C-NZ eliminated approximately 80% of O,"”,
demonstrating the ability of C-NZ to mimic the natural
SOD enzyme. GPx can utilize reduced glutathione (GSH)
to catalyze the decomposition of H,O, to H,O, thus
completing the cascade reaction of ROS scavenging. In
this study, an indirect assay was utilized to calculate the
GPx-like activity of C-NZ by detecting the reduction of
NADPH. C-NZ nanoparticles exhibited dose-dependent
GPx-like activity, reaching 17 mU/ml at 25 uM (Fig. 1I).

The ability of the C-NZ nanozymes to scavenge RONS
was evaluated via ABTS and DPPH scavenging experi-
ments. The reduced absorbance equals to higher anti-
oxidant property in ABTS and DPPH assay. Trolox has
antioxidant capacity similar to that of vitamin E. The
ABTS assay revealed that the total antioxidant activity
of C-NZ was approximately 25-fold greater than that of
Trolox, indicating that C-NZ had high scavenging activ-
ity against ROS (Figure S3A). Furthermore, the ability
of C-NZ to scavenge ROS was concentration dependent
(Fig. 1J and Figure S3B). Even at pH 4, C-NZ retained
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75% of ABTS™* scavenging efficacy (Figure S3C). DPPH is
utilized to assess the activity of antioxidants in scaveng-
ing RNS [36]. C-NZ effectively and continuously scav-
enged DPPH, demonstrating its strong scavenging ability
to scavenge RNS in a dose-dependent manner (Fig. 1K
and Figure S3D).

C-NZ has significant RONS scavenging activity and
enzyme-like activity, which can be attributed to its gra-
phitic core structure, the synergistic impact of amide,
hydroxy, and pyrrolic surface groups acting as hydrogen
donors and more active centers [28].Figure L presents the
scavenging of RONS by C-NZ nanozymes with SOD- and
GPx-like activities through multiple reactions.

Physicochemical characterization of C-NZ/GelMA hydrogel
and its excellent biocompatibility

The physicochemical properties of C-NZ/GelMA hydro-
gels are important for assessing their potential as pulp-
capping materials for promoting pulp regeneration.
Therefore, formability, injectability, mechanical proper-
ties, swelling behavior, sustained release and degradation
were carefully investigated.

Cross-linked C-NZ/GelMA hydrogel was yellow jelly-
like, which could adapt to complex morphology and had
a certain mechanical strength. The microscopic morphol-
ogy of C-NZ/GelMA hydrogels showed that they had a
similar pore size to GelMA, forming a homogeneous
porous interconnected network. C-NZ nanoparticles
were uniformly dispersed on the surface of C-NZ/GelMA
hydrogel pores (Fig. 2A). C-NZ/GelMA hydrogel can
rapidly transform from a liquid to a gel upon exposure
to blue light (405 nm) for 30 seconds (Fig. 2B). Rheologi-
cal tests further evaluated the photosensitivity of C-NZ/
GelMA hydrogels. Before photo-crosslinking, storage
modulus (G’) and loss modulus (G”) of C-NZ/GelMA
hydrogel were approximately 1x10~, indicating excel-
lent flowability and injectability. After photo-crosslink-
ing, G’ rapidly increased to 1x10° indicating a sol-gel
transition of C-NZ/GelMA hydrogel (Fig. 2C). The excel-
lent formability and injectability of the C-NZ/GelMA
hydrogel make it particularly adaptable to the complex
morphology of the pulp chamber.

The addition of C-NZ did not alter the mechanical
properties of GelMA, possibly attributed to the tiny dos-
age of C-NZ. When the pressure was less than 20Kpa,
C-NZ/GelMA hydrogel exhibited no obvious elastic
deformation (Fig. 2D). The C-NZ/GelMA hydrogel has a
compression modulus of 10 kPa, similar to that of human
pulp tissue(5.5+2.8 kPa) [37], which may facilitate the
adhesion, proliferation and differentiation of hDPSCs
and provide support for the filling of hydrogel surface
materials [38].

Furthermore, we investigated the swelling kinetics of
C-NZ/GelMA hydrogel. All the hydrogels swelled rapidly
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Fig. 2 Physicochemical characterization of C-NZ/GelMA hydrogel and its excellent biocompatibility. (A) SEM images and the macroscopic images of
hydrogels. Scale bar =100 um. (B) Images showing C-NZ/GelMA hydrogel before and after cross-linking. (C) Rheological testing of C-NZ/GelMA hydrogel.
(D) Stress-strain curves of hydrogels. (E) The swelling ratio of the hydrogels. (F) Cumulative release rate curve of C-NZ from C-NZ/GelMA hydrogel. (G)
In vitro degradation ratio (DR) of hydrogels. (H) The fluorescence signal variation of C-NZ/GelMA in the dorsal region over time. (I) Fluorescence decay
curves of C-NZ/GelMA hydrogels in subcutaneous tissue. (J) Live/Dead staining of hDPSCs in 2D culture and (K) quantitative analysis (Green/red repre-
sent live/dead cells respectively). Scale bar =200 pum. (L) Live/Dead staining of hDPSCs in 3D culture and (M) quantitative analysis (Green/red represent
live/dead cells respectively). Scale bar =200 um. (N) Cytoskeleton and nuclei staining (F-actin/DAPI) for hDPSCs -laden GelMA and C-NZ/GelMA hydro-
gels. Arrows indicated reduced cell viability and cytoskeletal defects. Scale bar =200 um. (O) H&E staining of the subcutaneous tissues on day 35. Scale

bars indicate 200 um (left figure) and 50 um (right figure), respectively. Data are expressed as mean+SD (n=3)

within 2 h. The GelMA hydrogels had an initial swelling
ratio more than 1400% and reached the swelling equilib-
rium around 24 h, with an increase in swelling ratio of
about 393%. The C-NZ/GelMA hydrogel had an initial
swelling rate of nearly 1500% and reached the swelling
equilibrium around 12 h, with an increase in swelling
ratio of about 265% (Fig. 2E). The porous structure and
the abundance of hydroxyl groups endow hydrogels with
good water storage capacity, which can mimic the natural
microenvironment and support normal cellular activi-
ties and tissue metabolism [39, 40]. The pulpal cavity is
a relatively closed space, and excessive swelling may put
additional pressure on the pulp during the inflammatory
process, which is not helpful for the recovery of pulpi-
tis. Therefore, a greater initial water content of C-NZ/
GelMA hydrogel, faster attainment of swelling equilib-
rium and a lower final swelling rate may be more suitable
as a scaffold for pulp regeneration in pulpitis.

According to the release curve of C-NZ/GelMA hydro-
gel, approximately 15% of C-NZ was released within 36 h,
followed by entering a slow and steady release state, with
a release period lasting up to 28 days (Fig. 2F). The sus-
tained release ability may be related to the carboxyl and
hydroxyl groups on the surface of C-NZ, which can form
hydrogen bonds with the carboxyl and amide groups
of the GelMA polymer chains [41]. This aligns with the
progression of dental pulpitis, where dental pulp infec-
tion gradually transitions into a slow tissue repair process
after the initial peak of inflammation.

In vitro degradation, there was no significant differ-
ence between the two hydrogels. Approximately 60% of
the hydrogels were degraded within 2 h and completely
degraded in 8 h (Fig. 2G). This finding is consistent with
previous literature reports [42], indicating that C-NZ/
GelMA hydrogels rapidly degrade under the action of
collagenase II. Considering the more complex in vivo
environment, C-NZ/GelMA hydrogels were implanted
under the dorsal skin of mice to observe in vivo degra-
dation. The fluorescence properties of carbon dots were
employed to monitor the fluorescence signal of C-NZ/
GelMA hydrogels in vivo. Figure 2H and I show a pro-
gressive decline in the fluorescence signal strength and
area of the samples over time, with a relatively rapid deg-
radation in the initial 15 days, reaching near-complete
degradation of the hydrogels by day 35. This degradation

process was much slower than the in vitro degradation
process, suggesting that the degradation of C-NZ/GelMA
hydrogels in vivo is not only enzyme-dependent but may
also involve a complex immune response.

Biocompatibility is a crucial aspect of biomaterial sci-
ence. hDPSCs, which serve as the foundation for pulpal
tissue repair and regeneration, were extracted and char-
acterized (Figure S4). The cell compatibility of C-NZ/
GelMA hydrogels on hDPSCs was evaluated through
cytotoxicity tests, live/dead cell staining and cytoskel-
eton staining. The results of cytotoxicity experiments
showed that C-NZ/GelMA hydrogels containing 10-30
uM C-NZ nanoparticles were not cytotoxic (Figure S5).
Live/dead cell staining was used to observe the survival
and proliferation abilities of hDPSCs. In 2D culture, both
groups had good cell adhesion and proliferation with
few dead cells (Fig. 2J and K). However, on day 3 of 3D
culture, many hDPSCs died in the GeIMA group, while
few cells died and abundant hDPSCs proliferated in the
C-NZ/GelMA group (Fig. 2L and M). This may be related
to the fact that C-NZ nanoparticles ameliorated the oxi-
dative stress and hypoxia of the cells during 3D culture.
Cytoskeleton staining after 24 h of cultivation revealed
that some cells on the surface of the GelMA hydrogel
showed altered morphology, such as shrinkage, rounding
or abnormal cytoplasmic extension, indicating reduced
cell viability and impaired cytoskeletal integrity. hDPSCs
were capable of settling on the surfaces of C-NZ/GelMA
hydrogels, exhibiting shuttle or triangular shapes and
cytoskeletal integrity (Fig. 2N). Overall, C-NZ/GelMA
hydrogel favors the adhesion and proliferation of stem
cells. Histological analysis revealed that the implanted
C-NZ/GelMA hydrogel was surrounded by fibrous con-
nective tissue with a few immune cells (labeled by arrow).
Furthermore, no apparent necrosis or inflammation was
observed in the surrounding tissues of the graft, implying
that the hydrogel was well tolerated by the host animal
(Fig. 20). No abnormalities, such as degeneration, atro-
phy, or necrosis, were detected in important organs, such
as the heart, lungs, liver, kidneys, or spleen (Figure S6).
These results demonstrate the high biocompatibility of
C-NZ/GelMA hydrogel.
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Fig. 3 The effects of C-NZ/GelMA hydrogel in antioxidation and protection of hDPSCs. (A) Evaluation of hDPSCs survival under Pg-LPS with treatment of
C-NZ/GelMA hydrogels with different C-NZ concentrations by CCK-8 assays. (B) Images of hDPSCs after various treatments were stained using calcein/
Plimmunofluorescence, with calcein (green)/PI (red) stained live/dead cells, respectively. Scale bar =600 pum. (C) Cell apoptosis of Pg-LPS induced hDP-
SCs with different treatments and (D) FCM analysis of the related apoptosis cells. (E) Fluorescence images of the total ROS observed in Pg-LPS treated
hDPSCs using DCFH-DA probe and (F) quantitative fluorescence intensities (G) corresponding the total ROS level by the FCM. Scale bar =600 um. (H)
Fluorescence images of <NO level tested by the fluorescent probe DAF-FM DA and (I) quantitative fluorescence intensities (J) the corresponding quanti-
tative result using FCM. Scale bar =600 um. Data are expressed as mean+SD, n=3. P-values are calculated using one-way ANOVA with Tukey's multiple

comparisons test (ns, not significant; *P<0.05; **P<0.01; **P<0.001 and ****P<0.0001)

Intracellular antioxidative activity and cytoprotective
effect of C-NZ/GelMA hydrogels

Elevated levels of local ROS in dental pulpitis contribute
to the decline in the quantity and functionality of DPSCs,
exacerbating dental pulp tissue damage and hindering
tissue repair [43]. As a result, modulating and restor-
ing local ROS levels may increase stem cell survival and
functional recovery, thereby boosting dental pulp tissue
regeneration. We evaluated the cytoprotective effects of
the hydrogel under Pg-LPS or H,0,-induced oxidative
stress conditions in hDPSCs. Co-culturing cells with Pg-
LPS or H,O, resulted in significant decrease in survival
rate. Upon addition of C-NZ/GelMA hydrogel extracts
following treatment with Pg-LPS or H,O,, cell viability
was restored (Fig. 3A and Figure S7). Notably, C-NZ/
GelMA containing 10 pM C-NZ significantly improved
the survival rate of Pg-LPS-stimulated hDPSCs from 73
to 94%, while the survival rate of H,0O,-stimulated cells
increased from 71 to 145%, suggesting that C-NZ/GelMA
containing 10 pM C-NZ exerted the strongest protective
effect on hDPSCs. Consequently, C-NZ/GelMA hydrogel
with 10 uM C-NZ was selected for this study.

Subsequent staining of the hDPSCs with the live/dead
cell dye solution demonstrated that Pg-LPS-induced oxi-
dative stress led to cell death. The C-NZ/GelMA group
exhibited a significantly lower percentage of dead cells,
indicating that the cells were effectively protected from
cell death caused by oxidative stress (Fig. 3B). Consis-
tent results were observed in apoptosis flow cytometry
experiments, where C-NZ/GelMA effectively reduced
cell necrosis and apoptosis induced by Pg-LPS (Fig. 3C
and D).

The stable fluorescence characteristics of carbon
dots facilitated the observation of the cellular uptake of
C-NZ. A large accumulation of green fluorescent C-NZ
nanoparticles in the cytoplasm was observed under
fluorescence microscopy, thus laying the foundation
for effective RONS scavenging (Figure S8). To assess
the antioxidant activity of the C-NZ/GelMA hydrogels,
we conducted ABTS and DPPH free radical scaveng-
ing experiments. The results showed that C-NZ/GelMA
hydrogel had remarkable RONS scavenging capabilities
(Figure S9). Subsequently, we further evaluated its anti-
oxidant effect on hDPSCs. To assess the total intracellular
ROS levels following labeling with the 2',7’-dichlorofluo-
rescin diacetate (DCFH-DA) probe, we utilized direct

observation and FCM analysis (Fig. 3E-G). Figure 3E
shows representative fluorescence images of ROS lev-
els in the different group. Following Pg-LPS treatment,
the intracellular green fluorescence intensity in the LPS
group rose considerably compared to that in the con-
trol group, indicating an elevation in intracellular ROS
intensity. After treatment with C-NZ/GelMA hydrogel
extracts, ROS levels were restored to levels close to those
in the control group. FCM analysis revealed that ROS
levels in hDPSCs reduced dramatically from 94.5% (LPS
group) to 6.75% after C-NZ/GelMA treatment, while
those in the GelMA group decreased only marginally
to 70.4%. 4-Aminomethyl-2',7'-difluorescein diacetate
(DAF-FM DA), a cell-permeable fluorescent marker sen-
sitive to RNS, was used to detect RNS within cells. The
same trends were achieved for «NO radical scavenging,
demonstrating that C-NZ/GelMA significantly reduced
intracellular «NO radical levels induced by Pg-LPS, pro-
tecting cells from +NO radical damage (Fig. 3H-]).

In summary, the C-NZ/GelMA hydrogel demonstrated
excellent biocompatibility in vitro and enhanced hDPSCs
proliferation. Moreover, C-NZ/GelMA hydrogels were
able to efficiently scavenge intracellular RONS, which
had a significant cytoprotective effect and attenuated
apoptosis under oxidative stress. The superior antioxi-
dant activity of hydrogels makes them a potential thera-
peutic strategy for protecting pulp cells and promoting
pulp tissue regeneration in oxidative stress environments.

Enhanced M2 polarization of RAW264.7 cells
Numerous studies indicate that stimulation of macro-
phages with bacterial components increases the produc-
tion of RONS [44—46]. RONS are inflammatory response
products that regulate the production of pro- and anti-
inflammatory cytokines by activating important intracel-
lular signaling pathways during macrophage polarization
[47]. Scavenging excessive RONS within macrophages is
beneficial for promoting polarization towards M2 macro-
phages, thereby alleviating tissue inflammation [11, 48].
Therefore, the ability of C-NZ/GelMA hydrogels to scav-
enge intracellular RONS in macrophages was evaluated
and further explored in terms of their impact on macro-
phage polarization and the inflammatory response.

First, the ability of C-NZ/GelMA to scavenge RONS
from macrophages was qualitatively and quantitatively
analyzed. The results showed a substantial reduction in
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Fig. 4 Eliminated intracellular RONS and enhanced M2 polarization of RAW264.7 cells under LPS-induced oxidative stress conditions. (A) Fluorescence
images of the total ROS observed in Pg-LPS treated RAW 264.7 cells using DCFH-DA probe and (B) quantitative fluorescence intensities (C) corresponding
the total ROS level by FCM. Scale bar =200 um. (D) Fluorescence images of -NO level observed by the fluorescent probe DAF-FM DA and (E) quantitative
fluorescence intensities (F) the corresponding quantitative result using FCM. Scale bar =200 um. (G) Representative FCM plots on the proportion of M1
phenotype (CD86) and M2 phenotype (CD206) macrophages. gPCR analysis results for the pro-inflammatory gene (iNOS) (H) and anti-inflammatory gene
(ARGT) (1). ELISA analysis results for TNF-a (J) and IL-10 (K). Data are expressed as mean +SD, n=3. P-values are calculated using one-way ANOVA with
Tukey's multiple comparisons test (ns, not significant; *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001)

green fluorescence in the C-NZ/GelMA group compared
to the LPS group and GelMA group, approaching that
of the control group (Fig. 4A and D). This finding was
consistent with the results of the quantitative fluores-
cence intensity analysis (Fig. 4B and E). Further detection
using FCM showed that after C-NZ/GelMA treatment,
ROS intensity in RAW 264.7 cells decreased from 82.4 to
9.45%, and RNS intensity decreased from 96.6 to 45.5%.
These results confirmed the effective scavenging of exces-
sive RONS produced by Pg-LPS stimulation in RAW
264.7 cells by C-NZ/GelMA hydrogel (Fig. 4C and F).

To explore the effects of the materials on RAW 264.7
cell polarization, we assessed changes in the inflamma-
tory response at both genetic and protein levels. FCM
was employed to analyze the changes in the proportions
of M1 macrophages (phenotypic marker CD86) and M2
macrophages (phenotypic marker CD206). Compared to
those in the control group, the ratio of M1 macrophages
in the LPS group significantly increased from 5.97 to
96.9%, while M2 macrophages were almost absent, indi-
cating that Pg-LPS fully induced M1 macrophage polar-
ization. Compared to those in the LPS group, the ratio
of M1 macrophages in the GelMA group decreased
from 96.9 to 78.1%, while the ratio of M2 macrophages
remained very low (0.013%). In the C-NZ/GelMA group,
the ratio of M1 macrophages significantly decreased
from 96.9 to 0.98%, while M2 macrophages dramatically
increased to 27.2% (Fig. 4G). These findings indicated
that C-NZ/GelMA hydrogel could effectively reverse
macrophage polarization from the M1 to M2 phenotype
(Figure S10). In qPCR analysis, we examined the expres-
sion of the pro-inflammatory gene (iNOS) and the anti-
inflammatory gene (ARG1). Due to the stimulation of
Pg-LPS, iNOS gene expression was significantly higher
in the LPS group and obviously decreased in the C-NZ/
GelMA group (Fig. 4H). There was no significant dif-
ference in the expression of the anti-inflammatory gene
ARG1 between the GelMA group and the LPS group,
while the C-NZ/GelMA group exhibited a significant
increase in ARG1 expression (Fig. 4I). ELISA assay kits
were used to assess the levels of tumor necrosis factor-o
(TNF-a) produced by M1 macrophages and interleu-
kin-10 (IL-10) produced by M2 macrophages, which
showed similar trends (Fig. 4] and K). In summary,
C-NZ/GelMA exhibits a robust capability to promote
the polarization of macrophages from the M1 to the M2

phenotype. This is reflected at both the genetic and pro-
tein levels.

ROS scavenging and anti-apoptosis effect of C-NZ/GelMA
hydrogel in vivo
Considering the distinct physiological characteristics
of upper incisors and molars in rats, we established a
rat maxillary incisor and molar dental pulpitis model
using Pg-LPS to comprehensively evaluate the therapeu-
tic effects of C-NZ/GelMA [49, 50]. The procedure for
dental pulpitis induction and treatment with the C-NZ/
GelMA hydrogel is illustrated in Figs. 5A and 6A.
LPS-induced oxidative stress plays a crucial role in the
pathological progression of dental pulpitis. Therefore,
early inhibition of the accumulation of RONS is vital for
alleviating dental pulp cell damage and necrosis [7]. Ini-
tially, we assessed oxidative stress indicators in dental
pulp tissue. As shown in Fig. 5B, a substantial amount
of NO was produced in dental pulp tissue two days after
Pg-LPS exposure, where high NO levels induced nitro-
sative stress, leading to apoptosis, necrosis, and tissue
damage [51]. After 3 days of C-NZ/GelMA hydrogel
treatment, NO levels approached normal levels. The
pulpitis+ GelMA group did not show significant relief,
remaining markedly higher than that of the control group
even on the 7th day. H,0,, one of the most destructive
radicals in the body, is often produced by macrophages
in the fight against microbial invasion [52, 53]. Studies
have demonstrated that H,O, reduces pulp cell prolif-
eration and differentiation, increases inflammation and
apoptosis, and triggers cellular autophagy and prema-
ture senescence [54-56]. This study found that H,O,
content in dental pulpitis tissues significantly increased
(Fig. 5C). Both experimental groups exhibited a notice-
able decrease in H,O, levels on the 3rd day. However,
the pulpitis+ C-NZ/GelMA group demonstrated a more
reduction, maintaining a decreasing trend on the 7th day.
Subsequently, we examined the changes in the expression
of SOD and GPx (Fig. 5D and E). Insufficient antioxidants
such as SOD and GPx can lead to dysregulation of den-
tal pulpitis or an imbalance in redox reactions, result-
ing in excessive oxidative stress and inflammation [57].
Clearly, SOD and GPx activities in dental pulpitis tissues
significantly decreased, consistent with the previously
observed elevation in H,0, and NO levels. Meanwhile,
the SOD activity in C-NZ/GelMA-treated dental pulp
tissue significantly recoverd on the 7th day of treatment.
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Compared with that in the pulpitis group, GPx activity
in the pulpitis+C-NZ/GelMA group also substantially
increased on the third day.

To explore the anti-apoptotic effect of C-NZ/GelMA
hydrogel, we employed TUNEL analysis to dynamically
measure apoptotic cell alterations in dental pulp tissue
(Figs. 5G and 6D, and S11). In the dental pulpitis group,
a considerable amount of necrotic tissue was observed
in the inflammatory cell infiltration area, with scattered
apoptotic cells seen in the relatively healthy dental pulp
tissue below the inflammatory area. On the 3rd day,
necrotic areas in both treated groups were mainly con-
centrated in the inflammatory cell infiltration area, with
an expanded area. On the 7th day, the pulpitis+C-NZ/
GelMA group exhibited a significant reduction in
necrotic apoptotic areas, even in the inflammatory cell
infiltration area. Interestingly, on the 35th day, the pulpi-
tis+C-NZ/GelMA group showed very few apoptotic cells
in dental pulp tissue, almost indistinguishable from nor-
mal dental pulp tissue. In contrast, the pulpitis+GelMA
group displayed a lot of apoptotic cells both near and
away from the perforation site, potentially due to the lack
of regulation in the oxidative stress environment, lead-
ing to continued tissue cell destruction by accumulated
RONS.

These results confirm that C-NZ/GelMA hydrogel
possesses significant antioxidant and RONS-scavenging
capabilities. It regulates the excessive oxidative stress
environment in dental pulpitis by scavenging RONS in
vivo, thereby protecting dental pulp cells from apoptosis
in dental pulpitis.

C-NZ/GelMA hydrogel enhances the polarization of
macrophages toward the reparative M2 phenotype in vivo
To assess macrophage polarization, immunofluores-
cence staining and ELISA studies were conducted in vivo.
Immunofluorescence images in Fig. 5H indicate a sub-
stantial presence of CD86-positive M1 macrophages (M1
macrophage surface marker) distributed around blood
vessels and migrating from vessels to surrounding tissues
in inflammatory pulp. This suggests that LPS-induced
inflammatory response not only leads to proliferation of
resident macrophages but also recruits new macrophages
through the circulatory system to participate in the
inflammatory reaction. On days 3 and 7 post-treatment
with GelMA hydrogel, a significant number of CD86-
positive M1 macrophages were still observed in dental
pulp tissues. In contrast, the pulpitis+C-NZ/GelMA
group had a considerable drop in the number of CD86-
positive M1 macrophages starting from day 3 postopera-
tively, with almost no difference compared to the control
group (Fig. 5H, S12, and 6E).

Subsequently, we observed changes in CD206-positive
macrophages (M2 macrophage surface marker) in dental
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pulp tissues (Fig. 51, S13, and 6F). In the dental pulpitis
group, a substantial number of M2 macrophages were
found to be mobilized and involved in the inflammatory
response. In the pulpitis+ GelMA group, we noticed a
significant presence of CD206-positive M2 macrophages
on days 3 and 7. In the molar model, a modest number
of M2 macrophages were still present in the inflamma-
tion-infiltrated area on day 35. In the pulpitis+C-NZ/
GelMA group, a dense population of CD206-positive
macrophages was observed in dental pulp tissues on day
3, with an increasing number closer to the inflamma-
tion cell infiltration area. In comparison with the pulpi-
tis+GelMA group, there was a notable downregulation
of M2 macrophages on day 7. By day 35, the presence of
M2 macrophages was almost non-observable. The results
above indicate that C-NZ/GelMA hydrogel is extremely
efficient in decreasing M1 macrophages, promoting mac-
rophage polarization toward the M2 phenotype in the
early stages of dental pulpitis, and accelerating the shift
from the pro-inflammatory to the anti-inflammatory pro-
liferative repair phase.

ELISA assays of pro-inflammatory cytokines TNF-q,
IL-6, and anti-inflammatory cytokine IL-10 for rat max-
illary incisor dental pulp tissues further corroborated
the aforementioned observations (Fig. 5] and K, and
Fig. 5L). The results indicated a significant upregulation
of TNE-q, IL-6, and IL-10 in dental pulpitis tissues, sug-
gesting that LPS-induced dental pulpitis fully mobilized
the immune response. Starting from day 3, the pulpi-
tis+C-NZ/GelMA group showed a rapid decrease in pro-
inflammatory factors TNF-a and IL-6 levels compared to
the dental pulpitis group, reaching normal levels. In the
pulpitis+ GelMA group, a noticeable decrease in TNF-a
levels occurred only on day 7 compared to the dental
pulpitis group, with no significant change in IL-6. IL-10
levels in pulp tissue were significantly higher in all exper-
imental groups. However, the pulpitis+C-NZ/GelMA
group exhibited the highest IL-10 content on day 3,
decreasing by day 7. This pattern was consistent with the
immunofluorescence results for CD86/CD206 in maxil-
lary incisor dental pulp tissues.

C-NZ/GelMA hydrogel promotes pulp tissue regeneration
and dentin repair in vivo

Histological analysis was utilized to assess the grades of
inflammation and mineralization in pulp tissues and to
observe the formation of reparative dentin, blood vessel
formation, and pulp regeneration (Fig. 5F, Figure S14, and
Fig. 6B). In the maxillary incisor dental pulpitis model,
H&E staining revealed a tissue necrotic zone without
cellular structure beneath the paper point two days after
Pg-LPS stimulation. Adjacent to the necrotic zone was a
densely populated area of inflammatory cell infiltration,
localized within the dental pulp tissue near the injured
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(See figure on previous page.)

Fig. 5 Effect of C-NZ/GelMA hydrogel on oxidative stress and immune microenvironment in rat maxillary incisors. (A) Procedure for dental pulpitis
induction and treatment with the C-NZ/GelMA hydrogel. (B-E) Oxidative stress indicators including NO, H,0,, SOD, and GPx in pulp tissue of rat pulpitis
with treatment of GelMA or C-NZ/GelMA hydrogels. (F) H&E images showed the occurrence and development of rat pulpitis with treatment of GelMA or
C-NZ/GelMA hydrogels. Right panels show magnified images of the box-enclosed area. Scale bars indicate 1000 um (left figure) and 200 um (right figure),
respectively. (G) Representative immunofluorescence images of apoptotic population using TUNEL straining, scale bar =500 um. Immunofluorescence
images of (H) CD86 and (I) CD206 in pulp tissue. Arrowheads indicate CD86-positive cells. Scale bars indicate 50 pm (CD86) and 500 um (CD206), respec-
tively. (J-L) ELISA analysis results for pro-inflammatory cytokines (TNF-a and IL-6) and anti-inflammatory cytokines (IL-10). Control: healthy pulp. Data are
expressed as mean +SD, n=3. P-values are calculated using one-way ANOVA with Tukey's multiple comparisons test (ns, not significant; *P<0.05; **P<0.01;

***¥P<0.001 and ****P<0.0001)

site. After three days of gel treatment in both groups, an
increased inflammatory infiltration area was observed,
with the inflammatory infiltration area interspersed with
the necrotic area. On day 7 post-treatment, the inflam-
matory area significantly decreased at the pulp-mate-
rial interface in both treatment groups, with a more
noticeable reduction in the tissue necrotic zone in the
pulpitis+ C-NZ/GelMA group. Interestingly, in the max-
illary incisor dental pulp tissues of the pulpitis+C-NZ/
GelMA group, a thick layer of cell-rich area with a uni-
form matrix structure and scattered small blood vessels
appeared adjacent to the inflammatory infiltration area.
This suggests that the dental pulpitis tissue has entered
the repair-proliferative stage and that newly formed den-
tal pulp tissue has gradually replaced the necrotic tissue
(Fig. 5F). In the molar dental pulpitis model, H&E stain-
ing on days 3 and 7 also revealed similar inflammatory
evolution processes (Figure S14).

On day 35, the pulpitis+C-NZ/GelMA group and pul-
pitis+GelMA group exhibited different outcomes in the
treatment of rat molar dental pulpitis (Fig. 6B). H&E
staining showed that in the region where the C-NZ/
GelMA hydrogel was applied, it was replaced by regen-
erated pulp and reparative dentin. The reparative dentin
closely adhered to the pulp walls, or surrounded dentin
chips, with regularly arranged dentin tubules. A layer
of odontoblast-like cells was neatly arranged beneath
the reparative dentin, and no ectopic mineralized tissue
was observed. Interestingly, newly formed dental pulp
tissue with a lot of blood vessels appeared within the
pulp chamber, indicating that C-NZ/GelMA promoted
higher quality tissue regeneration in the dental pulpitis
environment, not just a reparative response (Fig. 6B and
Figure S15). In the pulpitis+GelMA group, the region
where GeIMA hydrogel was applied was filled with acel-
lular necrotic tissue, and the dental pulp adjacent to the
injury site was replaced by disordered calcified tissue
and fibrous connective tissue lacking cellular structure.
Inflammation cell infiltration was observed around the
calcified tissue. Masson’s trichrome staining further con-
firmed these results (Fig. 6C).

Treated teeth underwent micro-computed tomography
(micro-CT) analysis to examine the formation of repara-
tive dentin at the defect site (Figure S16 and Fig. 6G).
The images showed preliminary dentin bridging in the

pulpitis+ C-NZ/GelMA group at day 7. By day 35, a well-
defined, organized, and thick mineralized bridge was
evident at the gel region’s pulp-material interface, with a
pulp space extending beneath the mineralized bridge in
a regular and ordered manner. In the pulpitis+GelMA
group, scattered mineralization was observed in the pulp
chamber on day 7. By day 35, a thin layer of mineralized
tissue was present in the hydrogel area, accompanied by
ectopic mineralization within the pulp chamber. Quan-
titative analysis of the newly formed reparative dentin
at day 35 indicated that the amount of reparative dentin
formed in the pulpitis+ GelMA group was less than that
in the pulpitis+ C-NZ/GelMA group (Fig. 6H).

The results of in vivo experiments demonstrate that the
pulpitis+ C-NZ/GelMA group can balance the oxidative
stress microenvironment of pulpitis, alleviate pulp tissue
damage, excellently regulate the immune environment to
control inflammatory development, and promote tissue
repair. This facilitates pulp regeneration and reparative
dentin formation in pulpitis.

Conclusion

In summary, we developed an antioxidative system
(C-NZ/GelMA) by combining antioxidase-mimicking
C-NZ nanozymes with injectable and photocurable
hydrogel as a pulp-capping material for VPT in dental
pulpitis. The C-NZ/GelMA hydrogel has demonstrated
excellent RONS-scavenging ability in both in vitro and in
vivo experiments. It protects dental pulp cells from oxi-
dative stress damage within the inflammatory microen-
vironment, promoting the polarization of macrophages
from a pro-inflammatory M1 phenotype to a regenera-
tive M2 phenotype. Additionally, the injectable C-NZ/
GelMA hydrogel demonstrates excellent biocompatibil-
ity, suitable mechanical properties, degradation rates, and
sustained release capabilities, meeting the main require-
ments for pulp-capping materials. Notably, rat dental
pulpitis model reveals that direct pulp-capping treatment
with C-NZ/GelMA hydrogel not only forms reparative
dentin with regularly arranged dentinal tubules but also
induces vascularized regeneration of dental pulp tissue.
Our study confirms that C-NZ/GelMA hydrogel effec-
tively promotes pulp regeneration in the inflammatory
microenvironment, opening new horizons for bioactive
materials in the treatment of pulpitis.
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Fig. 6 Evaluation of C-NZ/GelMA hydrogel for pulp regeneration and dentin repair in a rat molar pulpitis model treated for 35 days. (A) Procedure for
dental pulpitis induction and treatment with the C-NZ/GelMA hydrogel. (B) H&E images and (C) Masson’s staining images showed the pulp regeneration
and dentin repair of rat pulpitis with treatment of GelMA or C-NZ/GelMA hydrogels. Scale bars indicate 500 pm (left figure) and 200 pm (right figure), re-
spectively. (D) Representative immunofluorescence images of apoptotic population using TUNEL straining, scale bar =200 ym. (E) Immunofluorescence
images of CD86 and (F) CD206 in pulp tissue, scale bar =100 pm. (G) Micro-CT images showed the formation of reparative dentin at the defect site and
(H) quantitative analysis of the reparative dentin volume. Rd: reparative dentin; Cd: cellular degeneration; Rp: regenerated pulp. Black arrows indicate

odontoblast; yellow arrows indicate angiogenesis
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