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Pulpitis, an inflammatory disease of dental pulp tissues, ultimately results in the loss of pulp defense properties.
Existing clinical modalities cannot effectively promote inflamed pulp repair. Oxidative stress is a major obstacle
inhibiting pulp repair. Due to their powerful antioxidative capacity, mesenchymal stem cell-derived small
extracellular vesicles (MSC-sEVs) exhibit potential for treating oxidative stress-related disorders. However,
whether MSC-sEVs shield dental pulp tissues from oxidative damage is largely unknown. Here, we showed that
dental follicle stem cell-derived sEVs (DFSC-sEVs) have antioxidative and prohealing effects on a rat LPS-induced
pulpitis model by enhancing the survival, proliferation and odontogenesis of HyO2-injured dental pulp stem cells
(DPSCs). Additionally, DFSC-sEVs restored the oxidative/antioxidative balance in DPSC mitochondria and had
comparable effects on ameliorating mitochondrial dysfunction with the mitochondrion-targeted antioxidant
Mito-Tempo. To improve the efficacy of DFSC-sEVs, we fabricated an intelligent and injectable hydrogel to
release DFSC-sEVs by combining sodium alginate (SA) and the ROS sensor RhB-AC. The newly formed SA-RhB
hydrogel efficiently encapsulates DFSC-sEVs and exhibits controlled release of DFSC-sEVs in a HCIO/ClO™
concentration-dependent manner, providing a synergistic antioxidant effect with DFSC-sEVs. These results
suggest that DFSC-sEVs-loaded SA-RhB is a promising minimally invasive treatment for pulpitis by enhancing
tissue repair in the pulp wound microenvironment.

1. Introduction vital pulp therapy (VPT) is recommended to maximize the preservation

of living pulp tissues. Compared with RCT, VPT is a less invasive and

Pulpitis of permanent teeth is a common disease that usually causes
pain and masticatory discomfort in patients and ultimately results in the
loss of pulp defense properties [1]. The conventional treatment for
pulpitis is root canal therapy (RCT), which involves the removal of all
pulp tissue. However, the absence of pulp vitality is unfavorable for
long-term tooth survival. When a pulpal lesion is localized or reversible,
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more cost-effective procedure for lowering the risk of fracture and tooth
loss [1,2]. When performing VPT, pulp exposed to bacteria and their
virulence factors needs to be carefully debrided and capped with
appropriate materials to facilitate the formation of a hard tissue barrier.
However, accurately identifying and debriding pulp lesions is quite
challenging for clinicians, especially for junior dentists [3]. Such
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technical difficulties will hinder clinicians from using VPT. More
importantly, currently used calcium silicate-based capping materials
such as MTA and iRoot BP Plus have been reported to have unfavorable
effects on inflamed or infectious pulp, which is typically associated with
the impairment of the self-repair capacity of dental pulp tissues [2,4].
Therefore, novel capping materials for treating pulpitis are demanded.

Secondary to bacterial infection, the injured pulp releases many
proinflammatory mediators and maintains a high level of ROS, further
weakening the repair capacity of the dental pulp. Notably, oxidative
stress (OS) induced by abnormally elevated ROS levels can lead to cell
death, decrease the osteogenic/odontogenic capacity of dental pulp
stem cells (DPSCs) and exacerbate the inflammatory state [5,6]. Thus,
OS has been proposed to strongly contribute to uncontrolled inflam-
mation and delayed healing in various diseases. Previous studies have
reported that the levels of ROS and the OS markers myeloperoxidase and
8-isoprostane are increased in pulpitis tissues [7,8]. Moreover, the use of
exogenous antioxidants efficiently rescued the self-renewal and osteo-
genic differentiation abilities of OS-injured DPSCs in vitro [9]. These
results suggested that regulating OS levels may be a potential strategy
for inducing inflamed pulp repair. Currently, ROS-modulation treat-
ments, including natural antioxidants, ROS-scavenging biomaterials,
and antioxidant Nrf2 activators, have shown considerable efficacy in
treating OS-related diseases, such as chronic skin wound injury, Par-
kinson’s disease, and hepatic ischemia [10-12]. However, few studies
have focused on therapeutic strategies targeting OS for pulpitis.

Recently, increasing evidence has demonstrated the antioxidative
property of mesenchymal stem cell-derived small extracellular vesicles
(MSC-sEVs). sEVs usually refer to bilayer membrane structures smaller
than 200 nm in diameter that possess biological functions similar to
those of their parental cells [13]. MSC-sEVs have been shown to exert
considerable effects on a series of OS-related biological insults, including
neurodegeneration, skin injury, and osteoarthritis [11,14]. The bioac-
tive molecules in MSC-sEVs can be taken up by recipient cells, thus
inhibiting oxidative stress and apoptosis in the lung, heart, brain, liver,
skin and other cells and promoting survival and regeneration [14].
However, whether MSC-sEVs can protect DPSCs from OS-related dam-
age and promote inflamed pulp repair in vivo is largely unknown.

Notably, unconjugated or free MSC-sEVs in the pathological envi-
ronment cannot be retained for a long time [15]. Therefore, developing
a drug scaffold that can serve as a sustained release carrier for MSC-sEVs
is critical. Previously, we constructed an interpenetrating polymer
network (IPN) hydrogel by combining sodium alginate (SA) and the ROS
indicator RhB-AC [16]. As a biocompatible dressing material and a ROS
scavenger, this IPN hydrogel exhibited excellent wound healing effects
in a rat wound model. Based on prior research, the injectable hydrogel
SA-RhB was designed to load DFSC-sEVs and intelligently release cargos
by responding to ROS at the injured site, exerting synergistic effects on
OS via DFSC-sEVs. Herein, we demonstrate the protective effect of
DFSC-sEVs on OS-injured DPSCs and suggest that the DFSC-sEVs-loaded
hydrogel system is a promising capping biomaterial for developing
biological strategies to treat pulpitis.

2. Materials and methods
2.1. DFSCs and DPSCs isolation, culture and characterization

2.1.1. Isolation and culture of DFSCs/DPSCs

Rat DFSCs and DPSCs were isolated and cultured as previously
described [17]. Briefly, dental follicles were separated from the
mandibular molar tooth germ of Sprague-Dawley (SD) rats at postnatal
day 7, and dental pulp tissues were separated from the maxillary incisors
of 5-week-old male SD rats. The separated tissues were subsequently
minced into small pieces, transferred to culture dishes and cultivated in
a-minimum essential medium (a-MEM; Gibco, USA) supplemented with
20 % fetal bovine serum (FBS; Gibco, USA), 100 U/mL penicillin, and
100 mg/mL streptomycin (Gibco, USA). DFSCs and DPSCs were
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passaged at 80 %-90 % confluence, and cells from passages 3 to 5 were
used for subsequent experiments.

2.1.2. Flow cytometric analysis of DFSCs/DPSCs

Surface marker profiles of DFSCs and DPSCs were identified via flow
cytometric analysis. Cells in suspension were collected and stained with
monoclonal antibodies against rat CD29-APC, CD34-FITC, and CD44/
CD90/CD45-PE/FITC (all purchased from BioLegend, USA) for 30 min
on ice. Then, the cells were washed twice and resuspended in PBS
containing 1 % FBS for analysis by a flow cytometer (BD Biosciences,
USA).

2.1.3. Induction of the osteogenic and adipogenic differentiation of DFSCs/
DPSCs

DFSCs and DPSCs were seeded at a density of 2 x 10° cells/well in 6-
well plates. The osteogenic differentiation of DFSCs and DPSCs was
induced with osteogenic induction media for 21 days according to the
manufacturer’s instructions (Cyagen Biosciences, China), after which
alizarin red staining was performed to visualize calcium deposits. Adi-
pogenic differentiation was induced with adipogenic induction media
for 21 days (Cyagen Biosciences, China), after which Oil Red O staining
was used to identify lipid droplets.

2.2. Preparation and identification of DFSC-sEVs

DFSC-sEVs were isolated by differential ultracentrifugation as
described previously [18]. In brief, 80 % confluent DFSCs were cultured
in serum-free medium for 48 h, after which the supernatant was
collected. After centrifugation at 800xg for 10 min and 3000xg for 10
min at 4 °C, the supernatant was centrifuged at 100,000 xg for 70 min at
4 °C. The supernatant was subsequently discarded. DFSC-sEVs were
resuspended in PBS and stored at —80 °C. The ultrastructure and size
distribution of the purified DFSC-sEVs were determined using trans-
mission electron microscopy (TEM) and nanoparticle tracking analysis
(NTA). In addition, the specific sEV markers CD9, CD63 and TSG101
were examined by western blotting.

2.3. Western blotting

Total protein was extracted from DFSC-sEVs or DPSCs with RIPA
lysis buffer, and the protein concentration was quantified via a BCA
protein assay (Bocai, China). For Western blot analysis, 30 ug of protein
was separated via SDS—polyacrylamide gel electrophoresis (SDS—-PAGE;
Invitrogen, USA) and transferred to 0.45-uym PVDF membranes. The
membranes were then incubated for 1 h with 5 % bovine serum albumin
(BSA; Sigma, USA) to block nonspecific binding, followed by incubation
with primary antibodies at 4 °C overnight. Primary antibodies against
CD9 (Affinity, China), CD63 (Affinity, China), TSG101 (Santa Cruz,
USA) and MnSOD (Santa Cruz, USA) were used to assess protein
expression. Then, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling Technol-
ogy, USA) at room temperature for 1 h. The immunoreactive bands were
detected via chemiluminescence (Millipore, USA).

2.4. Construction of a direct pulp capping model of rat pulpitis

The minimum sample size was calculated from our previous study
[19]. Considering the possibility of sample loss, the final sample size in
each group was 6. The direct pulp capping model of rat pulpitis was
partially modified based on our previous experimental model [17].
Briefly, seven-to eight-week-old male SD rats were anesthetized via
intraperitoneal injection of sodium pentobarbital (40 mg/kg). H2O5 (3
%) was used to disinfect the oral cavity, and 2.5 % sodium hypochlorite
was used to disinfect the maxillary first molar. Then, the molar was
drilled with a 1/4 round bur with cooling. Pulpal exposure was
confirmed by the use of a 10-K file, which was carefully enlarged to a
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40-K file using a 2.5 x dental surgical loupe. The exposed site was rinsed
with 2.5 % sodium hypochlorite, 15 % EDTA and PBS. Then, 2 pL of 10
mg/mL P. gingivalis LPS (InvivoGen, France) was injected into the pulpal
cavity. Then, for the LPS group and LPS + sEVs group, gelatin sponges
soaked in 3 pL of PBS or 3 pL of DFSC-sEVs (2 pg/puL) were used to cap
the exposed site. For the LPS + SA-RhB group and LPS + SA-RhB@sEVs
group, 3 pL of DFSC-sEVs (2 pg/pL) unloaded/loaded in 3 pL of hydrogel
was used as the capping material. iRoot BP Plus (Innovative BioCeramix,
Canada) was applied to seal the pulp cavity. Then, the cavity was
restored with adhesive resin (Shofu, Japan). At 3, 7 and 28 days post-
treatment, the maxillae were collected and then fixed with 4 % para-
formaldehyde for 24 h.

2.5. Micro-CT evaluation

The samples collected after 28 days were scanned by a micro-CT
scanner (Scanco) with the following parameters: 70 kVp, 114 pA, 8 W
and 10 pm voxel size. For each sample, the bone volume (BV) was
measured and compared with the total volume (TV, BV/TV ratio) to
evaluate the reparative effects beneath the exposed site.

2.6. Histological analysis

The samples were decalcified for 8 weeks, and paraffin-embedded
sections were prepared for H&E staining and immunofluorescence
staining. To assess the intensity of inflammatory infiltration, the density
of inflammatory cells in the coronal pulp was graded based on an
inflammation grading method that was applied in our previous study
[19]. The four inflammation grades were as follows: no inflammation
(score of 0), mild or slight inflammation (score of 1), moderate
inflammation (score of 2), and severe inflammation and/or abscess
formation (score of 3).

For teeth harvested at 3 d and 7 d, double staining for 8-OHdG/CD90
(Santa Cruz, USA) and single staining for DSPP (Affinity, China) were
performed. Briefly, the samples were dewaxed, and antigen retrieval
was conducted in citrate acid buffer by the microwave heating method.
Then, the sections were blocked and permeabilized in 3 % BSA and 0.3
% Triton X-100 in PBS at room temperature for 1 h. Afterward, the
samples were incubated with primary antibodies at 4 °C overnight and
then incubated with a fluorescent-conjugated secondary antibody
(Invitrogen, USA) at room temperature for 1 h. Finally, the sections were
mounted with  4',6-diamidino-2-phenylindole  (DAPI)-containing
mounting media (Invitrogen, USA) and examined by a laser-scanning
confocal microscope (Olympus FV3000, Japan). The intensities of 8-
OHAG and DSPP fluorescence were quantified using ImageJ.

2.7. Uptake of DFSC-sEVs by DPSCs

DPSCs were seeded in 24-well plates with cell-climbing slices at a
density of 3 x 10° cells/well. DFSC-sEVs were labeled with PKH67
following the manufacturer’s instructions (Sigma, USA), and PKH67-
labeled DFSC-sEVs were subsequently incubated with DPSCs for 24 h.
After fixation, the DPSC cytoskeleton was labeled with Alexa Fluor
555-conjugated phalloidin (Invitrogen, USA), and the nucleus was
stained with DAPI. Cellular uptake of DFSC-sEVs was observed via
confocal microscopy.

2.8. 0S8 injury model in vitro

To simulate the OS microenvironment, DPSCs were exposed to
50-700 pM H50, for 6 h. Then, HyO5-injured DPSCs were subjected to
regular culture medium for 24 h. Cell viability was evaluated by Cell
Counting Kit-8 assays (CCK-8; GlpBio, USA) according to the manufac-
turer’s instructions.
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2.9. Evaluation of oxidative and antioxidative states

To evaluate the protective effects of DFSC-sEVs on OS-injured DPSCs,
DPSCs were pretreated with 40 pg/mL DFSC-sEVs for 24 h and then
stimulated with 200 uM H0, for 6 h.

2.9.1. Measurement of intracellular ROS levels

The intercellular ROS levels were measured by a ROS assay kit
(Phygene, China). HyOy-injured DPSCs were incubated with 10 pM
DCFH-DA at 37 °C for 30 min. Afterward, the DPSCs were digested and
resuspended in PBS. ROS were quantified by flow cytometry.

2.9.2. Measurement of malondialdehyde (MDA) and superoxide dismutase
(SOD) levels

MDA is an indicator of lipid peroxidation, and SOD activity reflects
the antioxidant activity of samples. Cells were collected, lysed by soni-
cation and centrifuged at 8000xg for 10 min at 4 °C. The supernatants
were harvested and placed on ice for the assays. MDA and SOD activities
were measured using assay kits (Solarbio, China) according to the
manufacturer’s instructions.

2.9.3. Immunofluorescence staining for 8-OHdG

8-OHdG is used to evaluate the level of DNA oxidative damage. After
fixation, blocking and permeabilization, DPSCs on cell-climbing slices
were incubated with an anti-8-OHdG primary antibody (Santa Cruz,
USA) and then incubated with an Alexa Fluor-488-conjugated secondary
antibody (Invitrogen, USA) as previously described. Fluorescence im-
ages were captured by a confocal microscope.

2.10. BrdU assay

After HoO, stimulation with or without DFSC-sEVs pretreatment, the
used culture media were changed to regular culture media containing
10 pM BrdU for 6 h. To evaluate BrdU incorporation, the cells were
incubated with an anti-BrdU primary antibody (Servicebio, China) and
subsequently stained with a fluorescent-conjugated secondary antibody
as previously described. The BrdU" cells were observed by confocal
microscopy and quantified using NIH ImageJ software.

2.11. Apoptosis assay

DPSCs were harvested and resuspended in 100 pL of binding buffer
and then incubated with 2.5 pL of Annexin V-FITC and 2.5 pL of 7-AAD
for 20 min. The staining was terminated with 400 pL of binding buffer.
The percentage of apoptotic DPSCs was detected via flow cytometry
analysis.

2.12. Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was isolated from HyOs-treated DPSCs using an RNA
quick purification kit (ESscience, China), and complementary DNA
(cDNA) was prepared using a cDNA synthesis kit (Yeasen, China). qRT-
PCR was conducted with SYBR Green Master Mix (Yeasen, China). The
primers used in the PCRs are listed in Supplementary Table S1. The
values are reported as relative mRNA expression levels and were
calculated using the 222CT comparative method, and p-actin served as
the control.

2.13. RNA sequencing

Small RNAs were extracted from DPSCs treated with HyO5 or HyOo
+sEVs for RNA sequencing. RNA sequencing was performed using the
BGISEQ-500 platform (BGI, China), and the RNA was analyzed on a
network platform (https://biosys.bgi.com/). Genes with a fold
change>|2| and a q value < 0.5 were considered differentially expressed
genes (DEGS).
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2.14. Mitochondrial profile analysis

To evaluate mitochondrial mass and mitochondrial ROS (mtROS)
levels, MitoTracker Green and MitoSOX (for mtROS) staining were
performed according to the manufacturer’s instructions (Invitrogen,
USA). The cells were collected and analyzed using a flow cytometry
system. To evaluate the mitochondrial membrane potential (MMP),
DPSCs were stained with 5 pM JC-1 for 15 min. After washing 3 times
with PBS, fluorescence images were captured via an inverted fluores-
cence microscope (Zeiss, Germany). To evaluate mitochondrial DNA
(mtDNA) oxidative damage, DPSCs were incubated with 300 nM Mito-
Tracker Deep Red for 30 min. Then, immunofluorescence staining for 8-
OHAG was conducted as previously described.

2.15. Preparation and characterization of the SA-RhB hydrogel

2.15.1. Synthesis and characterization of the RhB-AC monomer

The monomer RhB-AC was synthesized as a ROS-responsive fluo-
rescence sensor based on our previous work [16]. Biologically reactive
oxygen species, including Oz, H20,, HCIO/ClO™,-OH, ONOO- and
'‘BuOOH, were prepared, and the fluorescence response of RhB-AC to-
ward various ROS was evaluated via fluorescence spectroscopy (HITA-
CHI, Japan).

2.15.2. Preparation of the SA-RhB hydrogel

To improve the biocompatibility of the hydrogel, sodium alginate
(SA) was chosen to construct an IPN combined with RhB-AC. SA can
crosslink rapidly with Ca" to form a gel. To delay the gelation time of
SA, NapHPO4 was introduced as a retardant regent to interact with the
Ca* source to produce calcium phosphate. Then, 60 pL of 0.1 M, 0.3 M,
0.5 M, 0.7 M or 0.9 M Na,HPO4 was added to the crosslinking reaction
mixture. The details for preparing SA-RhB are shown in Supplementary
Table S2. The gelation time was determined using the tube inversion
method, and the injectability of SA-RhB was confirmed by extruding the
solution from a 1-mL syringe.

2.15.3. Morphological structure of SA-RhB

After gelation, the SA and SA-RhB samples were frozen in liquid
nitrogen and lyophilized for 48 h. The internal structures of the gels
were examined by scanning electron microscopy (SEM).

2.15.4. Swelling test

Cylindrical samples with a diameter of 7 mm and a height of 5 mm
were immersed in 5 mL of PBS and incubated at 37 °C for 6 h. At each
time point, the weights of the samples were recorded as W;. Before
weighing, the surface of the gel was gently dried with filter paper. The
swelling ratio was calculated as follows:

Wt — W0
wo
x 100%, where W, refers to the initial weight of the hydrogel.

swelling ratio =

2.15.5. Degradation test

Cylindrical samples were submerged in 5 mL of PBS containing
different concentrations of HCIO/CIO™ and EDTA. The samples were
incubated at 37 °C on a shake plate at 100 r.p.m. Photos were taken at
each time point, and the trigger solutions were replaced daily until the
gel was thoroughly degraded.

2.15.6. HCIO/CIO™ response

Cylindrical samples were soaked in 5 mL of PBS or HCIO/CIO™ so-
lution (ethanol/PBS = 1:9, v/v) at 50 uM, 100 pM, 200 pM, 500 pM, or
1000 pM. The samples were incubated at 37 °C on a shake plate at 100 r.
p-m. The media were photographed under UV 365 nm at each time
point, and the fluorescence intensity was detected via fluorescence
spectroscopy.
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2.15.7. Cytotoxicity assay

The trigger solutions were collected and dialyzed using dialysis tubes
(MWCO, 3000 Da). After lyophilization, the degradation products were
obtained. DPSCs were incubated in culture media supplemented with
different concentrations of degradation products for 1 d, 2 d or 3 d. Cell
Counting Kit-8 (CCK-8) assays (GlpBio, USA) and live/dead staining
(Bestbio, China) were conducted according to the manufacturers’
instructions.

2.15.8. Encapsulation and release of SA-RhB-loaded DFSC-sEVs

PKH67-labeled DFSC-sEVs were mixed with SA-RhB solution. Then,
the solution was injected into a confocal dish. After gelation, the 3D
structure of the gel was rebuilt using a Z-stack and a confocal
microscope.

Cylindrical samples encapsulated with 300 pg of DFSC-sEVs were
prepared. The samples were soaked in 5 mL of PBS or 100 pM, 500 pM,
or 1000 pM HCIO/ClO™ solution. The medium was replaced daily, and
the protein concentration (Cy was determined via a BCA protein assay.
The percentage of cumulative DFSC-sEV release was calculated as
follows:

(Cl+C2+...4+Ct) x5

300 x 100

Percentage =

2.16. Statistical analysis

Each experiment was repeated at least three times. The data are
presented as the mean + standard deviation and were analyzed using
GraphPad Prism software. After the normality test and homogeneity of
variance test, one-way ANOVA or the Kruskal-Wallis test was chosen,
followed by Tukey’s post hoc test or Dunnett’s t-test. P < 0.05 indicated
statistical significance.

3. Results
3.1. Characterization of DPSCs, DFSCs and DFSC-sEVs

As shown in Fig. S1A, flow cytometry revealed that both DPSCs and
DFSCs highly expressed typical MSC surface markers, including CD29,
CD44 and CD90, with frequencies up to 96.8 %, but rarely expressed
CD34 and CDA45, with frequencies less than 0.11 %. Furthermore, aliz-
arin red staining revealed calcified deposits, and Oil Red O staining
revealed lipid droplets in both DPSCs and DFSCs (Figs. S1B and C). These
results demonstrated that cultured DPSCs and DFSCs exhibited the
mesenchymal phenotype of MSCs, along with their multipotent differ-
entiation capacity.

TEM and NTA revealed that the nanoparticles derived from DFSCs
had a round shape, a membrane bilayer morphology and an average
diameter of 163 nm (Fig. 1A and B). In addition, Western blot analysis of
DFSC-sEVs revealed the presence of classical SEV markers, including
CD9, CD63 and TSG101 (Fig. 1C). These results confirmed that DFSC-
sEVs were successfully isolated.

3.2. DFSC-sEVs alleviate oxidative stress and promote dentin defect repair
in inflamed pulp

First, we confirmed the protective effect of DFSC-sEVs using a LPS-
induced pulpitis model. Histological analysis of the cells revealed that
LPS-elicited inflammatory cells accumulated beneath the exposed site
after 3 days and that this effect was attenuated by the administration of
DFSC-sEVs (Fig. 1D). Inflammation grading also revealed that during the
same duration, the inclusion of DFSC-sEVs decreased the severity of LPS-
induced inflammation (Fig. S2A). With time, inflammatory infiltration
generally decreased in both the LPS and LPS + sEVs groups. At 28
d posttreatment, the LPS group exhibited irregular calcification and
disorganized pulp tissues at the exposed site, while the LPS + sEVs group
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Fig. 1. Antioxidant and prohealing effects of DFSC-sEVs on LPS-induced rat pulpitis. (A) TEM image of DFSC-sEVs. (B) The size distribution of DFSC-sEVs was
measured via nanoparticle tracking analysis (NTA). (C) Western blot analysis of the sEV-specific proteins CD9, CD63, and TSG101. (D) Representative images of HE
staining in the control, LPS and LPS + sEVs groups at 3, 7 and 28 d after the operation. (E) DSPP immunofluorescence staining at the exposed pulp site 7 d after the
operation. The white dashed lines indicate the junction between the dentin and dental pulp. (F) Semiquantitative analysis of DSPP levels. (G) Immunofluorescence
staining for 8-OHAG and CD90™ DPSCs at the site of pulp injury 3 d after the operation. The arrows indicate CD90" DPSCs, and the arrowheads indicate 8-
OHAG"CD90™" DPSCs. (H) Semiquantitative analysis of 8-OHdG levels. (I) The percentage of CD90" DPSCs that experienced oxidative stress among the groups. MFI,
mean fluorescence intensity. ***P < 0.001, *P < 0.05.
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presented a large range of mineralized tissue barriers and relatively
normal pulp under the barrier (Fig. 1D). In addition, micro-CT scanning
also demonstrated that the volume of the mineralized tissue barrier was
significantly greater in the LPS + sEVs group than in the LPS group
(Figs. S2B and C). The expression of DSPP, a marker of dentin miner-
alization, significantly increased after 7 d of LPS treatment, and the
incorporation of DFSC-sEVs resulted in greater DSPP expression than
that in the LPS group (Fig. 1E and F). Moreover, after 3 d of LPS stim-
ulation, the expression of 8-OHdG, a typical marker of DNA oxidative
damage, was strongly upregulated in LPS-injured pulp, indicating the
occurrence of pronounced OS in LPS-treated pulp (Fig. 1G and H). In
addition, we labeled DPSCs with CD90, and a substantial increase in 8-
OHAG™" CD90™ cells was observed in the inflamed pulp, suggesting that
the DPSCs recruited to the coronal pulp were affected by OS (Fig. 1I).
However, DFSC-sEVs significantly alleviated OS and decreased the
proportion of 8-OHAG"CD90™" cells (Fig. 1G-I). Taken together, these
results indicated that OS was widespread in LPS-induced pulpitis and
that DFSC-sEVs could promote the healing potential of inflamed pulp, an
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effect partly dependent on their antioxidative effects on DPSCs.

3.3. DFSC-sEVs exert an antioxidative effect on H,Oz-damaged DPSCs

To further confirm the protective effect of DFSC-sEVs on DPSCs
against OS in vitro, H,O was used to induce oxidative damage in DPSCs.
CCK8 assays showed that HyO5 significantly reduced the viability of
DPSCs in a dose-dependent manner. In the subsequent experiment, 200
pM H20, was chosen to simulate OS in DPSCs, which led to a decrease in
cell viability to almost 60 % in 24 h (Fig. 2A). The uptake of PKH67-
labeled DFSC-sEVs by DPSCs was visualized using confocal micro-
scopy (Fig. 2B). As expected, pretreatment with DFSC-sEVs significantly
decreased the intracellular ROS levels and reduced the expression of the
OS damage markers MDA and 8-OHdG in H;Oj.stimulated DPSCs
(Fig. 2C-G). Additionally, SOD activity was considerably higher in the
Hy0,+sEVs group than in the HyO2 group (Fig. 2H). These results
indicated that DFSC-sEVs normalized the oxidative and antioxidative

balance of DPSCs.
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Fig. 2. DFSC-sEVs exerted antioxidative effects on H,O»-damaged DPSCs. (A) CCK-8 assay showing DPSCs viability at 24 h after 6 h of H,O, stimulation. (B) Uptake
of PKH67-labeled DFSC-sEVs by DPSCs at 24 h. (C, D) Intracellular ROS levels in DPSCs were determined using the agent DCFH-DA. (E) MDA levels in DPSCs were
detected via a MDA assay. (F, G) 8-OHdG immunofluorescence staining of DPSCs. (H) SOD activity in DPSCs measured with the SOD assay. MFI, mean fluorescence

intensity. ***P < 0.001, **P < 0.01, *P < 0.05.
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Sustained OS leads to cell death and affects MSCs differentiation.
Since the survival, proliferation and odontogenic differentiation of
DPSCs are essential prerequisites for the pulpal wound healing process,
we next investigated the effects of DFSC-sEVs on these biological pro-
cesses in HpOs-damaged DPSCs. HyO5 significantly promoted DPSC
apoptosis and reduced the number of BrdU * DPSCs, effects that were
rescued by DFSC-sEVs (Fig. 3A-D). Furthermore, fewer mineralized
modules and lower expression of odontogenic marker genes, including
Alpl (encoding ALP), Ibsp (encoding BSP) and Dcn (encoding DCN), were
observed in the HoO5 group than in the control group. Notably, DFSC-
sEVs partially rescued the osteogenic/odontogenic differentiation po-
tential of HyOo treated DPSCs (Fig. 3E and F). In contrast, HoO5 stimu-
lation promoted the formation of lipid droplets and dramatically
upregulated the expression of adipogenic marker genes, including Cfd
(encoding adipsin), Cebpa (encoding CEBPa) and Cebpb (encoding
CEBPf), and DFSC-sEVs effectively suppressed the adipogenic differen-
tiation of HyO4-stimulated DPSCs (Fig. 3G and H). These results revealed
that DFSC-sEVs enhanced the survival, proliferation and osteogenesis/
odontogenesis of HyOo-injured DPSCs.

3.4. DFSC-sEVs protect H202-damaged DPSCs by ameliorating
mitochondrial dysfunction

Mitochondria are major sources of ROS and predominant targets of
0S, thus, the protective effect of DFSC-sEVs on DPSC mitochondria was
assessed. Using the mitochondria-specific ROS indicator MitoSOX to
determine mtROS levels in DPSCs, we found that mtROS were over-
produced in response to HyO and that this change could be reversed by
either DFSC-sEVs or Mito-Tempo, a mitochondrial superoxide scav-
enger. Specifically, the ability of DFSC-sEVs to inhibit mtROS produc-
tion was nearly the same as that of Mito-Tempo (Fig. 4A and B). The
overproduction of mtROS may disrupt mitochondrial function, mani-
festing mainly as an increase in the mitochondrial mass, a decrease in
the mitochondrial membrane potential (MMP) and a decrease in ATP
production. Therefore, we used MitoTracker Green probes to assess
mitochondrial mass. Compared with that in control DPSCs, the fluo-
rescence intensity of MitoTracker Green was higher in HyOs-treated
DPSCs, and DFSC-sEVs and Mito-Tempo significantly inhibited mito-
chondrial mass abnormalities (Fig. 4C). The MMP was also evaluated in
DPSCs using JC-1 dye. HyO» stimulation caused a significant increase in
the JC-1 aggregate/monomer ratio, indicating that MMP dissipation
occurred in DPSCs. However, the MMP impairment was successfully
reversed by treatment with DFSC-sEVs or Mito-Tempo (Fig. 4D and E).
Furthermore, both DFSC-sEVs and Mito-Tempo significantly promoted
ATP production in HyO-injured DPSCs (Fig. 4F).

mtROS overproduction can impair mitochondrial function by
destabilizing the mitochondrial oxidative/antioxidative balance. 8-
OHAG staining was combined with MitoTracker Deep Red staining to
visualize oxidized mtDNA and evaluate mitochondrial oxidative dam-
age. We found that HyO, treatment increased the colocalization of 8-
OHdG and MitoTracker Deep Red, an effect that was reversed by
DFSC-sEVs and Mito-Tempo (Fig. 4G). We also explored whether DFSC-
sEVs improved the antioxidation capacity of DPSCs. Western blot anal-
ysis of HyO9-treated DPSCs revealed that DFSC-sEVs, like Mito-Tempo,
upregulated the expression of MnSOD, a powerful antioxidant
confined to mitochondria (Fig. 4H and I). These results indicated that
DFSC-sEVs positively regulated the balance between mitochondrial
oxidation and antioxidation, leading to restored mitochondrial function.

Since mitochondria play an important role in determining the fate of
MSCs, we next assessed whether DFSC-sEVs enhance the survival and
proliferation of HyO-injured DPSCs and restore their odontogenic dif-
ferentiation capacity by alleviating mitochondrial OS. After mitochon-
drial OS was attenuated by Mito-Tempo, HyO»-treated DPSCs exhibited
decreased apoptosis and increased proliferation (Fig. 5A-D). In addition,
the impaired odontogenic differentiation and elevated adipogenic dif-
ferentiation of HyO9-stimulated DPSCs were reversed by Mito-Tempo
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(Fig. 5E-H). Notably, the protective effects of DFSC-sEVs were statisti-
cally indistinguishable from those of Mito-Tempo. The above findings
suggested that DFSC-sEVs could protect DPSCs from OS by ameliorating
mitochondrial dysfunction.

3.5. DFSC-sEVs mediate transcriptional changes in H,Oz-stimulated
DPSCs

Next, RNA sequencing was applied to assess the transcriptomic
changes in DPSCs in the presence of HyO2 or H;05+sEVs. In total, 2271
DEGs were identified between the HyO-treated group and the control
group, including 1460 upregulated genes and 811 downregulated genes
(Fig. S3A). GO analysis and GSEA revealed that the intrinsic apoptotic
signaling pathway in response to DNA damage, negative regulation of
cell proliferation, cellular response to hydrogen peroxide and DNA
repair were involved in the response to HyO5 stimulation, and mito-
chondrial protein import and transcriptional activation of mitochondrial
biogenesis were enriched in the control group (Figs. S3B and C). In
addition, a total of 54 genes were differentially expressed between the
Hy0, group and Hy02+sEVs group. After removing 16 unannotated
genes, a heatmap was generated to visualize the expression of 38 genes
among the three groups (Fig. 6A). Specifically, MnSOD/SOD2 expres-
sion was significantly elevated in the HyO2+sEVs group compared with
the HyO4 group. GO analysis revealed that several genes, including those
related to the cellular response to lipopolysaccharide, wound healing,
and the positive regulation of ROS metabolic processes, were enriched in
the HpO2+sEVs group (Fig. 6B). Moreover, GSEA revealed that TGFf
signaling and Kras signaling were closely related to HyO,+sEVs treat-
ment and that the regulation of mitochondrial membrane permeability
involved in the apoptotic process was related to HyO, treatment
(Fig. 6C). The above results demonstrated that HoO5 acted as a signaling
molecule to activate DPSCs in response to OS and that DFSC-sEVs could
exert regulatory effects on HyOo-stimulated DPSCs at the transcriptional
level.

3.6. SA-RhB exhibits excellent injectability, ROS responsiveness,
biocompatibility and loading capacity for DFSC-sEVs

To enhance the bioavailability and clinical efficacy of DFSC-sEVs, an
injectable ROS-responsive hydrogel was constructed to load DFSC-sEVs.
A schematic illustration of SA-RhB@sEVs is shown in Fig. 7A. SA
crosslinked with Ca®" was used as the first network, and the monomer
RhB-AC was introduced as a ROS sensor. Finally, the double-layer IPN
hydrogel SA-RhB was formed. SEM showed that both SA and SA-RhB
exhibited porous internal structures and that the pores in SA-RhB were
denser and smaller than those in SA (Fig. 7B). NapHPO4 was used to
interact with CaSOj4, thus slowing the crosslinking speed of SA and ca®t.
As shown in Table S3, the gelation times differed among the different
combinations of Na,HPO4 and CaSQg4, and 0.3 M Na,HPO,4 combined
with 1.52 M CaSO4 was ultimately chosen to provide 3.50 + 0.71 min of
gelation for clinical operation.

As presented in Fig. 7C, SA-RhB slowly turned from a liquid to the
solid-state within 4 min and subsequently formed a transparent, flexible
and uniform hydrogel. In addition, the solution could be easily extruded
from a syringe before gelation, suggesting the satisfactory injectability
of SA-RhB. To estimate the specificity of the HCIO/ClO™ response, we
first tested the fluorescence response of the monomer RhB-AC toward
various ROS. Fluorescence spectroscopy revealed a significant fluores-
cence emission peak at 580 nm when RhB-AC was reacted with 100 pM
HCIO/CIO™. However, the fluorescence could be slightly excited by
ONOO~ and was seldom excited by H,0,, -OH, ‘BuOOH™ or Oz
(Fig. S4A). The response of SA-RhB to HCIO/ClO™ was further studied.
When SA-RhB was reacted with 50 pM HCIO/CIO™ for 1 min, slight
fluorescence emission could be captured by 365 nm UV light or fluo-
rescence spectroscopy; the fluorescence intensity increased as the
treatment time increased or the HCIO/CIO™ concentration increased
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Fig. 3. DFSC-sEVs enhanced the survival, proliferation and osteogenesis/odontogenesis of H,O,-damaged DPSCs. (A) DPSCs apoptosis was examined by an Annexin
V-FITC/7AAD assay. (B) Apoptosis rates of DPSCs, including early apoptosis (Annexin-V*7AAD") and late apoptosis (Annexin-V'7AAD™). (C, D) Representative
images of BrdU staining and quantification of DPSCs. (E) Representative images of alizarin red staining after osteogenic induction for 21 d. (F) gRT-PCR analysis of
the mRNA expression of the odontogenesis-related factors Alpl, Ibsp and Dcn. (G) Representative images of Oil Red O staining after adipogenic induction for 21 d. (H)
qRT-PCR analysis of the mRNA expression of the adipogenic-related factors Cfd, Cebpa and Cebpb. ***P < 0.001, **P < 0.01, *P < 0.05.
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Fig. 4. DFSC-sEVs restored the mitochondrial dysfunction of H,O5-damaged DPSCs. (A, B) mtROS results for DPSCs (MitoSOX staining). (C) Mitochondrial mass was
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fluorescence. (E) The ratio of the mean fluorescence intensity of JC-1 red to that of JC-1 green fluorescence. (F) ATP production was evaluated with an ATP kit. (G)
Colocalization of 8-OHdG and MitoTracker Deep Red-labeled mitochondria in DPSCs. (H, I) Representative results from the Western blot analysis of MnSOD. MFI,

mean fluorescence intensity. ***P < 0.001, **P < 0.01.

(Fig. 7D and E). After reacting for 360 min, the accumulation of fluo-
rescence at 580 nm tended to stabilize, as shown in Fig. 7E.

An in vitro degradation test revealed that in the presence of the cal-
cium chelator EDTA and/or HCIO/CIO~, SA-RhB was susceptible to
degradation, resulting in the sustained release of drugs loaded in SA-
RhB. SA-RhB was degraded in a HCIO/CIO™ concentration-dependent
manner, and the gel was completely degraded after soaking in 1000
pM HCIO/CIO™ for 3 d (Fig. S4B). In addition, the water retention
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capacity of the IPN hydrogel was evaluated. As shown in Fig. S4 Cand D,
SA-RhB lost almost 50 % of its weight after 5 h. Afterward, the hydrogel
was soaked in PBS, after which the weight of SA-RhB slowly increased to
its original mass after another 5 h. Furthermore, the swelling kinetics
analysis revealed that the swelling ratio increased to almost 30 % after
60 min and then decreased to 20 % after 120 min (Fig. S4E).

Excellent biocompatibility is a prerequisite for pulp capping mate-
rials. Instead of interfering with DPSCs viability after 1 d, 2 d and 3 d,
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Fig. 5. DFSC-sEVs exerted cytoprotective effects on HyO, induced damage by maintaining mitochondrial homeostasis. (A) DPSCs apoptosis was examined using an
Annexin V-FITC/7AAD assay. (B) Apoptosis rates of DPSCs, including early apoptosis (Annexin-V*7AAD™) and late apoptosis (Annexin-V'7AAD"). (C, D) Repre-
sentative images of BrdU staining and quantification of DPSCs. (E) Representative images of alizarin red staining after osteogenic induction for 21 d. (F) gqRT-PCR
analysis of the mRNA expression of the odontogenesis-related factors Alpl, Ibsp and Dcn. (G) Representative images of Oil Red O staining after adipogenic induction
for 21 d. (H) qRT-PCR analysis of the mRNA expression of the adipogenic-related factors Cfd, Cebpa and Cebpb. ***P < 0.001, **P < 0.01, *P < 0.05.
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0.1 mg/mL to 2 mg/mL SA-RhB degradation products led to a signifi-
cant increase in proliferative activity to some extent, especially after 2
d (Fig. 7F). Live/dead staining also revealed that the viability of DPSCs
was well preserved when they were cultured with the SA-RhB degra-
dation products for 1 d, 2 d and 3 d (Fig. 7G, Fig. S4F). Next, the loading
and release capacity of SA-RhB was assessed. Representative confocal z-
stack images confirmed that a large amount of PKH67-labeled DFSC-
sEVs were evenly encapsulated in SA-RhB (Fig. 7H). In addition, as
shown in Fig. 71, DFSC-sEVs loaded in SA-RhB (SA-RhB@sEVs) were
continuously released in a concentration-dependent manner. HCIO/
ClO™ clearly increased the release rate, as 100 pM and 500 pM HCIO/
ClO™ resulted in the release of approximately 60 % of the DFSC-sEVs
within 5 d, and the addition of 1000 pM HCIO/ClO™ triggered the
release of approximately 80 % of the DFSC-sEVs. The above results
illustrated that SA-RhB exhibited excellent injectability, ROS respon-
siveness, biocompatibility and controlled release of DFSC-sEVs.

3.7. DFSC-sEVs-loaded SA-RhB exhibits enhanced antioxidant and
prohealing effects on inflamed pulp

Finally, we investigated whether sEVs-loaded SA-RhB had better
therapeutic effects than DFSC-sEVs soaked in a gelatin sponge on an
experimental pulpitis model. Immunofluorescence staining showed that
the use of SA-RhB alone attenuated OS in inflamed pulp compared with
that in the LPS group but did not decrease the percentage of 8-OHdG™"
CD90" cells. However, the combination of SA-RhB and DFSC-sEVs
reduced LPS-induced OS more effectively than SA-RhB or DFSC-sEVs
alone and exhibited better antioxidative effects on CD90" cells
(Fig. 8A-C). Furthermore, the expression of DSPP in the pulpal wound in
the LPS + SA-RhB@sEVs group was higher than that in the LPS + sEVs
group and the staining was more concentrated (Fig. 8 D). The
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histological analysis of the cells showed that SA-RhB alone failed to
mitigate the level of LPS-induced inflammation at 3 d and 7 d. However,
the incorporation of SA-RhB and DFSC-sEVs successfully resulted in less
inflammation during the same duration and accelerated the resolution of
inflammation compared with that in the LPS + sEVs group (Figs. S5A
and B). At 28 d post-treatment, although both DFSC-sEVs and SA-
RhB@sEVs induced thick reparative dentin layers to completely close
the exposed site of the pulp, extensive calcification was observed in the
LPS + sEVs group, an effect that was unexpected during pulp healing
(Fig. 8F). The analysis of micro-CT image also revealed that the incor-
poration of SA-RhB and DFSC-sEVs significantly increased the BV/TV
ratio at the pulp exposure site compared with that in the LPS + sEVs
group (Figs. S5C and D). Taken together, these results indicated that the
ROS-responsive hydrogel SA-RhB enhanced the antioxidant and repar-
ative effects of DFSC-sEVs on LPS-induced pulpitis models.

4. Discussion

Excessive ROS are a typical inflammatory hallmark [20]. Conversely,
highly reactive ROS also exacerbate inflammation by oxidizing cellular
components and acting as proinflammatory signaling molecules [21]. In
inflamed dental pulp, uncontrolled OS aggravates inflammation and
decreases the efficiency of pulpal wound healing [7]. In conjunction
with our prior research, we substantiated that capping with iRoot BP
Plus, a prevalent calcium silicate-based capping material, cannot pro-
mote the sufficient recovery of inflamed or infectious dental pulp,
consequently impeding the formation of a complete dentin bridge [19].
Similarly, a previous study has similarly reported that mineral trioxide
aggregate (MTA), another type of clinically available capping material,
is ineffective against experimentally induced pulpitis in vivo [4].
Furthermore, we revealed that the introduction of DFSC-sEVs may be a
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Fig. 7. Synthesis and characterization of SA-RhB and SA-RhB-incorporated DFSC-sEVs. (A) Flow chart for the synthesis of sEVs-loaded SA-RhB. (B) Representative
SEM micrograph of the lyophilized hydrogel. (C) Optical images showing the gelation process and injectability of SA-RhB. (D) Fluorescence emission spectra of SA-
RhB in different concentrations of HCIO/CIO™. (E) The mean fluorescence intensity (580 nm) of SA-RhB in response to HCIO/CIO™. (F) CCK-8 assay results showing
the viability of DPSCs stimulated with SA-RhB degradation products for 1 d, 2 d and 3 d. (G) Representative images of live/dead staining of DPSCs stimulated with
SA-RhB for degradation for 1 d. (H) The incorporation and distribution of PKH67-labeled DFSC-sEVs in SA-RhB. (I) Release kinetics of DFSC-sEVs from SA-RhB in
response to HCIO/CIO™. FI, fluorescence intensity. ***P < 0.001, **P < 0.01, *P < 0.05.

A CD90/8- MDAPI D

Control
Control

7] 17 0]
-™ [-™
- -
=% 2 E
- < - <
n wn
+ »w + @»
n > n >
=i 5e
w»n n
> &
= -
+ @ + &
L E £ é
- E -
« «
n wn
B 200 s Cé E 250 x|
Py %%k % =S — Fkk k%
= 150 % %% 8 = 200+
= h 2 150
S 100 g & 10
“h 2 & 100
Z 50 9 & 50.
0 = 04
B Control Ml LPS MM LPS+SA-RhB " LPS+sEVs " LPS+SA-RhB@sEVs
+ -
F Control LPS ks LPS+sEVs i

SA-RhB SA-RhB@sEVs

.

AN R Gl A

Fig. 8. DFSC-sEVs-loaded SA-RhB accelerated pulp healing. (A) Immunofluorescence staining for 8-OHdG and CD90" DPSCs at the site of pulp injury after treatment
with SA-RhB@sEVs for 3 d. The arrows indicate CD90" DPSCs, and the arrowheads indicate 8-OHdG"CD90™ DPSCs. (B, C) 8-OHdG expression and CD90™ DPSCs
exposed to oxidative stress 3 d after surgery. (D, E) DSPP expression at the pulp exposure site after treatment with SA-RhB@sEVs for 7 d. The white dashed lines
indicate the junction between the dentin and dental pulp. (F) Representative histological images showing pulpal repair after treatment with SA-RhB@sEVs for 28 d.
MFI, mean fluorescence intensity. ***P < 0.001, **P < 0.01, *P < 0.05.
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useful strategy for effectively reducing OS in patients with pulpitis and
promoting inflamed pulp repair. DFSCs are special dental stem cells
isolated from the connective tissues surrounding the developing tooth
germ that exhibit significantly greater proliferative activity and better
immunomodulatory capacity than other dental stem cells [22].
Furthermore, DFSCs are abundant and easy to access. Several studies
have shown that DFSCs can be advantageous for craniofacial bone and
periodontal tissue regeneration [23-25]. Our previous study revealed
that the conditioned medium of DFSCs could enhance the repair of
LPS-induced pulpitis [17]. Therefore, DFSC-sEVs were isolated from the
conditioned medium of DFSCs to evaluate their effects on inflamed pulp.

DPSCs in dental pulp tissues are a particular source of dentin
regeneration and inflammation regulators [26,27]. We found that
CD90" DPSCs suffered from remarkable OS in inflamed pulp, an effect
that was reversed by DFSC-sEVs, suggesting that DFSC-sEVs might
enhance the reparative potential of dental pulp by protecting DPSCs. To
further elucidate the protective effect of DFSC-sEVs, an in vitro OS
damage model was established by treating DPSCs with HoO5. It has been
reported that MSCs, including DPSCs, are sensitive to high concentra-
tions of Hy05 and subsequently undergo rapid apoptosis, thus exhibiting
decreased proliferation and impaired osteogenic differentiation [28,29].
Here, we showed that DFSC-sEVs had a prominent protective effect on
H0,-treated DPSCs by restoring the oxidative/antioxidative balance,
promoting cell survival and enhancing odontogenic differentiation.
MSC-sEVs exert a variety of functions via direct/indirect pathways by
delivering multiple biological molecules, including miRNAs, proteins,
and DNA [30,31]. Previous studies have reported that MSC-sEVs can
relieve OS by directly delivering antioxidant enzymes, such as SODs,
catalase, and glutathione peroxidase. In addition, mRNAs, miRNAs and
other signaling molecules involved in sEV uptake by recipient cells, can
regulate downstream pathways involved in ROS production and anti-
oxidative responses, including Keapl/Nrf2 and NOX4/p38 MAPK [10,
14]. Our study showed that DFSC-sEVs could alleviate OS-induced DNA
and lipid damage and increase SOD activity in DPSCs, but further studies
are needed to determine the molecular mechanisms driving these ef-
fects. Interestingly, RNA sequencing further revealed that DFSC-sEVs
not only improved the positive regulation of ROS metabolism but also
promoted wound healing, TGFp signaling and the ERK1/ERK2 cascade,
indicating that multiple combinations of factors had synergistic effects
on OS-damaged DPSCs.

Recently, the importance of mitochondria in contributing to MSCs
redox homeostasis has been of great interest. Mitochondria are major
producers of ROS, which increase susceptibility to OS damage [32].
Excessive mtROS accumulation leads to mitochondrial dysfunction and
disturbs mitochondrial metabolism, in turn regulating cell fate [33,34].
Our study revealed that DFSC-sEVs exhibited effects similar to those of
Mito-Tempo on reducing mtROS levels and the mitochondrial mass,
upregulating the MMP and increasing ATP production, indicating that
mitochondrial dysfunction in OS-injured DPSCs was alleviated. GSEA
also revealed that the regulation of mitochondrial membrane perme-
ability involved in the apoptotic process pathway was more enriched in
the HpO5 group than in the HyO2+sEVs group. Furthermore, the ability
of DFSC-sEVs to promote the survival and osteogenic/odontogenic dif-
ferentiation of DPSCs undergoing OS was comparable to that of
Mito-Tempo, while the potential cytotoxicity and side effects of syn-
thetic antioxidant application could be avoided [35,36]. MSC-EVs can
promote aged wound repair by alleviating mitochondrial dysfunction
and reprogramming energy metabolism, and metformin-engineered
MSC-EVs strengthened the therapeutic efficacy of MSC-EVs [37]. In
addition, MSC-EVs mediated mitochondrial transfer can also restore
mitochondrial functions in recipient cells [38]. These results suggested
that mitochondria might be the major organelle through which
DFSC-sEVs exert their protective effects on DPSCs.

Stem cells are prone to DNA oxidative damage because of their high
proliferative activity [39,40]. We observed that DFSC-sEVs significantly
decreased the percentage of 8-OHAG'CD90" DPSCs in inflamed pulp
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and downregulated the expression of 8-OHdG in HyOs-treated DPSCs,
confirming the protective effect of DFSC-sEVs on DNA oxidative dam-
age. mtDNA lacks histones and is located close to the electron transport
chain; therefore, mtDNA is more susceptible to oxidative damage than is
nuclear DNA [41]. Conversely, mtDNA damage can lead to mtROS
overproduction [42]. Thus, this vicious cycle contributes to aggravating
mitochondrial dysfunction. Previous studies have reported that mtROS
can promote mitochondrial dysfunction by suppressing mitochondrial
transcription factor A (TFAM)-mediated mtDNA maintenance, while
MSC-EVs can attenuate mtDNA damage in recipient cells by delivering
TFAM mRNA [33,43]. In our study, both DFSC-sEVs and Mito-Tempo
decreased the colocalization of 8-OHdAG and MitoTracker Deep Red in
H,0,-treated DPSCs, suggesting a reduction in oxidized mtDNA. In
addition, the expression of the antioxidant MnSOD, which is an impor-
tant ROS scavenger localized exclusively in mitochondria, was signifi-
cantly upregulated by DFSC-sEVs. Therefore, DFSC-sEVs may protect
DPSCs by reducing mtDNA oxidative damage and enhancing the mito-
chondrial antioxidant capacity, thereby alleviating mitochondrial OS.

Wound healing for pulpitis treatment is a dynamic and long-term
process. MSC-sEVs can be rapidly cleared by macrophages in vivo,
which may undermine the actual efficacy of sEV-based therapy [15].
Hence, various drug delivery systems have been developed to sustain-
ably release sEVs. Inspired by the distinctive OS in pulpitis, we prepared
a ROS-responsive IPN hydrogel composed of alginate and a ROS sensor
to achieve the ‘smart’ release of DFSC-sEVs. IPN hydrogels enable two or
more networks with different properties to establish a stable structure
through topological entanglement and physical interactions, which can
integrate the properties of each network and improve the functionality
of the hydrogel [44]. Currently, the application of IPN hydrogel in
dental pulp capping has rarely been reported. In this study, we con-
structed the monomer RhB-AC to efficiently respond to HCIO/ClO™,
which is one of the most highly oxidative compounds and is usually
generated during phagocytosis and the inflammatory response [45].
Excessive HCIO/CIO™ can react with various biomolecules, and result in
various diseases, such as diabetic wounds, arthritis, cardiovascular dis-
ease, neurodegeneration, and even cancer [46]. In the pathological
environment, the concentration of HCIO/CIO~ increases from the
micromolar level to the millimolar level [47]. Therefore, accurately
monitoring the fluctuations in HCIO/CIO™ is a promising method to
assess tissue injuries. Our group is experienced in the design of hypo-
chlorous acid-responding fluorescence sensors, and had previously
synthesized a RhB-AC monomer with HCIO/ClO™ sensing/consuming
properties [16,48,49]. Moreover, in contrast to broad-spectra
ROS-responsive materials, the high selectivity of RhB-AC for
HCIO/CIO™ provides a clear indication of HCIO/CIO -related inflam-
matory activity, which could be more conducive to adjustable and
predictable drug release kinetics. The present study showed that the
monomer RhB-AC exhibited concentration- and time-dependent
response behaviors, and that the IPN hydrogel SA-RhB efficiently
decreased the oxidative damage of inflamed pulp in vivo. All these results
corroborate the excellent ROS responsiveness of RhB-AC.

Moreover, alginate, which is a natural polysaccharide, was used to
form an interpenetrating polymer network hydrogel with RhB-AC.
Alginate has an excellent water content, biocompatibility and biode-
gradability, is nontoxic, has a soft consistency, and has been widely used
as a MSC-sEVs delivery carrier for myocardial infarction, full-thickness
skin wounds, diabetic wounds, etc. [50-52]. In this study, NasHPO4
was used as a retarding agent to delay the interaction between SA and
Ca®*; thus, we increased the gelation time and facilitated clinical
operation in a simple and inexpensive manner. In fact, this property of
alginate has been widely applied to dental alginate impressions, which
ensures excellent maneuverability in the clinic [53]. We further revealed
that the RhB-AC crosslinked hydrogel SA-RhB was successfully con-
structed to efficiently upload and release DFSC-sEVs in a sustained
manner. In vivo experiments showed that SA-RhB behaved as both a ROS
scavenger and a ROS-responsive drug carrier. SA-RhB contributes to the
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clearance of ROS in inflamed pulp, thus relieving the disruption of
extracellular matrix homeostasis induced by OS. Moreover, DFSC-sEVs
could be precisely released to protect OS-injured DPSCs. Furthermore,
the incorporation of SA-RhB and DFSC-sEVs improved the therapeutic
efficacy of the combination treatment in inflamed pulp via the syner-
gistic effects of extracellular ROS consumption and the alleviation of
intracellular OS. Therefore, this work provides a smart and effective
ROS-responsive strategy for healing inflamed pulp.

P. gingivalis is a well-known periodontal pathogen that can invade the
dental pulp through the channels within the periodontal pocket and has
been detected in approximately 50 % of primary endodontic infections
[54]. Therefore, in this study, P. gingivalis-derived LPS was used to
induce similar and reproducible pulp inflammation in rat molars [55,
56]. As the major pathogen-associated molecular pattern of
gram-negative bacteria, LPS can be recognized by DPSCs, odontoblasts,
fibroblasts and leukocytes, thus leading to an inflammatory response
and subsequent pulp injury [57,58]. Using this well-established pulp
injury model, we documented the preliminary in vivo efficacy of
sEV-loaded ROS-responsive hydrogels in pulp repair following a
gram-negative bacterial insult. Recently, a rat caries-induced pulpitis
model has been reported for studies of vital pulp therapy, which more
closely mimics clinical conditions [59]. Although this model requires a
longer time course and shows great variability in caries progression, it
may facilitate further exploration of the efficacy and effector molecules
of DFSC-sEVs-based treatment.

5. Conclusions

DFSC-sEVs protected DPSCs against OS damage by regulating mito-
chondrial dysfunction, thus promoting the repair of inflamed pulp. In
addition, the smart capping material SA-RhB was developed by incor-
porating DFSC-sEVs within a ROS-responsive hydrogel, which had
synergistic therapeutic effects on the wound healing of inflamed pulp.
Overall, SA-RhB@sEVs is a feasible MSC-sEVs-based therapy for vital
pulp treatment of pulpitis.
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