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Dental pulp stem cell-derived extracellular vesicles loaded with
hydrogels promote osteogenesis in rats with alveolar bone defects
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Abstract. Alveolar bone defects caused by inflammation,
trauma and tumors adversely affect periodontal health,
causing tooth loosening or dentition defects, thus affecting
denture or implant repair. Advancements in tissue engineering
technology and stem cell biology have significantly improved
the regenerative reconstruction of alveolar bone defects. The
multiple trophic activities of extracellular vesicles (EVs)
produced by mesenchymal stem cells play important roles
in exerting their therapeutic effects. Several studies have
reported the role of dental pulp stem cells (DPSCs) in bone
regeneration, but the regenerative effects of DPSC-EVs on
alveolar bone defects are unclear. In the present study, the
osteogenic effects of DPSC-EVs on Hertwig's epithelial root
sheath (HERS) cells in vitro and their osteoinductive effects in
an alveolar bone defect rat model were investigated. The results
showed that DPSC-EVs significantly promoted the expression
of osteogenic genes, such as runt-related transcription factor
2 and alkaline phosphatase, and increased the osteogenic
differentiation capability of HERS. These findings suggested
that transforming growth factor 1 inhibition decreased
DPSC-EV-induced Smad, MAPK and ERK phosphorylation in
HERS. In vivo, DPSC-EV-loaded hydrogels were transplanted
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into the alveolar sockets of Sprague-Dawley rats and observed
for eight weeks. The new bone grew concentrically in the
DPSC-EV or DPSC-EV-loaded hydrogel group, with greater
bone mass than that in the control group, and the bone
volume/total volume increased notably. The results confirmed
the osteogenic and osteoinductive effects of DPSC-EVs and
DPSC-Exo-loaded hydrogels on alveolar bone defects. Due
to their low immunogenicity, high stability, good biocompat-
ibility and osteogenic propensity, DPSC-EV-loaded hydrogels
are a safe cell-free therapeutic approach for defective alveolar
bone regeneration.

Introduction

Several factors, such as congenital malformation of the cleft
lip and palate, drug treatment, local inflammation, periodon-
titis, traumatic injury, malignant tumors and dental surgery,
can cause alveolar bone defects (1). Repairing alveolar bone
injury or periodontal soft tissue injury is a complex process (2).
Due to its favorable osteogenesis and osteoinduction char-
acteristics, autogenous bone transplantation is commonly
performed for treating alveolar bone defects (2). However,
autologous bone transplantation depends on the donor site
conditions, transplantation failure rate and immune rejection
of patients (3). Furthermore, the sources of autologous bone
grafts are limited, the treatment is painful and the donor site is
damaged (3). Other bone tissue substitutes, such as xenotrans-
plantation, are available. However, this approach is hindered
by immune rejection and high pathogen transmission (4). Due
to the poor integration with natural bone tissue, synthetic
grafts often result in graft failure. Therefore, the application of
synthetic grafts is limited (5). A suitable technique needs to be
developed to fully regenerate damaged bone tissues.

The main aim of repairing alveolar bone defects is to
stimulate or induce osteogenic potential and provide the
materials, space and environment needed for osteogenesis (6).
Hertwig's epithelial root sheath (HERS) is a double-layer
epithelial structure formed by the fusion of the inner and
outer enamel epithelia in the tooth neck after the formation
of the tooth crown during tooth development (7). It differ-
entiates into cementoblasts through epithelial-mesenchymal
transition (EMT) and promotes the differentiation of medial
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dental papilla cells (DPCs) into odontoblasts through epithe-
lial-mesenchymal interaction, thus secreting and producing
dentin from the tooth root (7). Furthermore, HERS can
differentiate into cementum cells through EMT and secrete
cementum to form periodontal tissue (8). The cementum is
formed by differentiating cementoblasts, which have similar
phenotypes to osteoblasts, and expresses proteins such as
runt-related transcription factor 2 (RUNX2), bone sialoprotein
(BSP) and alkaline phosphatase (ALP) (9). The sources of the
differentiation of cementum may be dental follicle cells and
epithelial cells (7). Considering that the inner cells of HERS
initiate the differentiation of odontoblasts to form root dentin,
HERS is necessary for root development. For example, if the
continuity of HERS is damaged, it cannot induce DPCs to
differentiate into odontoblasts, resulting in dentin defects (10).
Additionally, if the epithelial root sheath fails to break at a
specific time and adheres to the root dentin surface, the dental
follicle cells cannot differentiate into cementoblasts to form
cementum (11).

Several studies have suggested that extracellular
vehicles, including microvesicles and exosomes produced by
mesenchymal stem cells (MSCs) and dental pulp stem cells
(DPSCs), promote their therapeutic potency by mediating
cell-cell communication and transporting paracrine factors
to facilitate angiogenesis, immune regulation and tissue
regeneration (12,13). Some studies have shown that DPSCs
can secrete various molecules in the medium that can be used
in regenerative medicine (14,15). Extracellular vesicles (EVs),
which are small endocytic vesicles, have attracted attention in
bone regeneration research (16). Researchers have found that
after coculturing EVs derived from MSCs with chondrocytes,
CD73-mediated adenosine activation of AKT and extracel-
lular regulated protein kinase (ERK) signaling in EVs derived
from MSCs promotes cell migration, proliferation and matrix
synthesis during cartilage repair (17). The implantation of
EVs into an animal defect model can significantly increase
the number of chondrocytes and heal cartilage defects (18).
Although the majority of preliminary studies indicate that
EVs stimulate osteogenesis and angiogenesis (18,19), the
exact mechanism remains unelucidated. Therefore, reliable
methods need to be developed to identify and purify EVs.
Exosomes are formed by the multivesicular division of cells
and have high therapeutic potential (19). However, they neither
self-replicate nor cause autoimmune reactions in the host (19).
These paracrine factors can be encapsulated in biomaterials to
maintain their biological activity and can undergo controlled
release (20). Among the different types of biomaterials studied
for the infusion of EVs, hydrogels are the most user-friendly,
cost-effective and accessible material (21). Therefore, in the
present study an alveolar bone defect model was used to study
the osteogenic effects of DPSC-EV-loaded hydrogels with the
aim to propose a new strategy for the osteogenic potential
of DPSC-EVs for safe cell-free therapy and regeneration of
defective alveolar bone.

Materials and methods
Animals. A total of 24 male Sprague-Dawley (SD) rats (age,

10 weeksold; weight,200+10 g) purchased from Beijing Weitong
Lihua Biotechnology Co., Ltd. (cat. no. SCXK-2021-0006)

were used in the present study. The rats had free access to food
and water. All experimental manipulations were performed
in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals. All animals
were housed in separate cages at the Beijing MeDeKanNa
(MDKN) Biotechnology Co., LTD. (experimental animal use
license no. SYXK-2020-0050), with an ambient temperature
of 20-23°C, a relative humidity of 60% and under a 12 h
light-dark cycle. Animals were fed in the animal room for
7 days before conducting experimental modeling. The animal
treatment groups were as follows: i) Alveolar bone injury
group (n=6); ii) alveolar bone injury + EV intervention group
(100 ug; n=6); iii) alveolar bone injury + EV hydrogel inter-
vention group (100 pg; n=6); and iv) alveolar bone injury +
EV hydrogel intervention group (100 pg) + TGF-p1 inhibitor
(gavage, 20 mg/kg; three times/week) group (n=6). The
present study was approved by The Animal Welfare Ethics
Committee of Beijing MDKN Biotechnology Co., LTD.
(approval no. MDKN-2022-052; Beijing, China).

Animal alveolar bone defect model. Numerous studies have
selected the rat alveolar bone defect model (22-25). In the
present study, the rat mandible was lifted to expose its maxil-
lary dentition. Under sterile conditions, a pointed scalpel was
used to cut the mesiopalatal gingiva of the first maxillary
molar, the gingival flap was gently opened, the mesioalveolar
bone surface of the first molar was exposed, and a dental
cylindrical needle (diameter, 1.5 mm) was used to remove the
mesioalveolar bone of the mesiomedial root of the first maxil-
lary molar in the rats. Intermittent grinding was performed
and water was sprayed on the alveolar bone. Finally, a large
ball drill (diameter, 4 mm) was used to repair the hole pattern,
and was made to meet the surgical standard of a hemispherical
defect with a diameter of 4 mm and volume of 16.76 mm?3.
Eventually, a buccal alveolar bone was formed at the first to
third mandibular molars, forming an ~12 mm?® bone defect rat
model. After the surgery, treatment with EVs, and a rehabili-
tation membrane (Heal All®; Yantai Zhenghai Bio-Tech Co.,
Ltd.) was used to cover the alveolar bone defect site to prevent
the impact of other connective tissue. The rats were euthanized
with CO, at a volume displacement of 30% vol/min. After
euthanasia, indicators such as breathing, heartbeat, pupils and
nerve reflexes were observed to confirm animal death.

Isolation and culture of HERS Cells. In the present study, the
rats (n=15) were euthanized, disinfected with 75% ethanol
and their mandibles were separated. Under a stereomicro-
scope, the first mandibular molar embryos were separated
via microscopic forceps. A total of ~I-mm thick dental neck
tissue was cut along the mineralized edge of the crown, the
separated dental neck tissue was rinsed twice with PBS, cut
into small pieces (1x1 cm), and digested at 37°C for 1 h in
a mixture of type I collagenase and dispase enzymes. The
epithelial culture medium (ScienCell Research Laboratories,
Inc.; cat. no. 4101) was added to stop the digestion, the mixture
was centrifuged at 250 x g at 4°C for 5 min to remove the
supernatant and the cells were washed with PBS for 5 min
twice. Subsequently, the supernatant was removed, the cells
were resuspended in epithelial culture medium (ScienCell
Research Laboratories, Inc.; cat. no. 4101), the mixture was
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inoculated in a 25 ml culture flask and cultured at 5% CO,
and 37°C, with the medium changed every two days. On the
third day after inoculation, the epithelial cells were purified
when they reached a growth rate of ~70%. The culture medium
was discarded, and the cells were washed once with PBS.
After which, 0.5 ml of 0.25% trypsin EDTA was added, and
the cells were placed in a 37°C incubator for 3 min. When
the spindle-shaped cells were observed to shrink under the
microscope, 2 ml serum-containing culture medium (Gibco;
Thermo Fisher Scientific, Inc.; cat. no. 16000-044) was added
to terminate digestion. The medium was gently aspirated
to remove the shrunken cells, the medium was discarded
and 5 ml epithelial medium (Lifeline Cell Technology; cat.
no. LL-0023) was added for further cultivation at 37°C. After
three days, the aforementioned purification step was repeated
once, and purified P1-generation HERS epithelial cells were
obtained.

DPSC isolation. The surface of the teeth was disinfected and
sterilized with 75% ethanol, and the pulp was removed under
sterile conditions. After rinsing the dental pulp in sterile phos-
phate buffered saline (PBS), the pulp was cut into 1.0 mm?®
fragments in a-MEM culture medium (Gibco; Thermo Fisher
Scientific, Inc.; cat. no. BC-M-042). A total of 0.5 ml each of
0.3% type I collagenase and 0.4% neutral protease (dispase)
was added, and the centrifuge tube containing the dental pulp
and digestive fluid was gently shaken to ensure full contact
between the dental pulp and digestive fluid. Pieces of dental
pulp were digested at 37°C for 30 min until the tissue mass
became loose. After which, an equal volume of a-MEM culture
medium containing 20% fetal bovine serum (FBS; Gemini
Bio Products; cat. no. 900-108) was added to terminate diges-
tion. The cell precipitate and tissue mass were gently blown
and beaten, centrifuged at 100 x g at 4°C for 6 min and the
supernatant was discarded. An appropriate amount of a-MEM
culture medium containing 20% FBS was added to the cell
precipitate, and gently blown and beaten until a single-cell
suspension was mixed with the loose tissue mass. The samples
was inoculated into a 25 cm? culture bottle, where it was
evenly dispersed and spread flat at the bottom of the bottle
and incubated in a 37°C cell incubator. During the first week
of adherent culture, to prevent tissue blocks from floating,
moving the culture bottle was avoided. The fluid was changed
once a week before cell growth and once every 3 days after
growth. When the growth of the dental pulp cells reached 80%
confluence, the passage was performed using a-MEM culture
medium containing 20% FBS, 1% penicillin streptomycin, and
1% glutamine. The samples was cultured in a moist incubator
at 37°C with 5% CO,, and the culture medium was changed
every 3 days. Third-generation dental pulp cells were used for
the subsequent experiments.

Collection of extracellular vesicles. DPSCs were inoculated
in a 10 cm culture dish. When cell growth reached 80%
density, the samples were washed with PBS and the medium
was replaced with a-MEM without FBS (Gibco; Thermo
Fisher Scientific, Inc.; cat. no. BC-M-042). After 48 h, 180 ml
supernatant was collected and centrifuged at 300 x g at 4°C
for 10 min, at 2,000 x g at 4°C for 10 min and at 10,000 x g
at 4°C for 30 min to remove dead cells and cell fragments.
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Subsequently, the samples were filtered through a 0.22 ym
filter and centrifuged at 100,000 x g for 70 min at 4°C. After
removing the supernatant, vesicles were resuspended with PBS
and centrifuged again at 100,000 x g at 4°C for 70 min (26,27).
Extracellular microspheres were resuspended in PBS and
frozen at -80°C for subsequent use.

Detection of extracellular vesicles. The following steps were
performed for detecting EVs: i) Glutaraldehyde fixation of
EVs; ii) cleaning: the samples were washed three times with
1 ml PBS and left undisturbed for 15 min each time; iii) Acid
fixation: 0.5 ml of 2% acid solution was added, and the mixture
was incubated at 37°C for 2 h for fixation; iv) Cleaning: The
samples were washed three times with PBS; v) Dehydration:
Gradient dehydration with 50, 70, 80 and 90% ethanol was
used at 37°C for 15 min, and then, 100% ethanol was used for
dehydration; vi) Replacement: The mixture was replaced with
1 ml acetone twice; vii) Impregnation: The sample was soaked
in a suitable resin (Araldite; cat. no. GY250) for electron
microscopy observation after curing; viii) Embedding: The
samples were placed in an embedding plate containing Leica
embedding agent (Leica Biosystems; cat. no. 14020108926);
ix) Polymerization: The embedded plate was polymerized at
65°C for 48 h; x) Staining: The samples were stained with
uranium dioxide acetate at 37°C for 10 min and cleaned; then,
the samples were dyed with lead acetate at 37°C for 10 min
and washed; and xi) Electron microscopy examination was
performed.

EV concentration detection. EVs were collected and their
concentration was measured using a BCA protein concentra-
tion assay kit, followed by concentration treatment. The optical
density was measured using a microplate reader (SpectraMR;
Dynex) at 562 nm. A standard curve was drawn based on the
absorbance and concentration of the standard sample, and the
protein concentration was calculated.

Nanoparticles tracking analysis (NTA) of EVs. To observe
the particle size distribution, nanoparticles tracking analysis
(NTA) of the isolated DPSCs-EVs was implemented. A total
of 20 ug DPSCs-EVs were uniformly dispersed in 1 ml PBS,
followed by analysis by the NanoSight nanoparticle tracking
analyzer (Malvern Panalytical, Ltd.). The sample was agitated
on a vortex mixer for 5-10 sec, a 2.5 ml syringe was used to
aspirate the sample, it was inverted 2-3 times. The samples
were slowly injected and the interface particles were observed.

Immunofluorescence confocal microscopy. Purified
P1-generation HERS epithelial cells were obtained. HERS
cells were plated in 96-well flat bottom plates at a density
of 2x10° cells/well. After treatment with DPSC-derived
EVs with a concentration of 20 pg/ml at 37°C for 24 h, the
HERS cells were washed thrice with PBS, and fixed with
4% paraformaldehyde in PBS at 37°C for 20 min. The cells
were then permeabilized with 0.3% Triton X-100 at 37°C
for 5 min. The sections were pre-blocked with 5% bovine
serum albumin (MilliporeSigma; cat. no. A7030-5G) in PBS
at 37°C for 30 min and stained with the following primary
antibodies: Anti-E-cadherin (Proteintech Group, Inc.; cat.
no. 20874-1-AP; 1:200), anti-vimentin (Novus Biologicals,
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Ltd.; Bio-Techne; cat. no. NB300-223SS; 1:200) and anti-cyto-
keratin 14 (CK14) antibody (Proteintech Group, Inc.; cat.
no. 10143-1-AP; 1:200) overnight at 4°C. After being washed
in PBS thrice, the HERS cells were stained with 488-conju-
gated AffininPure Goat Anti-Mouse IgG (H+L; Jackson
ImmunoResearch Laboratories, Inc.; cat. no. 115-545-003)
and 594-conjugated AffiniPure Donkey Anti-Rabbit IgG
(H+L; Jackson ImmunoResearch Laboratories, Inc.; cat.
no. 711-585-152) overnight at 4°C followed by washing with
3X PBS. After washing, the nuclei were stained with Heochst
(Sigma-Aldrich; Merck KGaA) at 37°C for 5 min. Finally,
the cells were observed using a laser-scanning confocal
microscope (Leica Microsystems GmbH).

Cell counting kit-8 (CCK-8) assay. HERS cells were plated in
96-well flat bottom plates at a density of 2x10° cells/well and
incubated with PBS and exosomes in a medium containing
10% fetal calf serum (FCS; Gibco; Thermo Fisher Scientific,
Inc.; cat. no. 10099-141) at 37°C in 5% CO, in humidified
air for 48 h. After which, 10 ul CCK-8 solution (Dojindo
Laboratories, Inc.) was added to each well for 2 h. The optical
density was measured using a microplate reader (SpectraMR;
Dynex) at 540 nm.

Western blotting. Protein concentrations were measured using
a BCA protein assay kit (Thermo Fisher Scientific, Inc.). A
total of 100 ug of the total protein was loaded per well. The
proteins in the HERS cells were separated via 10-12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (Beijing
Solarbio Science & Technology Co, Ltd.; cat. no. P1200)
and transferred electrophoretically onto an immobilon poly-
vinylidene difluoride membrane. After blocking with 10%
skim milk overnight at 4°C, the membrane was incubated
for 6 h at room temperature with anti-BSP (CST Biological
Reagents Co., Ltd.; cat. no. 5468), anti-ALP (Abcam; cat.
no. ab229126), anti-RUNX2 (CST Biological Reagents Co.,
Ltd.; cat. no. 12556), anti-TGF-f1 (Abcam; cat. no. ab315254),
anti-TGFR1 (Abcam; cat.no.ab235578),anti-Smad2/3 (Abcam:;
cat. no. ab202445), anti-phosphorylated (p-)Smad3 (Abcam;
cat. no. ab202445), anti-MAPK (Abcam; cat. no. ab308333),
anti-ERK (Abcam; cat. no. ab184699), anti-p-ERK (Abcam,;
cat. no. ab314200), anti-CD9 (Abcam; cat. no. ab307085),
anti-CD63 (Abcam; cat. no. ab108950), anti-CD81 (Abcam:;
cat. no. ab155760), anti-TSG101 (Abcam; cat. no. ab125011),
anti-Calnexin (Abcam; cat. no. ab22595) and anti-GAPDH
(Proteintech Group, Inc.; cat. no. 6004-1-1g) antibodies (all
1:1,000). The TBST buffer (TBS buffer containing 0.05%
Tween-20) was prepared and the membrane was washed three
times with 1X TBST. After which, the membrane was incu-
bated with HRP-labeled Goat Anti-Rabbit [gG H&L antibody
(Abcam; cat. no. ab205718; 1:2,000) for 1 h at room tempera-
ture. The membrane was washed again three times with TBST
and developed via an enhanced chemiluminescence (ECL)
plus chemiluminescence kit (Tanon Science & Technology,
Co., Ltd.; cat. no. 180-501). Protein bands were detected using
an Odyssey System (LI-COR Biosciences).

ALP staining. The aforementioned grouped cells were
cultured at 37°C in 5% CO, in humidified air for 48 h, the
supernatant was discarded, washed twice with PBS, and fixed

with 70% alcohol at 37°C for 2 min. Distilled water was used
to remove the fixative. Using alkaline phosphatase calcium
cobalt staining kit (Jiangsu Kaiji Biotechnology, Co., Ltd.;
cat. no. KGA353), incubation solution A and B were mixed
to form the incubation working solution before use. The
sample was incubated with the incubation solution at 37°C
for 3 h. The sample was then rinsed with water for 5-10 min.
After which, the sample was incubated with staining solution
A at room temperature for 5 min and rinsed with water for
2 min. Then, the sample was incubated with staining solution
B at room temperature for 1 min and rinsed again for 5 min.
Images were captured using a biological inverted microscope
(Olympus Soft Imaging Solutions GmbH; cat. no. IX71).

Alizarin Red staining determination. The medium was
changed every 3 days, and after 14 and 21 days the culture
medium was aspirated. The samples was washed twice with
PBS, fixed with 4% paraformaldehyde for 30 min at 37°C and
washed with deionized water. After which, the sample was
stained with 2% Alizarin Red staining solution for 20-30 min
at 37°C, and images were captured with a fluorescence micro-
scope. After which, decolorization treatment was performed,
whereby 200 ul 5% perchloric acid solution was added to each
well, the sample was gently agitated on a shaker for 15 min
and then transferred with 150 pl decolorization solution to a
96 well plate. The sample was read with an enzyme-linked
immunosorbent assay reader, the OD value was recorded and
detected at a wavelength of 490 nm.

Flow cytometry analysis. Cells were seeded in a 96-well
culture plate, and the number of cells in each well was adjusted
to 1x10° using 10% FCS-RPMI 1640 medium (Thermo Fisher
Scientific, Inc.; cat. no. 22400089), with a final volume of
200 ul/well. A portion from each group of cells was extracted
for flow cytometry detection of CD44,CD34,CD45 and CD90.
The cells were washed with pre-cooled PBS and resuspended
in 100 ul PBS. Anti-CD44-PE (Abcam; cat. no. ab23396),
anti-CD34-PE (Abcam; cat. no. ab223930), anti-CD45-PE
(eBioscience; cat. no. 12-0451-83) and anti CD90-PE (Abcam;
cat. no. ab33694) was added to the samples and incubated at
4°C in the dark for 30 min. The cells were washed twice with
2 ml 1X transmembrane buffer, suspended in PBS and detected
by flow cytometry (BD Biosciences, C6 model), and analyzed
by the Cytek® NL-CLC full spectrum flow cytometer.

Transmission electron microscopy (TEM). The isolated
exosomes were evaluated using transmission electron micros-
copy (TEM). Firstly, 10 ul of each sample was dropped onto
a 200 mesh ultra-thin carbon coated copper grid at 37°C for
2 min. After which, the grid was quickly dried on filter paper.
Negative staining was performed on the grid using 1% uranyl
acetate (filtered twice through a 0.22 um filter). After complete
drying for 1 min, images were captured using Hitachi HT-7700
TEM at a voltage of 100 kV.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Third-generation HERD cells were seeded in
6-well plates at a density of 1x10* cells/well and co-cultured
at 37°C with osteogenic medium (ScienCell Research
Laboratories, Inc.; cat. no. YB4601) and scaffolds for 14 and
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Table I. Primer sequences for RT-qPCR.
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Primer

Sequence (5'-3")

Rattus GAPDH_F
Rattus GAPDH_R
Rattus BSP_F

Rattus BSP_R
Rattus RUNX2_F
Rattus RUNX2_R
Rattus ALP_F

Rattus ALP_R
Rattus TGF-B1_F
Rattus TGF-f1_R
Rattus ERK1/2_F
Rattus ERK1/2_R
Rattus p38 MAPK_F
Rattus p38 MAPK_R
Rattus Smad3_F
Rattus Smad3_R
Rattus TGFBR1_F
Rattus TGFBR1_R

GCTGAGTATGTCGTGGAGTC
GATGCATTGCTGACAATCTT
CGGCCACGCTACTTTCTTTA
CTCCAACTTTCCAGCGTCA
CCTATGACCAGTCTTACCCC
CAGAGGCAGAAGTCAGAGGT
CGGCTATGAACAGTGTGATG
ACCGCGTTCCAGACAGTAG
CGCCTGCAGAGATTCAAGT
CTCGACGTTTGGGACTGAT
GAACATCATCGGCATCAATG
TGAGGTCACGGTGCAGAA
ACATCGTGTGGCAGTGAAGA
ACGTGGTCATCGGTAAGCTT
GGCTACCTGAGTGAAGATGGA
GGCTGTAGGTCCAAGTTATTG
TCACTAGATCGCCCTTTCAT
TCGCCAAACTTCTCCAAAC

F, forward; R, reverse; BSP, bone sialoprotein; RUNX2, runt-related transcription factor 2; ALP, alkaline phosphatase.

21 days to obtain cell pellets. Total RNA was extracted with
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
and cDNA was synthesized using the PrimeScript RT Master
Mix Perfect Real-Time Kit at 37°C (Takara Biotechnology,
Co., Ltd.). The relative gene expression level was normalized
with the internal parameter (GAPDH). The reaction procedure
was: 30 sec at 95°C, and 40 cycles of 5 sec at 95°C, 30 sec at
60°C. SYBR Select MasterMix (Takara) was used for g-PCR
assay to detect mRNA levels of ALP, BSP, RUNX2, TGF-f1,
TGFRI1,Smad2/3, MAPK and ERK1/2. All primers used in the
present study were purchased from GeneChem, Inc., (Table I).

Micro-CT analysis. SD rats in each group (n=6) were
anesthetized with 3% pentobarbital sodium (50 mg/kg;
intraperitoneally). After which, a micro-CT system was used
to calculate the bone mineral density (BMD) and the bone
volume/total volume (BV/TV) ratio of regenerated bone in the
calvarial defect. The CT Analyzer (version 1.20.3.0; Bruker
Corporation) was used to analyze the region of interest.
Unified parameters were set to calculate the TV, BV, BV/ITV,
bone area (BS), number of trabeculae (Tb. N) and thickness of
trabeculae (Tb. th) of the tissue. The micro-CT equipment was
set with a tomographic rotation of 180° at 85 kV and 135 mA.

Statistical analysis. Statistical analyses were performed
using the GraphPad Prism 9.0 software (Dotmatics). The
data were presented as the mean + standard deviation (SD).
Data were consistent with a normal distribution based on the
Shapiro-Wilk test. One-way ANOVA combined with Tukey's
post-hoc test were employed for the comparison of statistical
difference. P<0.05. was considered to indicate a statistically
significant difference.

Results

Identification of DPSC-EVs and validation of uptake experi-
ments. First, the morphology of DPSCs was observed and
first generation DPSCs cells (P1) were shown to be short and
irregularly shuttle-shaped, while the third generation DPSCs
cells (P3) appeared to be long and regularly shuttle-shaped
(Fig. 1A). DPSCs and DPSC-EVs were isolated. The results of
the flow cytometry assays with DPSC markers showed posi-
tive expression of CD44 and CD90 and negative expression of
CD34 and CD45 (Fig. 1B). Alizarin red, ALP and Oil red O
staining in DPSCs was also performed and the results showed
that Alizarin red staining could clearly display calcified
plaques (Fig. 1C) and ALP was expressed in DPSCs. Next, the
morphology of the EVs via TEM was observed (Fig. 1D), and
the NTA particle size was determined to be 115 nm (Fig. 1E).
The results of the western blotting analysis revealed that the
extracellular vesicle markers CD9, CD63, TSG101 and CD81
were expressed, whereas, the DPSC marker calnexin was not
expressed (Fig. 1E).

The HERS cells were isolated and co-cultured with
DPSC-EVs, and immunofluorescence staining was used to
detect epithelial cell markers, including CK14 and Vimentin.
Immunofluorescence staining showed CK14 and Vimentin
were expressed in the HERS cells (Fig. 2A). The uptake of EVs
was assessed via confocal microscopy. The EVs were stained
with green fluorescence. The range of green fluorescence
staining agents in the EVs in the DPSC-EV group increased,
and the color of green fluorescence became increasingly
intense, indicating that the number of EVs taken up increased
with time. A comparison between the PBS and EV groups
revealed nearly no visible exocrine uptake between these two
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microscopy.

groups at 1 h. Thus, the uptake of EVs commenced after 1 h
(P<0.05; Fig. 2B). The difference in the quantity of secre-
tions ingested between the two groups increased over time
(Fig. 2B). Next, different concentrations (10, 15 and 20 pg/ml)
of DPSC-EVs were used to stimulate HERS cells for 12, 24
and 48 h. The results showed that with a concentration of
20 pg/ml at 48 h, compared with control, the cell proliferation
activity of HERS increased significantly after treatment with
DPSC-EVs (P<0.05; Fig. 2C).

DPSC-EVs promote EMT and osteogenic differentiation of
HERS cells. To further evaluate the ability of DPSC-EVs
to promote the osteogenic differentiation of HERS cells,
changes in epithelial and mesenchymal cell markers in HERS
cells were detected. After 24 h of coculture with DPSC-EVs
and HERS cells, the expression of the epithelial cell marker
E-cadherin in HERS cells decreased, whereas the expression
of the mesenchymal cell marker vimentin and type I collagen
increased compared with control group (P<0.05; Fig. 2D).
Immunofluorescence staining showed that CK14 expres-
sion was increased in the DPSC-EVs group compared with
control group (P<0.05; Fig. 2E), the expression of E-cadherin
in HERS cells decreased in the DPSC-EVs group compared
with control group (P<0.05; Fig. 2F) and the expression of
vimentin in HERS cells increased in the DPSC-EVs group
compared with control group (P<0.05; Fig. 2G). These

findings indicated that HERS cells simultaneously express
epithelial and mesenchymal cell markers, with dual char-
acteristics of epithelial and mesenchymal cells, promoting
epithelial-to-mesenchymal cell transformation after being
stimulated by DPSC-EVs. Therefore, after treatment with
DPSC-EVs, HERS cells may differentiate into cementoblasts
through EMT.

Furthermore, ALP activity was significantly greater in
the DPSC-EV group compared with control group (P<0.05;
Fig. 3A). Cell mineralization determined via Alizarin
red staining revealed that the Alizarin red content in the
DPSC-EV groups was significantly greater than that in the
control group (P<0.05; Fig. 3B). In addition, compared with
control group, the expressions of BSP, ALP and RUNX2 were
increased significantly in the cells of the DPSC-EV (HERS)
group (P<0.05; Fig. 3C). mRNA levels of ALP (Fig. S1A),
RUNX?2 (Fig. S1B), BSP (Fig. S1C), TGFR1 (Fig. SID),
TGF-p1 (Fig. S1E), Smad3 (Fig. S1F), ERK (Fig. SIG) and
MAPK (Fig. SIH) were increased significantly in the cells of
the DPSC-EV (HERS) group compared with control group.
Furthermore, RUNX2 expression in HERS cells was also
studied via RUNX?2 staining. DPSC-EVs promoted the expres-
sion of RUNX2, thus promoting osteogenic differentiation
(P<0.05; Fig. 3D). Therefore, following DPSC-EV-induction,
HERS cells retained osteogenic potential, which indicated that
HERS cells can be used for cementum regeneration.
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DPSC-EV-induced osteogenic differentiation is regulated
by TGF-S1/ERK signaling. The involvement of TGF-f1 in
DPSC-EV-mediated osteogenic differentiation was further
elucidated. In the present study, the protein levels of TGF-fl1,
TGFRI1, p-Smad3 and MAPK/ERK were determined via
Western blotting. The findings revealed that the expres-
sion of TGFR1 and TGF-fBlwere significantly increased
in DPSC-EV-treated cells compared with control group
(P<0.05; Fig. 3E). Relative expression of p-Smad3/Smad3,
ERK/p-ERK and MAPK/p-MAPK were significantly
increased in DPSC-EV-treated cells compared with control
group (P<0.05; Fig. 3F and G). Using a specific inhibitor of
TGF-p1, it was found that ALP expression in the DPSC-EVs
+ TGF-Blinhibitor group was lower than that in the DPSC-EV
group (Fig. 4A), and ALP activity was also significantly lower
in the DPSC-EV + TGF-f1 inhibitor group compared with
DPSC-EV group (P<0.05; Fig. 4B). Using a specific inhibitor of

TGF-p1, the Alizarin red content in the DPSC-EVs + TGF-f1
inhibitor group was lower than that in the DPSC-EV group
(Fig. 4C), and Alizarin red expression was also significantly
lower in the DPSC-EV + TGF-f1 inhibitor group compared
with the DPSC-EV group (P<0.05; Fig. 4D). The confocal
microscopy results revealed that TGF-B1 inhibition weakened
the positive effect of DPSC-EVs on the expression of RUNX2
(P<0.05; Fig. 4E). It was also found that treatment with a
TGF-f1 inhibitor reversed the increase in the expression of
TGFR1 and TGF-B1 induced by DPSC-EVs (P<0.05; Fig. 4F).
The levels of MAPK, ERK, Smad3 and p-Smad3 were
detected by Western blotting (Fig. 4G), and were increased
in the DPSC-EVs group compared with control group, and
consistently lower in the TGF-f1 inhibitor-treated group than
in the DPSC-EVs group (all P<0.05, Fig. 4H). Furthermore,
mRNA levels of TGF-B1 (Fig. S2A), TGFRI1 (Fig. S2B),
Smad3 (Fig. S2C), MAPK (Fig. S2D) and ERK (Fig. S2E) in
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2; ALP, alkaline phosphatase.

the TGF-B1 inhibitor-treated group were markedly decreased
compared with the EVs only group.

DPSC-EV-loaded hydrogels accelerate bone regenera-
tion in rats with alveolar bone defects. After establishing
the alveolar bone defect rat model, micro-CT examina-
tions were first performed to observe bone regeneration
in each rat group showing bone regeneration in rats with
alveolar bone defects after injecting DPSC-EVs and
DPSC-EV-loaded hydrogel (Fig. 5A). New bone grew
concentrically in the DPSC-EV and DPSC-EV-loaded
hydrogel groups, with greater bone mass in these groups
than in the blank control group, and the BV/TV increased
significantly compared with control group (Fig. 5B).
Furthermore, the effects of DPSC-EVs, DPSC-EV-loaded
hydrogel or DPSC-EV-loaded hydrogel and TGF-p1i on

osteogenic differentiation in alveolar bone defect model rats
were also evaluated using Western blotting (Fig. 5C). The
levels of TGF-B1 and p-Smad3/Smad3 were significantly
greater in the DPSC-EV-loaded hydrogel group than in the
DPSC-EV group; thus, treatment with the TGF-$1 inhibitor
decreased the expression of TGF-B1 and p-Smad3/Smad3
(P<0.05; Fig. 5D). Expressions of BSP, ALP and RUNX2
were significantly greater in the DPSC-EV-loaded hydrogel
group than in the DPSC-EV group, and the expression of
BSP, ALP and RUNX2 were decreased upon treatment
with the TGF-P1 inhibitor (P<0.05; Fig. 5SE). mRNA levels
of ALP (Fig. S3A), BSP (Fig. S3B), RUNX2 (Fig. S3C),
TGF-p1 (Fig. S3D) and Smad3 (Fig. S3E) were significantly
increased in the DPSC-EV-loaded hydrogel group than in
the DPSC-EV group, but were decreased in the TGF-31
inhibitor group.
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bone volume/total volume; BSP, bone sialoprotein.

Discussion

Bone tissue engineering is an interdisciplinary field that
combines the application of osteoblasts (stem cells/progeni-
tors), bioactive molecules and biocompatible scaffolds, as
well as, stem cells and signaling molecules (28). The key
factors involved in bone tissue engineering are cells, scaffolds
and signaling molecules (29). Similar to other bone tissues,
osteoclasts and osteoblasts are the primary factors involved in
bone formation and bone homeostasis in alveolar bone (30,31).
Additionally, a complex cellular communication network plays
a key role in maintaining bone coupling and alveolar bone
homeostasis (32). However, the invasion of pathogens from the
oral environment or blood transmission, orthodontic treatment,
drugs and mechanical stress caused by systemic pathological
factors induce complex inflammation, which in turn acti-
vates osteoclasts and inhibits osteoblasts, thus disrupting the
balance between bone removal and regeneration, leading to

alveolar bone loss (33-36). In the present study, rat alveolar
bone defects model were used and the surgery was carried out
as described previously (25). Animals were sacrificed from
each group and tissue samples were collected for micro-CT
analysis. It was found that DPSC-EVs were highly biocompat-
ible and effectively promoted the proliferation and migration
of HERS cells when an appropriate number of DPSC-EVs was
used. The DPSC-EV-loaded hydrogel promoted osteogenic
and osteoinductive effects in alveolar bone defects in rats.
The present study investigated methods for promoting the
interaction between DPSC-EVs and HERS cells. It was found
that DPSC-EVs created a dimensional environment conducive
to cell growth. The high cell viability in the DPSC-EV culture
indicated that DPSC-EVs were biocompatible. DPSC-EVs
also promoted the differentiation of HERS cells via EMT.
Bone formation is a complex process, and the expression of
genes closely related to bone formation in osteoblasts is neces-
sary for the differentiation of osteoblasts into osteoblasts (37);
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such genes are called bone-related genes (38). During in vivo
bone formation, bone-related gene expression has a strictly
regulated time sequence (39). The orderly expression of
bone-related genes is crucial for the bone metabolism of
osteoblasts, osteogenesis, bone growth and bone recon-
struction (40). ALP is produced in the early stages of cell
development and is commonly found on cell surfaces and in
matrix vesicles of bone and calcified cartilage (41). Although
some osteocalcin genes are upregulated, ALP expression
decreases (42). The expression of RUNX2 marks the onset of
osteoblast differentiation and promotes the early maturation
and differentiation of osteoblasts (43). Therefore, RUNX2
is the earliest and most specific marker of the bone forma-
tion process and is generally highly expressed in the early
stage of bone cell differentiation (44). BSP, a critical marker
protein, is highly expressed in the middle and late stages of
osteoblast differentiation (44). The results of the present study
suggested that ALP, BSP and RUNX?2 expression increased

considerably in HERS cultured with DPSC-EVs, suggesting
that DPSC-EVs promote osteogenic differentiation in HERS
cells at an early stage. The results in the present study are
consistent with previous studies, which indicated that HERS
could differentiate into cementum cells through EMT and
secrete cementum to form periodontal tissue (8,9). However,
in the present study the role and regulatory mechanism of
DPSC-EVs in the promotion of osteogenic differentiation of
HERS cells was also investigated.

The findings of the present study revealed that EVs
are crucial regulators of EMT and are essential for bone
development and regeneration. EVs play a dual role in the
aforementioned processes, activating endothelial cells to
accelerate their migration and proliferation and stimulating
osteogenesis by regulating osteogenic growth factors (45). EVs
promote vascular invasion and the recruitment of fragmented
cartilage tissue to hypertrophic cartilage (46). Thus, the results
of the present study indicated that EMT and osteogenesis
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are linked and must be tightly coupled for the physiological
function of bones.

Although EV treatment has shown promising outcomes,
the exact underlying mechanism remains unclear. Several
studies have reported that TGF-f1 regulates various
functions in normal tissue homeostasis, such as cellular
differentiation, apoptosis, cell cycle arrest and cellular
migration (47-49). TGF-B1 binds to type I receptors and
forms a heteromeric complex with type II receptors (50).
This complex activates intracellular Smad transcription
factors to mediate downstream signaling events, which
facilitates the movement of the complex into the nucleus,
where it regulates the expression of its target genes (50).
The in vitro results of the present study showed that
DPSC-EVs mediate HERS cell functions through the cell
surface presentation of TGF-f1 to TGF-BR on target cells.
Furthermore, with Smad2 and Smad3 phosphorylation, the
phosphorylated intermediate is associated with a co-Smad
in the cytoplasm, which migrates to the nucleus, where tran-
scription is regulated through direct DNA binding by the
Smad complex. Thereafter, the expression of Smad2/3 and
p-Smad2/3 in HERS cells was determined, and p-Smad?2/3
and MAPK/ERK expression increased significantly
following DPSC-EV treatment, whereas inhibiting TGF-f1
expression in HERS cells decreased p-Smad expression.
These findings suggested that the combination of TGF-f31
on the surface of HERS cells activates downstream signal
transducers of TGF-f1, including Smad2/3. Furthermore,
these findings suggested that DPSC-EVs modulate osteogen-
esis via TGF-B1/ERK signaling. Micro-CT examinations
were performed to observe bone regeneration in each rat
group after injecting DPSC-EVs, DPSC-EV-loaded hydro-
gels or DPSC-EV-loaded hydrogels with TGF-B1i. New bone
grew concentrically in the DPSC-EV or DPSC-EV-loaded
hydrogel groups, with greater bone mass and BV/TV.
In vivo, the expression of osteogenesis-related proteins was
determined, and the expression of BSP, ALP and RUNX2
increased significantly following treatment with DPSC-EVs
or DPSC-EV-loaded hydrogels, indicating that DPSC-EVs
or DPSC-EV-loaded hydrogels might promote osteogenesis
after alveolar bone defects. The present study had several
limitations, including that the role of cytokines in EVs was
not verified, and in vivo new bone regeneration and BMD
were not be detected via histological examinations.

To summarize, the findings of the present study revealed
that DPSC-EVs promote EMT and osteogenesis. DPSC-EVs
promote the proliferation and EMT of HERS cells. The cell
viability and proliferation results indicated that DPSC-EVs
provide suitable conditions for HERS cells. Additionally,
DPSC-EVs affect osteogenic differentiation through the
TGF-B1/ERK signaling pathway. The DPSC-EVs and the
DPSC-EV-loaded hydrogels greatly promoted osteogenesis in
alveolar bone defect model rats. These findings suggested that
DPSC-EVs or DPSC-EV-loaded hydrogels regulate osteogen-
esis, which might be a key therapeutic target for alveolar bone
defects (Fig. 6).
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