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Abstract Background/purpose: Regenerative endodontic procedures aim to biologically

restore the dentin—pulp complex. Exosomes derived from dental pulp stem cells (D-Exo) have

emerged as promising acellular therapeutic agents due to their ability to modulate the regen-

erative microenvironment. This study evaluated the regenerative potential of D-Exo—loaded

hydroxyapatite/gelatin (HAp/Gel) scaffolds in dentin—pulp complex regeneration.

Materials and methods: A biomimetic HAp/Gel scaffold was fabricated and characterized

for morphology, swelling behavior, degradation, and cytocompatibility. D-Exo were

isolated from dental pulp stem cells (DPSCs) and analyzed using transmission electron micro-

scopy (TEM), nanoparticle tracking analysis, and western blotting. Their effects on DPSC pro-

liferation were examined in vitro. In vivo regenerative efficacy was assessed using a rat

molar pulp exposure model, followed by micro—computed tomography (μ-CT) at 2 and 4

weeks.
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Results: The HAp/Gel scaffold exhibited an interconnected porous architecture, controlled

degradation, and excellent cytocompatibility. Isolated D-Exo displayed typical vesicular

morphology (approximately 117 nm) and expressed CD9, CD63, and CD81. D-Exo enhanced

DPSC proliferation in a dose-dependent manner. μ-CT analysis revealed early mineralized tis-

sue formation at 2 weeks and dentin bridge formation at 4 weeks, with more extensive

mineralized deposition in the D-Exo—loaded HAp/Gel scaffold group.

Conclusion: The D-Exo—loaded HAp/Gel scaffold demonstrated favorable biocompatibility

and enhanced dentin—pulp complex regeneration in vivo. This biomimetic acellular

approach may serve as a promising strategy for future regenerative endodontic applications.

ª 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital

Commons. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Dental pulp is essential for maintaining tooth vitality,

providing sensory function, and supporting dentin forma-

tion and repair.1,2 However, when pulp tissue becomes

exposed due to caries or trauma, inflammation and necrosis

often ensue, ultimately leading to periapical pathology and

tooth loss.3,4 Conventional root canal therapy (RCT)

effectively eradicates infection and preserves the tooth

structure, yet it removes all vital tissue within the canal

system, leaving the tooth devitalized, more brittle, and

devoid of sensory function.5

To address these limitations, regenerative endodontic

procedures (REPs) have been introduced as biologically

based treatments that aim to restore functional

pulp—dentin complex vitality rather than simply replacing

lost tissue with inert filling materials.6—8 According to the

American Association of Endodontists (AAE) clinical consid-

erations, REPs utilize the triad of tissue engineering―stem

cells, signaling molecules, and scaffold materials―to pro-

mote the regeneration of vascularized, innervated tissue

within the root canal space.9 Despite the encouraging out-

comes reported in immature teeth, the predictability and

quality of regenerated tissues remain variable, underscoring

the need for improved biomaterials capable of creating a

more favorable microenvironment for regeneration.10—12

Dental pulp stem cells (DPSCs) play a pivotal role in this

process due to their capacity for self-renewal, multilineage

differentiation, and secretion of trophic factors that stim-

ulate angiogenesis and dentinogenesis.13,14 Increasing evi-

dence suggests that the regenerative effects of DPSCs are

largely mediated through exosomes, nanosized extracel-

lular vesicles that facilitate intercellular communication by

transferring bioactive molecules such as proteins, lipids,

and microRNAs. DPSC-derived exosomes (D-Exo) have

demonstrated the ability to enhance odontoblastic differ-

entiation, modulate inflammation, and promote neo-

vascularization.15—17 However, their clinical utility remains

limited by short half-life, rapid degradation, and challenges

in achieving localized, sustained delivery.18

To overcome these limitations, biomimetic scaffold

systems have been developed to provide both mechanical

support and biological cues for endodontic regener-

ation.19—22 Among these, hydroxyapatite (HAp) and gelatin

(Gel) composites have garnered significant interest.23—25

HAp, the principal inorganic component of dentin and

bone, offers excellent biocompatibility and osteo-

conductivity, while gelatin, derived from partially hydro-

lyzed collagen, mimics the extracellular matrix (ECM) to

support cell adhesion and proliferation. A composite HAp/

Gel scaffold combines these advantages, creating a

bioactive, degradable, and clinically manageable platform

that can also serve as a carrier for bioactive agents.26—28

In this study, we developed an exosome-loaded HAp/Gel

biomimetic scaffold and evaluated its potential to promote

dental pulp regeneration. We hypothesized that the syn-

ergistic combination of DPSC-derived exosomes and a

bioactive HAp/Gel scaffold could enhance odontogenic

differentiation, angiogenesis, and tissue organ-

ization―offering a novel acellular approach that aligns

with the clinical objectives of regenerative endodontic

procedures and represents a translational step toward

next-generation biologically based endodontic therapies.

Materials and methods

HAp/gel scaffold fabrication

Preparation of HAp powder

Hydroxyapatite powder was synthesized using the copreci-

pitation method. Briefly, calcium hydroxide powder was

dissolved in deionized water and stirred continuously at

85 �C until fully dissolved. Subsequently, 0.3 M phosphoric

acid solution was slowly added dropwise into 0.5 M calcium

hydroxide solution under constant stirring to ensure ho-

mogeneous mixing. The pH of the reaction mixture was

adjusted to the desired range, and the solution was stirred

for 2 h, followed by standing for 20 h to allow complete

precipitation. The resulting precipitate was collected by

centrifugation at 10,000 rpm for 10 min and washed three

times with deionized water to remove impurities. The final

product was freeze-dried and stored for further use

(Fig. 1A).

Preparation of HAp/Gel scaffold

Gelatin powder was dissolved in deionized water (ddH2O)

under constant stirring at 40 �C for 45 min to prepare a 10 %

(w/v, 100 mg/mL) gelatin solution. Then, 2.1 g of HAp

powder was added to the gelatin solution and stirred

continuously until a uniform suspension was obtained. The
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mixed solution was poured into 96-well culture plates and

kept at 4 �C for 1 h to allow gelation, forming the HAp/Gel

scaffold. The scaffolds were subsequently freeze-dried to

obtain a stable porous structure and stored in a desiccator

for further experiments (Fig. 1B).

Dental pulp stem cell (DPSC) culture and

exosome isolation

Ethical approval

This study was approved by the Research Ethics Committee A

of National Taiwan University Hospital (IRB No.

202501089RINA), and written informed consents were

obtained from all donors.

Cell culture

Human dental pulp stem cells (DPSCs, passage 5) were

isolated from extracted sound teeth and cryopreserved in

liquid nitrogen until use. For culture, frozen DPSC vials

were rapidly thawed in a 37 �C water bath, followed by

centrifugation at 400�g for 5 min to remove the DMSO-

containing cryoprotectant. The cell pellet was resus-

pended in fresh culture medium consisting of Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10 %

fetal bovine serum (FBS), 1 % non-essential amino acids

(NEAA), and 1 % penicillin—streptomycin. Approximately

4 � 105 cells were seeded into 10-cm culture dishes and

maintained at 37 �C in a humidified incubator with 5 % CO2.

Cell morphology and confluence were monitored using an

inverted phase-contrast microscope.

Exosome production and isolation

DPSCs (4 � 105 cells) were seeded in 10-cm culture dishes

and cultured until reaching 80—90 % confluence. The cells

were washed three times with phosphate-buffered saline

(PBS) and then incubated with DMEM supplemented with

10 % exosome-depleted FBS for 48 h. The conditioned

medium (approximately 40 mL) was collected for exosome

purification. Exosomes were isolated using the qEVoriginal

Gen 2 column (70 nm, IZON Science) according to the

manufacturer’s instructions. The collected eluates were

centrifuged at 3,000�g for 10 min, and the supernatant

was filtered through a 0.22 μm syringe filter. The exosome

suspension was further concentrated using Amicon� Ultra

centrifugal filters (100 kDa, Millipore) to a final volume of

0.5 mL. Exosomes were quantified based on protein con-

centration using the Qubit 4.0 fluorometer (Thermo Fisher

Scientific, Waltham, MA, USA) and stored at �80 �C for

subsequent experiments.

Exosome characterization

The morphology of DPSC-derived exosomes (D-Exo) was

examined by transmission electron microscopy (TEM). Par-

ticle size distribution and concentration were measured

using nanoparticle tracking analysis (NTA). The presence of

exosomal marker proteins CD63, CD81, and Alix was

confirmed by Western blot analysis.

Characterization of the HAp/Gel scaffold

Fourier transform infrared spectroscopy (FTIR)

The chemical structure of the fabricated scaffolds

was analyzed using an attenuated total reflectance

Fourier transform infrared spectrometer (ATR-FTIR;

Vertex 80v, Bruker, Germany) over the wavenumber range

of 500—4000 cm�1 with a resolution of 4 cm�1. Charac-

teristic absorption peaks were identified to determine

functional groups and bonding interactions between HAp

and gelatin.

Figure 1 Illustrates the preparation process. (A) Hydroxyapatite (HAp) powder.; (B) HAp/Gel scaffold fabrication.
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Scanning electron microscopy (SEM)

The surface morphology and microstructure of the scaffolds

were observed using a field-emission scanning electron

microscope (FE-SEM; JSM-7001F, JEOL, Tokyo, Japan). Prior

to imaging, the samples were sputter-coated with gold to

enhance conductivity and image quality.

Degradation and swelling behavior of the scaffolds

Degradation test

To evaluate degradation behavior, HAp/Gel scaffolds were

immersed in 1 � PBS (pH 7.4) at 37 �C and retrieved at

predetermined time intervals (0, 6, 12, 24, 30, 36, 72, 78,

108, 120, 126, 132, 144, and 150 h). At each time point, the

samples were gently removed, blotted with filter paper to

eliminate excess surface water, and weighed (Wt).

The degradation rate was calculated using the following

equation:

Degradation rate ð%Þ�
W0 �Wt

W0

� 100

where W0 represents the initial weight of the hydrated

sample and Wt is the sample weight at each time point.

Swelling test

For swelling measurements, scaffolds were immersed in

1 � PBS at 37 �C and collected at time intervals of 0, 2, 3, 6,

9, and 12 h. The samples were blotted with filter paper and

weighed immediately (Wt).

The swelling ratio was calculated as follows:

Swelling ratio ð%Þ�
Wt �Wd

Wd

� 100

where Wd represents the initial dry weight and Wt is the

wet weight at each specific time point.

These measurements were conducted to assess the

degradation profile, water uptake capacity, and structural

stability of the scaffolds under physiological conditions.

In vitro studies: cytocompatibility evaluation

Preparation of extracts from scaffolds

The extraction medium of each HAp/Gel scaffold was pre-

pared according to the ISO 10993-12 standard. Briefly, 0.8 g

of freeze-dried scaffold was sterilized under ultraviolet

(UV) light for 15 min and immersed in 4 mL of Eagle’s

Minimum Essential Medium (EMEM) supplemented with 10 %

fetal bovine serum (FBS) and 1 % penicillin—streptomycin.

The samples were incubated at 37 �C for 24 h. After incu-

bation, the extracts were centrifuged at 11,000 rpm for

10 min, and the supernatant was filtered through a 0.22 μm

membrane filter to obtain the final extract with a concen-

tration of 0.2 g/mL. Negative control (Al2O3) and positive

control (zinc diethyldithiocarbamate, ZDEC) extracts were

prepared in the same manner.

Cell culture

Mouse fibroblast cell line L929 was used for cytocompati-

bility testing. Cells were cultured in EMEM containing 10 %

FBS and 1 % penicillin—streptomycin at 37 �C in a humidified

incubator with 5 % CO2.

WST-1 cell viability assay

L929 cells were seeded into 96-well culture plates at a

density of 1.0 � 104 cells/well in 200 μL of medium and

incubated for 24 h. The culture medium was then replaced

with the respective scaffold extracts, and the cells were

further incubated for 24 h. Subsequently, WST-1 reagent

(diluted 1:10, Roche Diagnostics, Rotkreuz, Switzerland)

was added to each well and incubated for 4 h. The absor-

bance was measured at 450 nm using a microplate reader.

Cell viability was calculated according to the following

formula:

Viability ð%Þ�
ODtest�ODblank

ODcontrol �ODblank

� 100%

Live/dead cell staining

For morphological observation of viable and dead cells,

L929 cells were seeded in 35 mm culture dishes at a density

of 1.0 � 105 cells/mL and incubated for 24 h. The culture

medium was replaced with each group’s extract, including

the control, negative control, positive control, and HAp/

Gel scaffold extract. After 24 h of incubation, the cells

were stained using a Live/Dead staining kit (Thermo Fisher

Scientific) and incubated at room temperature in the dark

for 30 min. The stained cells were washed with PBS and

observed using a fluorescence microscope (Nikon, Tokyo,

Japan) to assess cell viability and morphology.

Loading of exosomes onto HAp/Gel scaffolds

Freeze-dried HAp/Gel scaffolds were sterilized and

immersed in phosphate-buffered saline containing D-Exo

(100 μg/mL). The samples were incubated at 4 �C for 12 h

to facilitate exosome adsorption onto the scaffold surface.

After incubation, the scaffolds were gently rinsed with PBS

to remove unbound exosomes and stored at 4 �C until

further use in subsequent assays.

In vivo evaluation of dentin—pulp complex regeneration

All animal procedures were approved by the Institutional

Animal Care and Use Committee of National Taiwan Uni-

versity (NTU IACUC No. 20230509) and conducted in

accordance with the NTU Guidelines for the Care and Use of

Laboratory Animals. Twelve-week-old male Wistar rats

were used as the experimental model. Maxillary molars

were selected for testing, with observation endpoints at 2

and 4 weeks postoperatively.

Surgical procedure

Rats were anesthetized by intramuscular injection of

Zoletil 50 (20 mg/kg). After disinfection with 0.2 % chlor-

hexidine gluconate, a Class I cavity was prepared on the

occlusal surface using a high-speed handpiece with a round

diamond bur under saline irrigation. Following hemostasis,

the test material was applied to the exposed pulp and

covered with glass ionomer cement for coronal sealing

(see Fig. 2).

Micro—computed tomography (μ-CT) analysis

After sacrifice at 2 and 4 weeks, the specimens were fixed

in formalin for 10 days and subsequently scanned using μ-CT

to facilitate comprehensive, nondestructive evaluation of
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the samples. Data visualization and 3D reconstruction were

performed using DataViewer and CTVox software.

Statistical analysis

All quantitative data were expressed as mean � standard

error of the mean (SEM). Statistical analyses were per-

formed using SPSS 18.0 software (SPSS Inc., Chicago, IL,

USA). One-way analysis of variance (ANOVA) followed by

Student’s t-test for pairwise comparisons was used to

evaluate statistical differences. A P-value of less than 0.05

was considered statistically significant.

Results

Fabrication of HAp/Gel scaffolds

Hydroxyapatite powder was synthesized using a coprecipi-

tation method with controlled crystal morphology and

particle size (Fig. 3A). The synthesized HAp was then

blended with gelatin to fabricate a composite scaffold.

After thorough mixing, the HAp/Gel mixture was cast into

molds and allowed to gel at 4 �C, forming a three-

dimensional porous scaffold (Fig. 3B).

This fabrication approach yielded HAp/Gel scaffolds

with well-defined morphology and promising potential for

biological applications.

Surface morphology of HAp/Gel scaffolds

The surface morphology of the HAp/Gel scaffolds was

examined using SEM. As shown in Fig. 4, the scaffolds

exhibited a highly porous three-dimensional structure with

pore sizes ranging from several tens to several hundred

micrometers. The internal pore walls displayed a rough and

irregular texture, which may be attributed to the homo-

geneous dispersion of HAp particles within the gelatin

matrix.

Such an interconnected porous architecture increases

the specific surface area of the scaffold and provides a

favorable microenvironment for cell adhesion and growth.

Figure 2 Access preparation and coronal sealing. (A) Access opening prepared to expose the maxillary molar pulp (M1—M3

labeled). (B) Final coronal sealing after placement of the scaffold material in the pulp exposure cavity.

Figure 3 Fabrication and appearance of hydroxyapatite/gelatin (HAp/Gel) scaffolds. (A) Hydroxyapatite (HAp) powder; (B) HAp/

Gel scaffold.
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Fourier transform infrared (FTIR) spectroscopic

analysis

The FTIR spectra of the HAp/Gel scaffolds revealed char-

acteristic absorption peaks corresponding to both hy-

droxyapatite and gelatin components (Fig. 5). Distinct

P—O—P bending vibration peaks were observed at approx-

imately 560 and 600 cm�1, representing the typical phos-

phate group signals of hydroxyapatite. In addition, a

prominent P—O stretching vibration peak appeared near

1040 cm�1, further confirming the presence of phosphate

groups within the scaffold matrix.

Moreover, the absorption bands detected at 1650 cm�1

(amide I) and 1540 cm�1 (amide II) were attributed to the

characteristic amide vibrations of gelatin, indicating the

successful incorporation of gelatin into the composite

structure. The coexistence of these peaks suggests the

formation of a stable molecular interaction between HAp

and gelatin within the scaffold.

Degradation behavior of HAp/Gel scaffolds

The structural stability of the HAp/Gel scaffold was eval-

uated under physiological conditions in PBS. As shown in

Fig. 6, the scaffold exhibited a rapid initial degradation

profile. After 6 h of immersion, the remaining weight was

approximately 86.7 % � 4.8 %, which decreased to

70.8 % � 6.1 % at 12 h, and further declined to 25.1 % after

24 h (see Fig. 7).

By 150 h, only about 5.7 % of the scaffold structure

remained, indicating its fast-degrading characteristics. This

degradation behavior suggests that the HAp/Gel scaffold is

suitable for short-term structural support during the early

stages of tissue regeneration.

Swelling behavior of HAp/Gel scaffolds

The swelling properties of the HAp/Gel scaffolds were

evaluated in PBS to assess their water absorption capacity.

As shown in Fig. 8, the scaffolds rapidly absorbed water

during the initial immersion period, reaching a swelling

ratio of approximately 200 % after 2 h. The swelling ratio

continued to increase gradually and reached about 280 % at

12 h.

This rapid and sustained swelling behavior indicates that

the HAp/Gel scaffolds possess excellent hydrophilicity,

which may facilitate nutrient diffusion and cell infiltration

during tissue regeneration.

WST-1 cell viability assay

The cytocompatibility of the fabricated scaffolds was

evaluated using the WST-1 assay. As shown in Fig. 9, the

positive control group (zinc diethyldithiocarbamate, ZDEC)

exhibited almost no cell viability, confirming the sensitivity

and reliability of the assay for detecting cytotoxicity. In

contrast, the negative control group (Al2O3) demonstrated

a high cell viability of 94.1 � 0.3 %, comparable to that of

the untreated control, indicating the stability and repro-

ducibility of the testing procedure.

Notably, the HAp/Gel scaffold exhibited excellent

biocompatibility, with a cell viability of 91.5 � 0.3 %, which

is well above the 80 % cytocompatibility threshold defined

by ISO 10993-5. These results indicate that the developed

scaffold does not exert significant cytotoxic effects and is

suitable for further biological applications.

Live/dead cell staining

To further evaluate the cytocompatibility of the tested

materials, a Live/Dead staining assay was performed (green

fluorescence indicates viable cells; red fluorescence in-

dicates dead cells; scale bar � 100 μm). As shown in

Figure 4 Scanning electron microscopy (SEM) image of the

hydroxyapatite/gelatin (HAp/Gel) scaffold. The scaffold shows

a highly porous, interconnected three-dimensional structure

with rough internal surfaces. Scale bar � 500 μm.

Figure 5 Fourier transform infrared (FTIR) spectra of hy-

droxyapatite (HAp), gelatin (Gel), and HAp/Gel scaffolds.

Characteristic absorption peaks of phosphate groups from HAp

(≈560, 600, and 1040 cm�1) and amide bands from gelatin

(1650 and 1540 cm�1) confirm successful composite formation.
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Fig. 10, cells in the positive control group exhibited

predominantly red fluorescence, indicating extensive cell

death. In contrast, the negative control group and the

HAp/Gel scaffold group displayed widespread green

fluorescence with minimal red signal, demonstrating

excellent cell viability and confirming the good biocom-

patibility of the developed scaffold.

Isolation and morphological characterization of

DPSC-derived exosomes

Dental pulp stem cells (DPSCs; 4 � 105 cells per 10-cm dish)

were seeded and cultured at 37 �C until reaching approxi-

mately 80—90 % confluence. The culture medium was then

removed, and the cells were washed three times with PBS

to eliminate residual serum components. The cells were

subsequently incubated in DMEM supplemented with 10 %

exosome-depleted FBS for 48 h, after which the condi-

tioned medium was collected.

A total of 40 mL of conditioned medium was subjected to

exosome isolation using qEVoriginal Gen 2 size-exclusion

chromatography columns (70 nm, Izon Science, Medford,

MA, USA) following the manufacturer’s instructions.

TEM demonstrated that the isolated exosome exhibited

the typical oval morphology with a bilayer membrane

Figure 6 Degradation profile of hydroxyapatite/gelatin (HAp/Gel) scaffolds. The HAp/Gel scaffold exhibited a rapid degradation

rate during the first 24 h, followed by a gradual decrease in weight over 150 h of immersion in PBS.

Figure 7 Visual observation of hydroxyapatite/gelatin (HAp/

Gel) scaffold degradation.

Figure 8 Swelling behavior of hydroxyapatite/gelatin (HAp/Gel) scaffolds. The scaffolds rapidly absorbed water within the first

2 h, reaching a swelling ratio of approximately 200 %, and gradually increased to about 280 % after 12 h of immersion in PBS.
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characteristic of exosomes, confirming successful isolation

of D-Exo (Fig. 11).

Size distribution and concentration analysis of

DPSC-derived exosomes

The size distribution and concentration of purified D-Exo

were analyzed using a nanoparticle tracking analysis (NTA)

system (NanoSight NS300, Malvern Instruments, Worces-

tershire, UK). The exosome samples were diluted 10—100

times with sterile PBS prior to measurement to ensure

optimal particle count.

As shown in Fig. 12, the D-Exo exhibited a homogeneous

size distribution, with particle diameters ranging from 100

to 125 nm, and a mode size of approximately 117.1 nm. The

concentration of exosomes after purification was deter-

mined to be (1.15 � 1010 � 1.84 � 108 particles/mL)

(mean � SEM), consistent with the expected size and con-

centration range of typical exosome.

Characterization of DPSC-derived exosomes

To confirm the identity of the purified exosomes derived

from DPSC, the expression of specific exosomal surface

markers was analyzed by Western blotting. Total protein

was extracted from lysed exosome preparations and

Figure 9 Cell viability of L929 fibroblasts cultured with hydroxyapatite/gelatin (HAp/Gel) scaffold extracts.

Figure 10 Live/Dead fluorescence images of L929 fibroblasts

cultured with hydroxyapatite/gelatin (HAp/Gel) scaffold ex-

tracts (scale bar � 100 μm). Green fluorescence indicates

viable cells, and red fluorescence indicates dead cells. The

HAp/Gel scaffold and negative control groups showed pre-

dominantly green fluorescence, while the positive control

exhibited extensive red fluorescence, confirming the excellent

cytocompatibility of the scaffold.

Figure 11 Transmission electron microscopy (TEM) image of

dental pulp stem cell (DPSC)-derived exosomes (scale

bar � 0.1 μm). The isolated extracellular vesicles exhibited a

typical oval, bilayered morphology, confirming the successful

isolation of exosomes from dental pulp stem cells.
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subjected to immunoblot analysis using antibodies against

canonical exosomal markers.

As shown in Fig. 13, the presence of characteristic

exosomal proteins CD9, CD63, and CD81 was clearly

detected, confirming the successful isolation of DPSC-

derived exosomes. These findings validate the purity and

exosomal nature of the isolated vesicles.

Effects of DPSC-derived exosomes on cell

proliferation

To evaluate the effect of purified exosomes on DPSC pro-

liferation, cells were seeded in 96-well plates and treated

with various concentrations of D-Exo. Cell proliferation was

assessed at 1, 3, and 5 days using the CCK-8 assay.

As shown in Fig. 14A, after 24 h of treatment, cells

exposed to D-Exo at a concentration of 107 particles

exhibited a significant increase in proliferation compared to

the control group (P < 0.05). This proliferative effect

became more pronounced at days 3 and 5 (Fig. 14B and C),

indicating a time-dependent enhancement of cell growth.

These findings suggest that D-Exo promote DPSC prolif-

eration in a dose-dependent manner, with an optimal ef-

fect observed at a cell-to-exosome ratio of approximately

1:1000 (cell: D-Exo). Data are presented as mean � SEM,

and statistical analysis was performed using Student’s t-test

(P < 0.05, *P < 0.01).

In vivo evaluation of dentin—pulp complex

regeneration by micro—CT

To evaluate the dentin—pulp regenerative potential of the

HAp/Gel and HAp/Gel/D-Exo scaffolds, the materials were

implanted into the molar pulps of Wistar rats. The animals

were sacrificed at 2 and 4 weeks post-implantation for

micro—computed tomography (μ-CT) analysis.

As shown in Fig. 15, color-coded μ-CT images revealed

mineralized tissue deposition at 2 weeks (indicated by yel-

low arrows) in both groups; however, no apparent dentin

bridge formation was observed at this stage. By 4 weeks,

distinct dentin bridge formation was detected in both the

HAp/Gel and HAp/Gel/D-Exo scaffold groups (red arrows).

These findings suggest that both scaffolds promoted hard

tissue formation, with D-Exo incorporation further enhancing

dentin—pulp complex regeneration.

Discussion

In this study, a HAp/Gel scaffold incorporated with D-Exo

was successfully fabricated and evaluated for its potential

in dentin—pulp complex regeneration. Both hydroxyapatite

and gelatin are widely used biomaterials with proven

clinical safety. HAp, the principal inorganic component of

dentin and bone, has long been applied in bone fillers and

dental implant coatings owing to its excellent bioactivity

and osteoconductivity. Gelatin, a natural derivative of

collagen, provides high hydrophilicity, biodegradability,

and cell adhesion sites, and is commonly used in medical

dressings and tissue-engineered scaffolds. The

Figure 12 Characterization of dental pulp stem cell (DPSC)-

derived exosomes by nanoparticle tracking analysis (NTA) and

fluorescence imaging. NTA revealed that the DPSC-derived

exosomes had a modal particle size of approximately

117.1 nm and a concentration of 1.15 � 1010 � 1.84 � 108

particles/mL. Fluorescence imaging confirmed the presence of

nanosized vesicles with uniform distribution, consistent with

the typical size range of exosomes.

Figure 13 Western blot analysis of dental pulp stem cell

(DPSC)-derived exosomes (D-Exo1—3). The isolated exosomes

expressed characteristic markers CD9, CD63, and CD81, con-

firming the successful isolation of exosome from dental pulp

stem cells. β-actin and GAPDH served as internal controls.
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combination of these two biomaterials yielded a three-

dimensional porous scaffold with interconnected pores

that facilitated cell attachment and nutrient exchange,

while its controlled degradation provided initial mechani-

cal support and allowed gradual tissue ingrowth. The re-

sults of WST-1 and Live/Dead assays demonstrated that the

HAp/Gel scaffold exhibited excellent cytocompatibility,

with cell viability exceeding the ISO 10993-5 threshold,

confirming its biosafety and suitability as a regenerative

scaffold.

The DPSC-derived exosomes isolated in this study dis-

played typical vesicular morphology, an average diameter

of approximately 117 nm, and positive expression of exo-

somal markers CD9, CD63, and CD81. Functionally, D-Exo

significantly promoted DPSC proliferation in a dose-

dependent manner, particularly at a concentration of 107

particles/mL. Previous studies have shown that DPSC-

derived exosomes contain multiple bioactive micro-

RNAs―such as miR-27a, miR-140-5p, and miR-1246―that

regulate odontogenic differentiation and angiogenesis via

the Wnt/β-catenin, TGF-β/Smad, and PI3K/Akt signaling

pathways. These findings are consistent with our results,

suggesting that D-Exo acts as a potent biological regulator

that enhances the regenerative capacity of the HAp/Gel

scaffold.

In vivo micro—CT analysis further confirmed that both

HAp/Gel and HAp/Gel/D-Exo scaffolds promoted mineral-

ized tissue formation within the rat molar pulp cavity. Early

mineral deposition was observed at 2 weeks, and distinct

dentin bridge formation became evident by 4 weeks, with

more extensive mineralized tissue detected in the D-Exo-

—incorporated group. These findings indicate that the

addition of D-Exo effectively enhances dentin—pulp

regeneration by stimulating cell—cell communication and

biomineralization.

Nevertheless, this study had certain limitations. The

small anatomical size of rat molars made it challenging to

precisely locate the pulp exposure area during surgery,

particularly in smaller animals, which may have intro-

duced procedural variability. For future studies, the

Lee—Song miniature pig model―which closely resembles

human tooth anatomy and has been previously established

by our team―could provide a more clinically relevant

platform for evaluating pulp—dentin regeneration. In

addition, only short-term (4-week) outcomes were

assessed in this study, and the long-term stability and

molecular mechanisms of exosome-mediated regeneration

warrant further investigation.

In summary, the HAp/Gel/D-Exo scaffold developed in

this study demonstrated favorable morphology, biosafety,

Figure 14 Cell proliferation of dental pulp stem cell (DPSC) treated with different concentrations of DPSC-derived exosomes (D-

Exo). The CCK-8 assay was performed after 1 day (A), 3 days (B), and 5 days (C) of incubation. Treatment with D-Exo significantly

enhanced DPSC proliferation in a dose-dependent manner, with the most pronounced effect observed at a concentration of 107

particles/mL (P < 0.05, *P < 0.01).
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and biological functionality, effectively promoting dental

pulp stem cell proliferation and dentin—pulp complex

regeneration. These findings suggest that this biomimetic

scaffold represents a promising candidate for future

regenerative endodontic procedures and translational ap-

plications in clinical pulp regeneration.

This study successfully developed a HAp/Gel scaffold

incorporated with dental pulp stem cell—derived exosomes

for dentin—pulp complex regeneration. The composite

scaffold exhibited favorable morphology, biodegradability,

and excellent cytocompatibility, reflecting the intrinsic

safety and clinical feasibility of both HAp and gelatin as

biomaterials. The incorporation of D-Exo significantly

enhanced DPSC proliferation and mineralization, likely

through bioactive microRNAs and signaling pathways related

to odontogenic differentiation. In vivo findings further

demonstrated that the HAp/Gel/D-Exo scaffold effectively

promoted mineralized tissue formation and dentin bridge

development, confirming its regenerative potential.

Overall, the HAp/Gel/D-Exo scaffold represents a

promising biomimetic platform that integrates structural

support with biological regulation, offering a novel and

clinically translatable approach for future regenerative

endodontic procedures.
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