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Introduction: Root canal therapy (RCT) is the most common treatment for
pulpitis or pulp necrosis. However, in immature permanent teeth, loss of pulp
vitality hampers root development and apical closure, resulting in thin and
fragile dentin walls. Regenerative endodontic treatment (RET) has emerged as
a promising approach to restore pulp vitality and promote root maturation.
Stromal cell-derived factor-1a (SDF-1a), a key chemokine, has shown significant
potential in enhancing the migration and odontogenic differentiation of human
dental pulp stem cells (hDPSCs).

Methods: To protect the bioactivity of SDF-1a during delivery and achieve
controlled release, we fabricated core-shell structured SDF-1a/poly(lactic-co-
glycolic acid) (PLGA) microspheres using electrospinning technology. The
morphology, release profile, and biocompatibility of the microspheres were
characterized, and their effects on hDPSC migration and differentiation were
evaluated in vitro.

Results: The core-shell microspheres demonstrated uniform particle size,
excellent biocompatibility, and sustained-release behavior. SDF-1a released
during the first two weeks significantly promoted the migration of hDPSCs,
confirming the preservation of its bioactivity. Furthermore, the microspheres
continuously induced the odontogenic and angiogenic differentiation of
hDPSCs without requiring repeated administration.

Discussion: These findings suggest that the sustained-release SDF-1a/PLGA
microspheres effectively maintain growth factor activity, support long-term
therapeutic outcomes, and enhance the efficiency of RET. Their ability to
promote hDPSC migration and differentiation positions them as a promising
scaffold component for future pulp regeneration applications.

SDF-1a, microspheres, sustained release, dental pulp regeneration, human dental pulp
stem cells
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1 Introduction

Root canal therapy (RCT) is the most commonly used clinical
treatment for pulpitis or necrosis (Taha et al., 2023), removing
infected and necrotic pulp tissue, bacteria, and other harmful agents.
In mature permanent teeth, the loss of nutritional support from pulp
tissue following RCT can reduce the resistance of the remaining
dentin. For immature permanent teeth, the loss of pulp vitality
inhibits root development and apical closure, resulting in thin and
fragile dentin walls (Krastl et al., 2021). Therefore, numerous studies
have focused on regenerative endodontic treatment (RET) to restore
tooth vitality and promote root development (Panda et al., 2022).

Dental stem cells, scaffolds, and growth factors are essential
components of RET (Li et al., 2023). Stromal cell-derived factor-
la (SDF-la) has recently been shown to promote odontogenic
differentiation in human dental pulp cells (Liu et al., 2021) and
plays a crucial role in recruiting, migrating, and differentiating
stem/progenitor cells, including hematopoietic and mesenchymal
stem cells (Liu et al., 2014). However, the half-life of SDF-1a in
a 37°C aqueous environment is short, and its bioactivity must be
protected during drug delivery to be effective. Thus, an appropriate
sustained-release carrier is required to enhance the efficacy of
bioactive factors. Studies on various properties of scale scaffolds
have introduced new directions for the sustained release of bioactive
factors (Zhang X. et al., 2023). As a tissue engineering scaffold, poly
lactic-co-glycolic acid (PLGA) provides a three-dimensional space
for cell adhesion. It simulates a suitable environment by enhancing
cell attachment, contact, and spreading, thereby influencing cellular
proliferation and differentiation capabilities (Vahidi et al., 2024).
Due to its good biocompatibility and biodegradability, PLGA has
been widely studied in tissue engineering. The injectability of
PLGA microspheres makes them ideal materials for dentin-pulp
complex regeneration (C Silva et al., 2015). PLGA microspheres
are currently the most commonly used polymer materials in
drug delivery systems, mainly for research on sustained-release
drug carriers (Ruan et al., 2022). The coaxial electrospray method
enables the one-step fabrication of microspheres loaded with
drugs. It offers advantages such as monodispersity, reproducibility,
and controllable microsphere size, making it highly promising
in controlled drug release. Therefore, we hypothesize that PLGA
could be a biocompatible sustained-release scaffold for regenerative
endodontic treatment.

Dental pulp stem cells (DPSCs), as a key source of stem cells
for pulp regeneration (Sui et al., 2019), possess strong proliferative
capacity and multidirectional differentiation potential (Zhai et al.,
2019). Compared to other types of stem cells, DPSCs are more
likely to form pulp-like tissues (Siddiqui et al., 2022) and have been
widely applied in regenerative medicine. Growth factors are critical
signaling molecules that guide stem cells in the process of tissue
regeneration. SDF-1a, a member of the CXC chemokine subfamily,
plays a crucial role in the recruitment, migration, and differentiation
of stem/progenitor cells such as hematopoietic and mesenchymal
stem cells (Ito et al., 2021). SDF-1a has been shown to promote
odontogenic differentiation in human dental pulp cells (Li Z. et al.,
2021). However, how SDF-1a can exert its effects over an extended
period in regenerative endodontic treatment remains unresolved.
This study aims to develop PLGA microspheres loaded with SDF-
la and investigate their impact on the proliferation, migration, and
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differentiation of human dental pulp stem cells (hDPSCs) in vitro to
explore the potential application of SDF-1a/PLGA microspheres in
pulp regeneration therapy.

2 Materials and methods
2.1 Materials

The following reagents were used: PLGA (50:50, Mw:
30000) was purchased from Shenzhen Maiqi Biomaterials Co.
Hexafluoroisopropanol (HFIP) was purchased from Shanghai
Darui Fine Chemical Co. Stromal cell-derived factor-la (SDEF-
la) was purchased from PeproTech Co., Ltd. (New Jersey, United
States). The ELISA kit was purchased from Wuhan Boster Biological
Technology Co., Ltd. (Wuhan, China). Cell Counting Kit8 (CCK-
8) kit was purchased from GLPBIO Co., Ltd. (Montclair, CA,
United States). Anti-CD34, anti-CD45, anti-CD90, and anti-CD105
were purchased from Abcam (Shanghai, China). TRIzol kit was
purchased from Sigma-Aldrich Co., Ltd. (St. Louis, Missouri, United
States). SYBR PreMix Ex TaqTMII, PrimeScriptTM RT kits were
purchased from Takara Biotech Co., Ltd. (Kusatsu, Shiga, Japan).
Primers were designed and synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China).

2.2 Preparation and characterization of
SDF-1a/PLGA microspheres

A 4% concentration of PLGA solution was used as the shell
solution, and 25, 50, and 100 ng/mL SDF-1a was used as the core
solution. The low-loading (L), medium-loading (M), and high-
loading (H) groups were prepared, respectively. The flow rates were
set to 1 mL/h for the shell and 0.2 mL/h for the core, allowing spray
deposition onto aluminum foil to form SDF-1a/PLGA particles. The
electrospinning process was conducted at a voltage of 20 kV, with a
collecting distance of 15 cm, under ambient conditions of 25°C room
temperature and 40% humidity.

The aluminum foil with collected microspheres was cut into
1cm x 1cm samples for gold sputtering, and their morphology
was observed using a scanning electron microscope (SEM).
The diameters of 100 randomly selected microspheres were
measured using Image] software. Diameter data were analyzed using
GraphPad Prism 10, and a diameter distribution graph was plotted.

A drop of the microspheres suspension was placed onto a copper
grid. After solvent evaporation, the structure of the microspheres
was observed using transmission electron microscopy (TEM) at an
operating voltage of 100 kV.

2.3 Drug loading efficiency and
encapsulation efficiency

A 20 mg sample of SDF-1a/PLGA microspheres lyophilized
powder was dissolved in 2 mL of dichloromethane and 5 mL of
PBS buffer. The mixture was thoroughly mixed using a vortex
shaker to extract SDF-1a into the aqueous phase. The solution was
centrifuged at 10,000 rpm for 20 min to ensure complete separation
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of the aqueous and organic phases. The SDF-1a concentration in the
aqueous phase was determined using an ELISA kit, and the following
formulas were used for calculations:

Drugloadingrate (DL, %): W,/ W3 * 100%

Encapsulationrate (EE, %): W, /W, % 100%

here, W, represents the actual SDF-1a content, W, denotes the
theoretical SDF-1a content, and Wy is the sample mass.

2.4 In vitro release of sustained release
microspheres

Fifty milligrams of microspheres from each group (L, M, H)
were placed in 5 mL of PBS and incubated in a thermostatic shaker
at 37°C with a constant shaking rate of 120 rpm. At specific time
points within 15 days, 100 pL of the solution was withdrawn and
replaced with 100 pL of fresh PBS. The concentration of SDF-1a
in the collected samples was measured using an ELISA kit. The
cumulative release rate was calculated, and the cumulative drug
release curve was plotted using GraphPad Prism 10.

2.5 Isolation and culture of hDPSCs

Freshly extracted third molars were collected from three patients
aged 18 to 23 who underwent extraction due to impacted teeth
at the Department of Oral and Maxillofacial Surgery, Qingdao
Stomatological Hospital. All patients provided informed consent.
This study was approved by the Medical Ethics Committee
of Qingdao Stomatological Hospital (2023KQYX039). Informed
consent was obtained from all patients and their families, and
all procedures were conducted in accordance with the principles
outlined in the Declaration of Helsinki. The freshly extracted teeth
were split open, and the pulp tissue was carefully removed and
cut into small pieces measuring 1.0 mm x 1.0 mm x 1.0 mm. The
tissue fragments were evenly distributed at the bottom of culture
flasks, followed by the addition of DMEM medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
antibiotics. The flasks were initially inverted and placed in a cell
incubator. After overnight incubation, the flasks were returned
upright, and the culture medium was replaced every 3 days. When
the cells growing out from the tissue fragments reached 80%-90%
confluency, they were passaged. Cells between passages 3 and 4 were
used for subsequent experiments.

2.6 ldentification of hDPSCs

Flow cytometry was used to analyze the surface markers CD90,
CD105, CD34, and CD45 on the isolated cells. The cell concentration
was adjusted to 1 x 107 cells/mL. For each group, 100 pL of the
cell suspension was collected and incubated separately with the
following antibodies: anti-human CD90, anti-human CD105, anti-
human CD34, and anti-human CD45. The cells were incubated in
the dark at 4°C for 30 min.
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After incubation, the cells were washed and resuspended in
an appropriate buffer. The samples were then subjected to flow
cytometry analysis to determine the positive expression rates of the
surface markers.

2.7 Assessment of microsphere
biocompatibility

The L, M, and H groups of SDF-1a/PLGA microspheres were
sterilized with UV light for 12 h before the preparation of the
microspheres suspension. After sterilization, the microspheres were
subjected to extraction, centrifugation, and filtration to obtain a
sterile extract solution.

Cells were seeded into a 96-well plate at a density of 5 x 10°
cells/well. Once cell adhesion was achieved, the culture medium
was replaced with the microsphere extract. Cells were cultured
for 1, 3, and 5 days. At each time point, the plate was removed
from the incubator, and the CCK-8 reagent was added following
the manufacturer’s instructions. After a 2-h incubation, the optical
density (OD) of each well was measured at 450 nm using an 800TS
microplate reader.

Additionally, hDPSCs were co-cultured with SDF-la at
various concentration gradients (0 ng/mL, 25 ng/mL, 50 ng/mL,
100 ng/mL). The OD values were similarly measured on days
1, 3, and 5 to evaluate cell proliferation under different SDF-1a
concentrations.

2.8 Determination of core layer solution
concentration

Cells were seeded into 6-well plates at a density of 1 x 10°
cells per well. Three experimental groups were established. Once
the cells reached full confluency, a straight scratch (wound) was
created vertically across the bottom of the well using a sterile pipette
tip. The cells were washed with PBS to remove any cell debris,
and the medium was replaced with serum-free a-MEM to halt cell
proliferation and focus on migration.

The cells were incubated for 24 h, after which images of the
wound area were captured. The wound healing process was observed
by analyzing the scratch images, and the average distance between
the edges of the scratch was measured using Image] software. The
measurements were repeated three times for each group to ensure
accuracy and reproducibility.

2.9 Effect of microspheres on the
migration of hDPSCs

At the 2-week time point, the supernatants of the three
groups (L/M/H) of SDF-1a/PLGA microsphere suspensions at a
concentration of 20 mg/mL were collected and used as the lower
chamber solution in the Transwell assay. Cells were seeded into
the upper chamber of a Transwell insert at a density of 1 x 10°
cells/well. The lower chamber was filled with either the microspheres
supernatant or an SDF-1a solution to serve as a chemoattractant.

frontiersin.org


https://doi.org/10.3389/fmats.2025.1568591
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org

Feng et al.

After 24 h of incubation, the Transwell inserts were removed,
and the upper chamber was washed with PBS to remove non-
migrated cells. Cells that had migrated to the lower side of the
membrane were fixed and stained. Quantitative analysis of the
migrated cells was conducted using Image] software to assess cell
migration efficiency.

2.10 Effect of microspheres on the
differentiation of hDPSCs

hDPSCs were seeded in 6-well plates, and each well was treated
with the corresponding group’s microsphere extract (L/M/H group
extracts collected every 3 days). The culture medium was refreshed
every 3 days, and the cells were maintained for 2 weeks. On day 14,
total RNA was extracted from treated cells using TRIzol reagent,
and the RNA concentration was measured with a microvolume
spectrophotometer. Complementary DNA (cDNA) was synthesized
using a reverse transcription kit from the extracted RNA. RT-qPCR
was performed for each sample using GAPDH as an internal control.
The relative expression levels of target genes were calculated using
the 2"-AACt method. The primer sequences used for target gene
amplification are listed in Table 1.

2.11 Statistical analysis

All data were presented as mean + standard deviation (x
+ SD), and statistical analysis was performed using GraphPad
Prism 9.0 software. A t-test was used to compare differences
between two groups, while one-way ANOVA was employed
to analyze differences among three or more groups. Error
bars represent the standard deviation of three measurements
per group. Differences were considered statistically significant
at P < 0.05.

TABLE 1 Primer sequence.

Target genes Primers

Forward 5'-GGTCCAGGCTATGTGCTCAAGG-3'
ALP

Reverse 5'-ACTGCTGACTGCTGCCGATAC-3'

Forward 5'-CTCGCACACACTCTCCCACTC-3'
DMP-1

Reverse 5'-GGCTTTCCTCGCTCTGACTCTC-3'

Forward 5'-AGCAGCGACAGCAGTGATAGC-3'
DSPP

Reverse 5'-GTCACTGTCACTGTCACTTCCATTG-3'

Forward 5'-TTCCTCGCTGCCATTCTGACTC-3'
Ang-1

Reverse 5'-GCGTTTGTGTTGTACTGGTCTGTC-3'

Forward 5'-AAGGTGGTGGAGTCTGGAGAGG-3'
CD31

Reverse 5'-CTGGGTGGCATTTGAGGTCATTTG-3’
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3 Results and discussion

3.1 Characterization of SDF-1a/PLGA
microspheres

We successfully prepared SDF-1a/PLGA microspheres with a
shell concentration of 4% using a fixed receiving distance, injection
voltage, and core solution concentration. The morphology and
structure of the microspheres were thoroughly analyzed using
SEM and TEM. SEM observations revealed that the surface of
the prepared microspheres was smooth and evenly dispersed,
with no fiber-like connections between particles (Figure 1A).
This surface property is critical for drug delivery systems, as
smooth surfaces reduce nonspecific adsorption in vivo, enhancing
biocompatibility (Amani et al., 2024). The uniform distribution of
microspheres indicates the stability of the preparation process and
proper control of process parameters, ensuring consistency and
reproducibility of the microspheres.

The average particle size of the microspheres, measured using
Image] software, was approximately 0.77 um, with a relatively
narrow size distribution (Figure 1C). Particle size plays a vital
role in determining the distribution, metabolism, and excretion
pathways of the microspheres in the body, directly influencing drug
efficacy and safety. Microspheres of micron-scale size offer favorable
circulation time and targeting ability in vivo (Kapate et al., 2021),
making them highly advantageous for drug delivery applications.
Furthermore, uniform particle size helps regulate drug release rates,
ensuring stable drug concentrations within the body.

TEM analysis confirmed the presence of a distinct core-shell
structure in the prepared microspheres, with the shell-to-core
thickness ratio measured at 24.1% + 0.59% (Figure 1B). The design
of the core-shell structure enables the encapsulation of drugs
or growth factors within the microspheres, providing sustained
release. The shell layer protects the active components from external
environmental factors, prolonging their efficacy in vivo (Yuan et al.,
2024). Additionally, the thickness of the shell can be precisely
controlled by adjusting the PLGA concentration and solution flow
rate to meet different therapeutic needs. This core-shell architecture
offers a flexible drug loading and release mechanism, allowing
the delivery of various bioactive molecules. As a result, these
microspheres exhibit significant potential for applications in drug
delivery systems across multiple therapeutic areas.

3.2 In Vitro drug release profile of
sustained release microspheres

The PLGA microspheres loaded with different concentrations
of SDF-1a exhibited the following DL and encapsulation efficiency
EE: the low-loading group showed a DL of 4.02% + 0.85% and an
EE of 89.71% =+ 4.78%; the medium-loading group exhibited a DL
of 6.75% * 0.96% and an EE of 81.77% + 5.20%; while the high-
loading group reached a DL of 9.31% + 1.11%, the EE decreased
to 70.24% + 6.52%. Overall, the microsphere system demonstrated
favorable drug-loading capacity and encapsulation efficiency. At
the medium drug concentration, drug loss during preparation
was minimal, balancing a high drug content with microsphere
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images of SDF-1a/PLGA microspheres. Scale bar = 200 pm. (C) Diameter distribution of SDF-1a/PLGA microspheres. (D) The cumulative drug release

profiles of PLGA microspheres with different SDF-1a loading amounts.

stability. Although the high-loading group achieved greater drug
loading, the reduced encapsulation efficiency suggests that excess
drug may not be fully incorporated within the microsphere matrix.
Conversely, the low-loading group had the highest encapsulation
efficiency despite a lower drug content, making it more suitable
for sustained-release applications where drug stability is critical.
A high encapsulation efficiency indicates that most of the drug
was successfully entrapped within the microspheres, which is
particularly important for controlled-release systems (Li et al., 2024).
Therefore, microspheres with varying drug-loading levels can be
selectively chosen based on specific therapeutic needs. Among them,
the medium-loading formulation offers a favorable balance between
drug utilization and sustained-release performance, showing strong
potential for clinical application.

The sustained release curves of each group of microspheres (L, M,
H, 50 mg) are shown in Figure 1D. During the initial 24 h, the three
groups released 29.67%, 42.67%, and 51.07% of SDF-1aq, respectively,
indicating a significant initial burst release. This burst release is
typically due to drug molecules attached to or near the surface of
the microspheres (Schutzman et al., 2023). Over the following 7 days,
the release rate slowed down, with cumulative release reaching 41.93%,
56.33%, and 66.03%, respectively. Subsequently, the release rate further
decreased, exhibiting a sustained slow-release profile. By day 15,
the cumulative release reached 49.57%, 62.33%, and 77.43%. Both
diffusion and degradation mechanisms generally govern the release
of drugs from SDF-1a/PLGA microspheres. The initial burst release
is primarily due to diffusion, while the subsequent sustained release
is closely related to the degradation of PLGA (Bode et al, 2019).
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The results from this study demonstrate that the microspheres can
provide stable drug release over an extended period, which is highly
advantageous for regenerative medicine applications that require long-
term factor supply (Wang et al., 2022). In addition, as the drugloading
increases, the release rate at each time point also rises, indicating that
the release rate can be modulated by adjusting the drug loading.

SDF-1a/PLGA microspheres, with their combination of burst
and sustained release, hold potential for various clinical applications.
The rapid initial drug release can quickly achieve therapeutic
concentrations to address acute symptoms or infections, while
the subsequent slow release ensures sustained therapeutic effects,
reducing dosing frequency and improving patient compliance
(Zhou et al., 2024). For example, in dental pulp regeneration,
the initial release of growth factors can rapidly stimulate cell
proliferation, while the sustained release supports cell differentiation
and tissue maturation. This release behavior provides new strategies
and tools for regenerative medicine and other therapies requiring
long-term drug supply. Future studies will further advance the
clinical application of these microsphere systems to meet diverse
therapeutic needs (Dhamecha et al., 2019).

3.3 Culture and identification of hDPSCs

In this study, dental pulp tissue fragments were minced and
cultured using the tissue explant adherence method. By the 10th
day, a large number of cells were observed radially arranged
around the tissue fragments. When hDPSCs were passaged to
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(A) Identification of hDPSCs surface antigen by flow cytometry. The expression rates of CD90, CD105, CD34 and CD45 were 99.68%, 99.69%, 0.57%
and 0.22%, respectively. (B) The effect of PLGA microspheres with different SDF-1a loading amounts on the viability of hDPSCs. ***P < 0.001, **P < 0.01
and *P < 0.05. (C) Effect of different concentrations of SDF-1a on the viability of hDPSCs.***P < 0.001, **P < 0.01 and *P < 0.05 vs. 0 ng/mL group.

the third generation, the cells were evenly distributed within the
culture flask, exhibiting a spindle-shaped morphology, and were
in contact with each other, displaying a typical fibroblast-like
whorled pattern.

To verify the purity of the obtained cells, flow cytometry analysis
was performed (Figure 2A). The results showed high expression of
mesenchymal stem cell surface markers, with CD90 at 99.68% and
CD105 at 99.69%, while hematopoietic cell markers CD34 and CD45
were expressed at very low levels (0.57% and 0.22%, respectively).
These findings confirm that the extracted cells were high-purity
hDPSCs, effectively excluding contamination from hematopoietic
stem cells (Zhou et al., 2023).

The high expression of CD90 and CD105 is not only
characteristic of mesenchymal stem cells but is also closely
associated with their proliferation and multipotent differentiation
potential (Kang et al., 2024). These attributes further validate the
unique advantages of hDPSCs as an ideal cell model for regenerative
medicine research (Li et al., 2022).

3.4 Effect of different concentrations of
microspheres on the proliferative activity
of hDPSCs

The proliferation of hDPSCs at different time points (1 day,
3 days, and 5 days) was assessed through co-culture using the CCK-
8 assay. A control group and treatment groups using 20 mg/mL
extract solutions from SDF-1oa/PLGA microspheres with different
loading levels (L/M/H) were established. As shown in Figure 2B,
on the first day of co-culture, there were no significant differences
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among the four groups (P > 0.05), indicating that the short-term
release of SDF-1a had not yet produced a noticeable proliferative
effect and that the microspheres had no immediate impact on
the cells (Zhao et al., 2023). By Day 3, the OD values in the
M and H groups were significantly higher than in the control
group (P < 0.05, P < 0.01), while the L group showed a slight
increase without statistical significance, suggesting that medium
and high loading concentrations had begun to exert biological
effects. Furthermore, none of the treatment groups inhibited cell
proliferation, confirming the excellent biocompatibility of PLGA,
which did not trigger cellular stress responses (Liu et al., 2023).
By Day 5, the proliferative effect became more pronounced. The H
group showed the highest OD value, followed by the M group,
while the L group also displayed an upward trend. All three
groups were significantly higher than the control (P < 0.05).
The difference between the H and M groups was not significant,
indicating that a concentration of 50 ng/mg may already approach
the saturation threshold for proliferation-promoting effects.
Additionally, PLGA materials themselves may have a supportive
role in cell proliferation, possibly due to their degradation products
facilitating cellular metabolism (Barough et al, 2024). PLGA
microspheres with varying SDF-la loading levels demonstrated
good biocompatibility. A medium loading level (50 ng/mg) was
sufficient to significantly enhance cell activity, while a higher loading
level (100 ng/mg) showed a further increasing trend but with no
significant difference, suggesting a plateau in the dose-response
relationship. These results indicate that SDF-1a/PLGA microspheres
possess favorable pro-growth properties and are suitable carriers
for sustained delivery of bioactive factors in dental pulp
regeneration therapy.
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3.5 Effect of different concentrations of
SDF-1a on the proliferative activity of
hDPSCs

Using the CCK-8 assay at various time points (1 day, 3 days, and
5 days), we observed significant effects of SDF-1a concentrations
on the proliferation rates of hDPSCs (Figure 2C). The results
indicated a clear concentration-dependent relationship, with the
proliferation rates of hDPSCs showing a marked increase as the
concentration of SDF-la increased. In the treatment groups of
25 ng/mL and 50 ng/mL, the proliferation rates gradually elevated,
demonstrating statistical significance compared to the control group
(P < 0.01 and P < 0.001). This suggests that an appropriate
concentration of SDF-1a can effectively promote the proliferation
of hDPSCs (Saravanan et al., 2019).

Furthermore, the results also indicated that SDF-1a has a time-
dependent effect on promoting cell proliferation. At the 1-day
culture time point, there were no substantial differences in the
proliferation rates among the groups, and all groups exhibited
relatively low proliferation rates. This may be attributed to the cells
not fully adapting to the SDF-1la environment in a short period
or the initial phase of cell proliferation being relatively slow. As
the culture time extended, the proliferation rates in the 25 ng/mL,
50 ng/mL, and 100 ng/mL SDF-1a groups were significantly higher
than those in the control group, particularly at the 3-day and 5-
day marks, which showed even more pronounced differences. This
phenomenon aligns with previous research findings (Meng et al.,
2021). SDF-1a, also known as CXCL12, is a chemokine that
primarily promotes cell proliferation and migration by binding
to its receptor CXCR4, thereby activating intracellular signaling
pathways. Existing studies have demonstrated that SDF-1a enhances
cell survival by promoting proliferation and regulating cellular
metabolism and growth states (Chen et al., 2022). In dental pulp
stem cells, SDF-1a enhances the potential for cell proliferation by
facilitating cell cycle progression and regulating the expression of
associated growth factors.

3.6 Effects of different concentrations of
SDF-1a on the migration of hDPSCs

To investigate the impact of SDF-1a on the migration ability
of hDPSCs, a cell scratch wound healing assay was conducted to
assess changes in cell migration (Figures 3A,B). The experimental
groups were treated with 25 ng/mL, 50 ng/mL, and 100 ng/mL SDF-
la, while the control group received no cytokine addition. The
results of the scratch wound healing assay revealed that different
concentrations of SDF-1a significantly influenced the migration
capabilities of hDPSCs. The control group exhibited the shortest cell
migration distance. The results indicated that the promoting effect of
25 ng/mL SDF-1a on cell migration was relatively limited. However,
as the concentration increased to 50 ng/mL and 100 ng/mL, the
migration ability was significantly enhanced (P < 0.01 and P <
0.001), which may be attributed to stronger chemotactic signals
activating more CXCR4 receptors and downstream signaling
pathways, such as PI3K/Akt and ERK1/2 (Li]J. et al., 2021). These
pathways play a crucial role in cytoskeletal reorganization and
the expression of adhesion molecules, thereby enhancing cell
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motility and directional migration. Notably, when the concentration
reached 100 ng/mL, there was no significant difference in migration
ability compared to the 50 ng/mL group, suggesting that the
chemotactic effect may have reached saturation at 50 ng/mL, with
receptor binding approaching its maximum capacity (Kim et al.,
2023). Therefore, this experiment utilized 50 ng/mL as the optimal
concentration of SDF-la for the assays. Furthermore, this study
confirmed the promoting effect of SDF-1a on the migration of
hDPSCs, providing strong support for its application in dental pulp
regeneration therapies.

3.7 Effect of SDF-1a/PLGA microspheres on
the migration of hDPSCs

To evaluate the effect of SDF-1a/PLGA microspheres on hDPSC
migration, we used the Transwell assay. As shown in Figures 4A,B,
the number of migrating cells in the L group was similar to that
of the control group, indicating a limited chemotactic ability. In
contrast, the M group showed a significant increase in cell migration,
suggesting that the released SDF-1la was sufficient to activate the
CXCR4-mediated chemotactic pathway. Although the H group
exhibited a slightly higher number of migrating cells than the M
group, the difference was not statistically significant, indicating
that the chemotactic effect may have reached saturation at around
50 ng/mg, and further increasing the loading did not significantly
enhance migration.

Moreover, the sustained-release solution from both the M and
H groups at the 2-week time point was still able to promote hDPSCs
proliferation significantly, confirming that the SDF-1a released from
the microspheres at this stage retained its biological activity.

These findings validate the effectiveness of SDF-1a/PLGA
microspheres as a drug carrier, capable of stably releasing SDF-
la over an extended period while preserving its bioactivity. This
has significant clinical implications for the regeneration of dental
pulp tissue. The application of SDF-1a/PLGA microspheres not
only provides a mechanism for the sustained release of growth
factors but also protects SDF-1a from rapid degradation, ensuring
its effective concentration is maintained during the treatment
period (Mullin et al., 2024). Such a sustained release system is
critical for regenerative medicine strategies that require prolonged
factor support (Subbiah and Guldberg, 2019).

In summary, this study demonstrates the effectiveness of SDF-
1a/PLGA microspheres in promoting the migration of hDPSCs
and highlights the potential of this sustained-release system
for applications in regenerative medicine. Future research could
further explore the application of this system across various cell
types and tissue regeneration contexts and optimize its release
characteristics to enhance therapeutic outcomes. Combined with
other biomaterials, SDF-1a/PLGA microspheres have the potential
to play a broader role in the field of regenerative medicine.

3.8 The promotive effect of microspheres
on the differentiation of hDPSCs

We co-cultured hDPSCs with sustained-release solutions
of PLGA microspheres loaded with different concentrations
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of SDF-la, changing the medium every 3 days for a total of
14 days, to evaluate their effects on DPSC differentiation. RT-
PCR results (Figures 5A-E) showed that all experimental groups
exhibited higher expression levels of the five differentiation
marker genes compared to the blank control group. The M
and H groups significantly upregulated odontogenic genes such
as ALP, DMP-1, and DSPP, indicating enhanced potential for
odontoblastic differentiation. The marked increase in Ang-1
and CD31 expression also suggested that the material promoted
endothelial differentiation, contributing to vascularization during

Frontiers in Materials

dental pulp regeneration. Although the expression levels in the
H group were slightly higher than those in the M group, the
difference was not statistically significant (P > 0.05), implying that
the chemotactic and differentiation effects reached a plateau at the
medium loading concentration (50 ng/mg). While the L group did
not show significant upregulation, it still exhibited a certain degree
of inductive effect compared to the blank control, reflecting the
dose-dependent biological activity of SDF-1a.

Alkaline phosphatase (ALP), dentin matrix protein 1 (DMP-
1), and dentin sialophosphoprotein (DSPP) are important markers
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FIGURE 5
RT-gPCR analysis of odontogenic and angiogenic gene expression in hDPSCs after 14-day induction by extracts from PLGA microspheres loaded with
low, medium, and high doses of SDF-1a. (A—C) Relative mRNA expression levels of odontogenic markers ALP, DMP-1, and DSPP; (D—E) Expression
levels of angiogenic markers Ang-1and CD31; ***P < 0.001, **P < 0.01, and *P < 0.05 vs. control group.

for osteogenesis, dentin generation and mineralization. ALP is an
early marker of osteoblast differentiation, reflecting the transition
of cells to an osteoblastic phenotype (Kim et al.,, 2022). DMP-
1 plays a crucial role in dentin formation by regulating the
formation of the mineralized matrix. DSPP is a key factor in
tooth mineralization, primarily expressed during the process of
dentinogenesis. Angiopoietin-1 (Ang-1) and CD31 are critical
indicators for assessing angiogenesis. Ang-1 plays a crucial role
in vascular maturation and stabilization, while CD31, a marker
of endothelial cells, is involved in the differentiation and junction
formation of vascular endothelial cells.

The results showed that the expression of Ang-1 and CD31 was
significantly upregulated in the SDF-1a/PLGA group, indicating that
this system effectively promotes angiogenesis. The role of SDF-1a
in neovascularization has been widely recognized, supporting the
regenerative process by enhancing angiogenesis (Zhang Y. et al.,
2023). Enhanced angiogenic capacity not only improves the
nutritional supply to the regenerated tissue but also facilitates
the integration and functional recovery of the regenerated tissue
(Wuetal., 2017). Overall, the PLGA microspheres loaded with SDF-
la effectively promoted the differentiation of dental pulp stem cells
by providing sustained release of the growth factor. Compared to
traditional single-layer PLGA microspheres or other carriers, such
as hydrogels and liposomes, the core-shell microspheres prepared
by coaxial electrospray in this study demonstrate more stable and
sustained release. Unlike single-layer microspheres, which often
have a significant initial burst release and loss of drug activity, the
core-shell structure protects SDF-1a, ensuring sustained release
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for over 30 days and better control of bioactivity. Additionally, the
electrospray method produces uniform particles and is suitable for
encapsulating thermosensitive substances, offering good process
control and clinical potential. This novel sustained release system
holds great potential in regenerative medicine, offering new
strategies for tissue regeneration (Yu et al., 2022).

4 Conclusion

In conclusion, this study successfully developed novel core-shell
structured SDF-1a/PLGA sustained-release microspheres using
electrospinning technology, specifically designed for the unique
environment of the oral cavity. These microspheres exhibit an
excellent drug loading capacity, high encapsulation efficiency, good
biocompatibility, and a drug release performance that lasts for at
least 2 weeks. The outstanding sustained release properties enable
the microspheres to continuously promote the migration of hDPSCs
without repeated dosing and effectively enhance their odontogenic
and angiogenic differentiation over an extended period. Therefore,
SDF-1a/PLGA coaxial electrospun sustained release microspheres
possess the potential not only for development as materials for
dental pulp regeneration therapy but also for applications in other
areas of tissue engineering and regenerative medicine. Future studies
will focus on further optimizing the release performance of the
microspheres and conducting in vivo validation in animal models
to assess their safety and therapeutic efficacy in pulp regeneration
comprehensively. In addition, we will explore their clinical feasibility
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and translational potential in dental applications to facilitate the
transition from laboratory research to clinical practice.
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