-
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Hydrogel Composite Incorporating Deferoxamine-Loaded Gelatin-
Based Microspheres Enhance Angiogenesis Ability of Dental Pulp
Stem Cells

Jie Wang, Fan Yang, Ruting Chen, Xinyue Yang, Jingjing Wang, and Hongyan Zhang™

I: I Read Online

il Metrics & More |

Cite This: ACS Omega 2025, 10, 12579-12589

ACCESS |

Article Recommendations

ABSTRACT: Fast reconstruction of the pulpal vasculature is crucial for effective pulp

regeneration. Dental pulp stem cells (DPSCs) are promising candidates for pulp D
regeneration because of their potential for multilineage differentiation and vasculogenic )
properties. Deferoxamine (DFO) has been shown to stimulate angiogenesis during R (
wound healing and bone regeneration; however, the effects of DFO on the angiogenic + RN
potential of DPSCs remain unknown. Moreover, its usefulness is restricted by a limited Chiosn Tpecollagen i y
half-life and challenges in achieving localized tissue enrichment. This study aimed to ) ¢ =N et
develop a sustained-release injectable hydrogel composite as a drug delivery system and b :_ ) . 4

to investigate its influence on DPSCs. Herein, gelatin-based microspheres (GMSs) were L opee :..'.A;%S >

loaded with DFO, and temperature-sensitive injectable hydrogels incorporating collagen 0 = i V

and chitosan were synthesized to enable controlled DFO release. The experimental
findings demonstrated that the DFO-loaded GMSs (DFO-GMSs) hydrogel composite
possessed favorable physical properties and biocompatibility, enabling sustained DFO
delivery for up to 15 days. DFO effectively stimulated DPSC migration, promoted the
secretion of angiogenesis-related factors, and induced tube formation in vitro. These results suggest that the DFO-GMSs hydrogel
composite significantly increased the migration and angiogenic potential of DPSCs, highlighting its promise for tissue regeneration
applications.

Angiogenesis

1. INTRODUCTION

Dental pulp is characterized by a high degree of vasculariza-
tion. The pulp within the root canal is surrounded by dentin
under normal conditions, relying on the narrow apical foramen
for nutrient intake and metabolic exchange. In the context of

more, DFO can also effectively inhibit proline hydroxylase
(PHD), preventing proline hydroxylation of HIF-1a. This
inhibition effectively activates the HIF-1a axis, leading to the
upregulation of angiogenesis promoters, including the down-
stream mediator VEGF, and promoting neointima forma-
tion."®'” However, the use of DFQ is restricted by its limited

pulp regeneration, however, the tissue must reconstruct its
vascular network and restore blood circulation exclusively
through the restricted apical foramen." Rapid reconstruction of
pulpal vasculature is considered critical for successful pulp
regeneration.” Dental pulp stem cells (DPSCs), the progen-
itors of dental pulp cells, are considered the primary candidates
for pulp regeneration and are required to have strong
angiogenic capabilities.” > Therefore, DPSCs and angio-
genesis-related growth factors are frequently integrated into
pulp tissue engineering to facilitate efficient pulp regener-
ation.””

The iron chelator deferoxamine (DFO) is used to treat iron
toxicity and is also extensively employed for hypoxia
induction.'”"" In recent years, DFO has also been used in
regenerative medicine, as it reduces inflammation and
enhances angiogenesis in bone regeneration.lz_15 Recent
studies have demonstrated that DFO can activate the TGF-
p1/Smad2 axis to promote bone formation and induce
mesenchymal stem cell (MSC) differentiation.'®'” Further-
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half-life, necessitating the administration of multiple doses to
achieve an effective drug concentration. Moreover, it is
challenging to concentrate the drug in localized tissues when
administered orally or via intraperitoneal injection.”” The
application of macromolecular iron chelators, such as nanogels,
has been shown to enhance DFO pharmacokinetics, ensuring
better-localized drug enrichment and sustained release at target
sites.”' ~*?

In pulp regeneration, DFO can promote dental pulp cells
(DPCs) migration and odontogenic differentiation, supporting
tissue repair and regeneration processes.25’26 Furthermore,
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DFO has been recognized for its potential to stimulate the
osteogenic differentiation of human periodontal ligament cells
(hbPDLCs).>* Lee et al. demonstrated that DFO reduced
inflammation and osteoclast formation in vitro, while also
decreasing bone resorption in a rat tooth replantation model.””
However, studies exploring the combination of DFO with
slow-release systems to evaluate its impact on DPSCs are
limited.

This study aimed to design an injectable drug delivery
system with a slow drug release profile while providing an
environment supportive of DPSCs adhesion, proliferation, and
differentiation. Gelatin-based microspheres (GMSs), recog-
nized for their remarkable malleability, can serve as effective
drug carriers for the delivery of bioactive molecules.”*’
Hydrogels are comprised of hydrophilic polymers that are
cross-linked either physically or chemically, forming a 3D
network structure. The described structure allows them to
efficiently encapsulate and release active compounds and
biomolecules.” Chitosan is an extensively used hydrogel
material that possesses temperature sensitivity when combined
with sodium glycerophosphate. It remains liquid at room
temperature and solidifies upon reaching physiological temper-
ature (37 °C), making it an ideal candidate for effective use as
an injectable scaffold.’’ Furthermore, Type I collagen
represents the primary constituent of bone extracellular matrix.
It is characterized by low immunogenicity and higher
biocomgatibi]ity, facilitating osteogenesis and mineraliza-
tion.” >

In summary, synthesis of GMSs was undertaken using the
emulsion-solvent extraction method, with subsequent loading
of DFO to enable controlled drug release. A hydrogel was
developed by combining chitosan and type I collagen,
encapsulating the microspheres to further regulate DFO
release while also providing an optimal environment for
DPSCs. The developed system, referred to as the DFO-GMSs
hydrogel composite, has been investigated through in vitro
experiments to assess its effects on DPSCs. Hence, it is
anticipated that this system will inspire new approaches in
endodontic regenerative therapy.

2. MATERIALS AND METHODS

2.1. Preparation of DFO-GMSs Hydrogel Composite.
2.1.1. Fabrication of GMSs. The fabrication of GMSs was
carried out using the Nouri-Felekori modified method.*
Briefly, 2.5 g of gelatin (G10839S, Aladdin, Shanghai, China)
was placed in 25 mL of deionized water and heated at 50 °C
for 30 min prior to the incorporation of 1.25 mL of cross-linker
GPTMS (D834054, Macklin, Shanghai, China). The mixture
was then stirred for 2 h at 500 rpm and was then gradually
introduced to 125 mL of olive oil and incubated with stirring at
40 °C for 24 h to form GMSs. After that, SO mL of precooled
isopropanol was incorporated, and the mixture was stirred to
promote dehydration. Filtration was carried out to collect the
GMSs, which were subsequently washed with 1 L of
isopropanol. The collected GMSs were freeze-dried and
subjected to ultraviolet irradiation for 24 h.

2.1.2. Preparation of DFO-GMSs. The swellable property of
GMSs was used to load the DFO according to established
methods.””®® The small molecular size of DFO enables its
penetration into swollen hydrogel matrices through concen-
tration gradient-driven diffusion.”® Additionally, the abundant
amide groups in both DFO and the gelatin-based hydrogel
facilitate hydrogen bonding interactions, which synergistically

enhance drug adsorption and loading efficiency within the
polymeric network.’®®” In essence, 2.5 mL of DFO
(Y0001937, Sigma-Aldrich, Missouri, USA) in PBS was
incorporated into 1 g of GMSs at varying concentrations of
0, 10, 20, 40, and 80 uM. The solution was then gently mixed
with the microspheres to ensure uniform absorption of the
drug and resulting DFO-GMSs were freeze-dried for 48 h. The
samples were labeled as DFO-0, DFO-10, DFO-20, DFO-40,
and DFO-80, corresponding to the respective concentrations.

2.1.3. Fabrication of DFO-GMSs Hydrogel Composite. For
the preparation of chitosan-$-glycerophosphate solution, 0.2 g
of chitosan (C434553, Aladdin, Shanghai, China) powder was
exposed to ultraviolet irradiation for 2 h. The irradiated
chitosan was then added to 10 mL of glacial acetic acid (0.1
mol/L) and stirred at 600 rpm for 3 h until fully dissolved.
After that 45% p-glycerophosphate (Solarbio, Beijing, China)
solution was filtered (0.22 um) for removal of bacteria. While
maintaining an ice bath, 2.5 mL of the filtered pg-
glycerophosphate solution was slowly incorporated into the
chitosan solution followed by 2 h stirring to obtain the
chitosan-f-glycerophosphate solution. In an ice bath, 2 mL of
type I rhamnogelatin solution (1 g/L, Solarbio, Beijing, China)
was introduced to 12.5 mL of the chitosan-f-glycerophosphate
solution and mixed well, resulting in the formation of a
temperature-sensitive chitosan-collagen composite hydrogel.
Following this, different DFO-GMSs (400 mg) were added to
1 mL of the liquid hydrogel composite to develop different
DFO-GMSs hydrogel composites.

2.2, DFO-GMSs Hydrogel Composite Morphology.
SEM (GeminiSEM 300, Carl Zeiss) was utilized to evaluate
the structures of the DFO-GMSs, hydrogel alone, and DFO-
GMSs hydrogel composites at magnifications of 100X and
1000X. The freeze-dried samples were mounted on aluminum
stubs followed by coating with gold. More than 200 drug-
loaded microspheres from SEM images were randomly
selected while the size of the microspheres was measured
using Image] software and the particle size distribution was
analyzed using Origin software. Furthermore, the DFO-GMSs
hydrogel composite was immersed in PBS, and images were
captured daily using a Leica microscope (M20SFA, 402313,
Singapore) until the complete degradation of drug-loaded
microspheres. Each experiment was conducted in triplicate.

2.3. In Vitro Release of the DFO-GMSs Hydrogel
Composite. The cumulative DFO release from GMSs,
hydrogel, and GMSs hydrogel composites was determined by
Ultraviolet spectrophotometry (UV-1800, Shimadzu, Kyoto,
Japan). Briefly, DFO-loaded hydrogels (1 mL), DFO-GMSs
(400 mg), and DFO-GMSs hydrogel composites (1 mL) were
separately immersed in 5 mL of PBS. A 0.3 mL aliquot of the
supernatant was collected to measure the drug content. To
assess DFO concentration, ferric chloride (FeCl,;, 0.1 mol/L)
was added to the supernatant, as the DFO-Iron III chelate
complex has a maximum absorbance at 430 nm. The DFO
concentration was determined using UV-1800 at 430 nm, and
the drug concentrations were calculated with reference to a
standard curve. The calculation equation can be written as
follows:

Cumulative drug release (%)

Released drug at each time point
= X 100%
Total quantity of loaded drug
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The results are presented as mean + standard deviation,
with each group undergoing three independent experiments.

2.4. Rheological Assay. The DFO-GMSs hydrogel
composites and hydrogel alone were evaluated for their
rheological properties using a rheometer (MCR 302e, Anton
Paar). Changes in the loss modulus (G”) and storage modulus
(G’) were recorded over frequencies of 1—100 Hz, and the
data were plotted as line graphs. From each group, three
different specimens were analyzed.

2.5. Compression Test. DFO-GMSs hydrogel composite
and hydrogel alone were solidified at 37 °C. Compression tests
were performed on all specimens using a mechanical tester
(AGS-X, Shimadzu, Kyoto, Japan) at a rate of 3 mm/min.
Stress—strain curves were formed within the strain range of 0—
70%, and the compression modulus was then determined using
the slope of the curve. Three different specimens were
characterized from each group.

2.6. Isolation and Culturing of DPSCs. DPSCs were
harvested from freshly extracted human teeth (healthy donors
aged 18-30 years) following approval from the Ethics
Committee (T2024037). Briefly, the collected pulp tissues
were minced and digested with the help of 3 mg/mL
collagenase type I (Solarbio, Beijing, China) for 45 min at
37 °C. The digestion was terminated by the addition of a
complete medium containing fetal bovine serum and
centrifugation (1000 rpm, S min). The cell pellets were
seeded into a six-well plate, pressing with a coverslip to
facilitate cell release. aMEM (Gibco, Grand Island, USA)
containing 2% antibiotic-antimycotic(Beyotime, Shanghai,
China) and 20% fetal bovine serum (Wisent, Nanjing,
China) was added, and cells were grown at 37 °C with 5%
CO,. Cells were subcultured when 80% confluent, and third to
sixth generation cells were used for further investigation.

2.7. Flow Cytometry. Following cell digestion, 2 X 10°
cells/100 uL were treated with antibodies against CD34,
CD14, CD90, and CD73 (2 puL of each, Biolegend, America),
with incubation for 30 min at 4 °C. The cells were washed
three times with PBS (3 mL), followed by S min centrifugation
at 1000 rpm. The cells were suspended in PBS (200 uL) for
subsequent flow cytometry analysis using flow cytometer
(CytoFlex, Beckman, USA).

2.8. Live/Dead Experiment. Under sterile conditions, 1
mL of GMSs hydrogel composite was prepared and inoculated
into each well of a 24-well plate. DPSCs (3 X 10* cells per
well) were then seeded onto the composite surface and
allowed to culture for 24, 72, and 120 h. After removal of the
medium, the cells were washed once using PBS. The Calcein/
PI Cell Viability Assay Kit (C2015, Beyotime, Shanghai,
China) was employed to assess cell viability. The working
solution contained 2 mL of assay buffer, 1 yL of Calcein AM
(1000%), and 1 uL of PI (1000X) and 250 uL of this were
placed in each well, followed by incubation at 37 °C for 30 min
in the dark. After being incubated, the staining effect was
determined using an automatic intelligent fluorescence micro-
scope (DM6000B, Leica, Germany). All experiments were
repeated in triplicate.

2.9. Morphological Observation of DPSCs. Onto the
samples, DPSCs (3 X 10* cells) were seeded and allowed to
culture for 1, 3, and 5 days. Cells were fixed with 4%
glutaraldehyde for 30 min at room temperature. F-actin in the
cytoskeleton was stained with FITC-phalloidin (Solarbio,
Beijing, China) for 30 min, while the nuclei were counter-
stained with DAPI (Solarbio, Beijing, China) for S min.

Morphology was evaluated using a confocal laser scanning
microscope (Celldiscoverer, ZEISS, Germany).

2.10. Cell Proliferation Assay. DPSCs (8000/well) were
seeded onto the DFO-GMSs hydrogel composites and grown
for 24, 72, 120 h, after which CCK-8 solution (Biosharp,
Tianjin, China) was added to each well according to the
instructions. Cells are grouped by concentration: control,
DFO-0, DFO-10, DFO-20, DFO-40 and DFO-80. After 2 h
incubation, a microplate reader (Infinite 200 PRO, 30050303,
Austria) was utilized for recording absorbances at 450 nm.
Each experiment was performed in triplicate.

2.11. Scratch Wound Healing Assay. The influence of
the DFO-GMSs hydrogel on DPSC migration was assessed
using Transwell chamber. In a 24-well plate, DPSCs (5 X 10*
cells/well) were inoculated in the lower chamber. Once the
cells reached confluence, a scratch was introduced into the cell
layer using a sterile pipet tip, forming a linear wound to assess
cell migration. Each well was subjected to thrice washing with
PBS and the upper chamber was filled with DFO-GMSs
hydrogel composite. Images were recorded at 0 and 24 h from
three random fields using a microscope (DMI3000B, Leica,
Germany). Cell migration across the wound area was
quantified by a single investigator, and experiments were
conducted in triplicate to ensure consistency.

2.12. Tube Formation Assay. Before the experiment, the
Matrigel matrix (Corning, New York, USA) was prechilled at 4
°C for 24 h. Under sterile, ice-cold conditions, 300 uL of
Matrigel was carefully incorporated into each well of a
precooled 24-well plate, ensuring no air bubbles were
introduced, followed by incubation at 37 °C for 30 min to
allow matrix solidification. After that, 3 X 10*/well human
umbilical vein endothelial cells (HUVECs; IM-H20S, Immo
Biotech, Xiamen, China) were inoculated onto the Matrigel.
Supernatants from DPSCs treated with GMSs hydrogel
composites for 48 h, containing varying concentrations of
DFO, were incorporated into various experimental groups
(DPSC groups), while supernatants from untreated DPSCs
were used as controls (un-DPSC groups). Tube formation was
assessed and recorded after 12 h of incubation using a
microscope (DMI3000B, Leica, Germany). For each group,
the relative lengths and numbers of tubules were quantified in
three randomly selected fields of each sample using Image]
software.

2.13. Enzyme-Linked Immunosorbent Assay (ELISA).
In a 24-well plate, 1 mL of DFO-GMSs hydrogel composite
(Control, DFO-0, DFO-10, DFO-20, DFO-40) was placed and
DPSCs (3 X 10 cells/well) were inoculated onto the hydrogel
surface and cultured for 48 h. For ELISA experiments, Human
FGF-2 ELISA Kit (HJ243, Epizyme Biomedical, Shanghai,
China), Human VEGF ELISA Kit (HJ11S, Epizyme
Biomedical, Shanghai, China), and Human Total HIF-la
ELISA Kit (EK1392, LiankeBio, Hangzhou, China) were used
to analyze secretory VEGF, FGF-2, and HIF-1a. Absorbances
at 450 nm were recorded in a microplate reader as above and
the actual concentrations were determined relative to a
standard curve.

2.14. Quantitative Realtime Polymerase Chain Re-
action (qPCR). A Transwell chamber was utilized to assess the
effect of different concentrations of DFO released from GMSs
hydrogel composites on DPSCs. DPSCs (3 X 10* cells/well)
were inoculated in the lower chamber in a 24-well plate and
growth for 48 h, while the DFO-GMSs hydrogel composites
were capped with the upper chamber. Total RNA was
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Table 1. qPCR Primer Sequences

gene forward

VEGF 5'-CAAAAACGAAAGCGCAAGAAA-3’
FGF2 5'-GCTGTACTGCAAAAACGGGG-3’
HIF-1a 5'-GAACGTCGAAAAGAAAAGTCTCG-3'
ACTN 5'-GGCATGGACTGTGGTCATGAG-3’

reverse

§’-GCGGGCACCAACGTACAC-3’
§’-CTTTCTGCCCAGGTCCTGTT-3’
§’-CCTTATCAAGGATGCGAACTCACA-3’
§’-TGCACCACCAACTGCTTAGC-3’

extracted using RNA-Quick Purification Kit (YiShan Biotech,
Shanghai, China) and used for cDNA synthesis using the
HifairII first Strand cDNA Synthesis Kit (YESEN, Shanghai,
China). qPCR was performed using the Agilent Mx3000P with
SYBR green. Reactions were comprised of 1 cycle of 95 °C for
S s and 40 cycles of 95 °C for 5 s, 60 °C for 30 s. The primers
are shown in Table 1. Gene expression levels were analyzed
using the AACT method, with expression of target genes
relative to the controls. Expression values were normalized to
ACTIN expression levels.

2.15. Statistical Analysis. All experiments were repeated
three times and all data were expressed as mean =+ standard
deviation (SD). Data from multiple groups were analyzed
using one-way or two-way analysis of variance (ANOVA).
Results were considered significant with p-values below 0.05
(*p < 0.0, **p < 0.01, *¥p < 0.001).

3. RESULTS

3.1. Characterization of DFO-GMSs Hydrogel Com-
posite. The freeze-dried DFO-GMSs displayed a complete
and regular spherical morphology as shown in Figure 1A. The
results of particle size distribution showed that the microsphere
diameters were mainly distributed in the range of 20—100 ym,
with more than 70% of the microspheres concentrated in the
smaller interval of 30—60 ym (Figure 1E). Furthermore, the
hydrogel demonstrated a porous structure, with the micro-
spheres encapsulated within the pores. The temperature-
sensitive characteristics of DFO-GMSs hydrogel composite are
depicted in Figure 1B. It was observed that the hydrogel
remained in the liquid phase at 4 °C, but became solid when
incubated for 30 min at 37 °C. Upon soaking in PBS for 24 h,
the DFO-GMSs retained their smooth and intact spherical
shape, while only partial gelatin debris was observed after 35
days.

Throughout the 0.1—100 rad/s frequency range, the storage
modulus (G’) surpassed the loss modulus (G”), indicating that
both the hydrogel and GMSs hydrogel composite maintained a
solid-like state under both low and high-frequency conditions.
The observed finding suggests that neither material transi-
tioned from a solid-like state to a fluid state during the
scanning process (Figure 1D).

The stress—strain curve revealed that the DFO-GMSs
hydrogel composite group demonstrated a higher modulus of
elasticity than the composite hydrogel group. The material
demonstrated a tensile strength of 20 kPa at a strain of 70%,
indicating that it possesses sufficient structural strength for use
in brackets. These findings suggest that the hydrogel
maintained a stable state with improved mechanical properties
(Figure 1C).

In the in vitro experiments, drug release was measured using
a spectrophotometer (Figure 1F). The results indicated that
the hydrogel alone released the drug over the shortest
duration, while the GMSs hydrogel composite demonstrated
the longest release period, extending up to 15 days. At the
initial stage (0—S days), a rapid release of the drug was
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observed, primarily due to the rapid degradation of the drug-
loaded microspheres located on the surface and in the shallow
layers of the hydrogel. This phenomenon leads to a burst
release of the drug. Over time, the encapsulated drug was
gradually released through the hydrogel’s pores, leading to a
sustained and gradual release rate.

3.2. Influence of DFO-GMSs Hydrogel Composite on
DPSC Viability. DPSCs were successfully isolated and
cultured, and flow cytometry analysis confirmed their positivity
for mesenchymal markers CD90 and CD73, while they were
found to be negative for hematopoietic markers CD14 and
CD34 (Figure 2A).

Early cell adhesion is important for subsequent cell growth
and differentiation, directly influencing biological behavior.*> A
live/dead assay was performed to assess the biocompatibility of
the materials and evaluate their effect on cell morphology. In
this assay, green fluorescence represents living cells, while red
fluorescence denotes dead cells. As shown in Figure 2B, the
hydrogel and GMSs hydrogel composite groups showed
predominantly green fluorescence, with minimal red fluo-
rescence, indicating good cell viability. After 5 days of cell
culture, significant proliferation of DPSCs was observed within
the hydrogel composite. However, no marked variation was
found in cell growth between the hydrogel and GMSs hydrogel
composite groups at the three distinct time points. To further
evaluate the ability of GMSs hydrogel composite to promote
cell adhesion, spreading, and growth, DPSCs were seeded on
different groups of hydrogels and stained. In Figure 2C, on day
1, DPSCs adhered to the GMSs hydrogel composite and
appeared circular. Over time, their morphology gradually
changed, and by day S, the cells displayed a more elongated,
spindle-like, and polygonal shape, indicating successful cellular
contact. The findings indicated that the DFO-GMSs hydrogel
composite possessed significant biocompatibility and could
support the adhesion and proliferation of DPSCs.

Figure 2D shows the viability of DPSCs at varying
concentrations of DFO, which were assessed to identify the
optimal concentration for further experiments. No marked
differences in viability were observed between the control
group and cells treated with various DFO concentrations at
day 1 (p > 0.05). However, after 3 days, the DFO-80 group
showed markedly decreased DPSC viability (p < 0.05). After S
days, cell survival in the DFO-80 group was significantly lower
upon comparison with the control group, while survival
increased in the DFO-10 group (p < 0.05). According to the
observed results, DFO-10, DFO-20, and DFO-40 concen-
trations were used for further investigations.

3.3. DFO-GMSs Hydrogel Composite Promoted DPSC
Migration. To examine the effects of the DFO-GMSs
hydrogel composite on DPSC migration, scratch wound
healing assays were conducted, finding that DFO treatment
markedly increased DPSC migration relative to the controls (p
< 0.05). The DFO-treated groups, especially DFO-20 and
DFO-40, demonstrated more pronounced migration toward
the wound (Figure 3A).
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Figure 1. Characterization of DFO-GMSs hydrogel composite. (A) SEM images of hydrogel, DFO-GMSs, and DFO-GMSs hydrogel composite in
low and high magnification. (B) The transition of GMSs hydrogel composite and hydrogel from 4 to 37 °C and optical images of DFO-GMSs
hydrogel composite immersed in PBS on days 1 and 35. (C) Compression assay and (D) rheological analysis of GMSs hydrogel composite and
hydrogel, n = 3. (E) Particle size distribution of DFO-GMSs. (F) Cumulative drug release behavior obtained from GMSs, hydrogel, and DFO-
GMSs hydrogel composite in vitro, n = 3. Values are presented as the mean + SEM. Scale bar: (A) low magnification = 100 sm, high magnification

=10 ym. (C) = 100 um.

3.4. DFO-GMSs Hydrogel Composite Promoted
Angiogenesis In Vitro. ELISA results showed the signifi-
cantly higher secretion of VEGF, FGF2, and HIF-1a in DPSCs
belonging to DFO-GMSs hydrogel composite group relative to
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both the GMSs hydrogel composite group and the controls (p
< 0.05). The results revealed that DFO-GMSs hydrogel
composite promoted the secretion of angiogenesis-related
factors in DPSCs. Furthermore, higher concentrations of DFO
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Figure 2. Influence of DFO-GMSs hydrogel composite on DPSC viability. (A) Flow cytometry analysis of specific markers on DPSCs. (B) Live/
dead staining for Calcein AM and PI in Control-DPSC, Hydrogel-DPSC, and GMSs hydrogel composite-DPSC at 1, 3, and S days. (C)
Cytoskeletal fluorescence staining of DPSCs after 1 and S days. (D) Viabilities at 1, 3, and S days after DPSC seeding, *p < 0.0S. **p < 0.01. **%*p
< 0.001. ****p < 0.0001, ns p > 0.05. Scale bar: (B) = 500 ym. (C) = 100 um.

(DFO-40) demonstrated a more pronounced effect. On the
other hand, no marked differences were observed between the
DFO-0 and control groups (p > 0.05), indicating that it is
released DFO from GMSs hydrogel composite leads to this
result (Figure 4C).

12584

To further verify whether the DFO released from the
hydrogel affects DPSCs, alterations in the levels of angio-
genesis-related genes were examined using a Transwell
chamber (Figure 4D). The results revealed that DFO
enhanced secretion of VEGF, FGF2, and HIF-la from
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Figure 4. Effects of DFO-GMSs hydrogel composite on the angiogenic capacity of DPSCs in vitro. Tube formation assay (A) and quantification of
(B) segment length under different concentrations of DFO, n = 3. Effects of DFO-GMSs hydrogel composite on levels and secretion of vascular-
related factors (HIF-1a, VEGF, FGF2) in DPSCs as demonstrated by ELISA (C) and qPCR (D), n = 3. *p < 0.05. **p < 0.01. ***p < 0.001.
*HA%p < 0.0001, ns p > 0.05. Scale bar: 500 um.

DPSCs (p > 0.05), with higher concentrations (DFO-40) DPSC-DFO-40 group, indicating that DFO-GMSs hydrogel

demonstrating a stronger effect. composite effectively promoted vascularization in vitro (Figure
In the tube formation assays, more extensive blood-vessel 4A). Furthermore, no significant variation was recorded
network and complete tubular structures were found in the between the DPSC-DFO-0 group and un-DPSC-DFO-0
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group (p > 0.05), and DPSCs-DFO-40 group showed higher
segments length compared with un-DPSC-DFO-40 group (p <
0.05), suggesting that DFO released from the hydrogel
composite promoted vascularization by enhancing the
secretion and levels of angiogenesis-related factors in DPSCs.

4. DISCUSSION

This study reported the successful synthesis of a GMSs
hydrogel composite, with DFO incorporated into the material
through encapsulation within GMSs. The drug release
experiments demonstrated the potential of GMSs hydrogel
composite to provide sustained release of the drug over 15
days. According to the experiments of Jiang, the concentration
of DFO at 20 uM showed toxic effects on pulp cells, inhibiting
the growth of DPSCs.*® However, in the CCK-8 assays,
DPSCs in the DFO-20 group retained high viability on day 3
and S. This indicates the ability of the hydrogel composite to
regulate drug release. While hydrogels generally have favorable
biocompatibility, they can suffer from burst release and rapid
diffusion of drugs. The incorporation of GMSs effectively
slowed down the drug release, providing a more controlled
delivery.*®

DFO is a commonly used iron chelator in clinical
hematology. It functions by binding to iron ions and
preventing the degradation of HIF by proline hydroxylase,
thereby activating the hypoxic signaling pathway even under
normoxic conditions. It has been found that both topical and
systemic administration of DFO promotes bone formation and
vascularization, thereby enhancin§ the repair of bone defects
while facilitating fracture healing.” 738 However, owing to the
limited half-life of DFO in the body, achieving local drug
enrichment through oral administration is challenging.
Furthermore, systemic application of DFO has been associated
with adverse reactions resulting from overdose.' Recent
research has focused on improving local DFO applications.
Ding et al. combined DFO with silk nanofibers, demonstrating
strong physical interaction with DFO, effectively avoiding the
need for chemical cross-linking. DFO-loaded silk nanofiber
hydrogel systems showed zero-order drug release over 40 days
and promoted enhanced vascular network formation in wound
sites.”” Donneys et al. conjugated hyaluronic acid with DFO,
enabling its immobilization within fracture-healing tissue while
also providing sustained release of DFO for over 10 days,
ensuring its activity during angiogenesis.40 Li et al. introduce a
composite hydrogel combining gelatin and hyaluronic acid
(HA), with the encapsulation of DFO nanoparticles (DFO
NPs). The DFO NPs showed a ustained release of DFO over
12 days and hydrogel Encapsulating the DFO NPs enabled
controlled release over 15 days.’” This is similar to our idea of
improving microsphere mechanical properties and drug
delivery by adding drug-carrying microspheres to hydrogels,
but the materials used to fabricate the microspheres and
hydrogels were different from ours, which may led to
differences in the release of drug. In this study, DFO was
found to be released over 15 days in vitro, facilitated by the
combined effects of physical adsorption by GMSs and
encapsulation within the hydrogel. Moreover, the porous
structure of the hydrogel enhanced DPSCs adhesion, while the
microsphere incorporation increased the hydrogel’s surface
area. Cytoskeletal staining revealed that the cells adopt a star-
or shuttle-shaped morphology, with established intercellular
connections.

With advancements in tissue engineering, significant
progress has been accomplished in pulp regeneration. Tissue
engineering is typically associated with the integration of stem
cells, biomaterials, and bioactive growth factors." DPSCs
possess the potential for multilineage differentiation into
odontoblasts, nerve cells, and endothelial cells (ECs), making
them a promising candidate for pulp regeneration.””* It has
been reported that DPSCs promote angiogenesis in vivo,
demonstrating vascular properties.** A recent study on canine
partial pulp regeneration also observed the formation of blood
vessel-like structures in the regenerated tissue. Gene expression
analysis revealed the upregulation of proangiogenic factors,
supporting the potential of DPSCs as a source of cells for
complete pulp regeneration through angiogenesis and vasculo-
genesis.45 To enhance vascularization, studies have combined
stem cells from human exfoliated deciduous teeth with ECs.
However, the results indicated no significant enhancement in
microvessel density within the regenerated pulp. Instead, it is
DPSCs themselves that show great angiogenic potential by
secreting VEGF to support vascular morphogenesis, which can
be further promoted by hypoxic pretreatment.*®

The current study demonstrated that the DFO-GMSs
hydrogel composite stimulated DPSCs to secrete angio-
genesis-related factors, and enhancing angiogenesis in vitro.
Liu et al. fabricated DFO-loaded hydrogel to control the
release of DFO and observed DFO promoted the secretion of
NO and VEGF from HUVECs.”> Zhu et al. came to similar
conclusions that DFO promoted the secretion of VEGF and
HIF-1a.°® In this study, we observed the same enhance of
VEGF secretion from DPSCs by released DFO. The results
suggest that DFO may have a similar promoting effect on
DPSCs and HUVECs. Considering that the effect of DFO on
HUVECs is mainly through a key signaling molecule HIF-
1a,°* whose secretion we also detected in our study using
ELISA and qPCR, further studies may be needed to examine
the relationship between the effect of DFO on DPSC and HIF-
la. The activation of HIF-1a signaling in DPSCs may be an
essential pathway through which DFO exerts its biological
effects.

HIF-1a is a cellular oxygen sensor. Under normoxic
conditions, two proline residues in the central degradation
domain of HIF-la are hydroxylated by proline hydroxylases
(PHDs) that require Fe', leading to HIF-la degradation.”’
Limiting oxygen or restricting the availability of Fe** through
iron chelation prevents HIF-1a from under%oing proteolysis,
thereby stabilizing and enhancing its activity.” Under hypoxic
conditions, DPSCs frequently upregulate HIF-1a expression,
which in turn promotes the increased expression of angiogenic
genes, including VEGF, and FGF2.">'* VEGF, a target gene of
HIF-1a, exerts a crucial role in angiogenesis. Under hypoxia,
HIF-1ar accumulation triggers VEGF activation, promoting
angiogenesis with improved oxygen delivery.”” HIF-la and
signal transducer of transcription 3 (STAT3) simultaneously
bind to the VEGF promoter, forming complexes with
transcriptional coactivators ref-1/APE and CBP/p300 to
activate VEGF expression. The binding of HIF-la and
STAT3 to the VEGF promoter is crucial to maximal
transcription of VEGF mRNA under hypoxia.”® The HIF-
la/VEGF pathway may be a potential mechanism for
promoting angiogenesis in DPSCs, which requires further
experimental validation.

Moreover, HIF-1 is a key _si%naling molecule coupling
osteogenesis and angiogenesis.”>> HIF-la overexpression
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activates the VEGF/AKT/mTOR signaling pathway, leading
to increased levels of phosphorylated AKT (p-AKT) and
phosphorylated mTOR (p-mTOR), thereby enhancing the
osteogenic and angiogenic potential of adipose-derived stem
cell (ADSC).>® VEGF/AKT/mTOR pathway may participate
in odontoblast differentiation in DPCs. After odontoblast
induction, VEGF and AKT mRNA expression in DPCs
increased dramatically.”* Meanwhile, VEGF binds to the
VEGF receptor (VEGFR) and p-AKT, thereby increasing the
expression of p-AKT, which further activates endothelial nitric
oxide synthase (eNOS).”>*° eNOS, a key enzyme in NO
production, plays a central role in modulating the expression of
NO through the regulation of upstream signaling pathways.>’
NO promotes ECs proliferation and exerts significant vaso-
dilatory effects.”® The dual potential of DFO to promote
angiogenesis and bone formation could provide valuable
insights for pulp regeneration, but one major limitation of
this study is the lack of in vivo experimental, which may affect
the feasibility of DFO-GMSs hydrogel composite for practical
applications. Future studies should consider collecting these
data in order to further argue our point and thus more
accurately assess the potential of the hydrogel composite in
pulp regeneration.

5. CONCLUSIONS

The study reported the successful synthesis of DFO-GMSs
hydrogel composite demonstrating significant physical proper-
ties with sustained and long-term drug release behavior. The
drug delivery system enhanced the migration and secretion of
angiogenesis-related factors (VEGF, HIF-la, FGF2) in
DPSCs, thereby promoting blood vessel formation. Further-
more, HIF-1a may play a crucial role in the blood vessels
formation and the enhancement of dentin repair. Considering
the strong relationship between angiogenesis and pulp
regeneration, rapid revascularization is essential for effective
pulp regeneration. Therefore, drugs or growth factors targeting
angiogenesis may provide promising approaches for future
treatments.
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