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An 1njectable bioceramics-containing composite hydrogel
promoting innervation for pulp-dentin complex repair
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Dental pulp-dentin complex defects remain a major unresolved problem in oral medicines. Clinical therapeutic methods including
root canal therapy and vital pulp therapy are both considered as conservative strategies, which are incapable of repairing the pulp-
dentin complex defects. Although biomaterial-based strategies show remarkable progress in antibacterial, anti-inflammatory, and

pulp regeneration, the important modulatory effects of nerves within pulp cavity have been greatly overlooked, making it
challenging to achieve functional pulp-dentin complex regeneration. In this study, we propose an injectable bioceramics-
containing composite hydrogel in combination of Li-Ca-Si (LCS) bioceramics and gelatin methacrylate matrix with photo-
crosslinking properties. Due to the sustained release of bioactive Li, Ca and Si ions from LCS, the composite hydrogels possess
multiple functions of promoting the neurogenic differentiation of Schwann cells, odontogenic differentiation of dental pulp stem
cells, and neurogenesis-odontogenesis couples in vitro. In addition, the in vivo results showed that LCS-containing composite
hydrogel can significantly promote the pulp-dentin complex repair. More importantly, LCS bioceramics-containing composite
hydrogel can induce the growth of nerve fibers, leading to the re-innervation of pulp tissues. Taken together, the study suggests
that LCS bioceramics can induce the innervation of pulp-dentin complex repair, offering a referable strategy of designing
multifunctional filling materials for functional periodontal tissue regeneration.

International Journal of Oral Science (2025)17:66

INTRODUCTION

Teeth are one of the most important tissues of the human body.
However, due to bacterial invasion and trauma, dental pulp
necrosis and dentin defects can occur, resulting in the
deterioration of tooth structures and the compromise of
physiological functions.! Dental caries is a pertinent example.
Severe forms of this condition can lead to damage to the dentin
matrix, thus exposing the dental pulp to the oral microenviron-
ment. The dental pulp is susceptible to infection by micro-
organisms, which can result in inflammation and necrosis.>™ In
clinical, the treatment of pulp-related caries commonly involves
the utilization of medical pastes or pulp capping, avoiding
further inflammation and bacterial invasion.” However, when
the dental pulp was seriously infected or necrotic, the
therapeutic approach entails root canal therapy (RCT), which
uses inert materials to replace the necrotic tissue.%” It should be
noted that the currently applicable filling materials such as
calcium hydroxide, exhibit a limited ability to promote
odontogenic differentiation of dental pulp cells and dentin
formation.®® The long-term delayed regeneration and structure
integration of pulp-dentin complex can increase the brittleness
of teeth, loss of defense ability and teeth vitality.” Generally,
dentin caries is associated with simultaneous damage to the
dentin and pulp. Moreover, due to the close structural
connection and interdependent functions between dental pulp
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and dentin,”'° the concept of integration regeneration for pulp-

dentin complex has attracted increasing attention.?'’

Dental pulp-dentin complex is densely innervated with multiple
nerve fibers, that discriminate the functions of sense external
stimuli such as pain and temperature.”'? Besides, sensory nerves
could secret numerous neurotransmitters and neurotrophic
factors to regulate inflammation, angiogenesis and the odonto-
genic differentiation of dental pulp cells, thus actively participat-
ing in pulp-dentin complex repair.”’>”'> In the sensory nerve-
deficient microenvironment, the supplementation of activin B has
been confirmed to promote the proliferation and reduced the
apoptosis of dental pulp stem cells (DPSCs)."® It is reported that
Schwann cells (SCs) possess the capacity of secreting extracellular
vesicles to induce angiogenesis and neurite outgrowth.®'s'”
Moreover, SCs-derived extracellular vesicles can also activate SDF-
1/CXCR4 axis to recruit endogenous stem cells, and thus
contribute to the formation of structures similar to the pulp-
dentin complex.®'® Hence, innervation should be fully considered
when designing biomaterials for dental pulp-dentin complex
regeneration. Unfortunately, to our knowledge, current strategies
are mainly focused on antibacterial,'®'® immune regulation,®?'
and mineral deposition,”>?* which largely ignored the great
significance of innervation, leading to unsatisfactory therapeutic
outcomes. Therefore, it remains challenging to achieve innervated
pulp-dentin complex regeneration.”?>
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Silicate bioceramics have gained increasing attention in
regenerative medicine owing to their excellent biocompatibility
and biodegradability,*?” and have been successfully employed
for tissue regeneration, including bone, cartilage, skin, muscles,
and nerve tissues.’®? The bioactive ions released from silicate
bioceramics could create beneficial ionic microenvironments for
regulating multiple cell behaviors, including proliferation, migra-
tion and differentiation.>~3° Lithium (Li), one of the essential trace
elements, possesses notable neuroactive and neuroprotective
effects3®>% Studies have shown that Li ions enhance the
migration, differentiation and myelination of SCs via (-catenin
signals.3*® Moreover, Li ions could promote the neuronal
differentiation of neural stem cells by activating the PI3K-AKT
signaling pathway.3? It is reported that Li-containing fillers could
stimulate DPSCs migration and odontogenic differentiation
through activating Wnt/B-catenin pathway, inducing dentin
formation.*’ Besides, as the main component of tooth, calcium
(Ca) actively participates in mineral deposition and dentin
formation.*? Ca ions also play crucial roles in neurogenesis.****
Moreover, silicon (Si) ions have been demonstrated to induce the
osteogenic differentiation of bone mesenchymal stem cells, and
promote the neurite outgrowth of dorsal root ganglion neurons as
well as secreting neuropeptides.*>*® Hence, it is reasonable to
speculate that Li-Ca-Si (LCS) bioceramics could act as bioactive
factors to induce neurogenesis odontogenesis, which further
promote innervated pulp-dentin complex regeneration.

Herein, we successfully prepared an injectable bioceramics-
containing composite hydrogel composed of LCS bioceramics
particles and gelatin methacryloyl (GelMA) matrix for the
treatment of pulp-dentin complex defects (Fig. 1). Firstly, GelMA
was chosen as a filler for in situ injected into the defects in a
minimally invasive manner, serving as a barrier to protect pulp
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tissues. Secondly, LCS bioceramic particles were incorporated into
the hydrogel, functioning as bioactive factors for regulating cell
behavior. Specifically, the released bioactive Li, Ca, Si ions have the
capacity to enhance the migration, and neurogenic differentiation
of SCs, as well as the odontogenic differentiation of DPSCs.
Besides, the function of composite hydrogel in mediating
neurogenesis-odontogenesis couples was investigated. Finally,
the effectiveness of bioceramics-containing composite hydrogel
on innervated pulp-dentin complex regeneration was explored
in vivo. Overall, we expect that this study could offer a new
concept for achieving functional pulp-dentin regeneration via
inducing innervation by biomaterials.

RESULTS
Preparation and characterization of LCS bioceramics and
injectable composite hydrogel
LCS bioceramics particles were synthesized by sol-gel method as
our previous report.>** As shown in Fig. 2a, LCS particles
exhibited an irregular morphology with micron-scale size. The
XRD pattern showed that all the diffraction peaks of particles
could be well indexed into Li,Ca,Si,O; phase (Fig. 2b). Fig. S1
showed that the particle size of LCS bioceramics particles is below
50 um. GelMA hydrogel was synthesized according to previous
studies.***® As shown in Fig. 2c, the storage modulus (G) of the
hydrogel was immediately increased and significantly higher than
loss modulus (G") after exposed to blue, indicating its light-
triggered gelation properties. Figure 2d showed the representa-
tive images of sol-gel transition process of composite hydrogel.
To form the bioceramics-containing composite hydrogel,
different amounts of LCS particles were incorporated into the
GelMA solution. Macroscopic photographs showed that the
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Fig. 1

Schematic diagram of the preparation of an injectable bioceramics-containing composite hydrogel and its application in the

regeneration of innervated dentin-pulp complex. The injectable composite hydrogel was prepared by incorporating lithium calcium silicate
(LCS) bioceramics into GelMA hydrogel. The bioceramics-containing composite hydrogel was in situ injected and then crosslinked by blue
light to fill the defects. Multiple bioactive Li, Ca and Si ions released by the composite hydrogel could promote odontogenesis and
neurogenesis, thus contributing to the regeneration of dentin-pulp complex with innervation
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Fig. 2 Characterization of Li,Ca,Si,O; (LCS) bioceramics particles and bioceramics-containing composite hydrogel. a SEM image of LCS
particles. b XRD pattern of LCS particles. ¢ Modulus-time curves of composite hydrogel with blue light crosslinking. d Digital photographs of
hydrogel before and after crosslinked by blue light. e SEM images of these composite hydrogels. f The stress-strain curve of composite
hydrogels. g The compression modulus analysis of composite hydrogels (n = 3). h Swelling ratio of the hydrogels (n = 6). i Equilibrium water
content of the hydrogels (n=6). *P<0.05, **P<0.01, ***P<0.001. High-purity LCS bioceramics particles and bioceramics-containing
composite hydrogels were successfully prepared, and the incorporation of LCS particles could enhance the mechanical characteristics of

hydrogels

transparency of hydrogel decreased, turning from translucent to
white with an increase in LCS particles concentrations (Fig. S2). As
demonstrated in Fig. 2e, all hydrogels exhibited an interconnected
macro-porous network structure. LCS particles were uniformly
distributed in the wall of hydrogels without obvious agglomera-
tions (Fig. S3). The XRD pattern of Fig. S4 showed that LCS
bioceramic particles are loaded into the GelMA hydrogel matrix.
Furthermore, the rheology and mechanical properties of compo-
site hydrogels were tested. The results of the strain sweep
experiment indicated that the G” values were obviously lower
than the G’ values at lower strain levels, suggesting the stable
solid state of these hydrogels (Fig. S5). The critical strain
(corresponding to the intersection of G and G") was
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approximately 290%, 290%, 250%, and 180% in the GelMA,
GelMA-5LCS, GelMA-10LCS and GelMA-15LCS, respectively.
Figure 2f, g showed the stress-strain curves and the corresponding
compression modulus calculated from the slope of 0-10% strains
of the curves of these hydrogels. The compression modulus
of GelMA, GelMA-5LCS, GelMA-10LCS and GelMA-15LCS were
(14.16 = 0.54) kPa, (18.63 + 2.49) kPa, (19.36 + 1.30) kPa, and
(18.73 + 1.28) kPa, respectively. It could be found that the
incorporation of LCS bioceramics slightly enhanced the compres-
sion modulus of the composite hydrogel as compared with pure
GelMA hydrogel, while these three LCS-containing composite
hydrogels exhibited non-significant differences in statistics. Owing
to its interconnected networks structure, hydrogel possessed
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Injectability and in vitro mineralization properties of bioceramics-containing composite hydrogel. a The viscosity-shear rate curves of

composite hydrogels with different concentrations of LCS particles. b Representative photographs of injectability characterizations. ¢ Digital
images showing the ability of composite hydrogels to fill pulp-dentin defects. d SEM images and e corresponding XRD pattern of composite
hydrogels after immersed in SOF for 1 days. f SEM images and g corresponding XRD pattern of the composite hydrogels after immersed in
SOF for 3 days. Bioceramics-containing composite hydrogels possessed satisfactory injectability and good mineralization properties

suitable swelling properties. As shown in Fig. 2h, i, all groups
exhibited well-swelling and equilibrium water content (EWC)
behaviors, while the values were slightly decreased with the
increasing of LCS particles concentrations. Since physiological
activities often need to be within a certain pH range to meet the
requirement of biofunction, the effect of composite hydrogels on
solution pH also needs to be paid attention. As shown in Fig. S6,
the incorporation of LCS bioceramic could increase the pH value.
After 21-day soaking periods, the pH of GelMA, GelMA-5LCS,
GelMA-10LCS, and GelMA-15LCS was 7.40+0.02, 7.92+0.06,
9.20+0.07, and 9.87 + 0.14, respectively. Moreover, the degrada-
tion rates of GelMA, GelMA-5LCS, GelMA-10LCS, and GelMA-15LCS

SPRINGER NATURE

at 21 days were found to be 44.82% + 3.70%, 30.40% + 5.90%,
24.78% + 5.36%, and 22.10% + 2.90%, respectively (Fig. S7).

As shown in Fig. 3a, an inverse correlation between shear rate
and viscosity was evident. The viscosity of the hydrogel exhibited
a substantial decrease with the increase of shear rate. Besides, the
oscillation frequency tests were performed under the range of 0.1-
10Hz. In this range, the G’ values consistently exceeded the G”
values, showing its stable gel states (Fig. S8). Moreover, as
demonstrated in Figs. 3a, S8, and S9, the incorporation of LCS
bioceramic particles does not significantly affect the shear-
thinning properties, frequency stability, and temperature sensitiv-
ity of GeIMA hydrogels. Subsequently, the injectability behaviors
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of composite hydrogels were also verified by writing specified
word ‘SICCAS’ from a syringe with 25G needle, and injected into
molds with various shapes, such as circle, triangle, heart,
pentagram and rabbit head (Fig. 3b). The composite hydrogel
possessed suitable injectability and shape fidelity. Moreover, the
simulation experiments were also performed to demonstrate the
convenience of injectability in clinical. The composite hydrogel
(stained with red dyes) was first filled into the dentin-pulp defects,
and then crosslinked with blue light for 5 seconds. The composite
hydrogel could be stably filled in the defect area even under the
erosion of flush water, and maintained its stability after immersion
in simulated oral fluid (SOF) (Fig. 3c). The above results showed
that the rheological properties of bioceramics-containing compo-
site hydrogels are similar to those of pure GelMA hydrogels.

As shown in Fig. 3d-g, there was no mineralization product
generated from the pure GelMA hydrogel, and the surface
remained smooth throughout the immersion period. After
soaked in SOF for 1 day, mineralization products can be observed
in GelMA-10LCS and GelMA-15LCS, which is confirmed by
the characteristic peaks of hydroxyapatite of the XRD pattern
(Fig. 3d, e). Mineralization products were also found in GelMA-
5LCS group after being soaked in SOF for 3 days. Furthermore, an
increase in the LCS content resulted in an enhancement of the
intensity of the mineralization peak. (Fig. 3f, g).

The neurogenic activity of bioceramics-containing composite
hydrogel

According to live/dead staining images and cell counting kit 8
(CCK-8) results shown in Fig. S10 and Fig. 43, it could be observed
that cells survived well in all the groups without significant
differences between each other for 5 days of culture. Besides, the
skeleton and nucleus of SCs were stained by FITC and DAPI,
respectively, in order to observe cell adhesion. It can be observed
that SCs spread well on the surface of composite hydrogels,
confirming their favorable cytocompatibility (Fig. 4b). A Transwell
migration assay was further conducted to evaluate the impact of
the LCS-containing composite hydrogels on cell migration
activities. As shown in Fig. 4c, a significantly higher number of
migrated cells were observed in the GelMA-5LCS group in
comparison to the other groups. The statistical analysis showed
that the quantity of migrated cells in the GelMA-5LCS group was
notably greater, suggesting that certain concentrations of LCS
bioceramics could promote the migration activity of SCs (Fig. 4d).
The expression of genes associated with neurogenesis in SCs was
assessed using RT-qPCR experiments. After 5-days culture, the
expression of GDNF, PMP22, NGF, and BDNF was significantly
higher in the GeIMA-5LCS group in comparison to those in GelMA
group (Fig. 4e). Furthermore, immunofluorescence images (Fig. 4f,
g) and semi-quantitative analysis (Fig. S11) indicated that the
GelMA-5LCS composite hydrogel obviously promoted the expres-
sion of S100 and GDNF proteins in SCs as compared with GelMA
hydrogels. Moreover, the concentrations of bioactive ions released
from LCS bioceramics-containing composite hydrogel during cell
culture are shown in Table S1. The composite hydrogel has been
observed to facilitate the continuous release of bioactive ions
(Fig. S12 and Table S1). Taken together, GelMA hydrogel contain-
ing 5% LCS bioceramics particles exhibited the best performance
in the neurogenic differentiation of SCs.

The odontogenic activity of bioceramics-containing composite
hydrogel

Live/dead staining and CCK-8 results (Figs. S13 and 5a) confirmed
that DPSCs survived well throughout the culture period. GelMA-
5LCS group slightly promoted DPSC proliferation, while higher LCS
content inhibited it. Moreover, DPSCs also spread well on the
surface of these composite hydrogels. However, it is worth noting
that the cell density on the composite hydrogel with 10% and 15%
LCS concentrations was slightly lower than that in the other
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groups, corresponding to the CCK-8 results (Fig. 5b). Besides, cell
migration activity was evaluated by Transwell assay. As shown in
Fig. 5¢, a significantly higher number of migrated cells was
observed in the GelMA-5LCS group as compared with the GelMA
groups. On the contrary, the migrated cell number in GelMA-15LCS
was lower than that in GelMA group. Statistical analysis showed
that the GelMA-5LCS group has the best performance of inducing
cell migration (Fig. 5d). The results showed that the inclusion of 5%
LCS bioceramics particles could enhance the proliferation and
migration of DPSCs. The odontogenic differentiation activity of
DPSCs was assessed by RT-gPCR after 5 days of culture. As
demonstrated in Fig. 6a, the expression levels of odontogenic-
related genes, including DMP-1, DSPP, OPN, and ALP, were found
to be significantly elevated in the GelMA-5LCS group compared
to the GelMA group. Furthermore, immunofluorescence images
(Fig. 6b, c) and semi-quantitative analysis (Fig. S14) also indicated
that GelMA-5LCS composite hydrogel obviously promoted the
expression of DMP-1 and DSPP proteins in DPSCs as compared
with GelMA hydrogel. In addition, alizarin red S staining experi-
ments were utilized to characterize calcium nodules deposition
throughout the odontogenic differentiation of DPSCs. Figure 6d, e
show that the addition of 5% LCS bioceramics promoted the
formation and deposition of calcium nodules, exhibiting its
excellent odontogenesis properties. In summary, the GelMA-5LCS
group exhibited optimal performance in promoting the prolifera-
tion, migration, and odontogenic differentiation of DPSCs.

Bioceramics-containing composite hydrogel mediating the
coupling of neural regulation of odontogenesis

In this section, we investigated whether the odontogenic
differentiation of DPSCs was modulated by neural cells under
the treatment of bioceramics-containing composite hydrogels. As
shown in Fig. 7a, DPSCs were cultured with conditioned mediums
to evaluate the migration and odontogenic differentiation
activities. Figure 7b, c showed the crystal violet staining images
of migrated cells and its statistical analysis results. It could be
observed that the GelMA-5LCS-CM group showed a greater
number of migrated cells as compared with the GelMA-CM and
Control-CM groups. As demonstrated by immunofluorescence
images, the expression levels of odontogenesis-related proteins,
including DMP-1, DSPP, and OPN, were found to be significantly
elevated in the GelMA-5LCS-CM group in comparison to the other
groups (Fig. 7d-f). The results of the semi-quantitative analysis
demonstrated that the GelMA-5LCS-CM group exhibited higher
expression levels of these proteins in comparison with the
Control-CM and GelMA-CM groups (Fig. 7g-i). These results
showed that the GelMA-5LCS-CM group had better performance
in promoting the migration and odontogenesis of DPSCs as
compared with the GeIMA-CM group.

Innervated dentin-pulp regeneration in vivo

In this part, we further investigated the capacity of inducing
odontogenesis and neurogenesis in vivo. Dentin-pulp defects
with 0.8 mm diameter were created by drilling holes in the
molar teeth of rats, as illustrated in Fig. S15. Hydrogels were
in situ injected in the defects and crosslinked using blue light.
After 6 weeks, jawbone tissues were harvested for further
analysis (Fig. 8a).

The collected rat jawbone tissues were scanned by Micro-CT,
and the defect site was located (Fig. 8b). Moreover, bone volume/
total volume (BV/TV), bone mineral density (BMD), and trabecular
thickness (Tb.Th) were obtained by quantitative analysis. As
demonstrated in Fig. 8c-e, the GelMA-5LCS group has remarkable
higher BV/TV, BMD and Tb.Th values in comparison to the Blank
and GelMA groups. Besides, the performance of GelMA-5LCS
composite hydrogels was similar with the iRoot BP group,
indicating that the incorporation of LCS bioceramics particles
obviously enhanced its dentin tissue regeneration capacities.
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Fig. 4 The neurogenic activity of bioceramics-containing composite hydrogels. a Proliferation of SCs cultured with composite hydrogels for 1,
3, and 5 days (n =5). b Morphology of SCs on the surface of these hydrogels. ¢ Crystalline violet staining images of the migrated SCs after
cultured with composite hydrogels. d Quantitative statistics results of migrated SCs (n=6). e Expression of neurotrophic factor and
myelination-related genes in SCs cultured with composite hydrogels for 5 days (n = 3). Representative immunofluorescent images of f S100
and g GDNF proteins in SCs after cultured with GelMA and GelMA-5LCS hydrogel for 5 days. (Blue: cell nuclei; Green: cytoskeleton; Red:
proteins). *P<0.05, **P < 0.01, **P<0.001. GelMA-5LCS composite hydrogels could effectively enhance the proliferation, migration, and

neurogenic differentiation activity of SCs

H&E staining results indicated that the pulp tissues in the
GelMA-5LCS group were clear and exhibited closer to normal
tissue morphology than those in other groups (Fig. 8f).
Furthermore, pulp-dentin regeneration and innervation were
evaluated by immunofluorescent staining experiments. Dentin
markers DMP-1 and DSPP were used to evaluate the dentin
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formation. As demonstrated in Fig. 9a, ¢, more DMP-1 and DSPP
proteins (red fluorescence) were expressed in GelMA-5LCS and
iRoot BP groups as compared with Blank and GelMA groups. And
there was no significant difference between the GelMA-5LCS and
iRoot BP groups. Semi-quantitative analysis showed that GelMA-
5LCS and iRoot BP groups had comparatively large DMP-1 and
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DSPP positive area, and both were higher than Blank and GelMA
groups, which is in accordance with immunofluorescent images
(Fig. 9b, d). The ingrowth of nerve fibers was evaluated via
immunofluorescence staining of neurofilaments. As demonstrated
in Fig. 9¢, f, normal tissues have an abundant distribution of nerve
fibers, which mediated its physiological functions. More interest-
ingly, compared to Blank and GelMA groups, the GelMA-5LCS
group exhibited higher neurofilament density in the defect area,
indicating enhanced innervation.

DISCUSSION

Inspired by the bioactivity of silicate bioceramics, we have
prepared an injectable lithium-calcium-silicate (LCS) bioceramics-
containing composite hydrogel for innervated pulp-dentin regen-
eration. The composite hydrogel possesses good injectability,
shape fidelity, and photo-crosslinking properties, which is suitable
for in situ filling pulp-dentin defects. In comparison with the
prolonged curing times of several hours observed for conven-
tional dental products (e.g., MTA and iRoot BP),*>*° the composite
hydrogel demonstrates a distinctive property of rapid curing,
capable of completing photo-crosslinking within a remarkably
brief timeframe of 5 to 40seconds (Figs. 2, 3). Furthermore, as
shown in Fig. 2e, composite hydrogels exhibit macro-pore
structure, which can support material exchange and cell infiltra-
tion, thereby facilitating the provision of a suitable 3D micro-
environment for pulp cells and tissues.’'”? Therefore, as
compared with the current pulp capping agents, which have
disadvantages such as inconvenient use, long curing time, and
high requirements for clinical operation techniques, the compo-
site hydrogel exhibits suitable convenience in clinical application.
Meanwhile, the composite hydrogel has a simpler composition

International Journal of Oral Science (2025)17:66

and excellent biocompatibility. The incorporation of bioceramics
particles endows hydrogels with enhanced mechanical strength
and mineralization ability. In consideration of the augmentation in
mechanical strength, a previous study has confirmed that the
addition of inorganic biomaterials could enhance the molecular
network density of polymer hydrogel, thus affecting its mechan-
ical strength.®’ Therefore, the underlying mechanism of these
phenomena may be attributed to the enhancement of the
molecular network density of the hydrogel with the incorporation
of LCS particles. The reason for the enhanced mineralization effect
is that LCS bioceramics can release Ca* ions and, after a series of
reactions, eventually lead to the precipitation of apatite on the
surface of the composite hydrogel material.>*** Moreover, the
formation of hydroxyapatite layer can enhance the remineraliza-
tion of damaged dentin in the process of dentin regeneration,
thus accelerating dentin repair.>*

Furthermore, the in vitro results showed that bioceramics-
containing composite hydrogel could promote the neurogenic
differentiation of SCs, odontogenic differentiation of DPSCs, as
well as neuro-odontogenesis couplings. We speculated that the
excellent bioactivities of the composite hydrogels were mainly
caused by the incorporation of LCS bioceramics. lon release results
indicated that LCS bioceramics released multiple bioactive ions,
creating a beneficial ionic microenvironment for regulating
cellular behaviors such as migration and specific differentiation.
Li and Si ions released from LCS bioceramics exerted a synergistic
effect in promoting SCs proliferation, migration, and neurogenic
differentiation.>>>® Li ions also have the ability to promote the
expression and nuclear localization of B-catenin, leading to SCs
differentiation and myelination.3**° Besides, Li ions exhibited a
promotion effect on migration, odontogenic differentiation, and
mineralization of DPSCs.*' In addition, the in vitro experiment also
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Fig. 6 The odontogenic differentiation activity of DPSCs cultured with bioceramics-containing composite hydrogels. a Expression of dentin-
related genes in DPSCs cultured with composite hydrogels for 5 days (n = 3). Representative immunofluorescent images of b DMP-1 and
¢ DSPP proteins in DPSCs after cultured with GelMA and GelMA-5LCS hydrogel for 5 days. (Blue: cell nuclei; Green: cytoskeleton; Red: proteins).
d Digital images of alizarin red S staining of DPSCs after 10 days of culture. e Quantitative results of alizarin red S staining (n = 4). *P < 0.05,
**P < 0.01, ***P < 0.001. GelMA-5LCS composite hydrogels could significantly enhance the odontogenic differentiation of DPSCs

confirmed that GelMA-LCS hydrogels could induce mineralization,
which is helpful to dentin formation.>*”*® Among them, GelMA-
5LCS has the best neurogenic and odontogenic activities due to
the release of various ions within the appropriate concentration
range. Numerous studies have found that the excessive ions
concentration from bioceramics may induce potential cytotoxicity,
which is harmful to cell viabilities.3?>*°7%2 While the less ions
release also shows limited bioactivity. Bioactive ion release within
an appropriate concentration range exhibit optimal biological
activities, including enhancing the proliferation, migration, and
differentiation behaviors. Therefore, the composite hydrogel is
speculated to enhance the neurogenic differentiation of neural
cells, helping create a suitable neuro-modulatory microenviron-
ment for odontogenesis. Hence, the bioceramics-containing
composite hydrogel is expected to promote dentin-pulp inte-
grated repair through the coupling of neuro-odontogenesis.

The in vivo results showed that bioceramics-containing
composite hydrogel could not only promote dentin formation
but also induce nerve ingrowth, achieving innervated pulp-dentin
regeneration. We speculated that the enhanced dentin formation
and innervation were mainly due to the incorporation of LCS
bioceramics. Multiple bioactive ions released from the composite
hydrogel could create suitable ionic microenvironments for tissue
regeneration. On the one hand, released Li, Ca, and Si ions can
directly enhance the proliferation, migration, and specific differ-
entiations of both DPSCs and SCs, promoting tissue regeneration.
On the other hand, we confirmed that the composite hydrogel
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provides a more suitable neuro-modulatory microenvironment,
inducing early innervation and further enhance dentin regenera-
tion. Additionally, the augmented neurogenic activity suggests
that SCs have the capacity to secrete various neurotrophic factors,
including GDNF, NGF, BDNF, etc. These neurotrophic factors have
been demonstrated to provide nutritional support for nerves and
promote axonal regeneration.>'® In addition, they also enhance
the expression and mineral deposition of odontogenic-related
proteins (e.g., DSPP, ALP, OPN) in dental pulp cells, thereby
promoting their odontogenic differentiation and mineralization.®®
Furthermore, the migration of DPSCs is promoted by extracellular
vesicles of SCs through the SDF-1/CXCR4 axis and have the
potential to recruit endogenous stem cells for tissue repair.%* In
addition, the extracellular vesicles of SCs contain a variety of
proteins necessary for tooth regeneration, including TGF-f, wnt5a,
and Col1. These proteins have the capacity to regulate the
proliferation, migration, and differentiation of cells, thereby
promoting the regeneration of the pulp-dentin complex.®'® Taken
together, these results demonstrate that a bioceramics-containing
composite hydrogel possesses excellent pulp-dentin regeneration
with innervation capacity.

Although bioceramics-containing composite hydrogel has
shown satisfactory results in the regeneration of the innervated
pulp-dentin complex, further studies need to be carried out to
clarify some issues. Firstly, the underlying biological mechanism of
nerve fiber growth and SCs regulating the behavior of DPSCs
under the stimulation of composite hydrogel needs to be further
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In vivo assay on regeneration of the pulp-dentin complex. a Schematic diagram of the animal experiments. b Micro-CT reconstruction

images in Normal, iRoot BP, Blank, GelMA and GelMA-5LCS groups, respectively. The dotted line delineates the area of the defect, while the red
represents the regenerated hard tissue. The statistical analysis results of ¢ BV/TV, d BMD and e Tb. Th (n = 4). f H&E staining images. *P < 0.05,
**P < 0.01, ***P < 0.001. GelMA-5LCS composite hydrogels contribute to the regeneration of dental tissues

studied. Secondly, in order to better evaluate the clinical relevance
of the composite hydrogel and the need for clinical transforma-
tion, further characterizations, including mechanical strength of
regenerated dentin, long-term stability and the degradation
process of the composite hydrogel in the dental environment,
functional recovery of regenerated dentin-pulp complex, and
systematic comparison with commercial products are needed to
be conducted in animal studies to facilitate a multifaceted
assessment of the innervated pulp-dentin complex regeneration.
Concurrently, it is known that immunomodulatory and
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antibacterial properties are of great significance in the evaluation
of dental implant materials due to the microbial colonization and
excessive inflammatory response of oral microenvironments.'#%
The antibacterial and anti-inflammatory properties of composite
hydrogel merit further investigation. In addition, the effects and
mechanisms of composite hydrogel on other cells related to pulp-
dentin complex regeneration, such as immune cells and
endothelial cells, are worthy of further investigation.

Overall, our study presented an injectable bioceramics-
containing composite hydrogel with both neurogenic and
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Fig.9 Histological analysis of the repaired pulp-dentin defects after 6 weeks of treatment. a Immunofluorescence staining images of DMP-1 in
the defect area. b Quantitative statistical results of the positive area of DMP-1 (n = 5) ¢ Immunofluorescence staining images of DSPP in the
defect area. d Quantitative statistical results of the positive area of DSPP (n = 5). e Inmunofluorescence images of nerve fibers (Neurofilament,
NF) in the defects area. f Quantitative statistical analysis of the positive area of NF (n=5). *P <0.05, **P <0.01, ***P <0.001. GelMA-5LCS
composite hydrogels could promote dentin formation and induce nerve fiber ingrowth, contributing to innervated pulp-dentin complex

regeneration

odontogenic bioactivities, representing a promising approach for
functional pulp-dentin integrated repair.

MATERIALS AND METHODS

Materials

Tetraethyl orthosilicate (TEOS) was sourced from Lingfeng Chemical
Reagent Co,, Ltd (China). Ca(NOs),-4H,0 (AR, 99%) and LiNOs (AR,
99%) were acquired from Aladdin Biochemical Technology Co., Ltd
(China). Methacrylic anhydride (MA, 94%) was purchased from
Adamas (China). Porcine Gelatin (Type A, ~ 300g Bloom,) and
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photoinitiator lithium phenyl (24,6-trimethylbenzoyl) phosphinate
(LAP) were purchased from Sigma-Aldrich (USA).

Synthesis and characterization of Li,Ca,Si,O; bioceramics particles
Li,CaySi,0; (LCS) particles were synthesized by sol-gel
method.***” Briefly, TEOS, deionized water, and 2 mol/L dilute
nitric acid were mixed at the molar ratio of TEOS: H,O: HNO; = 1:
8: 0.08. The solution was stirred for 1h, and subsequently,
Ca(NOs),-4H,0 and LiNO3 were added to the solution in the same
molar amounts as TEOS, respectively. After stirring for 6 h, the
solution was aged at 60 °C for 24 h and dried at 120 °C for 48 h.
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The as-formed xerogels were ball milled at 500 r/min for
20 minutes and sieved to 20 mesh to obtain the powders. Then
the powders were maintained at 900 °C for 2 h at a heating rate of
2 °C/min. The phase of calcined particles was analyzed using an
X-ray diffractometer (XRD, D8 ADVANCE, Bruker Co., Germany). A
scanning electron microscope (SEM, SU8220, Hitachi, Japan) was
used to observe and photograph the morphology of LCS particles.
The size distribution of LCS particles was tested by a laser particle
meter (Bettersize2600).

Synthesis of gelatin methacryloyl hydrogel

Gelatin methacryloyl (GelMA) was prepared through the reaction of
gelatin with MA**® At first, 20g gelatin was added to 200 mL
deionized water, and stirred at 50°C for about 30 minutes for
complete dissolution. After that, 12 mL MA was added to the gelatin
solution and reacted under magnetic stirring in a 50 °C water bath for
1.5 h. The solution was then centrifuged for 3 minutes at 3 500 r/min,
and the supernatant was collected and diluted 4 times with deionized
water. The diluted solution was packed in a dialysis bag (14 kD) and
dialyzed in deionized water at 40 °C for 10 days. Finally, the solution
was frozen at -80 °C overnight and lyophilized for 2 days. The dried
GelMA was kept sealed at room temperature.

Preparation and characterization of the injectable bioceramics
composite hydrogel

Firstly, LAP was dissolved in PBS solution (0.25 %), then 10 % dried
GelMA was added to the solution and dissolved at 55 °C. The as-
formed GelMA solution was sterilized using the 0.22 um bacterial
filter (Millipore, USA). In addition, a certain mass of LCS
bioceramics particles (0, 0.015, 0.030, and 0.045 g) was irradiated
under an ultraviolet lamp for 2 h for sterilization, and subsequently
added into the GelMA solution (3 mL) to form composite hydrogel,
which was further crosslinked by blue light (EFL-LS-1601, EFL,
China) for 20s. Based on the LCS particle to GelMA matrix mass
ratio (0%, 5%, 10% and 15%), the composite hydrogels with
different contents of LCS were referred to as GelMA, GelMA-5LCS,
GelMA-10LCS, and GelMA-15CS, respectively.

The interior macropore structure of the composite hydrogel was
characterized by SEM (SU-8200). Briefly, the hydrogels were deep-
frozen at —80 °C overnight and lyophilized before being cut along
with the longitudinal directions. The morphology of the vertical
section of the hydrogel was observed and photographed by SEM.
At the same time, the element distribution of the hydrogel was
also obtained by energy dispersive spectroscopy. Besides, the
phase of the hydrogel was analyzed by XRD.

A rheometer (MCR301, Anton-Paar, Austria) was used to
characterize the rheological properties of the composite hydro-
gels. The change in storage modulus (G') and loss modulus (G") of
the composite hydrogels was measured with the variation of
strain at 10°C. In addition, the change in viscosity of the
composite hydrogels was characterized as the shear rate varied
from 0s™' to 100s~". The modulus of the composite hydrogels
was tested over a frequency range of 0.1 to 10 Hz. The variation of
the viscosity of the composite hydrogels was measured when the
temperature was varied from 10-40 °C.

The injectability and plasticity of the composite hydrogel were
evaluated by extruding the mixture through a 25-gauge needle to
write the appointed word ‘SICCAS’ and injecting the mixture into
molds with different shapes. The photo-crosslinking characteristics
of the composite hydrogel were examined using the rheometer
(MCR301).

The swelling properties of the composite hydrogel were tested
according to previous reports.”® Firstly, hydrogel blocks were
prepared using cylindrical molds with a diameter and height of
both 15 mm. The hydrogel blocks were lyophilized with their dry
weight (M,) recorded. Then the samples were soaked in PBS for
24 h, gently removed the free water on the surface of the
hydrogel, and weighed (M,,). Finally, the swelling ratio of the
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composite hydrogel was calculated according to the equations
My, /Mg, and the equilibrium water content (EWC) was calculated
according to the equations (M,, — Mg)/Mgx 100%.

A mechanical tester (Instron 5969, USA) was used to determine
the elastic modulus of the composite hydrogels. The hydrogel
samples for testing were prepared in cylindrical molds with a
diameter and height of 15mm. The measurements were
performed under uniaxial compression with 1 mm/min strain rate.
The elastic modulus was calculated from the slope of the stress-
strain curve within the 0-10% strain range.

To assess the pH of the composite hydrogel immersion solution, a
composite hydrogel disc with 8 mm diameter was soaked in 1 mL
PBS solution and placed at 37°C for 1, 3,7, 11, 14, and 21 days. The
pH of the solution was determined at each time point. Meanwhile,
the mass of the hydrogel was measured. The initial mass of the
hydrogel was designated as M;, and the mass after soaking was
designated as M,. The degradation ratio of the hydrogel was
calculated according to the formula (M; — M) /M; x 100%.

Pulp-dentin defect filling simulation experiment

A molar tooth was provided by Shanghai Ninth People’s Hospital.
A dental drill was used to create a hole in the molar teeth to
simulate pulp-dentin defects. Subsequently, the composite
hydrogel stained with red dye was injected into the molar defects
to evaluate its filling properties. After cross-linked with blue light
for 5s, the molar teeth filled with hydrogel were soaked in
simulated oral fluid (SOF) and placed on a shaker at 37°C to
observe its physiological stability.

Mineralization ability evaluation

To evaluate in vitro mineralization ability, bioceramics composite
hydrogel discs were soaked in SOF solution in a shaker at 37 °C for
1 and 3 days, followed by lyophilized in a freeze-dryer.
Subsequently, the mineral deposition behaviors of composite
hydrogels were characterized by XRD and SEM.

Cell culture

Rat Schwann cells (SCs) and human dental pulp stem cells (DPSCs)
were utilized in this study. SCs were provided by the Cell Bank of
the Chinese Academy of Sciences, while DPSCs were provided by
the Shanghai Ninth People’s Hospital. SCs were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, low glucose,
Sangon, China) containing 10% fetal bovine serum (FBS, Invitro-
gen, USA) and 1% penicillin-streptomycin (P/S, Invitrogen, USA).
Experiments were conducted using SCs from generations 6-9.
DPSCs were maintained in the minimum essential medium-a
(MEM-a, Sangon, China) containing 10% FBS and 1% P/S, and
experiments were performed with DPSCs from generations 2-5.
All cells were maintained in 5% CO, atmosphere at 37 °C.

Cell survival assay

Live/dead staining was used to evaluate the survival behaviors of
SCs and DPSCs. In brief, cells (5 000 per well) were seeded on the
hydrogel surface in a 48-well plate and cultured for 1, 3, and
5 days. At each time point, the medium was removed and cells
were washed three times with PBS. The cells were then stained
with a live/dead staining solution at 37°C for 20 minutes. The
Calcein-AM/PI staining kit (Dojindo, Japan) was prepared in PBS
with a volume ratio of 1 000: 2: 3 (PBS: AM: PI). After staining, the
cells were photographed using a microscope (DMi8S, Leica
Microsystems, Germany), with live cells showing green and dead
cells showing red.

Cell proliferation assay

The effect of the bioceramics composite hydrogel on cell
proliferation was investigated by the Cell counting Kit-8 method
(CCK-8, Dojindo, Japan). Briefly, cells (5 000 per well) were seeded
on the hydrogel surface in a 48-well plate and cultured for 1, 3,
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and 5 days, with medium changes every two days. To replace the
original medium at each time point, 300 uL cell culture medium
supplemented with 10% CCK-8 solution was added into each well.
The cells were then cultured at 37 °C for 1.5 h. 100 uL supernatant
was aspirated from each well and added into a new 96-well plate
accordingly, and absorbance was detected at 450 nm using a
microplate reader (Spectra Fluor Plus, Tecan, Germany).

Cell morphology observation

The morphology of cells seeded on the composite hydrogel
surface was examined to evaluate its surface cytocompatibility.
In brief, cells (20 000 per well) were seeded on the hydrogel
surface in a 24-well plate. After culturing for 2 days, 4%
paraformaldehyde was used to fix the cells for 1 h, followed by
washing with PBS. The cells were then permeabilized with 0.1%
Triton-X 100 (Sigma-Aldrich, USA) solution for 5 minutes and
washed three times with PBS. The cytoskeleton was stained
with FITC (Sigma-Aldrich, USA) for 1h, and the nuclei were
subsequently stained with DAPI (Sigma-Aldrich, USA) for
10 minutes in a dark environment. After staining, the cells
were washed three times with PBS. The cell morphology was
observed and photographed by a confocal laser scanning
microscope (TCS SP8, Leica, Germany).

Cell migration assay

The effect of the composite hydrogel on cell migration activity
was assessed using the Transwell assay. In brief, 10 000 cells per
well were seeded into the upper chamber of a 24-well plate and
cultured for adherence. After 6 h, the hydrogel was placed in the
bottom chamber and the medium was replaced with serum-free
medium for another 12 h. Subsequently, cells in the chamber were
fixed for 1 h. Unmigrated cells on the top surface of the upper
chamber were carefully removed with a cotton-tipped applicator,
while migrated cells that were located on the bottom surface were
subjected to 0.1% crystal violet staining for 3 minutes. The residual
stain was then washed away with PBS solution. Afterwards, the
migrated cells were observed and photographed by the micro-
scope (DMi8S, Leica Microsystems, Germany), followed by
quantification with Image J software.

Gene expression analysis

To assess the capacities of bioceramics composite hydrogel to
induce neurogenesis and odontogenesis, the expression of
odontogenic genes in DPSCs and neurogenic genes in SCs was
measured by RT-qPCR. At first, the cells (100 000 per well) were
seeded on the hydrogel surface in a 6-well plate and cultured for
5 days. Afterwards, total RNA was extracted by Trizol reagent
(Invitrogen, USA), followed by sequential use of trichloromethane
(Sigma-Aldrich, USA) and 2-propanol (Sigma-Aldrich, USA) to
obtain RNA precipitates. RNA was then reverse transcribed into
cDNA by the PrimeScript 1st Strand cDNA Synthesis Kit (TOYOBO,
Japan). Finally, StepOnePlus real-time system (Applied Biosystems,
USA) was used for gene expression analysis. GAPDH was regarded
as the housekeeping gene, and the 2"*2“* method was applied for
the expression level calculation of related genes. All primer
sequences are listed in Table S2.

Immunofluorescent protein staining assay

Immunofluorescence staining experiments were applied to
study the effect of the composite hydrogel on the specific
proteins’ expression levels of DPSCs and SCs. Briefly, 50 000
cells per well were seeded on the surface of the composite
hydrogel in a 24-well plate and cultured for 5 days. After that,
the cells were fixed with 4% paraformaldehyde for 1h and
subsequently washed with PBS solution. After fixation, the cells
were permeabilized using 0.1% Triton-X 100 solution for
5 minutes and then rinsed three times with PBS. Cells were
then incubated by primary antibodies overnight at 4°C after
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blocking by 5% BSA for 30 minutes at room temperature. The
next day, the cells were washed with PBS to remove the
residual primary antibody solution. Afterwards, the cells were
incubated with secondary antibody (1:1 000) in a dark
environment for 1Th at 37°C. The cytoskeleton was then
stained with FITC in the dark for 45 minutes, and followed by
staining of nuclei with DAPI for 10 minutes. Fluorescence
images were photographed by the confocal microscope (TCS
SP8) and analyzed in ImagelJ software.

Alizarin Red S (ARS) staining

To characterize the deposition of calcium nodules during the
odontogenic differentiation of DPSCs in vitro, the ARS staining
experiment was conducted. At first, the bottom chamber of a
24-well plate was seeded with 10 000 cells per well, while
bioceramic composite hydrogels were placed into the upper
chamber. After 10 days of cell culture, the DPSCs were fixed
with 4% paraformaldehyde for 1h. Cells were subsequently
stained with ARS solution (2%, Beyotime, China) at 37 °C for
30 minutes. After that, the cells were washed with ultrapure
water until no floating color remained. The stained cells were
observed and photographed by the microscope (DMi8 S, Leica,
Germany). To quantify the ARS staining values, the samples
were treated with 10% acetic acid and 10% ammonium
hydroxide. A microplate reader (Spectra Fluor Plus) was used
to detect the absorbance of the solution at 405 nm.

lonic release

To assess the release profile of Li, Ca, and Si from the composite
hydrogel, the previous medium was collected at the time of fluid
exchange, and then the solution was analyzed through inductively
coupled plasma (ICP, Varian 715ES, Palo Alto, US). The ion release
curves were subsequently calculated based on the results
obtained.

Preparation of conditioned medium

Conditioned medium was used to assess the effects of SCs-treated
with composite hydrogel on the odontogenic differentiation of
DPSCs. Firstly, SCs (50 000 cells per well) were cultured with
composite hydrogel for 2 days, after which the medium was
exchanged with serum-free medium. After 24 h, the medium was
harvested and centrifuged to remove cell debris. The resulting
supernatant was then mixed with MEM-a complete medium in a
1:1 volume ratio to prepare conditioned medium. Among them,
SCs cultured on the well plate, pure GelMA hydrogel, and GelMA-
5LCS hydrogel were named Control-CM, GelMA-CM, and GelMA-
5LCS-CM, respectively. Subsequently, DPSCs were seeded on the
24-well plate (50 000 per well) and placed with conditioned
medium for culture. The migration and protein expression of
DPSCs were performed as described above.

Animal studies

Male SD rats (8 weeks, weight at 300-350 g) were used for the
animal experiments after approval by the Institutional Animal Care
and Use Committee of Shanghai Ninth People’s Hospital Affiliated
with Shanghai Jiaotong University, School of Medicine (Ethics
number: SH9H-2024-A35-1). The animal modeling methods were
referred to in a previous study.'® Briefly, dentin-pulp defects with a
diameter of 0.8 mm were established by drill and divided into five
groups: Normal group, iRoot BP group, Blank group, GelMA group,
GelMA-5LCS group. All hydrogels were sterilized and then injected
into the defect and crosslinked with blue light for 40 s, and then
the cavity was sealed with resin. After 6 weeks, the whole jawbone
was collected and fixed for further analysis.

Micro-CT analysis

Animal samples were scanned using Micro-CT (Skyscan1172,
Bruker, Germany) at a resolution of 8.9 um. Three-dimensional
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reconstructions were generated with CT-Volume software, and the
values of bone volume/total volume (BV/TV), bone mineral density
(BMD), and trabecular bone thickness (Tb. Th) were analyzed using
the CT-Analyzer program.

Histological staining

To decalcify hard tissues, all the samples from the in vivo test were
soaked in 10% EDTA for 1 month, then immersed in 10% and 30%
sucrose solution for dehydration. Afterwards, the tissues were
embedded with OCT compound and then cut into 10 um sections
by a freezing microtome (CryoStar NX70, Thermo, USA). For H&E
staining, sections were soaked in PBS for 20 minutes to remove
residual OCT compound, then stained with H&E staining kit
(C0105S, Beyotime, China) according to the instructions. An optical
microscope (Zeiss, Germany) was used to photograph the tissue
images. For immunohistochemical staining assay, the sections
were immersed in PBS solution and then immersed in Proteinase K
working solution (P78893, Abcone, China) for antigen recovery.
Subsequently, the sections were blocked with PBS containing 10%
donkey serum (BL939A, Biosharp, China) and 0.3% Triton-X 100 for
1 h. Following this, the sections were incubated with primary
antibody overnight at 4 °C, then with secondary antibody for 1 h at
room temperature in a dark environment. The sections were
covered with fluorescent mounting medium with DAPI (P0131,
Beyotime, China). Immunofluorescence images were captured
using the confocal microscope (TCS SP8) and statistically analyzed
in ImageJ software.

Statistical analysis

All data were presented as mean + standard deviation with n >3
and analyzed using one-way ANOVA in Origin 2021 software
(Origin  Laboratories, USA). When *P<0.05, **P<0.01, or
***P < 0.001, the difference is considered statistically significant.
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