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SrCuSi,0,,/GelMA Composite Hydrogel-Mediated Vital
Pulp Therapy: Integrating Antibacterial Property and

Enhanced Pulp Regeneration Activity

Yu Qiu, Jun Tian, Siyi Kong, Yanping Feng, Yangyu Lu, Lefeng Su, Yanling Cai, Mengjie Li,

Jiang Chang,* Chen Yang,* and Xi Wei*

Vital pulp therapy (VPT) is considered a conservative treatment for preserving
pulp viability in caries-induced dental pulp infections. However, bacterial
contamination negatively affects dentine-pulp complex repair. The common
capping materials show limited antimicrobial effects against some
microorganisms. To improve the VPT efficacy, capping materials with
increased antibacterial properties and enhanced odontogenic and angiogenic
activities are needed. Herein, a SrCuSi,O;,/gelatin methacrylate(SC/Gel)
composite hydrogel has been proposed for infected dental pulp treatment.
SrCuSi,O,, (SC) is a microscale bioceramic composed of assembled
multilayered nanosheets that possesses good near-infrared photothermal
conversion ability and multiple bioactivities due to sustained Sr**, Cu?*, and
SiO;2~ ion release. It is shown that the SC/Gel composite hydrogel efficiently
eliminates Streptococcus mutans and Lactobacillus casei and inhibits biofilm
formation under photothermal heating, while the ion extract from SC
promotes odontogenesis of rat dental pulp stem cells and angiogenesis of
human umbilical vein endothelial cells. The as-designed therapeutic effect of
SC/Gel composite hydrogel-mediated VPT has been proven in a rat dental
pulp infection model and yielded improved dentine-pulp complex repair
compared with the commercially used iRoot® BP Plus. This study suggests
that the SC/Gel composite hydrogel is a potential pulp-capping material with
improved effects on dentine—pulp complex repair in infected pulp.

1. Introduction

Dental pulp infection, which leads to pulp
inflammation and necrosis, is mainly in-
duced by cariogenic bacterial colonization
and biofilm formation on dentine, defects
in the dentine protecting pulp tissue, and
the subsequent bacterial invasion of dental
pulp.l!l The conventional endodontic ther-
apy for the infection of mature permanent
dental pulp is root canal therapy (RCT)
with the removal of all pulp tissue. How-
ever, the absence of pulp vitality is dis-
advantageous for long-term tooth survival,
so more conservative treatment strategies
aimed at dental pulp vitality preservation
are recommended.?!

Vital pulp therapy (VPT), including pulp
capping and pulpotomy, has been recom-
mended for young permanent teeth with
deep caries, clinically diagnosed reversible
pulpitis, and even in some cases irre-
versible pulpitis to preserve pulp viability.’!
This therapeutic process includes the re-
moval of infected dentine and pulp tis-
sue, the covering of the surface of exposed

pulp tissue with bioactive capping materials and the restora-
tion of injured pulp.[*l VPT helps maintain the integrity of the
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teeth and vitality of dental pulp. Furthermore, the benefits of
minimally invasive care offered by VPT permit more conser-
vative restorative care, which is also related to a reduced cost.
The successful application of VPT largely depends on the com-
plete elimination of infection in pulp because bacteria contam-
ination negatively influence dentine-pulp complex repair.’! Un-
fortunately, it is difficult to determine the extent of pulp infec-
tion because the clinical symptoms and pathological characteris-
tics are sometimes inconsistent.l®) Moreover, bacterial contami-
nation in serious caries cases is nearly impossible to completely
remove through infection removal operations, and biofilm for-
mation further increases the difficulty of eliminating bacterial
contamination.l”] The currently applicable biologically active cap-
ping materials, such as calcium hydroxide and calcium silicate-
based cements, have been proven to exhibit antibacterial proper-
ties, promote odontogenic differentiation of dental pulp cells, and
induce the formation of a reparative hard-tissue bridge. However,
several studies have found that these capping materials exerted
limited antimicrobial effects against some microorganisms,/®!
which may lead to the failure of VPT. Therefore, novel capping
materials with improved antibacterial and antibiofilm effects as
well as the ability to stimulate hard-tissue barrier production are
needed.

To rapidly kill bacteria and inhibit long-term bacterial growth,
a variety of approaches have been developed, such as the applica-
tion of antibacterial metal ions and high temperature.l®) Copper
(Cu), an element with significant antibacterial activity, has been
widely incorporated into biomaterials to kill bacteria. However,
its antibacterial effect is dependent on Cu being present in a suf-
ficiently high concentration and requires a long time, which de-
creases antibacterial efficiency.'” Another disadvantage of Cu is
that a high concentration of Cu ions is possibly toxic to normal
tissues.l'!l In recent years, photothermal therapy (PTT), which
is based on local high temperature produced by photothermal
agents under near infrared (NIR) irradiation, has emerged as a
promising effective antibacterial method. A sufficiently high tem-
perature has been suggested to cause irreversible cell damage
by denaturing proteins or enzymes, blocking metabolic signals,
breaking down the cell membrane of microbes, and leading to the
leakage of cellular content.?l In contrast to antibiotic or metal
ions, PTT exhibits a rapid antibacterial effect on various types of
bacteria and reduces bacterial resistance.[®®] In previous stud-
ies, the application of photothermal agents with 808 nm NIR ir-
radiation for 15 min has been found to exert an excellent antimi-
crobial effect in vitro and in vivo.['*] Nevertheless, bacteria may
regrow once the temperature decreases, and long-term high tem-
peratures can also damage normal cells.!* Recently, the combi-
nation of Cu and polydopamine induced PTT has been suggested
to have synergistic effects, with an increased long-term antibac-
terial effect and a lower operating temperature of 50 °C, decreas-
ing thermal damage to normal tissue.!'®] However, it is unknown
whether this treatment has antibacterial effects on caries-induced
infected dental pulp.

On the other hand, to achieve successful reparative dentine for-
mation and dental pulp regeneration, inorganic materials have
been widely applied in VPT owing to the sustained release of
bioactive ions. Silicon (Si) has been shown to have positive ef-
fects on the odontogenic differentiation of dental pulp stem cells
(DPSCs) and vascularization of endothelial cells (ECs).['”] Silicate
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biomaterials have been demonstrated to improve hard tissue for-
mation as well as blood vessel regeneration, which contributes to
the immune response and antibacterial effect as well as the pulp
nutrient supply for cell viability and pulp tissue regeneration.!8]
Silicate can combine with metal cations, such as Cu ions and
strontium (Sr) ions. The addition of these bioactive metal ions
improves the odontogenesis and angiogenesis effects of silicate
materials.[*) Therefore, it is assumed that synthetic materials,
including Si, Cu, and Sr, may exhibit excellent bioactivity for re-
pairing the dentine-pulp complex.

Based on the above considerations, we hypothesized that treat-
ment with SrCuSi,O,, (SC) combined with high temperature
may exert antibacterial and antibiofilm effects and facilitate den-
tine formation and vascularization. The photothermal property of
SC was demonstrated and applied to eliminate bone tumors in a
previous study.[?’] However, it is unclear whether treatment with
SC combined with heat has antibacterial effects. Although the
ability of SC to promote vascularized bone regeneration has been
proven,!?l its therapeutic effects on dental pulp regeneration re-
main unknown. Therefore, we hypothesized that the application
of SC as the pulp-capping material together with PTT can elimi-
nate bacteria and promote the success of VPT for infected dental
pulp due to the enhanced odontogenesis and angiogenesis.

To apply SC to infected pulp, we chose gelatin methacryloyl
(GelMA) hydrogel as the carrier material to load SC micropar-
ticles due to its great biocompatibility and easy crosslinking by
UV light,[?2) which can directly contact pulp tissue and exactly
cover exposed dental pulp to form a barrier protecting the pulp
tissue (Figure 1). Therefore, we prepared a SrCuSi,O,,/GelMA
(SC/Gel) composite hydrogel with detailed characterizations and
evaluated its antibacterial and antibiofilm activities under NIR
light using Streptococcus mutans (S. mutans) and Lactobacillus ca-
sei (L. casei). Then, we established a rat dental pulp infection
model induced by deep caries-related bacteria and investigated
the therapeutic effect using composite hydrogel combined with
PTT. Moreover, the ability and potential mechanisms of SC to in-
duce odontogenesis and angiogenesis were evaluated using rat
dental pulp stem cells (rDPSCs) and human umbilical vein en-
dothelial cells (HUVECs). This study provides a new avenue for
developing capping biomaterials to be applied to infected mature
permanent dental pulp and to improve the outcome of VPT.

2. Results

2.1. Synthesis and Characterization of SrCuSi,O,, Microparticles

SrCuSi,O,, microparticles were synthesized through a hy-
drothermal method. The low-magnification scanning electron
microscope (SEM) image of the synthesized SC microparticles
revealed that they were pancake-like in shape and uniform with
a diameter of ~12 um and thickness of ~4 pm (Figure 2a).
Higher magnification SEM images of the SC microparticles fur-
ther showed that they were composed of multilayered nanosheets
assembled in an ordered way (Figure 2b). Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping of the SC microparticles
demonstrated the homogeneous distribution of Sr, Cu, Si, and O
(Figure 2c), while the X-ray diffraction (XRD) patterns of the SC
microparticles confirmed their structure and phase purity accord-
ing to the standard ICSD Card (No. 81-1239, Figure 2d). More-
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Figure 1. Schematicillustration of the application of SC/Gel composite hydrogel and NIR irradiation for infected dental pulp treatment, through releasing
Sr?*, Cu?*, and SiO;% ion in response to the promoted antibacterial effect, angiogenesis, and odontogenesis.

over, Fourier transform infrared (FTIR) spectroscopy (Figure 2e)
confirmed the successful synthesis of SC microparticles by the
presence of absorption bands of Si—O-Si (472 cm™),[2] Cu-O
(519, 586, and 659 cm™1),[24 Sr-0 (855 cm™1),[2°] and Si—O (1048
and 1159 cm™1).128] The inductively coupled plasma mass spec-
trometer (ICP-MS) results showed ion concentrations of Si, Cu,
and Sr in the SC extracts (Figure Sla, Supporting Information).
Finally, the UV—vis-NIR absorption spectrum (Figure 2f) revealed
that the SC microparticles had two absorption peaks at 628 and
798 nm, indicating that the SC microparticles could be excited
by NIR laser light (e.g., 808 nm laser) to generate a photothermal
effect.

2.2. Preparation and Characterization of the SrCuSi,0,,/GelMA
Composite Hydrogel

The SC/Gel composite hydrogel was prepared by dispersing the
SC microparticles in GelMA solution. As shown in Figure 2g, the
mixture transformed from solution into a gel after UV crosslink-
ing (Figure 2g). The optical images of the SC/Gel composite hy-
drogels with various concentrations of SC microparticles (0.5, 1,
and 2 wt.%) are presented as the 0.5-SC/Gel, 1-SC/Gel, and 2-
SC/Gel groups (Figure 2h). The color of the composite hydrogels
turned dark blue with an increase in the amount of incorporated
SC microparticles. SEM images further revealed that the SC mi-
croparticles were homogeneously encapsulated in the hydrogel
network without distinctly altering the porous structures of the
hydrogel (Figure 2h). The ICP-MS results showed the ion con-
centrations of Cu in the extracts of the SC/Gel composite hydro-
gels (Figure S1b, Supporting Information).

The photothermal performance of different hydrogels was
then investigated under 808 nm laser irradiation at a power
density of 1 W cm™2 for 5 min. Almost no temperature eleva-
tion was observed in the pure GelMA group after laser irradia-
tion. However, the temperature of the composite scaffolds dra-
matically increased after irradiation with 808 nm light, and an
obvious concentration-dependent temperature increase was ob-
served. The maximum temperature elevations of the 0.5-SC/Gel,
1-SC/Gel, and 2-SC/Gel groups were ~20.3, 29.4, and 37.3 °C,
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respectively (Figure 2i). In addition to the content of embedded
SC microparticles, the photothermal performance of the com-
posite hydrogel was also dependent on the laser power density
(Figure 2j). The infrared thermal images showed the temperature
elevation of 0.5-SC/Gel composite hydrogels under 808 nm laser
(1.5 W cm™?) at different times (Figure S2, Supporting Informa-
tion). Moreover, no particular temperature change was observed
after 5 repetitive laser on/off cycles, implying the photothermal
stability of the SC/Gel composite hydrogel (Figure 2k).

2.3. Antibacterial Activity of the SrCuSi,O,,/GelMA Hydrogel

S. mutans and L. casei were selected to evaluate the antibacte-
rial effect of the SC/Gel hydrogel and NIR irradiation. Bacteria
treated with iRoot BP Plus (BP), GelMA hydrogel, GelMA hy-
drogel together with NIR irradiation, SC/Gel hydrogel or SC/Gel
hydrogel together with NIR irradiation were defined as the BP,
Gel, Gel+NIR, SC/Gel, and SC/Gel+NIR groups. To explore the
rapid bacterial killing effect, the pathogens were collected im-
mediately after treatment with the hydrogels combined with or
without 15 min of NIR irradiation, and then the colonies were
counted after separation on agar plates. As a control material, BP
did not significantly change the number of colonies. The bacte-
rial colony number of the Gel group was slightly greater than that
of the control group, but the difference was not statistically sig-
nificant. The Gel+NIR group exhibited a bacterial colony num-
ber similar to that of the Gel group. Compared to the control,
Gel and Gel+NIR groups, the SC/Gel group had a markedly re-
duced colony number of both S. mutans and L. casei. Moreover,
the SC/Gel +NIR group showed the lowest bacterial colony num-
ber of all groups for both bacteria (Figure 3a,e). The S. mutans
survival percentages of the BP, Gel and Gel+NIR, SC/Gel, and
SC/Gel+NIR groups were 124.13%, 131.56%, 103.96%, 1.32%,
and 0%, respectively (Figure 3b). The L. casei survival percentages
of the BP, Gel, and Gel+NIR, SC/Gel and SC/Gel+NIR groups
were 68.56%, 125.05%, 119.82%, 29.52%, and 0%, respectively
(Figure 3f). These results revealed that the SC/Gel hydrogel com-
bined with NIR irradiation had the lowest bacterial survival rate.
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Figure 2. Characterization of SC microparticles and SC/Gel composite hydrogels. a,b) SEM images of SC microparticles. c) Images of the EDS ele-
mental mapping of Sr, Cu, Si, and O in SC microparticles. d) XRD patterns of SC microparticles. e) FTIR spectrum of SC microparticles. f) UV-vis-NIR
absorption spectrum of SC microparticles. g) SC/Gel mixture transformed from solution into a gel after UV crosslinking. h) Pictures and SEM images of
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For the bacterial growth inhibition study, a spot assay and the
optical density (OD) method were used to evaluate the effect of
the SC/Gel composite hydrogel and NIR on the proliferation of S.
mutans and L. casei. The spot assay pictures showed that the bacte-
rial colonies of the control, BP, Gel and Gel+NIR groups had sim-
ilar sizes, and those of the SC/Gel and SC/Gel+NIR groups were
significantly smaller than those of the other groups (Figure 3c,g).
The OD600 results indicated that the SC/Gel and SC/Gel+NIR
groups had decreased bacterial growth, while the BP group did
not. Compared to the SC/Gel group, the SC/Gel+NIR group
showed more significant inhibition activity. However, no obvious
difference was observed between the Gel and Gel+NIR groups
(Figure 3d,h).

2.4. Biofilm Formation Inhibition of the SrCuSi,O,,/GelMA
Hydrogel

Biofilms formed by the coculture of S. mutans and L. casei were
selected to investigate the inhibitory effects of the SC/Gel hydro-
gel and NIR irradiation on biofilm formation. The crystal violet
staining results indicated that the control, BP, Gel, and Gel+NIR
groups had similar biofilm biomasses. Moreover, the SC/Gel hy-
drogel significantly inhibited biofilm formation. After treatment
with NIR irradiation, the SC/Gel hydrogel exerted the strongest
inhibitory effect on biofilm formation (Figure 4a). The live/dead
staining images of the remaining biofilms also indicated a sim-
ilar trend. The live and dead bacteria of the biofilms were sepa-
rately indicated by the green and red fluorescence. The biofilms
of the control, BP, Gel, and Gel+NIR groups had analogous den-
sities and extremely complete green fluorescence. For the SC/Gel
group, a decreased biofilm biomass and some yellow fluores-
cence, which was overlaid with green and red fluorescence, were
observed. In comparison, with NIR irradiation, a reduced biofilm
density and greatly increased yellow fluorescence were observed
for the SC/Gel group (Figure 4b). All of the above results sug-
gested that the SC/Gel hydrogel inhibited S. mutans and L. casei
biofilm formation and that the addition of NIR irradiation further
enhanced the inhibitory effect.

2.5. In Vivo Infected Pulp Tissue Regeneration and Dentine
Repair

The bacteria-induced rat dental pulp infection model was estab-
lished using S. mutans and L. casei. Procedure for pulp infec-
tion induction and treatment with the SC/Gel hydrogel and NIR
irradiation was illustrated (Figure 5a) and recorded by pictures
(Figure S3, Supporting Information). At week 6 after direct pulp
capping using the SC/Gel hydrogel combined with 15 min NIR
irradiation, microcomputed tomography (micro-CT) analysis of
the treated teeth was employed to examine reparative dentine
bridge formation at the site of the defect (Figure 5b). The im-
ages suggested intact dentine bridges in the blank group (sound

www.advhealthmat.de

teeth). In the control group (bacterial infected teeth) and the
SC/Gel group, a dentine bridge was barely formed, while an ap-
parent thick mineralization bridge was observed above the pulp
chamber in the SC/Gel+NIR group. The quantitative analysis of
newly formed tertiary dentine in pulp chambers (marked by the
red broken lines) suggested significantly less reparative dentine
in the control and SC/Gel groups than in the blank group. In con-
trast, in the SC/Gel+NIR group, the volume of the mineralization
bridge markedly increased compared to that in the control group
and the SC/Gel group (Figure 5c).

A histological analysis was performed to evaluate the grades
of inflammation and mineralization in pulp tissue (Table 1)
and observe reparative dentine formation and vascularization
(Figure 5d). In the blank group, complete and homogenous repar-
ative dentine was formed, and the pulp tissue was basically nor-
mal with an organized odontoblast-like layer and collage struc-
ture and a mild inflammatory response. Blood vessels were ob-
served without obvious expansion or hyperplasia. In the con-
trol group, instead of normal pulp tissue and odontoblasts in
the pulp chamber, there was incomplete disordered calcified tis-
sue entrapping necrotic tissue, and severe inflammatory infiltrate
was detected around the calcified tissue. Blood vessel expansion
and hyperplasia and tissue edema were observed in the resid-
ual pulp tissue. In the SC/Gel group, necrotic tissue and inflam-
matory cells under the cavity and blood vessel expansion were
also observed, although the extent was slightly lower than that
in the control group. No complete dental bridge was detected.
In the SC/Gel+NIR group, extensive and complete newly gener-
ated hard tissue with a dentinal tubule structure was observed
in the pulp-material interface, and odontoblast-like cells were ar-
ranged beneath the reparative dentine. A mild inflammatory re-
sponse was observed for the pulp tissue near the injured site. No
evident blood vessel expansion or structural damage was found
in the pulp tissue. The measurement of tertiary dentine thick-
nesses confirmed the significant negative effect of bacterial infec-
tion on dentine formation and the positive effect of the SC/Gel
hydrogel combined with NIR irradiation and the ineffectiveness
of the SC/Gel hydrogel alone on dentine formation in infected
pulp (Figure 5f).

In addition, dentine formation measured by the expression
of dentine sialophosphoprotein (DSPP) and angiogenesis mea-
sured by the expression of platelet endothelial cell adhesion
molecule-1 (CD31) were further investigated by immunofluo-
rescence (IF) (Figure 5e,gh). The staining images showed that
bacterial infection decreased the expression of DSPP and CD31,
that the SC/Gel hydrogel did not reverse this trend, and that
the SC/Gel hydrogel combined with NIR irradiation did have
the opposite effect. Moreover, histological images of the heart,
liver, spleen, lung, and kidney revealed that the SC/Gel hydro-
gel processed no toxicity to major organs (Figure S4, Supporting
Information). All these results indicated that the SC/Gel hydro-
gel combined with NIR irradiation can promote the repair of the
dentine-pulp complex of infected pulp.

SC/Gel composite hydrogels with various concentrations of SC microparticles (0.5, 1, and 2 wt.%). i) Photothermal-heating curves of SC/Gel composite
hydrogels with various concentrations of SC microparticles (0.5, 1, and 2 wt.%) under irradiation with an 808 nm laser at a power density of 1.0 W cm~2
for 300 s. j) Photothermal-heating curves of the 0.5-SC/Gel composite hydrogel under irradiation with an 808 nm laser at different power densities (1.0,
1.5, and 2 W cm~2) for 300 s. k) Heating curves of the SC/Gel composite hydrogel for five laser on/off cycles under irradiation with an 808 nm NIR laser

(1.5 W cm™2). The data are expressed as the means (n = 3).
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Table 1. Grading of the histological sections of the pulps in each group.

Pulp inflammation grade Pulp mineralization grade

Group n 0 1 2 3 Median 0 1 2 Median
Blank 5 2 3 - - 1 5 12):0)
Control 6 2 4 38) 4 2 0?)
SC/Gel 4 2 2 2.58).€) 1 3 12).0)
SC/Gel+NIR 5 5 - - 1A).€) 2 3 2b)
AB.C)

) Different capital letters indicate statistical differences for the Kruskal-Wallis H test and following Dunn’s post hoc test. Same capital letters do not indicate statistical
differences. For the grades of pulp inflammation, significant differences (p < 0.05) were found between the control and SC/Gel groups and the blank group, and between
the control group and the SC/Gel+NIR group. * ) Different lowercase letters indicate statistical differences for the Kruskal-Wallis H test and following Dunn’s post hoc test.
Same lowercase letters do not indicate statistical differences. For the grades of pulp mineralization, a significant difference (p < 0.05) was found between the control group

and the SC/Gel+NIR group.

2.6. SrCuSi,O,, Enhanced the Viability and Migration of rDPSCs
and HUVECs

rDPSCs were characterized by flow cytometry and adipogenic
and osteogenic induction. The results showed the positive expres-
sion of mesenchymal stem cell surface markers (CD29, CD44,
and CD90) and the negative expression of the hematopoietic
markers (CD34 and CD45) (Figure S5a, Supporting Informa-
tion). Mineralized nodules and lipid droplet formation demon-
strated the multipotent differentiation capacity of cells (Figure
S5b,c, Supporting Information). These results suggested that cul-
tured rDPSCs possessed the mesenchymal phenotype of mes-
enchymal stem cells.

To investigate the effects of SC on the proliferation of rDP-
SCs and HUVECs, we cultured cells in various dilutions (1/2,
1/4,1/8,1/16,1/32,1/64,1/128, and 1/256) of SC microparticle
extracts for 1, 3, and 5 days. Cell counting kit (CCK) — 8 assays
showed that SC at low concentrations (1/256) did not influence
cell viability. Medium concentrations (1/16 and 1/32) of SC in-
creased the viability of both rDPSCs and HUVECs on days 3 and
5. However, rDPSCs and HUVECs treated with SC at high con-
centrations (1/2 and 1/4) had significantly decreased viabilities
after culturing for 1, 3, and 5 days (Figure 6a,b). The live/dead
cell staining images confirmed the cell compatibility of SC ex-
tracts at 1/16 and 1/32 dilutions (Figure 6¢). Overall, 1/16 and
1/32 were favorable dilution ratios for cell proliferation.

The effects of SC on the migration of rtDPSCs and HUVECs
were examined by Transwell assays (Figure 6d). In the 1/16
group, the number of migrated HUVECs was significantly in-
creased, but that of rDPSCs was not. Compared with those in the
control group, more migrated rDPSCs and HUVECs were ob-
served in the 1/32 group. Taken together, these results suggested
that SC extractata 1/32 dilution ratio significantly promoted both
the viability and migration of rDPSCs and HUVECs. Thus, the

1/32 dilution was chosen as the optimal concentration for the
following experiments.

2.7. SrCuSi,0,, Induced the Odontogenesis of rDPSCs

Cells precultured with normal culture medium or the extract
of SC microparticles or BP were defined as the OM, SC, and
BP groups. Alizarin Red S staining analysis demonstrated that
after 21 days of culturing under osteogenic conditions, miner-
alized nodules were obviously deposited in the OM group. In
both the BP and SC groups, developed mineralization was ob-
served compared to the OM group, and the SC group showed
slightly more mineralization. The qualitative analysis of calcium
deposits showed the same trend (Figure 7a). Moreover, the qPCR
results at day 7 indicated that the OM group promoted the expres-
sion of odontogenic genes, including DSPP, dentine matrix acid
phosphoprotein-1 (DMP1), and bone sialoprotein (BSP), and the
SC group enhanced the expression of DMP1I and BSP similarly
to the BP group and promoted DSPP expression compared to the
BP group (Figure 7b).

2.8. SrCuSi,O,, Promoted the Angiogenesis of HUVECs

To evaluate the in vitro angiogenic abilities of SC, a tube for-
mation assay was carried out. The tubule formation images
showed that HUVECs cultured with SC microparticle extract
in the SC group for 8 h exhibited more tube networks, short
lines, and mesh-like circle formation than those in the control
group and BP group. The quantitative analysis verified that the
SC group had a significantly increased total length and num-
ber of nodes of newly formed tubes, with a weak enhancement
compared to the BP group (Figure 7c). In addition, the expres-
sion of angiogenesis-related genes such as vascular endothe-
lial growth factor (VEGF), kinase-domain receptor (KDR), CD31,

Figure 3. Antibacterial ability of the SC/Gel hydrogel and NIR laser (15 min, 1.5 W cm™2). a,b) The SC/Gel hydrogel both with or without NIR irradiation
rapidly reduced the colony numbers of S. mutans compared to the other treatments, and the negative effect on bacterial viability was revealed by
quantitative analysis after counting CFU of serially diluted (1:10) dilution samples. c,d) Images of S. mutans cultured with hydrogels for 24 h showed
inhibited bacterial growth in the SC/Gel and SC/Gel+NIR groups, which was demonstrated by the OD600 results. Compared to the SC/Gel hydrogel,
the SC/Gel hydrogel combined with NIR irradiation showed a more significant antibacterial effect. e,f) The SC/Gel hydrogel rapidly reduced the colony
number of L. casei compared to the other groups, and NIR irradiation further improved this effect. The quantification data of bacterial colonies indicated
these significant differences. g,h) The growth of L. casei cultured with the SC/Gel hydrogel for 24 h was inhibited. The OD600 results showed that the
SC/Gel hydrogel decreased bacterial proliferation, and the SC/Gel hydrogel combined with NIR irradiation resulted in the lowest amount of bacterial
growth. The data are expressed as the means + SDs (n = 3), p-values were calculated by one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison: not significant, p > 0.05;*p < 0.05; ““p < 0.01.
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Figure 4. Inhibition effect of the SC/Gel hydrogel and NIR laser (15 min, 1.5 W cm~2) on biofilm formation. a) The crystal violet staining and OD575
results showed that the SC/Gel group exhibited inhibited biofilm formation compared to the control, BP, Gel, and Gel+NIR groups. Moreover, after
treatment with NIR irradiation, the SC/Gel hydrogel exerted the strongest inhibitory effect on biofilm formation. b) The live/dead staining images of the
remaining biofilms showed biofilms with decreased thicknesses consisting of less live bacteria and more dead bacteria in the SC/Gel group, and the
addition of NIR irradiation further enhanced the antibiofilm effect in the SC/Gel group. The data are expressed as the means + SDs (n = 3), p-values

were calculated by one-way ANOVA with Tukey’s multiple comparison: not significant, p > 0.05; *p < 0.05; “*p < 0.01.

stromal cell-derived factor-1 (SDF1), and hypoxia-inducible fac-
tor 1-a (HIF1la) was higher in the SC group than in the control
group and BP group (Figure 7d). These findings suggested that
SC promoted the expression of angiogenesis-related genes and
improved the angiogenesis of HUVECs.

3. Discussion

For VPT, calcium silicate-based materials, such as mineral triox-
ide aggregate (MTA) and BP, have been indicated to be effec-
tive pulp-capping materials on the basis of the absolute elim-
ination of infection.l?’] However, the inadequate antibacterial
properties of these materials restrict their therapeutic effect on
infected exposed dental pulp.[?®] In this study, we fabricated a

Adv. Healthcare Mater. 2023, 12, 2300546 2300546 (8 of 16)

SrCuSi,0,,/GelMA composite hydrogel and proved that the ap-
plication of the composite hydrogel combined with PTT may be a
useful strategy of direct pulp-capping for infected mature perma-
nent dental pulp. Our results demonstrated the favorable physi-
cal properties, photothermal performance, ion release properties,
and biocompatibility of the SrCuSi,O,,/GelMA composite hydro-
gel. Furthermore, the composite hydrogel obviously promoted
odontogenesis and angiogenesis and inhibited bacterial growth
and biofilm formation.

In the present study, to establish an infected rat molar model,
we added S. mutans and L. casei onto exposed dental pulp, which
is quite different from a previous study in which Enterococcus fae-
calis (E. faecalis) was chosen to induce pulpal infection.[®! Since
Streptococcus and Lactobacillus are pathogens commonly found in
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Figure 5. Evaluation of dentine-pulp complex repair after using the SC/Gel hydrogel combined with NIR irradiation in the pulp capping of infected pulp
in vivo. a) Procedure for pulp infection induction, treatment with the SC/Gel hydrogel and NIR irradiation and restoration with dental composite resin
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the deep caries cavities or carious exposed dental pulp of human
teeth,[*% whereas E. faecalis has been implicated in persistent en-
dodontic treatment failure,3!! we selected S. mutans and L. casei,
rather than E. faecalis, to simulate early carious pulp infection.
In our study, H&E staining, immunofluorescence staining, and
micro-CT analysis confirmed the severe inflammation and necro-
sis, vascular structural disruption, and incomplete disordered cal-
cification of the dental pulp infected with S. mutans and L. casei,
indicating the ability of S. mutans and L. casei to induce pulp in-
fection and irreversible inflammation.

BP is a pre-mixed bioceramic putty material with similar cy-
totoxicity, antibacterial efficacy, and ability to promote complete
calcified bridge formation in comparison with the classic pulp
capping material MTA.[#>32] Interestingly, our results showed the
weak antibacterial function of BP against S. mutans and L. casei
in vitro. Moreover, BP could not induce adequate pulp repair in
S. mutans- and L. casei-infected pulp. The alkaline environment
resulting from the hydration reaction of BP contributes to the an-
tibacterial effect of BP.[8®] However, the hydration reaction only
appears in the initial phase of contact of BP with water and occurs
quickly, contributing to the minor effect of BP on eliminating S.
mutans and L. casei. In published studies, the antibacterial activ-
ities of BP remain controversial, which may be because of the
use of different bacterial strains and methodologies.**®! In con-
trast, after treatment with the SrCuSi,O,,/GelMA hydrogel and
NIR irradiation, the dental pulp exhibited satisfactory reparative
performance. Similarly, the in vitro experiment results indicated
the photothermal properties of the SrCuSi, O,,/GelMA hydrogel,
in accordance with previous studies, and the absolute bacterial-
killing capability of the SrCuSi,O,,/GelMA hydrogel combined
with NIR irradiation was much stronger than that of the other
treatments, including the BP treatment. For SrCuSi,O,,/GelMA,
808 nm NIR light triggered photothermal heating for 15 min
could provide effective antibacterial activities without causing ev-
ident damage to normal tissue in this study, and the same find-
ing was also found with other photothermal agents in previous
studies.'***] Without NIR irradiation, the SrCuSi,O,,/GelMA
composite hydrogel also exhibited good rapid-killing activity and
growth inhibition effects on both bacteria, especially on S. mu-
tans, possibly owing to the antibacterial capability of Cu ions. Cu
ions are a dose-dependent antibacterial agent that can damage
the cell membrane of bacteria and degrade DNA.3* To mini-
mize the cytotoxicity of Cu ions, 0.5 wt.% SC/Gel was applied
because the released Cu ion concentration (0.034 mm) was de-
tected to be within the reported ion concentration range of 107>~
10~* M, which resulted in an antibacterial rate higher than 90%
and no cytotoxicity to mammalian cells.['%?] However, the sepa-
rately applied SrCuSi, O,,/GelMA composite hydrogel did not ex-
ert favorable therapeutic effects on infected dental pulp, indicat-
ing that its antimicrobial effects were not sufficient to restore the

www.advhealthmat.de

balance between inflammation and regeneration. After NIR irra-
diation, the SrCuSi,O,,/GelMA composite hydrogel showed en-
hanced rapid and long-term antibacterial effects, suggesting the
synergistic sterilization performance of the SrCuSi,0,,/GelMA
hydrogel and PTT. These results are in accordance with the previ-
ously confirmed “hot Cu ion” effect, which refers to the synergis-
tic antibacterial effect induced by Cu ions at biocompatible low
concentrations and under high temperatures. In addition, Sr has
antibacterial abilities, but whether a “hot Sr ion” effect exists is
unknown.

Bacterial biofilms usually form on the dentine surrounding
exposed pulp tissue and increase the difficulty of eliminating
bacterial contamination.”l Thus, the antibiofilm properties of
pulp capping material are imperative for dental pulp regener-
ation. As expected, our results did not show the ability of BP
to inhibit biofilm formation by S. mutans and L. casei cocul-
ture. In comparison, the SrCuSi,O,,/GelMA hydrogel slightly
reduced the residual biofilm, and the concomitant application
of the SrCuSi,O,,/GelMA composite hydrogel and PTT had the
best efficacy of inhibiting biofilm formation, in agreement with
the antibacterial assay results. Cu was demonstrated to inhibit
optimal biofilm development, and high temperature (50 °C) pro-
moted the antibiofilm effect.[* Our results suggested the syner-
gistic ability of SrCuSi,0,,/GelMA hydrogel and PTT to inhibit
biofilm formation.

Although the addition of Cu ions lowered the bacteria-killing
temperature, a temperature of 50 °C may still be harmful to the
regeneration of dental pulp, according to published literature
suggesting that high temperature (42 °C) reduced the number
and viability of human dental pulp cells.[**] Therefore, in addi-
tion to antibacterial ability, high biological activity is also required
for pulp-capping materials. We applied Sr and Si in the present
material to enhance the proliferation, migration, and odontoge-
nesis of rDPSCs and promote reparative dentine formation in
rats. Sr and Si may contribute to the induction of BSP, DMP1,
and DSPP expression.!'’#3] DMP1 can promote the odontoblas-
tic differentiation of DPSCs and induce the formation of repara-
tive dentine.’®] BSP is a signaling molecule involved in morpho-
genesis and odontoblast differentiation.[*”] During dentine devel-
opment after the formation of the predentine matrix, DSPP is
known as a marker of the odontogenic differentiation of DPSCs
and plays an important role in this process.**] Our results re-
vealed that SrCuSi,O,, showed an ability to promote the odonto-
genic differentiation of rDPSCs that was slightly better than that
of BP, as indicated by the Alizarin Red S staining results and the
upregulated BSP, DMP1, and DSPP expression. From the ani-
mal experimental data, we noticed that tertiary dentine formed
not only at the injured site but also under surrounding resid-
ual dentine in the SC/Gel+NIR group. It was supposed that the
high temperature caused a degree of cellular injury and led to a

(Resin). b) Micro-CT images clearly showing intact dentine bridges beneath the pulp-capping material in the blank and SC/Gel+NIR groups and no
apparent dentine bridges in the control and SC/Gel groups. c) Analysis of the ratio of bone volume to tissue volume suggesting the development of
mineralization bridge formation in the blank and SC/Gel+NIR groups compared to that in the control and SC/Gel groups. d,f) Hematoxylin and eosin
(H&E) staining images showing excellent reparative dentine formation (marked by blue borders) and vascularization (marked by yellow borders) in the
blank and SC/Gel+NIR groups compared with the control and SC/Gel groups. Measurement of the tertiary dentine thicknesses confirmed significant
differences. e,g,h) Enhanced expression of DSPP and CD31 in the blank and SC/Gel+NIR groups compared to that in the control and SC/Gel groups
revealed by immunofluorescence. Fluorescence intensity analysis indicated the same trend. The data are expressed as the means + SDs (n = 6), p-values
were calculated by one-way ANOVA with Tukey’s multiple comparison: not significant, p > 0.05; *p < 0.05; ““p < 0.01.
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Figure 6. Effect of different concentrations of SC on the viability and migration of rDPSCs and HUVECs. a) CCK-8 assay results showing the enhanced
proliferation of rDPSCs in the 1/16, 1/32, and 1/64 dilution groups. b) CCK-8 assay results showing the enhanced proliferation of HUVECs in the 1/16 and
1/32 dilution groups. c) Live (green)/dead (red) cell staining results confirming the biocompatibility of SC with 1/16 and 1/32 dilution ratios. d) Transwell
assay results indicating increased HUVEC migration in the 1/16 and 1/32 dilution groups. Significantly increased rDPSC migration was observed only
in the 1/32 dilution group but not in the 1/16 dilution group. The data are expressed as the means + SDs (n = 3), p-values were calculated by one-way
ANOVA with Dunnett’s multiple comparison: not significant, p > 0.05; *p < 0.05; "p < 0.01.
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Figure 7. Effect of SC extract on the odontogenesis of rDPSCs and angiogenesis of HUVECs. a) Alizarin Red S staining and calcium deposit quantitative
analysis results showing promoted mineralization in the OM group and significantly enhanced mineralization in the SC and BP groups compared to
that in the OM group. b) Upregulation of odontogenic genes (DSPP, DMP1, and BSP) was detected in the SC and BP groups compared to that in
the OM group. c) Images after culturing for 8 h showing enhanced tubule formation in the SC and BP groups. The quantification of the total length
and number of nodes suggesting significantly increased tubular formation in the SC group compared to that in the BP and control groups. d) The
upregulation of angiogenic genes (VEGF, KDR, CD31, SDF1, and HIF1a) was revealed in the SC group compared to that in the BP and OM groups. The
data are expressed as the means + SDs (n = 3), p-values were calculated by one-way ANOVA with Tukey’s multiple comparison: not significant, p > 0.05;
*p < 0.05; "p < 0.01.
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large necrotic layer between the hydrogel and the remaining vi-
tal pulp. Sequentially, the collagen in this necrotic layer calcified
and the stimulated rDPSCs odontogenic differentiated due to the
excellent bioactivity of the SrCuSi,O,,/GelMA hydrogel, leading
to thick tertiary dentine formation and the higher expression of
DSPP.[*]

Vascularization contributes to the formation of vessel-rich den-
tal pulp and the recruitment of mesenchymal stem cells and
provides nutritional support for cell differentiation and dentine
bridge formation.[*?! Cu, St, and Si have been proven to promote
blood vessel formation and the expression of angiogenic genes,
such as HIF1a, VEGF, and KDR.['%4¢*3] HIF1a has been demon-
strated to induce hypoxia and stimulate VEGF expression.[**] Pre-
vious studies have suggested that VEGF and its receptor KDR are
critical to the initiation process of vascularization.”] SDF1 and
CD31 are common markers indicating endothelial cell migration
and cell—cell adhesion.!*®] In angiogenesis assays of HUVECs, the
SC group showed better angiogenic gene expression and tubular
formation than the control and BP groups. The in vivo experi-
ment results indicated that the SC/Gel+NIR group also exhib-
ited increased vessel formation and CD31 expression. All of the
above results suggested the capacity of SrCuSi*O,, to develop vas-
cularization and odontogenesis, similar to the proven ability of
SrCuSi,0,, to promote vascularized bone regeneration.!]

All these results demonstrated that the SrCuSi,O,,/GelMA
composite hydrogel combined with NIR irradiation can be used
as an effective strategy for the direct pulp capping of infected
dental pulp due to the capability of this combined treatment to
kill bacteria, inhibit biofilm growth and develop odontogenesis
and angiogenesis. This study provides an innovative method for
promoting dentine-pulp complex repair in infected dental pulp.
However, this research is limited in terms of the biological func-
tion of SrCuSi,O,,. Therefore, additional research on the mecha-
nism of SrCuSi,O,,-induced cell differentiation is needed. More-
over, NIR irradiation may be applicable for the induction of bone
regeneration;*’! thus, the effect of 808 nm NIR irradiation on
odontogenesis also needs to be studied in the future. In addi-
tion, the repair process of dental pulp tissues in humans is much
slower than that in rats. Therefore, further studies are needed to
test this material in randomized clinical trials.

4, Conclusion

We prepared a SrCuSi,O,,/GelMA photothermal composite hy-
drogel and exploited it as a pulp-capping material for VPT. The as-
prepared SrCuSi,O,,/GelMA hydrogel had ion-release capabil-
ity and NIR-induced photothermal properties. We demonstrated
that the SrCuSi,O,,/GelMA hydrogel combined with NIR irra-
diation eliminated S. mutans and L. casei, inhibited biofilm for-
mation in vitro, and promoted dentine-pulp complex repair in a
rat dental pulp infection model. Furthermore, we confirmed that
the odontogenesis of rDPSCs and angiogenesis of HUVECs were
enhanced by SrCuSi,O,,.

5. Experimental Section

Materials:
metasilicate

Strontium chloride hexahydrate (SrCl,-6H,0), sodium
nonahydrate (Na,SiO3-9H,0), copper oxide (CuO),
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and ammonia hydroxide (NH;-H,0) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). GelMA was purchased from
Cure Gel Co., Ltd. (Zhejiang, China). 2-Hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone  (Irgacure 2959) was purchased from
Sigma-Aldrich Trading Co., Ltd. (Shanghai, China).

Synthesis of SrCuSisO;, Microparticles: SrCuSi,O,, microparticles
were prepared using a hydrothermal method.[“®! Briefly, SrCl,-6H,0 so-
lution (0.5 m, 5 mL), Na,SiO;-9H,0 solution (0.5 M, 20 mL), and CuO
powder (0.2 g) were mixed together for 10 min. Then, the pH value of the
mixture was first adjusted to 7 using an aqueous HCl solution (1 m) and
then adjusted to 11 with ammonia hydroxide. Sequentially, the obtained
mixture was transferred to a para-polyphenol-lined autoclave and heated
at 250 °C for 48 h. Finally, the synthesized blue powder was washed with
Milli-Q water and lyophilized for further use.

Preparation of lon Extracts Derived from SrCuSi,O;, Microparticles:
Briefly, the ion extracts derived from SC microparticles were prepared
by soaking the microparticles in a serum-free medium with a weight-to-
volume ratio of 1 g5 mL™" at 37 °C for 24 h. Then, the suspension was
centrifuged at 6000 rpm for 20 min to remove the powders, and the super-
natant was sterilized with a 0.22 um Millipore filter. The extracts derived
from BP were prepared using the similar method. For cell experiments, the
obtained SC extracts were diluted to different ratios (1/2, 1/4, 1/8, 1/16,
1/32, 1/64, 1/128, and 1/256) with the serum-free medium.

Preparation of the SrCuSi,O,,/GelMA Composite Hydrogel: First,
GelMA solution containing photoinitiator was prepared by dissolving 1 g
GelMA and 0.05 g Irgacure 2959 in 10 mL deionized water at 40 °C away
from light. Then, SC/Gel composite hydrogels were prepared by mixing SC
microparticles with different weight concentrations (0.5%, 1%, and 2%)
in the GelMA solution, and a 365 nm UV light was applied to cure the hy-
drogel for 5 min. The obtained composite hydrogels were designated 0.5-
SC/Gel, 1-SC/Gel, and 2-SC/Gel, respectively. Pure GeIMA hydrogel was
prepared following the same procedure.

Characterization ~ of  the  SrCuSi,O;y  Microparticles  and
SrCuSi O,0/GelMA  Composite  Hydrogels: The surface morpholo-
gies of the SC microparticles and the composite hydrogels were observed
using a scanning electron microscope (SEM, SU8010, HITACHI, Japan).
The elemental analysis of the SC microparticles was performed through
energy-dispersive X-ray spectroscopy (EDS). The X-ray diffraction (XRD)
patterns of the SC microparticles were collected with an X-ray diffrac-
tometer (D8 ADVANCE, Bruker, Germany). The absorption spectra of
the SC microparticles were measured with a Fourier transform infrared
spectrometer (FTIR, Tensor I, Bruker, Germany). The UV absorption
spectra of the SC microparticles were measured using an UV-vis-NIR
spectrometer (CARY5000, Agilent, USA). The ion concentrations of
the extracts and the ions released from the composite hydrogels were
assessed via an inductively coupled plasma mass spectrometer (ICP-MS,
Agilent 7850, USA).

To assess the photothermal ability of the SC/Gel composite hydrogels,
different concentrations of the composite hydrogels were irradiated with
an 808 nm laser (1 W cm™2) for 5 min, and the real-time temperature was
recorded using an infrared thermal imaging instrument (FLIR, SC300, Ar-
lington). Additionally, the temperature changes of the composite hydro-
gel (0.5-SC/Gel) under irradiation with different laser powers (1, 1.5, and
2 W cm~2) for 5 min or heated by 5 repeated intervals of laser irradiation
(heating for 5 min and then cooling to room temperature) were recorded
with an infrared thermal imager.

Bacterial Culture: S. mutans (UA159) and L. casei (ATCC393) were
used for the following experiments. S. mutans was cultured with brain-
heart infusion (BHI, HuanKai Microbial, China) broth, and L. casei was
cultured in de Man, Rogosa and Sharpe (MRS, HuanKai Microbial, China)
broth. Bacteria were harvested at the exponential growth phase for exper-
iments in this study.

In Vitro Antibacterial Assay: Hydrogel samples of the GelMA hydrogel
and SC/Gel hydrogel were added to 24-well culture plates and crosslinked
by exposure to 365 nm ultraviolet light, and iRoot® BP Plus (BP, Innova-
tive BioCeramix, Canada) was added as a control material. Bacteria were
centrifuged at 5000 rpm for 5 min, resuspended in phosphate-buffered
saline (PBS, Gibco, USA), and diluted to a concentration of 1 x 108
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CFU mL~". Subsequently, 10 L of bacterial solution was added onto the
hydrogel, and some of the hydrogel samples were heated to 50 °C un-
der NIR laser irradiation (808 nm, 1.5 W cm~2) for 15 min. The bacterial
suspension without any treatment was used as the control group. After
that, the bacterial suspension was resuspended in 1 mL of PBS. To di-
rectly observe the antibacterial effect, 100 uL of the bacterial suspension
was spread on an agar plate, and photos were taken after culturing for 24 h.
To calculate the survival rates of bacteria, the bacterial suspension was di-
luted 1, 10, and 100 times, 100 pL of the diluted solution was spread on
an agar plate and left to culture for 24 h, and then the number of colonies
was counted.

In Vitro Bacterial Growth Assay: GelMA hydrogel, SC/Gel hydrogel
or BP samples were added to 250 uL of bacterial suspension (1 x 108
CFU mL™") cultured in 48-well plates. Some hydrogel samples were
treated by NIR laser irradiation (808 nm, 1.5 W cm™2) for 15 min. After
culturing for 24 h, 100 uL bacterial suspension of each well was trans-
ferred into a 96-well plate, and the optical density (OD) values at 600 nm
were measured. In addition, the bacterial suspension in each well was di-
luted 1000 times, and 5 uL of the diluted solution was inoculated onto
agar plates. Images of bacterial colonies were captured after culturing for
another 24 h.

In Vitro Biofilm Formation Inhibition Assay: Bacterial suspensions con-
taining S. mutans and L. casei (1 x 102 CFU mL™") were cultured in BHI
broth containing 0.2% sucrose, with the addition of the GelMA hydrogel,
SC/Gel hydrogel or BP samples. After incubation in the dark or treatment
with 808 nm NIR laser (1.5 W cm=2, 15 min), bacteria were cultured at
37 °Cfor 24 h to form biofilms. The biofilms were stained with 0.1% crystal
violet after being rinsed with PBS, and images were captured. For quantita-
tive analysis of biomass, the OD values at 575 nm of the dye and acetic acid
solution eluteswere measured. Moreover, the biofilms were also stained
by carboxyfluorescein diacetate succinimidyl ester (CFSE, Thermo Fisher,
USA) for live bacteria and propidium iodide (PI, Beyotime, China) for dead
bacteria to measure the viability of the remaining bacteria. Subsequently,
the stained biofilms were observed and imaged by a laser-scanning confo-
cal microscope (Zeiss LSM 780, Zeiss, Germany) using excitation(Ex) at
492 nm and emission(Em) at 517nm for CFSE and Ex/Em = 535/617 nm
for PI.

In Vivo Infected Dental Pulp Repair Assay: The sample size was calcu-
lated using PASS software to minimize the number of sacrificed animals.
Assuming an alpha of 0.05, an effect size of 0.1753 and a power of 80%,
at least 4 teeth were needed in each group. Considering the possibility of
sample loss, 6 teeth were included per group. A total of 12 healthy male
SD rats (aged 8 weeks, 300-350 g) were used after approval by the Insti-
tutional Animal Care and Use Commiittee, Sun Yat-Sen University (license
number: SYSU-IACUC-2021-000922). Twenty-four upper first molar teeth
(each group n = 6) were used to establish the bacteria-induced dental pulp
infection model. The experimental approach was modified from a previ-
ously reported method.[?°] Instead of E. faecalis as in the previous method,
S. mutans and L. casei were selected for the induction of pulp infection in
this study.[5% The rats were anesthetized using intraperitoneal injection
of 1% sodium pentobarbital. The teeth were drilled with a diamond bur
(FG1/2) under water cooling to create a round defect to expose the pulp
chamber. Then, the hole was expanded to the size of a #50 K-file (Sybro-
nEndo, USA) followed by irrigation with 3% NaClO, 17% EDTA, and PBS.
The teeth were divided into four groups: i) blank, ii) control, iii) SC/Gel,
and iv) SC/Gel+NIR. Sterile PBS solution was added to the pulp tissue in
the blank group. The pulp tissue of the control, SC/Gel and SC/Gel+NIR
groups was added by S. mutans and L. casei (1 x 10° CFU 5 uL™"), the
SC/Gel hydrogel was then added to the SC/Gel group, and the SC/Gel hy-
drogel together with NIR laser irradiation (808 nm, 1.5 W cm™2) was ap-
plied for the SC/Gel+NIR group. Subsequently, the pulp chambers were
sealed with BP, and the teeth cavities were filled with a light-cured den-
tal composite resin with dental adhesive. Six weeks after the operation,
the animals were sacrificed, and their maxillary bones were collected. All
the filling materials were examined carefully to ensure that there was no
restoration failure.

Microcomputed Tomography (Micro-CT), Histological Analysis, and Im-
munohistochemical Analysis:  After fixation with 4% paraformaldehyde
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(Servicebio, Wuhan, China), the maxillary bones were scanned using
micro-CT (uCT-50, SCANCO Medical AG) with X-ray at 70 kV and 114 pA
(resolution 10 um). Next, the harvested teeth were decalcified with 10%
EDTA for 8 weeks, dehydrated, embedded in paraffin and serially cut into
5 pum sections. The sections were stained with hematoxylin and eosin
(H&E) for histological analysis. Histological sections were blindly evalu-
ated by two experienced oral biologists. Pulp inflammation and mineral-
ization were evaluated according to criteria and a grading system that were
reported previously (Table 2).[°] The thicknesses of tertiary dentine were
measured using ImageScope software. For immunohistochemical stain-
ing, the sections were permeabilized in 0.2% Triton X-100 for 10 min and
then blocked with serum-based blocking buffer for 1 h. The samples were
incubated with primary antibodies against DSPP (Santa Cruz Biotechnol-
ogy, USA) or CD31 (Affinity Biosciences, China) overnight at 4 °C and
with secondary fluorescent antibodies for 1 h at room temperature. Af-
ter mounting with FluoroShield mounting medium with 4’,6-diamidino-
2-phenylindole (DAPI) (Abcam, Cambridge, UK), the slides were imaged
with a laser-scanning confocal microscope (Zeiss LSM 780, Zeiss, Ger-
many).

Isolation and Culture of Cells: As described previously, rDPSCs were
isolated from dental pulp extracted from the rat upper incisor.’°l The
cells were cultured in a-minimum essential medium (a-MEM, Gibco,
USA) supplemented with 20% fetal bovine serum (FBS, Gibco, USA),
1% penicillin/streptomycin (Invitrogen, USA) and 1% GlutaMAX (Gibco,
USA). At 80% confluence, the rDPSCs were trypsinized and passaged, fol-
lowed by culture in normal culture medium containing a-MEM, 10% FBS,
1% penicillin/streptomycin and 1% GlutaMAX. HUVECs were purchased
from Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China)
and were cultured in endothelial cell medium (ECM, ScienCell, USA)
supplemented with 5% FBS (ScienCell, USA), 1% penicillin/streptomycin
(ScienCell, USA) and 1% endothelial cell growth supplement (ScienCell,
USA). All cells were cultured at 37 °C with 5% CO,. rDPSCs at pas-
sages 3-5 and HUVECs at passages 4-8 were used in the following
experiments.

Cell Proliferation Assay: For cell proliferation analysis, HUVECs
(2 x 10% cells per well) and rDPSCs (3 x 10 cells per well) were seeded
in 96-well plates in the presence of SC microparticle extracts at various
dilutions (1/2, 1/4, 1/8, 1/16, 1/32, 1/64, 1/128, and 1/256). After 1, 3,
and 5 days of culturing, 10 uL of Cell Counting Kit (CCK)-8 reagent was
added to each well in the 96-well plate, followed by incubation at 37 °C
for 2 h. The OD values at 450 nm were measured using an enzyme-linked
immunosorbent assay plate reader (Biotek Epoch2, USA).

Cell Viability Assay: The cell viability was determined by the live/dead
assay. HUVECs (1 x 10* cells per well) and rDPSCs (2 x 10* cells per
well) were separately seeded in 24-well plates, and the culture medium
was replaced by 1/16 and 1/32 diluted SC microparticle extracts after 24 h.
After incubation for 5 d, calcein-acetoxymethyl ester (AM) and Pl dissolved
in PBS were used to stain the live and dead cells. The cells were imaged
with a confocal laser microscope (ZEISS Axio Observer, Germany).

Transwell Cell Migration Assay: Transwell assays were applied to inves-
tigate cell migration. HUVECs and rDPSCs (1.5 x 10° cells per well) sus-
pended in 200 pL of serum-free culture medium were seeded onto Tran-
swell inserts (pore size: 8 um, Corning, USA) in 24-well plates with 1/16
and 1/32 diluted SC microparticle extracts. After incubation at 37 °C for
8 h, the cells remaining in the upper chambers were gently wiped with a
cotton swab. Then, the polycarbonate membrane was washed with PBS,
and the remaining cells were fixed with 4% paraformaldehyde for 15 min
and stained with 0.1% crystal violet. The migrated cells were viewed with
an optical microscope (ZEISS Axio Observer, Germany) and counted using
Image| software.

In Vitro Mineralization Assay:  rDPSCs were precultured on a 6-well cul-
ture plate with normal culture medium, SC microparticle extract or BP ex-
tract for 24 h. For inducing the osteogenic differentiation of rDPSCs, the
culture medium was then changed to osteogenic medium (OM) contain-
ing 100 nM dexamethasone (Sigma—Aldrich, USA), 50 uM a-ascorbic acid
(Sigma—Aldrich, USA), and 10 mm g-glycerophosphate (Sigma—Aldrich,
USA). After 21 days of induction, rDPSCs were fixed with 4% paraformalde-
hyde for 30 min and stained with Alizarin Red (OriCell, Guangzhou, China)
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Table 2. Evaluation criteria for rat pulp tissue response based on inflammation and mineralization.

Grade Pulp inflammation Pulp mineralization

0 No inflammation No trace of mineralization in the pulp

1 Mild or slight inflammation Increased deposition of hard tissue along the surface of the
remaining pulp tissue

2 Moderate inflammation Extensive deposition of hard tissue in the pulp

3 Severe inflammation and/or abscess formation

for 5 min. Mineralized nodules were observed and photographed. The
mineralization was quantified by adding 10% cetylpyridinium chloride (Al-
addin, Shanghai, China) to each well and measuring the OD values at
562 nm.

In Vitro Angiogenesis Assay:  Matrigel (Corning, USA) was added to 48-
well plates and incubated at 37 °C for 1 h for solidification, and then HU-
VECs (3 x 10* cells per well) cultured with SC microparticle extract, BP
extract or normal culture medium were seeded on the Matrigel. At 6 h, opti-
cal images were taken with a microscope (ZEISS Axio Observer, Germany),
and the total length and number of nodes were analyzed with Image) soft-
ware. The cells stained with 0.1% crystal violet were observed under an
optical microscope.

MRNA Expression: HUVECs and rDPSCs (2 x 10 cells per well) were
precultured in 12-well plates with normal culture medium or the extract
of SC microparticles or BP. The medium of rDPSCs was replaced by OM
after 24 h. After 7 days of culture, total RNA was isolated and purified us-
ing an RNA-Quick Purification Kit (ESscience Biotech, Shanghai, China),
and cDNA was synthesized using an all-in-one miRNA quantitative real-
time polymerase chain reaction (QRT-PCR) detection kit (GeneCopoeia,
Guangzhou, China) according to the manufacturer’s instructions. RT—
PCR was performed using Hieff UNICON qPCR SYBR Green Master Mix
(YEASEN Biotech Co., Ltd, Shanghai, China), the housekeeping gene g-
actin and specific primers (Tables S1 and S2, Supporting Information).
RT-PCR was performed using the following protocol: 95 °C x 5, followed
by 40-45 cycles at 95 °C x 10", 60 °C x 20", and 72 °C x 20”. Data from
each group were obtained as the mean fold change of three independent
samples.

Statistical Analysis: Every assay was performed at least in triplicate.
The data were presented as means (in the photothermal-heating curves)
and means + standard deviations (SDs). The sample size for each ex-
periment was indicated in the figure legends. The normal distribution of
the data was tested using a normality test. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was applied to compare the
mean of each group with the mean of every other group, and Dunnett’s
t-test was applied to compare the mean of each group with the mean of
the control group. For the results of the histological evaluation, statisti-
cally significant differences were determined using Kruskal-Wallis H-test
followed by Dunn’s post hoc test. Values of p < 0.05 were determined to
indicate statistical significance (a = 0.05, *p < 0.05, *p < 0.07). The sta-
tistical analysis was performed using GraphPad Prism and SPSS software.
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