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ABSTRACT: The major indications of a successful inflamed-
pulp-capping procedure are the formation of a dense calcified
dentin barrier and the preservation of healthy pulp tissue
concomitant with elimination of inflammation. Our aim is to
evaluate the effects of an injectable silver-doped bioactive glass/ /~------ o
chitosan hydrogel (Ag-BG/ CS?, as a pulp-capping platerlal, and R
explore the molecular mechanisms of Ag-BG/CS in regards to - e b
its bioactive and anti-inflammatory properties. First, the (J: !
structure and component of the material were analyzed by 5)1\\ W
scanning electron microscopy. Then, the downstream molecular 7 -

o _A;t?-;n_ﬂa_n;r;\a_ti_o;_ o Pulp Repair Promotion

Pulpitis Rat Model

mechanisms and anti-inflammatory effects were characterized by
quantitative polymerase chain reaction (qPCR) and Western
blot. Finally, a preclinical model of rat pulpitis was used to
explore the potential of Ag-BG/CS in controlling pulp
inflammation in vivo. The results showed that Ag-BG/CS induced stronger reparative dentin formation and enhanced
preservation of vital pulp tissue when compared to the mineral trioxide aggregate (MTA) which is the currently used clinical
standard. Ag-BG/CS also significantly increased the phosphorylation of p38 and ERK1/2(p42/44) of dental pulp cells,
indicating that Ag-BG/CS enhanced pulpal repair through the mitogen-activated protein kinase (MAPK) pathway. This novel
material may represent a superior solution for dental pulp-capping clinical scenarios with specific advantages for cases of early
diffuse pulpitis in immature permanent teeth.
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B INTRODUCTION capping material is applied.” However, pulpotomy is often the
preferred course of action owing to the lack of reliable pulp-
capping materials with the requisite anti-inflammatory and
bioactive properties that help guarantee clinically predictable

Dental pulp vitality, which is often negatively affected by
trauma, morphological abnormalities, or the progression of
caries into the pulp chamber, is essential for completion of root
development in immature permanent teeth and for main-
tenance of reparative dentin potential as a response to external
stimulation. Accordingly, the conservation of living pulp tissue
is essential for successful dental treatment outcomes. Vital pulp

success.

The most commonly used pulp-capping materials are
calcium hydroxide and mineral trioxide aggregate (MTA),
both of which have been shown to form well-organized

therapy (VPT) includes, but is not limited to, direct pulp calciﬁecz_!;)ridges at pulp exposure sites in experimental
capping, indirect pulp capping, and partial or full pulpotomy.' models.” "MTA is currently considered to be the material of
The key to successful VPT is preservation of the healthy tissue choice for vital pulp-capping treatment, based on studies on its
underneath the infection site while treating and regenerating biocompatibility, sealing properties, and ability of inducing
the damaged infected pulp. In a direct pulp-capping procedure, mineralized tissue formation. However, most of the studies on
a protective agent is applied to an exposed pulp chamber with MTA use mechanical pulp exposure models in which no
the intention of allowing the dental pulp to self-cure and
maintaining its normal vitality and function.” The only Received: June S, 2019
difference between pulpotomy and pulp capping is that, during Accepted: July 1, 2019
the pulpotomy, the coronal pulp is wiped away before the Published: July 1, 2019

ACS Publications  © 2019 American Chemical Society 4624 DOI: 10.1021/acshiomaterials.9b00811
W ACS Biomater. Sci. Eng. 2019, 5, 4624—4633


pubs.acs.org/journal/abseba
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.9b00811
http://dx.doi.org/10.1021/acsbiomaterials.9b00811

ACS Biomaterials Science & Engineering

chronic inflammation of the pulp tissue exists.””~"" In fact, for

treatment in chronic diffuse pulpitis, MTA falls short of strong
antibacterial and anti-inflammatory properties, leaving the
possibility of infection recurrence and subsequent death of the
whole pulp tissue.'> Thus, the ideal pulp-capping material for
inflamed and immature pulp remains to be discovered.

Bioactive glass is a bone-bonding calcio silicophosphate
glass-ceramic materjal that was discovered in 1969 and
reported in 1971 by Hench et al,"’ claiming that it could
bond to collagen fibril layers in bone tissue.'* Since then,
numerous in vitro and in vivo studies have confirmed its strong
bioactivity.'*~'” Beginning in 1985, bioactive glasses have been
proposed as ideal materials for a number of clinical
applications, including middle-ear repair,18 frontal sinus
obliteration,'® orbital floor reconstruction,” and oral-facial
applications.”"**In vitro and in vivo studies have confirmed that
bioactive glass could induce the differentiation of osteo-/
odontoblasts™® and enhance calcified tissue formation.**~>°
Furthermore, modifications of bioactive glass have been shown
to improve biological properties,”” including the addition of
silver particles to bioactive glass which has been reported to
enhance its bactericidal capacity.”®*™*° In 2012, a sol—gel-
derived Ag-doped bioactive glass was fabricated,”’ and its
physical and biological properties were evaluated.”>**~**

The purpose of this study is to evaluate the effects of Ag-
BG/CS in vivo, as a pulp-capping material applied in a
preclinical pulpitis model, and make comparisons with the
most commonly used material in the dental clinics, i.e., mineral
trioxide aggregate (MTA). The potential molecular targets of
Ag-BG/CS in inflamed dental pulp cells (iDPSCs) are also
explored.

B MATERIALS AND METHODS

Synthesis of Ag-BG/CS and Structural Characterization. The
fabrication of Ag-doped bioactive §lass (Ag-BG) nanoparticles was
performed as previously reported.”’An amount of 1 mg of chitosan
powder (448877, Sigma, USA) was dissolved in 9 mL of hydrochloric
acid (0.1 mol/L) with constant stirring for 2 h as component A; f3-
sodium glycerophosphate powder (Merck, Germany) was dissolved in
distilled water as component B (560 g/L); and then component B
was added dropwise into component A in an ice bath and mixed
adequatelzr_ into an injectable chitosan/f-sodium glycerophosphate gel
(CS gel).” The as-synthesized Ag-BG nanoparticles were then mixed
with liquid CS gel at a weight ratio of 1:1. The resultant gel was stored
at 4 °C until use.

The surface morphology and element component of the
synthesized material were investigated by scanning electron
microscopy (SEM) analysis and energy spectrum analysis (JSM
7900F, Japan).

Cell Culture. The Ethics Committee of the Peking University
Health Science Center reviewed and approved the collection of
human dental pulp stem cells (DPSCs) from 14- to 18-year-old
patients undergoing dental extraction as part of orthodontic
treatment. DPSCs were isolated from the dental pulp space and
then digested in 3 mg/mL of type-I collagenase (Sigma—Aldrich, St.
Louis, MO, USA) and 4 mg/mL of Dispase (Sigma-Aldrich, St. Louis,
MO, USA) for 1 h at 37 °C. Then, the cell suspensions were
separated using a 70 ym strainer (Falcon, BD Biosciences, San Jose,
CA, USA). The cell suspensions were incubated in a-modified
minimum essential medium (a-MEM, GIBCO/BRL, USA) contain-
ing 10% fetal bovine serum (FBS, GIBCO, USA), 100 U/mL of
penicillin, and 100 pg/mL of streptomycin at 37 °C under 5% CO,.
DPSCs were identified by our previously published method.”” DPSCs
between the fourth and sixth passage were used for this study.

Quantitative Polymerase Chain Reaction Analysis. Following
a previously published method,*® Escherichia coli lipopolysaccharide
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(LPS) (Sigma-Aldrich, St Louis, MO, USA) powder was dissolved in
sterile distilled water at 1 pg/mL. According to the previous
experiments,”’ it had been confirmed that within 6 h the mRNA
level of several inflammatory cytokines in LPS-stimulated DPSCs was
upregulated most at 1 h. DPSCs subcultured in six-well plates (2 X
10* /well) were treated with 1 ug/mL of Escherichia coli
lipopolysaccharide for 1 h to trigger inflammation of the DPSCs,
and these cells were termed LPS-induced DPSCs (inflamed dental
pulp stem cells, iDPSCs). Ag-BG/CS, Ag-BG, CS, and MTA dilutions
were prepared through soaking the material in isovolumetric a-MEM
and left to stand for 24 h prior to use. IDPSCs were treated with Ag-
BG/CS, CS, or MTA dilutions for 1 and 3 h. Untreated DPSCs were
termed as the control group, and the iDPSC group, Ag-BG/CS group
(iDPSCs + Ag-BG/CS dilution), Ag-BG group (iDPSCs + Ag-BG
dilution), CS group (iDPSCs + CS dilution), and MTA group
(iDPSCs+ MTA dilution) were compared with the control group at 1
and 3 h. After extracting the RNA from the treated iDPSCs using
TRIzol (Introgen, Carlsbad, CA, USA), 1 ug of total RNA was
converted to cDNA with Moloney murine leukemia virus reverse
transcriptase (M-MLV RTase, Promega, Madison, WI, USA) in a
total volume of 20 uL. Quantitative polymerase chain reaction
(qPCR) analysis was performed on a total volume of 20 uL in SYBR
Green master mix (Rox, Roche Applied Science, IN, USA), with 0.5
uL of cDNA and 200 nM of the primers. The primers were designed
by Primer3 and synthesized (BGI, China), and the sequences were
listed in Table 1: glyceraldehyde-3-phosphate dehydrogenase

Table 1. Primers Used for Quantitative PCR

target product size
gene sequence (bp)
GAPDH  forward: GCAAATTCCATGGCACCGTC 465
reverse: GGGGTCATTGATGGCAACAATA
DSPP forward: 152
TCCTAGCAAGATCAAATGTGTCAGT
reverse: CATGCACCAGGACACCACTT
BSP forward: ACCCTGCCAAAAGAATGCAG 281
reverse: TGCCACTAACATGAGGACGT
RUNX2  forward: CACTGGCGCTGCAACAAGA 157
reverse:
CATTCCGGAGCTCAGCAGAATAA
IL-15 forward: TGCACGATGCACCTGTACGA 298
reverse: AGGCCCAAGGCCACAGGTAT
IL-6 forward: ACGAACTCCTTCTCCACAAGC 397
reverse: CTACATTTGCCGAAGAGCCC
COX-2 forward: CTGGCGCTCAGCCATACAG 401
reverse: ACACTCATACATACACCTCGGT
TNEF-a forward: CAGAGGGAAGAGTTCCCCAG 285

reverse: CCTCAGCTTGAGGGTTTGCTAC

(GAPDH), dentin sialophosphoprotein (DSPP), interleukin-15 (IL-
1p3), interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor-
a (TNF-a), cyclooxygenase-2 (COX-2), alkaline phosphatase (ALP),
osteocalcin (OCN), runt-related transcription factor 2 (RUNX2), and
bone sialoprotein (BSP). The following thermal cycling conditions
were applied: 50 °C for 2 min, then 95 °C for 10 min, followed by 40
cycles of 94 °C for 15 s and 60 °C for 1 min. The reactions were
performed using an ABI PRISM 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). The expression level of
inflammatory cytokines was evaluated with the primers listed, and the
data were analyzed using PRISM 6 software (one-way ANOVA and
LSD comparison test).

Enzyme-Linked Immunosorbent Assay Analysis. DPSCs
were seeded in 6-well plates (2 X 10* /well, expanded ex vivo) and
treated with LPS when 80% confluence had been reached. Compared
to the mRNA level, the protein level variation is delayed, and thus the
iDPSCs were treated with Ag-BG/CS, Ag-BG, CS, and MTA dilutions
for 24 h. The level of inflammatory cytokines (IL-1p, IL-6, and TNF-
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@) in the supernatants was measured using an IL-1f ELISA kit
(QS40181, Qisong, Beijing, China), IL-6 ELISA kit (QS40049,
Qisong, Beijing, China), and TNF-a ELISA kit (QS40122, Qisong,
Beijing, China) according to the manufacturer’s instructions.
Concentrations of cytokines were determined using the luminometer
plate reader (Molecular Devices, Menlo Park, CA), and the data were
analyzed using PRISM 6 software (one-way ANOVA and LSD
comparison test).

Western Blot Analysis. DPSCs were seeded in 6-well plates (2 X
10* /well, expanded ex vivo) and treated with LPS when 80%
confluence had been reached. According to the results of qPCR, the
iDPSCs were treated with Ag-BG/CS dilutions, p38 mitogen-
activated protein kinase (MAPK) pathway inhibitor SB203580
(S1076, Selleck, China), and ERK1/2 (p44/42) MAPK pathway
inhibitor SCH772984 (57101, Selleck, China) for 15 min, 60 min,
and 3 h, and then the cells were lysed in RIPA buffer containing
protease and phosphatase inhibitors. Proteins were extracted and then
quantified using the BCA Protein Assay (Pierce, USA). Approximately
40 pg of the proteins from each sample was separated on 10% SDS-
PAGE gels and transferred to PVDF membranes (Millipore, Bedford,
MA, USA) at 100 V for 60 min. The membranes were first incubated
in blocking buffer (5% nonfat dry milk in Tris-buffered saline
containing 0.05% Tween-20, pH 7.4) for 1 h and then incubated with
the following antibodies in 1:1000 dilutions at 4 °C overnight: p38
(10A8, 2308T, Cell Signaling Technology, Danvers, MA, USA),
phospho-p38 (D3F9, 4511T, Cell Signaling Technology, Danvers,
MA, USA), p44/42 MAPK (137FS, Cell Signaling Technology,
Danvers, MA, USA), phospho-p44/42 MAPK (4370T, Cell Signaling
Technology, Danvers, MA, USA), and f-actin (D6AS, 8457T, Cell
Signaling Technology, Danvers, MA, USA). The membranes were
incubated in horseradish peroxidase-conjugated secondary antibody
(PV9001, PV9002, ZSJQ, China) for 1 h at room temperature, and
the bands were visualized using Fusin Fx (Vilber Lourmat, France).

In Vivo Pulp/Dentin Formation. Sixteen 8-week-old Balb/c
nude mice (Vital River Laboratory Animal Technology, Beijing) were
kept in a specific pathogen-free (SPF) level laboratory and, on the day
of the experiment, were divided randomly into two groups. In
particular, approximately 1.0 X 107 DPSC cells (fourth passage) were
cultured with Ag-BG/CS dilution, and as a control, the same density
of DPSC cells was cultured in extract-free medium. Hydroxyapatite
(HA) powder was used as a scaffold for cell growth considering its
porous structure. Both groups of DPSC cells were then cocultured
separately with 40 mg of HA powder for 3 h before being implanted
into the dorsal surfaces of the nude mice. Each mouse received either
the experimental or control group of cells/materials. Thus, in total we
analyzed eight different samples from the experimental group and
eight different samples from the control group. The specimens were
recovered by cutting the composite off the dorsal subcutaneous tissue
after 8 weeks and fixed with 10% formalin for 24 h, decalcified in 20%
ethylene diamine tetraacetic acid (EDTA), and processed for paraffin
embedding. The fixed specimens were divided into 4 ym sections and
stained with hematoxylin-eosin (HE) for routine histology and
Masson’s trichrome staining. The samples were examined using an
Olympus BXS1 microscope (Olympus, Tokyo, Japan). Dentin
formation was quantified using Image J (NIH Image software).

Pulpotomy in Rat Model. Ten 6-week-old Wistar male rats
(Vital River Laboratory Animal Technology, Beijing) were kept in an
SPF level laboratory. All procedures were performed under general
anesthesia induced by intraperitoneal injection of 10% chloral hydrate
(Hushi, Shanghai, China). The model of early stage pulpitis was
established as described previously.*® Each rat was immobilized, and
its mouth was stretched enough to expose the maxillary first molars.
Cavities were prepared using a high-speed turbine tooth drill bur (BR-
49,1S0001008) with a terminal diameter of 0.5 mm, and the depth of
cavities was 1.0 mm. The pulpal exposures were prepared by stabbing
gently with a sterile 40# K file through cavities, and coronal pulpal
tissue was wiped off. The bleeding exposures were irrigated with
normal saline and then treated with sterile cotton balls soaked in 1
ug/mL of Escherichia coli LPS for 15 min.*” Ag-BG/CS was injected
in the cavity of the first molar on the right side to cover pulp exposure.
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MTA (Dentsply Endodontics, USA) was used to treat the
corresponding cavity on the left side for comparison. The coronal
cavity was sealed with Fuji IX glass-ionomer cement (GC, Japan).

After 8 weeks, the rats were sacrificed by intraperitoneal injection
of 10% chloral hydrate. The specimens were fixed, decalcified, and
embedded as above. Fixed specimens were sectioned into 4 um
sections and stained with HE for routine histology. The specimens
were examined using immunohistochemistry for differentiation
markers’ expression. The primary antibodies used were DSPP
(1:200, sc-73632, Santa Cruz, CA, USA), vWF (1:200, ZAO111,
ZSJQ, Beijing, China), and Nestin (4760T, Cell Signaling
Technology, Danvers, MA, USA). The samples were treated with
DAB and counterstained with hematoxylin and then examined using
an Olympus BXS1 microscope (Olympus, Tokyo, Japan).

Statistical Analysis. Comparison of the newly formed mineral-
ized tissues in the two groups was performed via the Wilcoxon test
(PRISM6). Comparison between two groups of positive expression
cell numbers was performed using the one-way ANOVA and LSD
comparison test (PRISM6). The level of significance was set at p <
0.0S.

B RESULTS
Surface Morphology of Ag-BG/CS. The results of

scanning electron microscopy (SEM) and energy spectrum
analysis revealed that Ag-BGs were rough-surface polygon
particles (Figures 1a, 1b), and CS was porous, with the pore
diameters reaching 30—40 um (Figures lc, 1d). Ag-BG/CS
was porous, and the pore diameters were 10—15 pm (Figures
le, 1f). Ag-BG, CS, and Ag-BG/CS contain O, P, Na, and C

Ag-BG
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Figure 1. Scanning electron microscopy (SEM) and energy spectrum
analysis of Ag-BG, CS, and Ag-BG/CS. Ag-BGs were rough-surface-
containing silver, calcium, and silica (a, b). CS was porous, with the
pore diameters reaching 30—40 pm, consisting of carbon, oxygen,
sodium, and phosphorus (¢, d). Ag-BG/CS was porous, and the pore
diameters were 10—15 pm. Energy spectrum analysis showed silica
and calcium could be examined (e, f).
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Figure 2. Quantitative PCR (a, b) and ELISA (c) analysis results for the inflammatory cytokines IL-1f, IL-6, and TNF-a upon treatment with Ag-
BG/CS, Ag-BG, CS, or MTA. The asterisks indicate significant differences between groups (* p < 0.0S, ** p < 0.01, *** p < 0.001, one-way
ANOVA and LSD comparison test), and the bars represent the standard deviation of three replicates.

(Figures la—1f), whereas Ag-BG contains Ca of 15.52 wt %, Si
of 25.85 wt %, Ag of 2.61 wt %, Al of 1.65 wt %, and K of 0.23
wt % (Figure 1b). Although lower than Ag-BG, Si and Ca
could also be examined in Ag-BG/CS of 0.46 and 0.12 wt %
(Figure 1f), demonstrating Ag-BG was recombined in CS.
Comparison of the Inflammatory Cytokine Profiles of
Ag-BG/CS, CS, and MTA. DPSCs were identified in our
previously published paper.”” Quantitative PCR and ELISA
analysis were performed, and the results were presented in
Figure 2. At 1 and 3 h, the mRNA expression levels of IL-15,
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IL-6, and TNF-a, which are all known to be involved in dental
pulp inflammation, were enhanced by LPS stimulation, as
expected. However, Ag-BG/CS significantly downregulated the
expression of IL-1§, IL-6, and TNF-a at 3 h, while MTA
showed weaker inhibition to these cytokines (Figure 2a). To
investigate the anti-inflammatory ability of each component,
iDPSCs were treated with Ag-BG, CS, and Ag-BG/CS for 3 h.
The expressions of IL-13, IL-6, and TNF-a¢ were down-
regulated by Ag-BG and CS, and the complex hydrogel had
stronger anti-inflammatory ability (Figure 2b). At the protein
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Figure 3. Quantitative PCR and Western blot analysis of the odontoblast differentiation markers BSP and DSPP (a, b) and several important
MAPK kinases showing the effects of Ag-BG/CS and MAPK inhibitor SB203580 and SCH772984 (c, e). The asterisks indicate significant
differences between groups (* p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA and LSD comparison test), and the bars represent the

standard deviation of three replicates.

level, the variation of these inflammatory cytokines was not
significant at 3 h (data not shown), but at 24 h, the protein
amounts of IL-1f, IL-6, and TNF-a in iDPSCs were
significantly suppressed, the same as with the mRNA variation
trend (Figure 2c).

Odontogenic Biomarker Expression upon Ag-BG/CS
and MTA Treatment. The results of quantitative PCR
showed that the mRNA expression of BSP and DSPP, which
are markers of odontoblast differentiation, decreased signifi-
cantly in the presence of iDPSCs. However, Ag-BG/CS
enhanced the expression of BSP and DSPP in the presence of
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iDPSCs, while neither marker showed significant recovery in
the MTA group (Figures 3a, 3b).

Activation of the MAPK Pathway through Ag-BG/CS
Treatment. In contrast to the control group (DPSC), the
amount of phosphorylated p38 and phosphorylated ERK1/2 in
the iDPSCs increased significantly upon stimulation by LPS for
15 and 60 min, but in inflamed cells incubated with Ag-BG/
CS, the expression levels of both phosphorylated proteins were
significantly suppressed within 1 h. Until 3 h, the amount of
phosphorylated p38 and phosphorylated ERK1/2 decreased in
iDPSCs, and Ag-BG/CS recovered their expression signifi-
cantly. The classical inhibitor suppressed the expression of

DOI: 10.1021/acsbiomaterials.9b00811
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Figure 4. Immunohistochemical staining reagents revealing dentin formation after subcutaneous implantation of DPSCs. HE staining shows the
newly formed tissues in both groups (a, b), and the Ag-BG/CS group (c, f) shows higher portion of dentin-like tissue compared to the control
group (d, g). Relative areas of dentin formation after treatment with Ag-BG/CS and control group (e). DP refers to dentin/pulp like tissue; De

refers to dentin-like tissue: and od refers to odontoblast-like layer.

phosphorylated proteins, and Ag-BG/CS upregulated their
expression (Figures 3c, 3e). The relative density of bands was
analyzed by Image], and there were significant differences
between the iDPSC group and Ag-BG/CS group (Figures 3d,
3f).

In Vivo Formation of the Pulp/Dentin Complex in
Nude Mice after DPSC Implantation. After 8 weeks of
DPSC implantation, new pulp/dentin complex formation was
observed. The implanted DPSCs accumulated and regenerated
interstitial tissue (Figures 4a, 4b, DP), and a dentin-like layer
(Figures 4a, 4b, De) could also be seen to be interfaced with
the dentin/pulp-like fibrous tissue underneath a continuous
layer of odontoblast-like cells in both groups (Figures 4a, 4b).
The proportion of a dentin-like matrix in the newly formed
tissue for the Ag-BG/CS group was higher than that in the
control group (Figure 4e). The results of Masson staining
showed that the dentin-like layer contained blue-stained
collagenous fibers in the Ag-BG/CS group (Figures 4f, De),
which is the main component of predentine. However, in the
control group, the dentin-like layer (Figure 4g, De) was less
than the Ag-BG/CS group.

In Vivo Response to Dental Pulp Capping with MTA
and Ag-BG/CS. The in vivo response to Ag-BG/CS was also
investigated using a preclinical pulpitis rat model, and the
details were given in Table 2. For the LPS-induced
inflammatory dental pulp, newly formed dentin-like barriers
were observed in both the Ag-BG/CS (Figures Sa, Sb, Sc) and
MTA groups (Figures Sd, Se, Sf) at 8 weeks, and regular
fibrous structures could be discerned under higher magnifica-
tion (Figures Sc, Sf). For the MTA group, most of the
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Table 2. Clinical and Histological Assessment of Pulp-
Capping Outcomes in a Rat Pulpitis Model

pulp
inflammation
control
survival restoration dentin bridge
rate retention formation yes no
Ag-BG/CS 9/10 9/9 8/9 7/9  2/9
(n=10)
MTA (n=10) 9/10 9/9 6/9 4/9 5/9

inflammatory dental pulp tissue was observed to have
degenerated (Figure S5d). However, for the Ag-BG/CS
group, most of the inflammatory dentin pulp tissue was
observed to have maintained its regular structure, as seen in the
apical pulp tissue area (Figures Sa).

To study the differentiation potential of the DPSCs after
pulp-capping, immunohistochemistry was applied to detect the
expression of functional odontoblast biomarkers. In the Ag-
BG/CS group, a strong Dspp immunoreactivity was observed
in the outer portion of the pulp where odontoblast-like cells
could be seen (Figure Sg) together with strong Nestin
expression (Figure Si) and high vVWF expression around the
tube-like structures near the dentin-like layer (Figure Sh). In
contrast, only light immunoreactivity was detected in the
degenerated pulp tissue of the MTA group (Figures 5j, Sk, S1).

B DISCUSSION

Pulp tissue is often affected due to dental caries, developmental
defects, or traumatic injuries. When the inflammation is
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Figure S. HE staining showing regenerated dentin-like tissue after
pulp-capping experiments using Ag-BG/CS (a, b, c) and MTA (d, e,
f) and the expression of the odontoblast biomarkers Dspp, vVWF, and
nestin after using Ag-BG/CS (g, h, i) and MTA (j, k, 1).

circumscribed, pulp capping or pulpotomy is applied to
preserve the vitality of the apical and/or coronal pulpal tissue,
aiming to promote dentin repair and deal with inflammation.
However, these approaches are not efficient for the diffused or
chronic pulpitis because they cannot deal efficiently against
both the chronic inflammation control and the dentin tissue
repair. Therefore, there is a clear need for a biocompatible
capping material with strong antibacterial and anti-inflamma-
tory properties to treat pulpitis with extensive inflammation to
avoid extensive endodontic treatments.*’ Bioactive glass and
bioceramics have confirmed osteoconductive properties in vitro
and in vivo,”"***"** and they are able to induce calcified
barrier formation in pulp exposure models,"’ preserving the
remaining uninfected dental pulp cells. It has also been
reported that, in the presence of critical concentrations of
silicon and calcium ions, the alkaline phosphatase activities of
the pulp cells are enhanced, and osteoblasts are able to begin
to proliferate and regenerate new bone and to differentiate into
mature osteocyte phenotypes within 48 h.">** In previous
research, the concentration of calcium ions released from a Ag-
doped bioactive glass sol—gel after soaking in Tris buffer for
100 h exceeded 40 ppm, while that of silicon ions reached 30
ppm. Ag-doped BG has a slightly higher negative value
compared to Ag-free BG, which might indicate enhanced
bioactive behavior.”” In the current study, DPSCs pretreated
with a Ag-BG/CS dilution produced a more dentin-like matrix
when implanted subcutaneously compared to that produced by
untreated DPSCs, indicating that Ag-BG/CS strongly induces
the odontogenic potential of DPSCs in vivo.

When dental pulp is affected by carious lesions or
mechanical trauma, the vital tissues become inflamed. Low-
grade inflammation may trigger regenerative mechanisms,
including angiogenic and stem cell processes,” and tertiary
dentine is deposited in response to relatively intense stimulus
by secretion from the new generation of odontoblast-like cells
that have become differentiated from the stem/progenitor cell
populations.* It has been reported that, in the early stage of
inflammation, the locally derived growth factors, neuro-
peptides, and cytokines are released from the host dentine
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matrix and by resident pulpal cells, immune cells, neurons,
and/or dying cells and modulate the defense and repair
processes within the tissue.*” Chitosan has revolutionized
various areas of medicine, food, agriculture, and environ-
mentalism owing to its biocompatibility, biodegradability,
nontoxicity, plasticity,* and high drug-loading capacity.’In
vitro experiments have demonstrated that inflammatory
cytokines in fibroblasts are suppressed in media supplemented
with CS monomers, and that inﬁltratin§ inflammation is
eliminated by capping with CS in vivo." In dental pulp
exposure dog models, treatment using a CS bilayer membrane
bearing microspheres containing TGF-f1 led to the generation
of much more reparative dentin in vivo compared to that
generated using Dycal.*” It has also been reported that DPSCs
grow well in CS/f-glycerophosphate/hydroxyapatite (CS/GP/
HA) hydrogel, and the ALPase enzymatic activity of DPSCs
was enhanced in both CS/GP and CS/GP/HA hydrogels.50 In
the current study, thermosensitive CS/GP hydrogel was
chosen as the injectable delivery vehicle owing to its favorable
operability and slow biodegradation, which permits the
controlled and sustained release of loaded moieties.”’
According to the data presented here, Ag-BG and CS alone
suppressed the expression of inflammatory cytokines, and Ag-
BG/CS downregulated the expression level further, confirming
its superior anti-inflammatory properties. The results suggest
that, in our model, Ag-BG and CS both contribute to the anti-
inflammatory activity of Ag-BG/CS.

The early formation of dentin bridges is a convincing
indicator for the recovery of damaged pulp tissue.*” However,
under severe inflammation conditions such as chronic or
diffuse pulpitis, most of the cells are inflamed, which can
rapidly result in necrosis of the pulpal tissue. Therefore, in such
scenarios, there is a clear need for a biocompatible capping
material with strong antibacterial and anti-inflammatory
properties for the treatment of severe pulpitis and the
avoidance of extensive endodontic treatments, and various
kinds of pulp-capping materials have been tested in numerous
studies, including several bioactive materials. A mineral trioxide
aggregate (MTA) was introduced by Torabinejad in the early
1900s.”" Since then, MTA, a common capping material, has
been widely studied, and these studies confirmed its ability to
form a more predictable hard tissue barrier in comparison to
calcium hydroxide™® and other materials, while causing similar
or slightly less pulpal inflammation. It has been also
consistently acknowledged that MTA has favorable mineral-
ized-inducing ability in pulpotomy models performed in
healthy teeth after accidental pulp tissue exposure.”” However,
only few reports exist on MTA application on inflammatory
pulp tissue. In our studies using a pulpitis rat model, the
inflammatory status of the tissue was well controlled by Ag-
BG/CS capping treatment, which resulted in a newly formed
calcified barrier beneath the exposure location at 8 weeks
together with well-organized pulpal tissue at the apical end. In
addition, the positive expression of the odontogenic and
angiogenic factors was strongly detected in the Ag-BG/CS
group but not in the MTA group, suggesting that the better
cellular response to inflammation seen in the Ag-BG/CS group
was due to molecular changes of the expression levels of key
players for tissue regeneration and repair.

vWEF, called at the time FVIII-related antigen, is a large
glycoprotein which mediates platelet adhesion to the
subendothelium following vascular injury and stabilizes
coagulation Factor VIII, > often used as a marker for
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endothelial cells.”*** In the current study, vVWF-marked vessel-

like structures were observed for the Ag-BG/CS group, but the
expression of YWF was minimal in the MTA-treated group.
Furthermore, dentin sialophosphoprotein (Dspp), a phos-
phorylated protein that is a major component of non-
collagenous dentin extracellular matrices mainly expressed in
odontoblasts,”® was more strongly expressed contiguous to
predentine under Ag-BG/CS treatment than that in the MTA-
treated group. Additionally, nestin, a common marker of neural
stem cells, was also more strongly expressed in the Ag-BG/CS
group than in the MTA group. All the above suggest that Ag-
BG/CS has superior properties compared to MTA in terms of
dentin and endothelium biomarker expression.

On the other hand, in the Ag-BG/CS group, the pulp tissue
degenerated to fibrosis in the coronal canal, while the apical
tissue maintained its vital structure, indicating that Ag-BG/CS
is able to reduce inflammation, resulting in the preservation of
the resident pulp tissue in the apical root and therefore its
essential functionality and vitality. In contrast, a well-organized
dentin-like barrier could be observed in MTA-treated teeth
due to its good odontoblastic inducibility; however, the apical
pulp tissue showed persistent inflammation, and these markers
were barely expressed in the affected tissue, indicating that the
residual pulp tissue failed to recover from its inflamed
condition with MTA treatment due to its poor anti-
inflammatory activity. Thus, the results suggest that Ag-BG/
CS is better than MTA for treating dental pulp inflammation.

It had been reported that NF-xB and MAPK signaling
pathways 7played an important role in osteoclast differ-
entiation,”” and the NF-xB pathway was associated with
inflammation led by LPS in DPSCs.”*"’ In our previous study,
this material had been shown to inhibit the phosphorylation of
p6S at the protein level and the nuclear accumulation of p6S in
DPSCs.”” Thus, we hypothesized that NF-kB signaling plays a
crucial role in the effects of Ag-BG/CS on inflamed DPSCs. An
important upstream component of the NF-xB pathway is
MAPK proteins, which are essential components of the signal
transduction system and comprise three clearly characterized
families: extracellular signal regulated kinases (ERKs), c-Jun N-
terminal kinases (JNKs), and p38 MAPKs.”” MAPK signaling
plays a critical role in stem cell differentiation,’" and they have
been implicated as key regulators of pro-inflammatory cytokine
(such as IL-6 and TNF) I)rocluction.62’63 Among these kinases,
p38 MAPK has been reported to be involved in odontoblast
stimulation during tertiary dentinogenesis,”* as well as a
modulator of the NF-kB pathway,” and its activity is critical
for normal immune and inflammatory responses. ERK1/2
signaling has been implicated as a key regulator of cell
proliferation and differentiation.”" It had been reported that
LPS could induce inflammatory cytokine release by enhancing
the phosphorylation of p38, ERK, and JNK MAPKs,°* and
inflammation in dental pulpitis could be suppressed through
blocking the MAPK pathway.®® A previous study implied that
MTA could activate the MAPK pathway during repair
response of the dentin—pulp complex.”” In our research, Ag-
BG/CS dilutions increased the phosphorylation of p38 and
ERK1/2, indicating that Ag-BG/CS induces pulp repair via
activation of the ERK1/2 MAPK pathway. Ag-BG/CS
significantly downregulated all the inflammatory markers
studied here, most likely through modulation of the p38
MAPKs signaling pathway.

The mechanism might result from the richness of calcium in
both Ag-BG/CS and MTA, which could activate the Ca?/
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calmodulin-dependent kinase II (CaMK II). It had been
demonstrated that CaMK II was associated with osteo-/
odontogenic differentiation,”® and its activation could elicit the
phosphorylation of p38, ERK1/2, and JNK MAPK cas-
cades.®”’’ The differences between Ag-BG/CS and MTA
might be due to the amount of bioactive components such as
calcium ions and chitosan. Thus, our results support the
hypothesis that infected pulpal cells could recover from
inflammation under Ag-BG/CS treatment through the
MAPK pathway, maintaining their ability to self-cure.
However, inflamed tissue in the MTA group degenerates to
eventual necrosis due to its poor anti-inflammatory properties,
resulting in diminished reparative dentine formation.

B CONCLUSIONS

In the present research, Ag-BG/CS has been proven to
downregulate the inflammatory cytokines and to induce
inflamed pulp cells to form mineralized barriers in vitro and
in vivo. The data also indicate that this novel material promotes
pulpal self-curing, possibly through the activation of the MAPK
pathway. Thus, Ag-BG/CS exhibits multiple bioactive proper-
ties and represents a potential pulp-capping agent for the early
treatment of diffuse pulpitis. Ag-BG/CS promotes affected
tissue recovery and increases the pulp tissue retention rate of
pulp-affected immature permanent teeth. Further preclinical
studies and well-designed clinical trials may provide recom-
mendations for clinical use of Ag-BG/CS in cases of chronic

diffuse pulpitis.
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