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ARTICLE INFO ABSTRACT

Dental caries is a bacteria-caused condition classified among the most common chronic diseases worldwide.
Treatment of dental caries implies the use of materials having regenerative and anti-bacterial properties, and
controlling inflammation is critical for successful endodontic regeneration.

Objectives: The aim of this study was to fabricate and characterize a novel composite incorporating sol-gel de-
rived silver-doped bioactive glass (BG) in a chitosan (CS) hydrogel at a 1:1 wt ratio(Ag-BG/CS).

Methods: The effect of Ag-BG/CS on dental pulp cells (DPCs) proliferation was analyzed by CCK-8 assay, whereas
the adhesion of DPCs was evaluated by confocal microscopy. The physical morphology of Ag-BG/CS was ana-
lyzed by scanning electron microscope. The anti-inflammatory effect of Ag-BG/CS was investigated by quanti-
tative polymerase chain reaction (QPCR). Moreover, the effect of Ag-BG/CS on odontogenic differentiation of
DPCs was studied by immunochemical staining, tissue-nonspecific alkaline phosphatase staining, qPCR, and
western blot analyses. The antibacterial activity against dental caries key pathogenic bacteria was also eval-
uated.

Results: The results of this study showed that Ag-BG/CS did not affect the proliferation of DPCs, it down-
regulated the inflammatory-associated markers (IL-1f, IL-6, IL-8, TNF-a) of DPCs treated with Escherichia coli
lipopolysaccharide (LPS) by inhibiting NF-kB pathway, and enhanced the in vitro odontogenic differentiation
potential of DPCs. Furthermore, Ag-BG/CS strongly inhibited Streptococcus mutans and Lactobacillus casei growth.
Conclusions: This novel biomaterial possessed antibacterial and anti-inflammatory activity, also enhanced the
odontogenic differentiation potential of LPS-induced inflammatory-reacted dental pulp cells. The material in-
troduced in this study may thus represent a suitable dental pulp-capping material for future clinical applications.
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1. Introduction

Dental pulp vitality is essential for root development in immature
permanent teeth and reparative dentin formation to respond to external
cues. Vital pulp therapy (VPT) is an effective approach to protect the
injured pulp, in order to reduce inflammation and promote formation of
reparative hard tissue that shields the pulp tissue from injurious agents.
An ideal pulp-capping material should stimulate tertiary reparative
dentinogenesis and possess biocompatibility, bactericidal, and anti-in-
flammatory capabilities, among the others [1]. Besides calcium hy-
droxide and mineral trioxide aggregate (MTA), which are the most
common pulp-capping materials, a variety of materials, including
bioactive ones, have been investigated in recent studies (Appendix.

* Corresponding author.

Table 1). However, no ideal dental pulp capping material for the repair
of inflamed pulp has been identified to date.

Following the synthesis of 45S5 Bioglass® [2] by Hench and cow-
orkers, many in vitro and in vivo studies carried out in the recent decades
confirmed bioglass as a bioactive material capable of bonding to mi-
neralized and soft tissue [2-5]. Silver is a common element used in
medical materials together with bioglass, due to its established anti-
bacterial activity [6,7]. Ag-doped bioactive glass (Ag-BG) was fabri-
cated and confirmed strong bonding to dentin [8], and demonstrated
the odontogenic properties in vivo [9]. Chitosan (CS)-based thermo-
gelling solution, which undergoes sol-gel transition upon temperature
increase, possesses multiple intrinsic properties such as biocompat-
ibility and bacteriostatic effects [10]. It has been extensively
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investigated in the past decade [11] and offered more predictable hy-
drogel properties. Here, CS was added to Ag-BG materials to enhance
their operability as dental pulp capping agents. The hypothesis of the
study was that this novel biomaterial possessed antibacterial and anti-
inflammatory activity, also enhanced the odontogenic differentiation
potential of inflamed dental pulp cells. The purpose of this study is to
evaluate the biological properties of a hybrid system produced by in-
corporating Ag-BG into injectable chitosan hydrogel(Ag-BG/CS).

2. Materials and methods
2.1. Synthesis of Ag-BG/CS gel

Ag-doped bioactive glass micro-size particles were provided by
Professor Papagerakis from University of Saskatchewan, they were
fabricated according to a previously reported procedure [12]. Briefly,
the fabrication protocol was on the basis of the sol-gel process by
mixing the solution stage of the 58S sol-gel bioactive glass (in the
system SiO, 58-CaO 33-P,0s 9 wt.%), with the respective solution stage
of the sol-gel glass in the system SiO, 60-CaO 6-P;05 3-Al,03 14-Na,O
5-K50 5- Ag;0 7 wt.%. The mix was stirred and heated as below: aging
at 60 °C, drying at 180 °C and stabilization up to 700 °C. The fabricated
material was in powder form with particle size < 35 pm. Chitosan hy-
drogel was provided by department of dental materials in Peking Uni-
versity School and Hospital of Stomatology. The micro-size particles
were added into liquid chitosan gel (CS-gel) at a 1:1 wt ratio, mixed
adequately at room temperature, forming Ag-BG/CS. The liquid gel was
also cast into 0.32 cm? x 1 mm cylindrical molds and freeze-dried. The
morphology of freeze-dried hydrogel was analyzed by scanning electron
microscope (EVO18, Carl Zeiss, Germany). Ag-BG/CS extract liquid was
fabricated by soaking freeze-dried Ag-BG/CS in isovolumetric sterile a-
modified minimum essential medium (a-MEM, GIBCO/BRL) for 24 h.

2.2. Cell culture

Ethics Committee of the Peking University Health Science Center
had reviewed and approved collection of human dental pulp cells
(DPCs) from 14 to 18 years old patients that underwent teeth extraction
as part of orthodontic treatment. Normal human premolars (n = 3)
were collected and all extracted teeth were used for isolating human
DPCs. Totally three different teeth were collected and three different
DPC primary cell lines were generated and examined following the
exact same procedures and methods. Results obtained from the three
different DPCs cultures were similar. DPCs were isolated from the
dental pulp space and then digested in 3 mg/mL type I collagenase
(Sigma-Aldrich, St. Louis, MO, USA) and 4 mg/mL dispase (Sigma-
Aldrich, St. Louis, MO, USA) for 1 h at 37 °C. Next, the DPC suspensions
were separated using a 70 um strainer (Falcon, BD Biosciences, San
Jose, CA, USA). The single-cell suspensions were cultured in a-modified
minimum essential medium (a-MEM, GIBCO/BRL) with 10% fetal bo-
vine serum (FBS, GIBCO), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin at a 37 °C with 5% CO, incubator. DPCs between the fourth
and sixth passage were used for this study.

2.3. Cell proliferation assay

The influence of Ag-BG/CS on DPCs proliferation was evaluated.
DPCs were seeded in 96-well plates (5 x 10° cells/well; expanded ex
vivo), treated with Ag-BG/CS extract liquid, and untreated DPCs as the
control group. At 1, 3, 5, 7 days after cell seeding, a CCK-8 (Dojindo,
Beijing) assay was carried out with three replications to evaluate the
number of viable cells.

2.4. Cell adhesion analysis

The adhesion of the DPCs was assessed by fluorescence staining.
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Twelve freeze-dried Ag-BG/CS gels were placed in 24-well plates and
DPCs were seeded on Ag-BG/CS (1 x 10* cells/well; expanded ex vivo),
followed by incubation at 37 °C with 5% CO,. Ag-BG/CS was collected
at 6h, 24h, and 72h (Three samples for each point-in-time). Stained
viable cell nuclei with 4,6-diamidino-2-phenylindole (DAPI, Invitrogen)
staining was then performed in the dark for 5 min. After washed with
PBS, the slides were analyzed using a confocal microscope (Zeiss LSM 7
Duo, Germany).

2.5. Quantitative polymerase chain reaction (qPCR)

To induce inflammatory reaction, DPCs were treated with 1 pg/mL
Escherichia coli lipopolysaccharide (LPS) (Sigma Aldrich, St Louis, MO,
USA), produced inflamed dental pulp cells (iDPCs). iDPCs were then
treated with Ag-BG/CS extract liquid for 1 h, 3h, and 6 h. To evaluate
odontogenic differentiation potential of the cells, DPCs and iDPCs were
cultured in osteogenic media [100 nM dexamethasone, 10 mM sodium
B-glycerophosphate, and 50 pg/mL 1-ascorbic acid 2-phosphate sesqui-
magnesium salt hydrate (Sigma-Aldrich, St Louis, MO, USA)] for 7 days.

The relative expression level of inflammatory cytokines and of os-
teogenic/odontogenic markers was evaluated by quantitative PCR. At
the end points, cells were collected and RNA was extracted using TRIzol
(Introgen, Carlsbad, CA, USA), 2 ug total RNA was converted to cDNA
with Moloney murine leukaemia virus reverse transcriptase (M-MLV
RTase, Promega, Madison, WI, USA). Quantitative PCR was carried out
in SYBR green master mix (Roche, Indianapolis, IN, USA), with 0.5 uL
c¢DNA and 200 nM of specific primers. Conditions were applied as fol-
lowing: 50 °C for 2 min, then 95 °C for 10 min, followed by 40 cycles of
94 °C for 15s and 60 °C for 1 min using an ABI PRISM 7500 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA). The set of
primers used are listed in Table 1. The results were analyzed using the
PRISM 6 software (using one-way ANOVA).

2.6. TNAP staining and immunochemical staining

DPCs and iDPCs were seeded in 6-well plates (2 X 10* cells/well;
expanded ex vivo) for alkaline phosphatase (ALP) staining and then
treated with Ag-BG/CS extract liquid in osteogenic media for 7 days.
ALP levels were determined using the tissue-nonspecific ALP (TNAP)
histochemical staining kit (Cwbiotech, Beijing, China). The TNAP
staining process was carried out according to the manufacturer’s pro-
tocol. Briefly, the cells were then fixed in 4% paraformaldehyde for
10 min at room temperature, air-dried, and incubated with substrate for
1h at 37 °C. Cells were then rinsed with distilled H,O, air-dried, and
visualized macroscopically for evidence of staining. For quantification,
12 wells (three replicates in each group) were scanned, and densito-
metry was measured using NIH Image J software.

iDPCs, treated with Ag-BG/CS, were subcultured onto 12-chamber
slides (2 x 10* /well, expanded ex vivo) and grown in osteogenic media
for 7 days, then the cells were fixed with 4% paraformaldehyde and
blocked with phosphate buffered saline (PBS) containing 10% normal
bovine serum at room temperature for 45 min. The cells were then in-
cubated with diluted primary antibody osteocalcin (OCN, 1:1000, sc-
30044, Santa Cruz, CA, USA) overnight at 4 °C, the immunochemical
staining was carried out according to the manufacturer’s instructions,
3,3-Diaminobenzidine (DAB) was applied as the chromogen.

2.7. Immunofluorescence

DPCs were plated onto sterile coverslips in 12-well plates and in-
cubated to 40-50% confluence, treated the same as above. Cells were
fixed in paraformaldehyde for 10 min, blocked with PBS containing
10% normal bovine serum at room temperature for 2 h. The cells were
then incubated with diluted primary antibody p65 (C22B4, 4764 T, Cell
Signaling Technology, Danvers, MA, USA) overnight at 4 °C. The cov-
erslips were rinsed with PBS, and then incubated with Rhodamine
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Table 1
Primers used for quantitative PCR.
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Target gene Sequence

Product size (bp) GenBank number

GAPDH Forward: GCAAATTCCATGGCACCGTC
Reverse: GGGGTCATTGATGGCAACAATA
ALP Forward: ATGGGATGGGTGTCTCCACA
Reverse: CCACGAAGGGGAACTTGTC
DSPP Forward: TCCTAGCAAGATCAAATGTGTCAGT
Reverse: CATGCACCAGGACACCACTT
OCN Forward: AGCAAAGGTGCAGCCTTTGT
Reverse: GCGCCTGGGTCTCTTCACT
RUNX2 Forward: CACTGGCGCTGCAACAAGA
Reverse: CATTCCGGAGCTCAGCAGAATAA
IL-13 Forward: TGCACGATGCACCTGTACGA
Reverse: AGGCCCAAGGCCACAGGTAT
1L-6 Forward: ACGAACTCCTTCTCCACAAGC
Reverse: CTACATTTGCCGAAGAGCCC
1L-8 Forward: TTTTGCCAAGGAGTGCTAAAGA
Reverse: AACCCTCTGCACCCAGTTTTC
TNF-a Forward: CAGAGGGAAGAGTTCCCCAG

Reverse: CCTCAGCTTGAGGGTTTGCTAC

465 NM_002046.6
246 NM_014476.5
152 NM_014208.3
261 NM_199173.5
157 NM_001024630.3
298 NM_000576.2
397 NM_000600.4
300 BT007067.1

285 NM_000594.3

(TRITC) Conjugated Goat anti-Rabbit IgG (H + L) (ZF-0316, ZSJQ,
China). Nuclei were dyed with DAPI (Solarbio, Beijing, China). Images
were captured by a fluorescence microscope (BX51, Olympus, Tokyo,
Japan).

2.8. Western blot

DPCs were seeded in 6-well plates (2 X 10* /well) and at 80%
confluent were treated with LPS with or without Ag-BG/CS extract li-
quid for 3h. At the end points, DPCs were lysed in RIPA buffer with
protease inhibitors. Proteins were quantified by BCA Protein Assay
(Pierce). Forty micrograms of protein from each sample was separated
on 10% SDS-PAGE gels and transferred to PVDF membranes (Millipore,
Bedford, MA, USA) at 100V for 60 min. Then the membranes were
bathed in blocking buffer (5% non-fat dry milk in Tris-buffered saline
with 0.05% Tween-20, pH 7.4) for 1 h and incubated with the following
antibodies at 4 °C overnight: OCN (1:1000, sc-30044, Santa Cruz, CA,
USA), runt-related transcription factor 2 (RUNX2, 1:1000, sc-390715,
Santa Cruz, CA, USA), p65 (C22B4, 4764 T, Cell Signaling Technology,
Danvers, MA, USA), phosphorylated p65 (93H1, 3033 T, Cell Signaling
Technology, Danvers, MA, USA) and B-actin (D6A8, 8457 T, Cell
Signaling Technology, Danvers, MA, USA). The membranes were in-
cubated in horseradish peroxidase-conjugated secondary antibody
(ZSJQ, China) for 1h at room temperature, and bands were visualized
using Fusin Fx (Vilber Lourmat, France).

2.9. Antibacterial assay

Equal volumes of Ag-BG/CS extract liquid or PBS, which was used
as the control, were separately mixed with S. mutans (ATCC 33342) and
L. casei (ATCC 53103), and then incubated anaerobically for 24 h at
37°C; each mixture was subsequently diluted serially (107!, 1072
1073,10"* and 10~°) and subsequently was plated on agar plate. The
plates were then incubated for 24 h at 37 °C, and the developed colonies
were counted.

3. Statistical analysis

The statistical significance of differences within the CCK-8 assay and
quantitative PCR results were analyzed by one-way ANOVA (Dunnett
test) and Student t-test using the PRISM 6 software, at significance levels
of p < 0.05%, p < 0.01**, and p < 0.001***,
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4. Results
4.1. Effects of Ag-BG/CS on the proliferation of DPCs

The CCK-8 assay was used to investigate the influence of Ag-BG/CS
on DPCs proliferation. After treatment with Ag-BG/CS extract liquid,
DPCs showed stable growth (Fig. 1B), the proliferation rate was slightly
lower compared to control group (Fig. 1B). At day3, 5, 7, there was
significantly difference in the numbers of viable cells between two
groups (p < 0.01) (Fig. 1A).

4.2. Effects of Ag-BG/CS on the adhesion of DPCs

The result of scanning electron microscope(SEM) analysis showed
that Ag-BG/CS possessed porous characteristics, with pore diameter
reaching around 60-120 pm(Fig. 1C-D). Confocal microscopy mea-
surements revealed that DPCs adhered to Ag-BG/CS within 72h
(Fig. 1E-G), and the cell counting results showed significant differences
between amounts of adhesive cells at 6, 24, 72h (Fig. 1I). The long-
itudinal view showed that cells could migrate inside the composite and
exhibited growth (Fig. 1H).

4.3. Effects of Ag-BG/CS on regulating the inflammatory cytokines
expression of iDPCs

According to the quantitative PCR results, the mRNA expression
levels of inflammatory cytokines IL-1f3, IL-6, TNF-a, IL-8 in iDPCs
showed a marked decrease after treated by Ag-BG/CS (p < 0.05)
(Fig. 2A-D), all tested cytokine levels showed the significant decrease
within 1 h, and rose up at 3 h. The mRNA expression level of IL-1 and
IL-6 kept going up under Ag-BG/CS treatment at 6 h (Fig. 2A and B),
while the expression of TNF-a and IL-8 were inhibited by Ag-BG/CS 6 h
later (Fig. 2C and D).

4.4. Inactivation of NF-kB pathway by Ag-BG/CS treatment

In contrast with control group, after stimulated with LPS for 3 h,
p65 translocated into the nucleus, and Bay11-7082 inhibited this pro-
cedure. In cells incubated with Ag-BG/CS dilution, nuclear transloca-
tion of p65 significantly decreased compared to LPS group (Fig. 2E).
Results of western blot showed that phosphated p65 increased under
LPS treatment, Bay11-7082 and Ag-BG/CS suppressed the phosphor-
ylation (Fig. 2F). The density of bands was analyzed by ImageJ
(Fig. 2G), and differences were significant (p < 0.05, one-way
ANOVA).
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Fig. 1. Cell proliferation rate within 7 days(A) and CCK-8 assay(B) results at 1, 3, 5, 7 days, showed that DPCs grew stably in the Ag-BG/CS group, the 95%
confidence interval of the fitted curve slope is 0.1660 to 0.1901, while the slope 95% confidence interval of control group falls in 0.2905 to 0.3498. and at day3, 5, 7,
there was significantly differences in amount of viable cells between two groups (p < 0.01) (B). The physical morphology of Ag-BG/CS was observed in Fig. 1C and
D. The results of confocal microscope analysis using DAPI-labeled showed DPCs as blue spots (Arrows). Few DPCs can be seen at 6 h(E), whereas a significant amount
of DPCs adhered to the Ag-BG/CS gel are visible at 24 h(F) and 72 h(G). The longitudinal view showed that cells could migrate inside the composite and exhibited
growth(H). Cell counting results, showing significant differences(I). The asterisks indicated the significance of differences between groups (* p < 0.05, ** p < 0.01,
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Fig. 2. Quantitative PCR analysis, showing significant suppression on the mRNA expression level of IL-1f, IL-6, IL-8, and TNF-a compared to the iDPCs group(A-D);
all tested cytokine levels showed the significant decrease within 1 h, and rebounded at 3 h. The mRNA expression level of IL-15(A) and IL-6(B) kept increasing under
Ag-BG/CS treatment at 6 h, while the expression of TNF-a(C), IL-8(D) were inhibited by Ag-BG/CS 6 h later. The asterisks indicated the significance of differences

between groups (* p < 0.05, ** p < 0.01,

p = 0.001, one-way AVONA, Dunnett test), and the bars represented the standard deviation of three replicates.

After stimulated with LPS for 3h, p65 translocated into the nucleus, and Bay11-7082 inhibited this procedure. In cells incubated with Ag-BG/CS dilution, nuclear
translocation of p65 significantly decreased compared to LPS group(E). Results of Western blot showed that phosphated p65 increased under LPS treatment, Bay11-
7082 and Ag-BG/CS suppressed the phosphorylation(F). The density of bands was analysed by ImageJ(G), and differences were significant(p < 0.05, one-way

ANOVA).

4.5. Effects of Ag-BG/CS on the osteo/odontogenic differentiation of iDPCs

The TNAP staining assay was used to evaluate the influence of Ag-
BG/CS on mineralization. The ALP activity decreased when DPCs be-
came inflamed, but significantly recovered after treated with Ag-BG/
CS, to even higher values compared with non-inflammatory DPCs
maintained in the osteogenic medium (Fig. 3B). The osteo/odontogenic
differentiation ability was further investigated by examining related
biomarkers and their downstream proteins. The immunostaining tests
revealed that Ag-BG/CS significantly enhanced the expression of OCN
protein (Fig. 3A) in iDPCs. The qPCR analysis showed that Ag-BG/CS
significantly increased the expression of ALP, OCN, and RUNX2 at
mRNA level (p < 0.01) (Fig. 3D), and similar results were obtained
with the western blot assay (Fig. 3E).

4.6. Antibacterial properties of Ag-BG/CS against S. mutans and L. casei

The antibacterial properties of the Ag-BG/CS against S. mutans and
L. casei were illustrated. No bacterial growth was observed after 24 h of
co-culture with Ag-BG/CS. This difference was statistically significant
compared to the PBS co-cultured control group (Fig. 4).

5. Discussion

Dental pulp capping is a common clinical approach aiming to pre-
serve dental pulp tissue and to prevent invasive endodontic procedures
[13] that may result in tooth necrosis and tooth loss. Innovative
bioactive/biomimetic ion-releasing materials are required for preser-
ving the vitality of dental pulp tissue in immature permanent teeth and
primary teeth, by blocking the progress of inflammation and inducing
the formation of reparative tissue. DPCs is a mixed population of me-
senchymal cells including dental pulp stem cells (DPSCs) and necessary
to initiate tertiary dentin formation in response to external stimuli such
as caries [14]. The novel material was confirmed combining the dif-
ferent characteristics of its components into a substrate with improved
biological properties and it could enhance DPCs properties in defending
tissue integrity and regeneration.

The present study highlighted the anti-inflammatory properties of
Ag-BG/CS, which reduced the expression of interleukin-1f3, -6, and -8
and of tumor necrosis factor-a; these inflammatory cytokines were also
suppressed after treatment with chitosan gel alone (Appendix. Fig. 1),
suggesting that the anti-inflammatory effect of the material originates
from both Ag-BG and chitosan. Chitosan (CS) is an injectable hydrogel;
previously used as a drug delivery agent [11], now as an appealing
material for dental applications. Moreover, CS possesses strong anti-
bacterial and anti-inflammatory properties [15,16] which may provide
additional advantages for dental pulp healing and regeneration under
inflammatory conditions. It has been demonstrated that CS was capable
of reducing prostaglandin E2 production [17] and suppressing the
transcript levels of IL-6 and COX-2 genes [18] in human gingival fi-
broblasts. Interleukins are secreted in dental pulp as a response to
bacterial attack [19], whereas TNF-q, as a ligand cytokine, is involved
in systemic inflammation [20]. The expression of these cytokines was
reduced by Ag-BG/CS, confirming and expanding the findings of pre-
vious studies. In our study, Ag-BG/CS inhibited p65 phosphating and
translocating into the nucleus, probably inhibited the NF-kB pathway.
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Therefore, further investigations are needed to elucidate the cellular
and molecular mechanism of the anti-inflammatory activity of Ag-BG/
CS.

In this study, Ag-BG/CS was also found to upregulate the expression
of multiple osteo/odontogenic markers in vitro. BG is a silicate-based
bio-glass, capable of inducing mineralized tissue formation when im-
mersed in simulated body fluid (SBF) through induction of nucleation
and crystallization of apatite [21]. Ag-BG microsize particles were first
fabricated by Chatzistavrou et al., who measured the amount of ions
released into suspension, and concluded that the Ag-BG particles could
be considered as efficient calcium and silicon sources for re-miner-
alization [22]. Previous study proposed that calcium ions released from
silicate-based materials in addition to be parts of the dentin and bone
mineralized matrix were also reported to regulate cell adhesion, en-
hance odontoblast and osteoblast proliferation and induce cell differ-
entiation [23]. Additionally, previous reports claimed that, in the pre-
sence of critical concentrations of silium and calcium ions, osteoblasts
were able to differentiate into a mature osteocyte phenotype [24] based
on the expression of phenotypic markers such as ALP, RUNX2 and OCN.
Soluble Si(OH), species had been demonstrated contributing to bone
formation in vitro, inducing RUNX2 expression through the NF-xB
pathway, and upregulating OCN expression [25]. Compared to their
inhibited expression in the case of iDPCs, all tested markers, mentioned
briefly above, recovered upon treatment with diluted Ag-BG/CS
(Fig. 3). Thus, the results indicated that the odontoblastic differentia-
tion potential of the iDPCs was recovered after Ag-BG/CS treatment. In
our study, Ag-BG/CS suppressed the phosphorylation and translocation
of p65, indicating that Ag-BG/CS probably could inactivate NF-xB
pathway. The present results are consistent with previous conclusions.
Except for the NF-xB pathway, it had been reported that the odonto-
blastic potential of DPCs could be enhanced through the activation of
the AMPK signaling pathway [14]. Further research is needed to eval-
uate the exact mechanism controlling the activity of the novel material
investigated in this work.

Previous studies showed that Ag-BG had also strong antibacterial
properties [6,9,26,27], which had been confirmed in this work. The
antibacterial properties of silver ions had been extensively studied and
reported in the past 20 years. A previous study showed that silver ions
demonstrate a broad-spectrum of antibacterial activity at Ag* con-
centration of 0.4 pg/mL after co-culturing for 24 h [28]. In the case of
the material investigated in this work, the released amount of silver
ions reached 1.4 pg/mL rapidly within 24 h (data not published), and
the present results showed no colonies of S. mutans and L. Casei ob-
served in the presence of Ag-BG/CS, confirming the bactericidal prop-
erties of this material.

6. Conclusion

In the present work, an anti-inflammatory, bactericidal, and re-
mineralizing material, consisted of Ag-doped bioactive glass particles
incorporated in a chitosan gel, has been proven to be able to suppress
the expression of inflammatory cytokines, promote the proliferation
and differentiation of iDPCs, and inhibit S. mutans and L. Casei bacteria
growth. The injectable Ag-BG/CS exhibits various bioactive properties
and thus represents a promising vital pulp conservation material to
improve endogenous DPCs response to dental caries. Detailed
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Fig. 3. Immunocytochemistry staining analysis and TNAP staining results. Representative images showing OCN (brown) expression of DPCs in extracellular matrix
and cell nuclei (blue). Scale bar = 100 um. Normal DPCs exhibited reduced expression, and osteogenic medium treatment resulted in enhanced OCN expression,
iDPCs showed little expression of OCN when grown in osteogenic medium, whereas Ag-BG/CS significantly upregulated the OCN level(A). TNAP staining results(B)
showed that the ALP activity was suppressed in the iDPCs (treated with LPS) grown in osteogenic medium (OM) compared to the DPCs grown into OM alone. TNAP
expression was recovered in iDPCs treated Ag-BG/CS extract liquid grown in OM. The integrated density of images was analysed using ImageJ (three replicates in
each group), and there were significant differences between each two groups(C).

Quantitative PCR analysis, showing significant suppression on the mRNA expression level of ALP, OCN, and RUNX2 in the iDPC group compared to osteogenic
medium, along with significant recovery in the Ag-BG/CS group (D). Western blot analysis, showing similar results to qPCR, with the expression level of OCN and
RUNX2 markedly decreasing in iDPCs group and significantly recovering in the Ag-BG/CS group (E). The density of bands was analysed by ImageJ(F), and differences
were significant. The asterisks indicate the significance of differences between groups (* p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA, Dunnett test), and
the bars represented standard deviations of three replicates.
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Fig. 4. Antibacterial properties. No colony growth was observed in the presence of the Ag-BG/CS gel, compared to control group (A,C, red arrows showing bacteria
colonies); Colony numbers analysis (C) showed that the difference was significant (p < 0.01).
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