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ARTICLE INFO ABSTRACT
Keywords: Aim: The current study evaluated the antibacterial activity of a newly developed quaternary
Bioactive glasses (BGs) ammonium polymethacrylate (QAPM)-containing bioactive glasses (BGs) via a two-step method
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by our group, namely BGs-HAEMB, and explored its cytotoxicity and biocompatibility.

Methods: The antibacterial effects of the BGs-HAEMB against planktonic bacteria, bacterial bio-
film formation, and experimental root canal biofilms of persistent pathogens (Enterococcus fae-
calis, Streptococcus sanguis and Porphyromonas endodontalis) associated with endodontic infection
were evaluated in vitro by agar diffusion tests, direct contact tests and live/dead staining. The
cytotoxicity and biocompatibility of BGs-HAEMB were evaluated by CCK-8 assays in vitro and a
skin implantation model in vivo.

Results: Compared to three clinically used endodontic sealers (Endofill, AH Plus, and iRoot SP),
BGs-HAEMB exhibited the relatively strongest antibacterial effect against E. faecalis, S. sanguis
and P. endodontalis after sitting for 14 and 28 days (P < 0.01). SEM images and CLSM images also
showed that for each tested bacteria, BGs-HAEMB killed the most microorganism among all the
experimental groups, regardless of treatment for 7 days or 28 days (P < 0.05). Besides, the BGs-
HAEMB-treated groups showed a relatively low cytotoxicity (RGRs ranging from 88.6% to
102.9%) after 1, 3, and 7 days of exposure. Meanwhile, after 28 days of implantation, the in-
flammatory grade in BGs-HAEMB treated group was assessed as Grade I, in which the average
numbers of inflammatory cells (6.7 + 2.1) were less than 25.
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Conclusions: BGs-HAEMB exerted a long-term and stable antibacterial effect. The remarkable
biocompatibility of BGs-HAEMB in vitro and in vivo confirmed its possible clinical application as a
potential alternative in the development of the next generation of endodontic sealers.

1. Introduction

Endodontic diseases are among the most common oral diseases and are mainly initiated by oral microbial infections and are closely
associated with multiple risk factors [1]. Endodontic diseases often can cause orofacial pain, considerable discomfort, and ultimately
tooth loss [2]. It has also been documented that these diseases may act as focal infections that are closely associated with systemic
diseases such as diabetes, hypertension, and coronary heart disease [3].

Root canal therapy (RCT) is applied as the first strategy in the management of endodontic diseases [4]. Thorough elimination of
root canal infection, which is accomplished through root canal cleaning, shaping, disinfection, and filling, is the key for the success of
RCT [5]. However, due to the anatomy and infection complexity of the root canal system, it is virtually impossible for conventional
chemo-mechanical procedures to completely eradicate infections within a tooth root. Residual bacteria can cause reinfection, leading
to RCT failure [6]. Enterococcus faecalis (E. faecalis) is the main species isolated from an endodontically treated root canals with
posttreatment endodontic diseases [7]. E. faecalis secrete various virulence factors, such as collagen-binding proteins, gelatinase, and
surface proteins, and mediate bacterial biofilm formation, resulting in drug resistance and microorganism survival in complex root
canal systems [8]. In addition, high levels of Streptococcus sanguis (S. sanguis) and Porphyromonas endodontalis (P. endodontalis) have
also been detected at apical lesions in patients with periapical diseases and play an important role in the development of endodontic
diseases by inducing virulence factors and stimulating the progression of osteoclastogenesis [9]. As the final step in RCT, the root canal
system is filled with a core bioinert material (e.g., gutta percha) combined with an endodontic sealer [10]. Therefore, it is desirable for
the endodontic sealer to exhibit antibacterial activity to restrain the growth of the residual bacteria that were not affected by
chemo-mechanical procedures.

However, there is still a great gap in the ability of current commercial endodontic sealers to exhibit satisfactory antibacterial
activity. For example, Endofill, a zinc oxide and eugenol-based sealer with dimensional stability and high solubility, also shows
antibacterial activity. However, its high solubility acts as a double-edged sword in terms of its apical sealing ability [11]. AH Plus, an
epoxy resin-based sealer, is one of the most used endodontic sealers during RCT. It can adhere to dentine and shows antibacterial
effects against E. faecalis. AH Plus also exhibits relatively good biocompatibility and long-term structural stability [12]. However, it has
several limitations, such as cytotoxicity, no potential for bioactivity, and possible mutagenicity, and it may also induce inflammation
[13]. iRoot SP, a ready-to-use nanobioceramic material, is another commonly used sealer during endodontic treatment. It possesses
superior biocompatibility, osteogenic potential and marked apical sealing ability, along with persistent antibacterial effects against
E. faecalis [14,15]. However, its significant reductions in setting time and flow at high temperatures and may lead to poor quality
obturation during root canal filling when using warm vertical compaction [16]. In addition, the tooth discoloration caused by iRoot SP
and its mild cytotoxicity further limit its use as an endodontic sealer [17]. Therefore, developing promising adjuvants with better
antibacterial effects and prolonged efficacy but fewer side effects compared to current commercial endodontic sealers is greatly
needed.

Various materials have shown remarkable antibacterial effects against endodontic pathogens [18,19]. Previous studies found a
material called bioactive glass (BG) with good osteogenic, angiogenic, and antibacterial abilities and biosafety [20-22]. BGs are
mainly used to increase bone mass, especially alveolar bone mass, and are widely used during periodontal therapy [23,24]. In previous
studies, BGs were reported to be carriers of calcium, phosphate, and silica to enhance mineral precipitation in dentinal tubules,
showing an effect in the treatment of dentinal hypersensitivity [25]. In addition, BGs show superior antibacterial activity in dentinal
tubules due to the complex ionic reaction between the BGs and dentine in the root canal [26,27]. Quaternary ammonium methacrylate
salt (QAM) polymers, a kind of polyelectrolyte containing QAM groups, have been used as medical bactericides or daily chemical
agents due to their good water solubility, high efficiency, nontoxicity, and adjustable cationicity and molecular weight [28,29]. Recent
studies have demonstrated that QAM monomers in covalently modifying resin materials can not only maintain the original mechanical
properties of the composite materials but also cause new materials to display stable contact antibacterial effects [30]. Given the broad
antimicrobial spectrum, antifungal effects, and low cytotoxicity of QAMs when treating oral bacteria, QAMs have been widely used in
the oral cavity [31].

In this study, we synthesized BGs by using a sol-gel method for modification with QAMs by using a two-step coupling method.
Quaternary ammonium polymethacrylate (QAPM)-containing bioactive glasses, named BGs-HAEMB, were generated successfully. The
characterization of BGs-HAEMB was analyzed and verified by using scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), energy dispersive X-ray spectroscopy (EDS), and Fourier transform infrared (FTIR) spectroscopy. Compared to three
currently used endodontic sealers (Endofill, AH Plus, and iRoot SP), both in vitro and in vivo studies revealed that BGs-HAEMB
possessed a more effective, long-term, and stable antibacterial activity against E. faecalis, S. sanguis and P. endodontalis, as well as a
relatively lower cytotoxicity and better biocompatibility, representing its great potential in the development of the next generation of
endodontic sealers.



J. Liu et al. Heliyon 10 (2024) 28266

2. Materials and methods
2.1. Bacterial preparation and growth conditions

E. faecalis (ATCC 29212), S. sanguis (ATCC 10556), and P. endodontalis (ATCC 35406) were obtained from the State Key Laboratory
of Military Stomatology (the School of Stomatology, the Fourth Military Medical University, Xi’an, China). E. faecalis, S. sanguis and
P. endodontalis were routinely cultured in brain heart infusion broth (BHI broth, Difco, Sparks, MD) at 37 °C under anaerobic
conditions.

2.2. Materials

Ammonia water, cetyltrimethylammonium bromide (CTAB), triethyl phosphate (TEP), tetrahydrate calcium nitrate (CN), tet-
raethyl orthosilicate (TEOS), anhydrous ethanol, 2-(dimethylamino) ethyl methacrylate (DMAEMA), 1-bromopropane (BP), 1-bromo-
nonane (BN), 1-bromohexadecane (BHD), 1-bromooctadecane (BOD), benzoyl peroxide (BPO), deionized water (DW), and KH-570
were all purchased from Sigma-Aldrich (Darmstadt, Germany).

2.3. BG synthesis and characterization

2.3.1. Synthesis of the BG

Solution A was prepared by mixing 200 mL of sterile water with 9 mL of ammonia water and 0.6 g of CTAB using a magnetic stirrer.
Pre-dissolved inorganic molecules (186 pL of TEP in 1 mL of anhydrous ethanol, 0.78 g of CN in 1 mL DW, and 3.9 mL of TEOS in 1 mL
of anhydrous ethanol) were slowly added to solution A at intervals of 30 min. After overnight stirring, the clear solution turned milky
white. This solution was centrifuged at 8000 rpm, and the supernatant was discarded. The obtained precipitate was washed alternately
with anhydrous ethanol and DW. After drying, the precipitate was sintered at 600 °C for 4 h to obtain the BG. Moreover, different
volumes (7.8 mL, 15.6 mL) of TEOS were added to synthesize BGs with different particle sizes.

2.3.2. Characterization of the BGs
The BGs was mixed with sterile water, and 10 pL of the solution was placed on a silicon wafer and carbon film after 30 s of ultrasonic
crushing. After drying, the BGs were observed using SEM (Hitachi, Japan) and TEM (Thermo Fisher Scientific, USA).

2.4. Synthesis and characterization of the QAMs

2.4.1. Synthesis of the QAMs

QAM monomers with different nitrogen alkyl chain lengths (N-ACLs) were synthesized via an addition reaction. The procedure
described below is based on the synthesis of propyldimethyl ammonium ethylmethacrylate bromide (PAEMB, N-ACL = 3). In brief,
anhydrous ethanol (5 mL), DMAEMA (17.5 mmol), and BP (17.5 mmol) were added to a vial and mixed with continuous magnetic
stirring for 24 h in a silicone oil bath at 75 °C. The product was freeze-dried at —60 °C for 48 h to obtain PAEMB. In addition, QAM
monomers with different N-ACLs of 9, 16, and 18 were also synthesized using BN, BHD, and BOD, respectively, and denoted as NAEMB,
HAEMB, and OAEMB.

2.4.2. Characterization of the QAMs

2.4.2.1. Nuclear magnetic resonance (NMR) measurements. Deuterated chloroform was used as the solvent and mixed with the four
kinds of QAMs. The purities of the products were evaluated by measuring the intensity of the characteristic peak of the H atom at the
different positions of the QAMs.

2.4.2.2. FTIR. QAM (1 mg) and KBr (0.1 g) were mixed, laminated, and placed inside the instrument. The range of 4000 to 500 em ™!

was scanned at a resolution of 0.09 cm ™.

2.4.2.3. EDS. Appropriate amounts of the four types of QAMs were placed on a conductive adhesive, compacted, and placed on a
stage. The stage was placed inside the energy dispersive X-ray spectroscopy (EDS) instrument with SEM for elemental analysis.

2.4.2.4. Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of the QAMs. PAEMB, NAEMB,
HAEMB, and OAEMB were mixed with BHI broth, and the initial concentrations were adjusted to 3.2 g/mL, 0.04 g/mL, 200 pg/mL, and
200 pg/mL, respectively. Each solution was filtered with a 0.22-pm filter.

The antibacterial activity of the QAMs against pathogens (E. faecalis, S. sanguis, and P. endodontalis) was determined by the
microdilution method. The procedure is described using PAEMB as the representative example. The final concentrations of PAEMB
were adjusted from 3.2 g/mL to 3.125 x 10> g/mL in 2-fold serial dilutions with BHI broth. 100 L of each diluted solution were
added to different wells of a 96-well plate. 100 pL of bacterial suspension with final concentration of 10° CFU/mL was added to the
QAM solution. Equal volumes of bacterial solution without QAM solution were used as the negative control and BHI broth without
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bacteria but with QAM solution as the blank control. The plate was incubated anaerobically for 24 h, and the MIC was defined as the
lowest concentration of the agent that showed no visible bacterial growth. To determine the MBC, 100 pL of clear bacterial cultures
were added to BHI agar plates and incubated for 48 h. The lowest concentration of the agent that completely inhibited bacterial growth
was considered the MBC. The MICs and MBCs of NAEMB, HAEMB, and OAEMB were determined in the same way.

2.5. Synthesis of BGs-HAEMB
The synthesis process of BGs-HAEMB is shown in Fig. 1A briefly.

(1) The entire experiment was conducted under nitrogen protection. Toluene was added to a flask and heated. Sodium metal was
cut into thin strips and added to the above flask with a small amount of benzophenone. The successful removal of water was

indicated by a change in the color of benzophenone.

A Bioglass (BGs) BGs/KH-570

BGs-HAEMB

OTEOS OCTAB @CN @ TEP KH-570
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Fig. 1. (A) Schematic diagram of the synthesis of BGs-HAEMB. (B, C) SEM images of BGs-HAEMB. (D) TEM images of BGs-HAEMB. (E) Size dis-
tribution histogram of the BGs-HAEMB.
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(2) BGs (5 g, 181 nm) was added to anhydrous toluene and dispersed using ultrasound. After adding 10 mL of KH-570, the mixture
was placed in a 150 °C silicone oil bath and stirred magnetically for 24 h to successfully carry out the grafting reaction.

The material obtained after the reaction was centrifuged. The product was rinsed repeatedly with ethanol and DW, and the final
product was collected after freeze drying. This product was labeled as BGs/KH-570.

(3) The BGs/KH-570 (10 g) was dissolved in 100 mL of 1-butanol, and the solution obtained after ultrasound was denoted as so-
lution A.

(4) HAEMB (10 g) and BPO (100 mg) were dispersed in 50 mL of 1-butanol to obtain solution B.

(5) Solutions A and B were mixed and reacted in a silicone oil bath at 80 °C for 24 h. The mixture was centrifuged to collect the final
product. The crude products were rinsed with ethanol and DW and freeze-dried to obtain BGs-HAEMB.

2.6. Characterization of BGs-HAEMB

Characterization procedures of BGs-HAEMB are similar to that of BGs and QAMs. SEM and TEM were used to observe the
morphology of BGs-HAEMB, and the EDS and FTIR were taken as described above.

2.7. Test materials

BGs-HAEMB was dissolved in sterile water after disinfection. Three commercial endodontic sealers, Endofill (Dentsply, Brazil), AH
Plus (Dentsply DeTrey, Konstanz, Germany), and iRoot SP (Innovative BioCeramix Inc., Canada) were prepared following the man-
ufacturers’ instructions.

2.8. Evaluation of the antibacterial effects of BGs-HAEMB
2.8.1. Effects of BGs-HAEMB on planktonic bacteria

2.8.1.1. Agar diffusion test (ADT). 200 pL of E. faecalis, S. sanguis, and P. endodontalis were spread on BHI agar plates, and the plates
were evenly coated and naturally dried. Holes (5 mm in diameter, 4 mm in height) were punched into the agar to accommodate the test
materials (20 mg per group). Ampicillin (10 pg, Honsun, China) served as the positive control [32], whereas sterile water served as the
negative control. After placing at room temperature for 2 h, the plates were incubated at 37 °C for 24-48 h. The diameter of the
effective bacteriostatic ring was measured and defined as the average value of the diameter of the bacteriostatic ring in the vertical
direction minus the distance of the aperture.

2.8.1.2. Direct contact test (DCT). The test materials (30 pg) were coated onto the sidewall of a 96-well plate and cured at 37 °C for 20
min (fresh) and 1, 7, 14, and 28 days. The 96-well plates were removed at preset time points, and 10 pL of bacterial solution (1 x 10%
CFU/mL) was added to the surface of the materials after exposure to ultraviolet radiation for 2 h. After continuous contact for 60 min,
240 pL of BHI medium was added for 24 h of culture. Bacteria grown without the material was used as a negative control and BHI alone
as blank control. Then, 100 pL of gradient dilutions of bacterial solutions were plated on BHI agar and incubated for 48 h, and the
number of colonies was counted. The total number of colonies was calculated as the number of CFU multiplied by the dilution ratio.

2.8.2. Determination of the inhibitory effects of BGs-HAEMB on biofilm formation in vitro

E. faecalis, S. sanguis and P. endodontalis were grown on the surface of different test materials. In brief, sterile polyethylene tube
molds (8 mm in diameter, 1 mm in height) were placed on cover glasses (Fisher, USA), and the tested materials were placed in the mold
and cured for 20 min and 1, 7, 14, and 28 days. At each time point, the excess material on the surface was scraped off, the molds were
removed, and the materials were placed in 6-well plates and exposed to ultraviolet radiation for 2 h. After that, suspensions of different
bacteria (3 mL, 1 x 10° CFU/mL) were added, and the plates were incubated for 72 h. After incubation, the supernatant in each well
was removed, and the adherent biofilm was washed twice with phosphate-buffered saline (PBS) to remove the planktonic cells.

For live/dead imaging, biofilms were stained with bacterial dye (Invitrogen, USA). Green fluorescence represented living bacteria,
while red fluorescence represented dead bacteria. The dyed biofilms were observed and imaged with a confocal laser scanning mi-
croscopy (CLSM, Olympus, Japan), and the fluorescence intensity in the different groups were analyzed by Imaris 9.0 software
(Bitplane, Ziirich, Switzerland) to compare the antibacterial effects.

2.8.3. Antibacterial activity of BGs-HAEMB against bacterial biofilm formation in experimental dentinal tubules in vitro

Single-rooted teeth extracted due to orthodontic treatments were collected with approval by the Ethics Committee of the School of
Stomatology, the Fourth Military Medical University (IRB-REV-2018013). The dentinal specimens were prepared as described pre-
viously with minor modifications [33]. In brief, the dental calculus and soft tissues were removed from 160 collected teeth, and the
tooth crowns were removed by using a slow cutting saw. The root dentin blocks (5 mm in length, 320 were acquired in total) were
obtained from the remaining roots with a diamond-coated saw. The medullary cavity inside the blocks was trimmed with a
Gate-Glidden bur (#5, MANI, Japan) and then washed with alternate cycles of 5.25% NaClO and 17% EDTA. After sterilized at 121 °C
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for 30 min, five randomly selected dentin blocks were subjected to BHI broth under anaerobic conditions at 37 °C for 48 h to ensure
that the specimens were not contaminated.

The remaining 315 dentin blocks were then divided into 3 groups (n = 105) and placed on the bottom of 12-well plates (one per
well) for E. faecalis, S. sanguis, and P. endodontalis contamination. BHI broth (1.8 mL) and bacterial suspensions (200 pL, 1 x 108 CFU/
mL) were added to each well, and the plates were incubated for 28 days. The BHI medium was refreshed every other day. After 28 days
of incubation, five randomly selected samples from each group were examined by SEM to ensure bacterial colonization after
inoculation.

Specimens were then dried with sterile paper points. For each test strain, the remaining 100 samples were randomly divided into
five groups (n = 20). After the materials (Endofill, AH Plus, iRoot SP, and BGs-HAEMB) were coated onto the surfaces of the root canal
walls and compacted, the samples were then placed in 12-well plates and cultured for 7 and 28 days at 100% relative humidity and
37 °C. Sterile normal saline was used as the negative control. At each time point, 10 specimens from each material group were divided
into two subgroups. One subgroup (n = 6) was ground with a Gate-Glidden bur (#6) to collect dentin debris, mixed with BHI broth, and
then cultured on an agar plate for colony counting. The specimens in the other subgroup (n = 4) were split into two halves. One half
was used for live/dead staining, imaging and observation by CLSM. The proportion of dead bacteria inside the dentinal tubules was
calculated according to the following formula: ratio of dead bacteria (%) = V (red fluorescence)’V (red fluorescence + green fluorescence) X 100%.

The other half of the samples was fixed, dried, sprayed with gold and observed via SEM.

2.9. Evaluation of the cytotoxicity of BGs-HAEMB

The cytotoxicity of the test materials was evaluated by Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). Each material was
shaped into discs with a diameter of 8 mm and height of 1.5 mm for extract preparation. After curing, the materials were exposed to
ultraviolet radiation for 2 h and then placed in 1 mL of MEM (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco,
USA). The medium was incubated at 37 °C in a constant temperature oscillator for 24 h, and the supernatant was collected and
sterilized using a 0.22-pm filter for further experiments.

Thawed 1929 cells provided by the State Key Laboratory of Military Stomatology (the School of Stomatology, the Fourth Military
Medical University) were cultured in MEM containing 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen, USA) at
37 °C in a humidified atmosphere containing 5% COs. 200 pL of cell suspension with a final density of 1 x 10* per well was inoculated
into 96-well plates for 24 h. Then, the culture medium was removed, and 200 pL of the extracts were added. Cell culture medium
without extract was used as a negative control. The medium was changed every two days. 10 pL of CCK-8 solution were added to each
well on days 1, 3, and 7. After incubation at 37 °C for 2 h, the absorbance of each sample was measured at 450 nm by a microplate
reader (BIO-TEX, USA). The relative growth rate (RGR) of the cells = ODmean value of the experimental control/ ODmean value of the negative group X
100%. RGR grades were assigned as follows: Grade 0, RGR >100%; Grade 1, 75% < RGR <100%; Grade 2, 50% < RGR <75%; Grade 3,
25% < RGR <50%, Grade 4, 1% < RGR <25%, and Grade 5, RGR <1%. Grade 0/1 was defined as qualified according to the cor-
responding standard (GB/T16886.5-2003) [34].

2.10. Evaluation of the biocompatibility of BGs-HAEMB in vivo

2.10.1. Experimental protocol

To prepare the implantation modules, BGs-HAEMB, Endofill, AH Plus and iRoot SP were filled and compacted into sterile poly-
ethylene pipes with a length of 10 mm and an internal diameter of 1 mm. Blank polyethylene tubes were used as controls.

To evaluate biocompatibility, twenty Sprague-Dawley rats (8 weeks old, male, 250 g-300 g) acquired from the Animal Center of
the School of Stomatology, the Fourth Military Medical University, were used. The experimental protocols were approved by the Ethics
Committee of the school (IRB-REV-2018013). The rats were anesthetized with 0.1% pentobarbital sodium (0.6 mL/100 g i. p.). After
removing their back hair and disinfecting, a crossing incision was made on the back skin, and the soft tissue was bluntly separated for
material implantation. The freshly prepared BGs-HAEMB, Endofill, AH Plus and iRoot SP modules were carefully and randomly
implanted into the pre-separated capsule cavity, and the control module was also implanted in the center of the operation area,
opposite from the incision lines. The wounds were sutured with 5-0 sutures. The diet and behavior of the rats and postoperative
complications were observed. At designated time points (7 and 28 days), rats (n = 10) were sacrificed using excessive anesthesia. The
modules and surrounding tissues were collected, fixed and embedded. The embedded tissues were sliced and stained with hematoxylin
and eosin (H&E, Solarbio).

The inflammatory reaction in the tissues was observed via microscopy, and the numbers of inflammatory cells, such as neutrophils,
plasma cells, and lymphocytes, were calculated and analyzed. The inflammatory grades were determined as follows [35]: Grade I: no
or low inflammatory response with <25 inflammatory cells; Grade II: moderate inflammatory response with <125 inflammatory cells;
Grade III: severe inflammatory response with a large number of inflammatory cells (>125) and a disordered tissue structure.

2.11. Statistical analysis

Every experiment was conducted in triplicate and the data are presented as the mean =+ standard deviation (SD). Statistical analyses
were performed with SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). Multiple group comparisons were performed by one-way
analysis of variance followed by Tukey’s test to compare differences between groups, and two-group comparisons were performed
by unpaired Student’s t-test. The data were considered statistically significant at a P value of <0.05.
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3.1. Characterization of the BGs

The BG particles exhibited a regular and smooth spherical morphology with uniform size and texture and did not obviously
aggregate (Figs. S1A-I). Furthermore, the average diameter of the BGs increased when the volume of TEOS increased (Fig. S1J-L). The
EDS analysis was showed in Fig. S3 that the BGs were composed of elements Si, Ca, P, and O. The relative intensity of the peaks
indicated the molar ratio of SiO: CaO: PyOs was approximately 82 : 13: 5 (unprovided data).

A

Average diameter of the bacteriostatic rings of the tested materials

against E. faecalis, S. sanguis and P. endodontalis ( X £ s)

Bacterial
species Endofill AH Plus iRoot SP Ampicillin BGs-HAEMB Sterile water
E. faecalis 4.74 £ 0.25* 3.83+0.17° 0¢ 24.38 +0.68¢ 0° 0°
S. sanguis 18.28 + 0.54* 9.35+0.41° 0¢ 3435+ 1.164 0° 0°
Pendodontalis 26.58 £ 0.86* 3.94 +0.15° 0c 18.24 +1.05¢ 0° 0c
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Fig. 2. Antibacterial effects of BGs-HAEMB, Endofill, AH Plus, and iRoot SPagainst E. faecalis, S. sanguis and P. endodontalis. (A) Average diameters
of the bacteriostatic rings of the tested materials against E. faecalis, S. sanguis and P. endodontalis ("x + s). 4 Comparisons of different labeled groups
were statistically significant for the specific bacterial strain. (B) Representative images of bacteriostatic rings of Endofill (1), AH Plus (2), iRoot SP
(3), ampicillin (4), BGs-HAEMB (5) and sterile water (6) against E. faecalis, S. sanguis and P. endodontalis. (C). Viable bacterial count of E. faecalis,
S. sanguis and P. endodontalis treated by Endofill, AH Plus, iRoot SP and BGs-HAEMB of different sitting times. *P < 0.05,"*P < 0.01.
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3.2. Characterization of the QAMs

Four types of QAMs (PAEMB, NAEMB, HAEMB, OAEMB) were successfully synthesized. Figs. S2A-D shows the NMR spectra of the
different QAMs. Consistent with the NMR results, the EDS mapping results indicated that the mass of C also increased with increasing
N-ACL (Figs. S2E-H). In addition, as shown in the ATR-FTIR spectra (Fig. S2I), the characteristic C-H stretching peak was observed at
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Fig. 3. Inhibitory effect of BGs-HAEMB, Endofill, AH Plus and iRoot SP against E. faecalis biofilm formation. (A) Representative images of dead/live
bacteria staining of E. faecalis (Scale bar: 100 pm). (B) Quantitative analysis of the dead bacteria ratio within the biofilms, *P < 0.05,**P < 0.01.
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2800 to 2900 cm ™. The intensity of the C-H peak increased as the N-ACL in the QAMs increased.
3.3. Antibacterial activity of the QAMs

The MICs and MBCs of the four QAMs against E. faecalis, S. sanguinis, and P. endodontalis were determined and listed in Table S1.
HAEMB (N-ACL = 16) showed the strongest antibacterial activity among all the QAMs. The MICs of HAEMB against E. faecalis and
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Fig. 4. Inhibitory effect of BGs-HAEMB, Endofill, AH Plus and iRoot SP against S. sanguis biofilm formation. (A) Representative images of dead/live
bacteria staining of S. sanguis (Scale bar: 100 pm). (B) Quantitative analysis of the dead bacteria ratio within the biofilms, *P < 0.05,**P < 0.01.
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Fig. 5. Inhibitory effect of BGs-HAEMB, Endofill, AH Plus and iRoot SP against P. endodontalis biofilm formation. (A) Representative images of
dead/live bacteria staining of P. endodontalis (Scale bar: 100 pm). (B) Quantitative analysis of the dead bacteria ratio within the biofilms, *p <
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Fig. 6. The 7-days and 28-days antibacterial effects of BGs-HAEMB, Endofill, AH Plus and iRoot SP against E. faecalis, S. sanguis and P. endodontalis.
(A) E. faecalis biofilms after treatment; (B) S. sanguis biofilms after treatment; (C) P. endodontalis biofilms after treatment; (D) Quantitative analysis
of the antibacterial effects of experimental materials on E. faecalis, S. sanguis and P. endodontalis biofilms in experimental root canals. The white
arrow indicates bacteria; the red arrow indicates the materials. “P < 0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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A Control AH Plus iRoot SP Endofill  BGs-HAEMB
7D
100um
28D
100pm
B Red fluorescence ratio of E. faecalis at 7 and 28 days treatment ( X +s)
Time (Day)
Materials
7D 28D
Control 0.04 +0.03* 0.07 +0.05*
AH Plus 0.08 +£0.02* 0.12+0.04°
iRoot SP 0.07 +£0.05* 0.18 £0.02°
Endofill 0.17 £0.03° 0.27£0.13¢
BGs-HAEMB 0.32+0.12¢ 0.49 +0.12¢
C Control AH Plus iRoot SP Endofill ~ BGs-HAEMB
7D
100um
28D
100pm
D Red fluorescence ratio of S. sanguis at 7 and 28 days treatment ( X+s)
Time (Da;
Materials D)
7D 28D
Control 0.06 + 0.04* 0.17 £0.12*
AH Plus 0.16 +0.03% 0.22+£0.10*
iRoot SP 0.17 £0.07° 0.31+0.06
Endofill 0.23 +£0.04¢ 0.40 £0.07¢
BGs-HAEMB 0.34 +0.6¢ 0.52 +0.04¢
E Control AH Plus iRoot SP Endofill  BGs-HAEMB
7D
100pm
28D
100um
F Red fluorescence ratio of P. endodontalis at 7 and 28 days treatment ( Xts )
Time (Da;
Materials L
7D 28D
Control 0.11 £0.06* 0.36 £0.08*
AH Plus 0.23 +£0.03° 0.39+0.10*
iRoot SP 0.19£0.07° 0.41 +£0.06*
Endofill 0.27 £ 0.04¢ 0.52+0.07°
BGs-HAEMB 0.35+0.6¢ 0.65 £0.04¢
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Fig. 7. CLSM images of E. faecalis, S. sanguis and P. endodontalis treated with BGs-HAEMB, Endofill, AH Plus and iRoot SP for 7 and 28 days. (A, C, E)
dead/live bacteria of E. faecalis, S. sanguis, P. endodontalis within the dentinal tubules after treatment; Scale bar = 100 pm. (B, D, F)
Tables respectively showed the ratios of red fluoresce of E. faecalis, S. sanguis, P. endodontalis after 7- and 28-days treatment. Different letters
between groups at the same time of the same strain indicated statistical differences, P < 0.05. (For interpretation of the references to color in this
@gure legend, the reader is referred to the Web version of this article.)

S. sanguinis were 3.125 pg/mL and 1.5625 pg/mL, and the MBCs of HAEMB against E. faecalis, S. sanguinis, and P. endodontalis were
3.125 pg/ml, 3.125 pg/mL and 1.5625 pg/mL, respectively.

3.4. Characterization of BGs-HAEMB

As shown in Fig. 1B-E, BGs-HAEMB displayed a regular spherical morphology and smooth surface with a uniform size. The average
diameter of BGs-HAEMB was approximately 192 + 1.17 nm. The successful synthesis of BGs-HAEMB was further confirmed by EDS
and AFT-FTIR (Figs. S3A-E).

3.5. Antibacterial activity of BGs-HAEMB

3.5.1. ADT

The average diameters of the bacteriostatic rings against E. faecalis, S. sanguis and P. endodontalis are summarized in Fig. 2A and the
ADT results are shown in Fig. 2B. Although variable bacteriostatic rings were presented in the Endofill, AH Plus, and ampicillin groups,
no rings were observed in the BGs-HAEMB or iRoot SP groups.

3.5.2. DCT

Fig. 2C shows the DCT results of the tested materials after different sitting times. During the test period, all freshly prepared
materials showed the strongest antibacterial effects (P < 0.05) while the antibacterial activity weakened gradually in all test groups.
However, compared with Endofill, AH Plus, and iRoot SP, BGs-HAEMB exhibited the relatively strongest antibacterial effect against
E. faecalis, S. sanguis and P. endodontalis after sitting for 14 and 28 days (P < 0.01).

3.6. Antibiofilm formation activity of BGs-HAEMB

CLSM images of E. faecalis, S. sanguis, and P. endodontalis biofilms that had formed for 0, 1, 7, 14, and 28 days in the presence of BGs-
HAEMB, iRoot SP, AH Plus and Endofill are shown in Figs. 3A, 4A and 5A, respectively. The corresponding dead bacteria ratios are
shown in Figs. 3B, 4B and 5B.

For each specific test strain, after initial inoculation of the tested materials on the surface, the ratios of red fluorescence were
significantly higher (P < 0.01) than that in the control group, indicating that the antibiofilm formation activities were immediately
effective. As the incubation time was prolonged, the proportion of dead cells increased in all experimental groups. The dead cells ratio
was the highest in the BGs-HAEMB groups compared to that in the Endofill, AH Plus and iRoot SP groups at 7, 14, and 28 days,
indicating that its effect on the inhibition of microorganisms’ biofilm formation was the strongest and lasted (P < 0.01).

3.7. Activity of BGs-HAEMB against bacterial biofilm formation in experimental dentinal tubules

3.7.1. SEM evaluations

The presence of microorganism in the dentinal tubules was verified by SEM (Fig. S4). No visible microorganisms or dentin debris
were observed inside the dentinal tubules (Fig. S4A). After inoculation and 4 weeks of incubation, biofilm-like structures were
observed both on the surface of the root canal wall and invading into the dentinal tubules (Fig. S4B).

E. faecalis, S. sanguis, and P. endodontalis biofilms treated with BGs-HAEMB, Endofill, AH Plus and iRoot SP were observed by SEM
(Fig. 6A-C). After 7 days or 28 days of treatment, the number of bacteria substantially decreased in all experimental groups. Compared
to the Endofill, AH Plus and iRoot SP groups, almost no bacteria were observed on the surface of the root canal wall in the BGs-HAEMB
group. In addition, the biofilm-like structures were destroyed, and the majority of the remaining bacterial cells displayed a shrunken,
inconsistent, and even fractured surface.

3.7.2. Colony counts

After 7 days or 28 days of treatment, the residual colony counts of E. faecalis, S. sanguis and P. endodontalis decreased in all
experimental groups (Fig. 6D). Notably, the residual colony counts of each specific tested strain in the BGs-HAEMB group were the
lowest compared to those in the other three experimental groups (P < 0.05).

3.7.3. CLSM evaluations

CLSM images of E. faecalis, S. sanguis, and P. endodontalis in the experimental dentinal tubules treated with BGs-HAEMB, Endofill,
AH Plus, and iRoot SP and the corresponding dead bacteria proportions are shown in Fig. 7.

After 7 days of treatment, compared to the control groups, the intensity of red fluorescence in each experimental group significantly
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Fig. 8. Invitro cytotoxicity and in vivo biocompatibility of BGs-HAEMB, Endofill, AH Plus, iRoot SP. (A) RGR of L929 cell after incubation in extract
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increased except for that in the AH Plus-treated E. faecalis group (P < 0.05). Compared to that after 7 days of treatment, a higher
intensity of red fluorescence was observed in each group after treatment for 28 days (P < 0.05). However, for each specific tested
strain, only the BGs-HAEMB and Endofill groups showed significantly higher red fluorescence ratios than the control groups (P < 0.05).
For each tested bacteria, BGs-HAEMB killed the most microorganism among all the experimental groups, regardless of treatment for 7
days or 28 days (P < 0.05).

3.8. Invitro cytotoxicity of BGs-HAEMB extract

The in vitro toxicity of BGs-HAEMB, Endofill, AH Plus and iRoot SP extracts to L929 cells was assessed and shown in Fig. 8A.

After exposure to the extracts for 1, 3 and 7 days, apart from the Endofill groups (RGRs = 12.5-15.7%, Grade 4), the cell viability in
the other treated groups was apparently not reduced and showed a RGR ranging from approximately 76.3%-112%, attributed to Grade
0/1 (P < 0.05). In addition, the BGs-HAEMB-treated groups showed a relatively high and stable RGRs ranging from 88.6% to 102.9%
(Grade 0/1) after 1, 3, and 7 days of exposure.

3.9. In vivo biocompatibility of BGs-HAEMB

After surgery, no obvious post-operation complications of the animals were observed in all experimental groups.

The in vivo biocompatibility of BGs-HAEMB, Endofill, AH Plus and iRoot SP was evaluated. H&E staining images and the quan-
titative analysis of the inflammatory cells are shown in Fig. 8B and C. After 7 and 28 days, more inflammatory cell infiltration was
observed in both the AH Plus and Endofill groups than in the iRoot SP and BGs-HAEMB groups (P < 0.05). The number of infiltrated
inflammatory cells in the BGs-HAEMB and iRoot SP groups showed no significant difference compared to the control group (P < 0.05).
More importantly, after 28 days of implantation, the inflammatory grade in BGs-HAEMB treated group was assessed as Grade I, in
which the average numbers of inflammatory cells (6.7 + 2.1) were less than 25.

4. Discussion

The persistence of endodontic pathogens and their biofilms within endodontically treated root canal systems is one of the major
contributors to the failure of RCT and increases the incidence of reinfection [36]. E. faecalis is the most common microorganism
isolated from infected root canal systems, with a prevalence of up to 77% [37]. E. faecalis can invade dentinal tubules, form biofilms
and withstand extreme environments after thorough root canal mechanical-chemical disinfection treatments and the application of
drug sealing techniques [38]. This pathogen has also shown resistance to common antimicrobials by undergoing mutations or
acquiring resistance genes from other bacteria, leading to difficulty in its elimination [39]. S. sanguis and P. endodontalis are highly
prevalent in apical lesions and play a critical role in the development of endodontic diseases [9,40]. Therefore, E. faecalis, S. sanguis and
P. endodontalis were selected as the test strains in this study. Mechanical instrumentation and chemical disinfection are the major
strategies for microorganism control [4]. Due to the anatomical complexity of the root canal system and the relative unsustainable
efficacy of irrigants and intracanal medication, the application of endodontic sealers not only enhances the leakproofness of root canal
filling but also plays a potentially persistent and indispensable role in the elimination of microbes from root canal systems [41].
Presently used endodontic sealers such as Endofill, AH Plus and iRoot SP show strong antibacterial effects against specific endodontic
pathogens, but their antibacterial effects decrease rapidly over time [42]. In addition, the proinflammatory effect and relatively low
biocompatibility of AH Plus and Endofill further limit their clinical application [43,44]. Therefore, it is necessary to develop an
alternative biomaterial with effective and prolonged antibacterial effects against endodontic pathogens but with lower cytotoxicity
and better biocompatibility. BGs and QAMs have shown antibacterial effects against oral pathogens and therefore have become an
alternative in the development of intracanal medications [26,31]. In this study, we synthesized QAPM-grafted BGs, namely,
BGs-HAEMB, which exhibited long-term antibacterial effects against E. faecalis, S. sanguis and P. endodontalis and showed relatively
low cytotoxicity in vitro and supreme biocompatibility in vivo compared to Endofill, AH Plus and iRoot SP, representing a promising
adjuvant for the development of new endodontic sealers.

The synthesis and screening procedures of the target biomaterials were different from routine physical mixing. In the current study,
two materials with distinct properties, BG particles and QAMs, were covalently grafted together via a two-step approach, and yielded a
novel biomaterial with a prolonged antibacterial effect against endodontic bacteria and made the functional group (QAPM) more
stable.

A smaller particle size contributes to increasing antibacterial effects and promoting penetration into dentinal tubules [45]. Hence,
BGs with a diameter of approximately 181 nm were selected in this study. Moreover, the QAMs with an N-ACL of 16 showed the lowest
MICs and MBCs against E. faecalis, S. sanguis and P. endodontalis and were selected for the final grafting. Generally, an increase in the
N-ACL of QAMs can increase their antibacterial effect because the long chains can extend into bacterial biofilms and destroy the
biofilm integrity [46,47]. Consistently, we found that as the N-ACL increased from 3 to 16, the antibacterial ability of the QAMs
increased. However, at an N-ACL of 18, the antibacterial ability of OAEMB weakened, which may be associated with its special
structure. The nitrogen alkyl chain can bend or curl up when it is too long, covering the positively charged QAM group, blocking the
electrostatic interactions with the bacteria, and reducing antibacterial ability. In addition, the antibacterial mechanism of the QAMs is
another consideration in their selection. The antibacterial effects of short-chain QAMs mainly depend on the interaction between the
self-carried cations of the QAM and the negatively charged bacterial cell membrane, resulting in the destruction of membrane function
and alterations to the essential ion balance. However, long-chain QAMs show primarily charge-based bactericidal effects, as mentioned
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previously, and penetrate deep into the bacterial cell membrane, resulting in physical damage and increasing antibacterial activity
[48]. Above all, The BGs-HAEMB based on HAEMB (N-ACL = 16) was selected for follow-up studies.

The most important properties of an ideal endodontic sealer are effective antibacterial activity and good biocompatibility. To
measure the properties of BGs-HAEMB, three endodontic sealers commonly used in the clinic (AH Plus, iRoot SP and Endofill) were
chosen as controls in this study. The results showed that the BGs-HAEMB exhibited a relatively stronger antibacterial effect as well as
better biocompatibility.

The elimination of infection within the root canal systems contributes greatly to the success of endodontic treatment. In this study,
BGs-HAEMB showed significant and long-term antibacterial effects against the planktonic form of the tested strains. Specifically, the
DCT results showed that BGs-HAEMB exhibited a remarkably continuous antibacterial effect after 28 days, indicating its future use in
the development of endodontic sealers. In the current study, we also found that there was antibacterial ring in the ADT after treatment
with BGs-HAEMB, verifying that contact inhibition was potentially involved in the antibacterial mechanism. Microbial biofilms,
strongly related to drug resistance, play a critical role in persistent root canal infections and the failure of endodontic treatment [38]. In
the current study, we found that the antibacterial effects of Endofill AH Plus and iRoot SP on biofilm formation by the tested strains
were weakened or disappeared with the extension of curing time, whereas BGs-HAEMB showed a continuous antibiofilm formation
effect even after 28 days of curing, supporting its potential use for the development of a long-term antibacterial endodontic sealer.
Eliminating microorganisms residing in dentinal tubules leads to the success of endodontic treatment [49]. In the present study, the
SEM and CLSM results indicated that BGs-HAEMB exhibited a superior antibacterial effect, both on the surface of the root canal wall
and in the deep dentinal layers, against the biofilms of the tested strain in dentinal tubules in a time-dependent manner.

In addition to antibacterial activity, biocompatibility is another crucial factor of endodontic sealers that needs to be thoroughly
considered for clinical application, especially in the cases of open apex, root resorption, foramen enlargement and root perforation, in
which there is a high risk of tissue inflammation when endodontic sealers are extruded [50]. The present study evaluated the toxicity of
BGs-HAEMB to L929 cells. The BGs-HAEMB-treated groups showed a relatively high and stable RGRs ranging from 88.6% to 102.9%
(Grade 0/1) after 1, 3, and 7 days of exposure, suggesting the low cytotoxicity of BGs-HAEMB and meeting the qualification criteria
[34]. In addition, after implantation for 7 and 28 days in vivo, BGs-HAEMB showed favorable biocompatibility similar to that of iRoot
SP and better than that of AH Plus and Endofill.

According to previous reports, Endofill was suggested to have the strongest antibacterial effect among the current clinical end-
odontic sealers [51]. The antibacterial effect of Endofill is mainly associated with the release of eugenol and Zn?t, Therefore, as the
release of eugenol and Zn?* during the curing process decreased, the antibacterial effect gradually weakened, which was confirmed in
our study and was consistent with the results in other studies [52]. However, it still presented the highest cytotoxicity and inflam-
matory reactions among the tested materials at 7 and 28 days. Similar to Endofill, AH Plus exerts antibacterial effects by releasing
formaldehyde and bisphenol A-diglycidyl ether. Formaldehyde can penetrate the bacterial cell membrane and inhibit metabolism by
reacting with cytoplasmic proteins, RNA, and DNA. Moreover, during this process, the unreacted monomers induce cytotoxicity and
inflammatory reaction in the surrounding tissue [43]. Therefore, in the current study, owing to the decreased release of formaldehyde
and bisphenol A-diglycidyl ether through the curing process, decreased (from moderate to low) cytotoxicity and inflammatory re-
actions were observed with the AH Plus samples during the 1-7 day in vitro evaluation and the 7-28 day in vivo examination. The
antibacterial effect of AH Plus decreased substantially to a level similar to that of the control groups. In the present study, although it
presented unsustainable antibacterial effects, iRoot SP showed long-term effects, low cytotoxicity and few inflammatory reactions,
similar to those of BGs-HAEMB. The superior biocompatibility and osteogenic potential of iRoot SP has been well documented due to
the release of Ca®* [53]. However, balancing the antibacterial effects and biocompatibility of an endodontic sealer remains a great
challenge. In this study, the synthesized BGs-HAEMB preserved the superior antibacterial effect of the loaded QAPM [54]. BGs are
verified more reactive in aqueous media and their reactivity is correlated with higher surface area [27]. Therefore, due to nanosized
particle, the BGs should exhibit an antibacterial ability. However, in the present investigation, a series of quaternary ammonium
methacrylate salts (QAMs) were grafted to the surface of BGs to act as the main antibacterial component. The antibacterial effect of the
final product was supposed to be mainly determined by the nitrogen alkyl chain lengths (N-ACLs) of the QAM monomers, which had
been proved according to the present results. Moreover, BGs can release ions, which interact with the bacterial membrane, reduce the
activity of related enzymes within and outside the bacterial membrane, increase the pH, and affect the integrity of the membrane,
resulting in a strong antibacterial effect [55,56]. Consider the factors associated with BG particles antibacterial effects, the surface
area, the pH, and the antibacterial effect of BG particles should also be considered and assessed in our future investigation. In addition,
BGs can form complex ionic bonds with dentin, which enhances its antibacterial activity [57,58] and showed relatively stable,
long-term, and effective antibacterial activity during the tested period (28 days). Moreover, the low cytotoxicity and excellent
biocompatibility of BGs-HAEMB can be attributed to its components. The broadly distributed bonding network between the oxygen
and silicon atoms endows BGs with a high content of silica for good bioactivity [59]. The bioactivity of the BGs was also confirmed by
promoting the odontogenic differentiation of human dental pulp stem cells and stimulating the growth and osteogenic differentiation
of human primary osteoblasts [60]. Our results demonstrated that BGs-HAEMB sustained high bioactivity, similar to other BGs.

However, some caution should be taken when interpreting the data from the current study. To further develop BGs-HAEMB as a
clinically used endodontic sealer, more investigations should be performed on its fluidity, curing time and other properties.

5. Conclusion

The final synthetic material, BGs-HAEMB, exerted a long-term and stable antibacterial effect. The remarkable biocompatibility of
BGs-HAEMB in vitro and in vivo confirmed its possible clinical application. Taken together, these data indicate that the synthetic
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nanomaterial BGs-HAEMB has potential as a next-generation substrate material for the development of a novel endodontic sealer to
supplement the control of endodontic infections.
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