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Objective: This study was to investigate a novel antibacterial biomimetic mineralization strategy for exploring its potential
application for root canal disinfection when stabilized cerium oxide was used.

Material and Methods: A biomimetic mineralization solution (BMS) consisting of cerium nitrate and dextran was prepared. Single-
layer collagen fibrils, collagen membranes, demineralized dentin, and root canal system were treated with the BMS for mineralization.
The mineralized samples underwent comprehensive characterization using various techniques, including transmission electron micro-
scopy (TEM), high-resolution TEM (HRTEM), Fourier transform infrared spectroscopy (FTIR), scanning transmission electron
microscopy (STEM), selected-area electron diffraction (SAED), energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and micro-CT. Additionally, the antimicrobial properties of the BMS and
the remineralized dentin were also analyzed with broth microdilution method, live/dead staining, and SEM.

Results: Cerium ions in the BMS underwent a transformation into cerium oxide nanoparticles, which were deposited in the inter- and
intra-fibrillar collagen spaces through a meticulous bottom-up process. XPS analysis disclosed the presence of both Ce (III) and Ce
(IV) of the generated cerium oxides. A comprehensive examination utilizing SEM and micro-CT identified the presence of cerium
oxide nanoparticles deposited within the dentinal tubules and lateral canals of the root canal system. The BMS and remineralized
dentin exhibited substantial antibacterial efficacy against E. faecalis, as substantiated by assessments involving the broth dilution
method and live/dead staining technique. The SEM findings revealed the cell morphological changes of deceased E. faecalis.
Conclusion: This study successfully demonstrated antibacterial biomimetic mineralization as well as sealing dentinal tubules and
lateral branches of root canals using cerium nitrate and dextran. This novel biomimetic mineralization could be used as an alternative
strategy for root canal disinfection.
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Introduction

Root canal treatment (RCT) is a widely recommended endodontic therapy for teeth with irreversible pulpitis and/or
apical periodontitis.' > The RCT procedure entails the thorough removal of the infection source from the root canal
through a series of steps, including root canal preparation, irrigation, sealing, and precise obturation. However, achieving
the goal of thoroughly cleansing the human tooth root canal system remains a significant challenge due to its complex
internal anatomical structures, such as lateral canals, isthmuses or C-shaped canals.* Although dental procedures can
reach the entire length of a root canal, some infectious sources can be left in some areas in which dental instruments and
disinfectant solutions are inaccessible to.® When the apical-coronal seal is inadequate, tissue fluids rich in glycoproteins
may permeate into the root canal, creating a favorable environment for the remaining microorganisms to thrive, leading

to their proliferation and eventually resulting in the initiation or perpetuation of a periradicular lesion.” Indeed, despite
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the high success rate of endodontic treatment, root canal reinfections and their associated apical periodontitis lesions
remain to be a great challenge.®

To address the limitations of mechanical and chemical preparations in root canal therapy, intracanal medicaments are
frequently employed to further reduce bacterial presence.” Various intracanal medicaments, such as calcium hydroxide,
iodine potassium iodide, eugenol, formocresol, phenolic compounds, and different antibiotics, have been widely
suggested in dental history.'® However, certain medicaments have fallen out of favor due to concerns regarding potential
mutagenic and allergenic effects. Currently, calcium hydroxide remains the primary choice as an intracanal medicament
for pulp necrosis with apical infections.'' Numerous classic studies have demonstrated that calcium hydroxide possesses
the ability to decrease bacterial load owing to its highly alkaline properties, tissue-dissolving capabilities, and anti-
microbial properties.'? Nevertheless, the effectiveness of calcium hydroxide has been questioned, particularly against
bacteria such as E. faecalis, which is notorious for being difficult to eradicate and is frequently associated with
recalcitrant root canal infections.'*'* Calcium hydroxide also exhibits limited capacity to adequately disinfect dentinal
tubules and has the potential to weaken the root structure if used for extended periods."

In recent years, nanoparticle-based disinfection therapies have garnered significant interest within the endodontic research
community. Among these, metal and metal oxide nanoparticles have been extensively investigated for their antibiofilm,
antimicrobial, and antifungal properties in root canal disinfection strategies.'®'” However, the use of nanoparticles may not
offer long-term antimicrobial activity, leaving the possibility of reinfection with residual microorganisms over time.'*'*!?

Cerium oxide nanoparticles have attracted considerable attention as a promising material due to their potent
antibacterial and anti-inflammatory properties.”’ These nanoparticles possess a unique surface composition comprising
Ce (II), Ce (IV), and oxygen vacancies, which grants cerium oxide dual redox capabilities. Extensive research has
substantiated the ability of cerium oxide nanoparticles to impede the growth of various bacteria, such as E. faecalis and

2122 while demonstrating excellent biocompatibility.® However, if cerium oxide nanoparticles are directly used

S. mutans
for root canal disinfection, they may still not provide long-lasting antibacterial effects, similar to other metal
nanoparticles.

Biomimetic mineralization is a process that imitates natural biomineralization by replacing the water in the
demineralized organic matrix with apatite crystallites, which is a powerful approach to synthesizing advanced materials
with specific structures and functions.**** This strategy has already found applications in sealing dentinal tubules and
restoring the mechanical strength of root dentin using hydroxyapatite in the field of root canal treatment.”®*” If nano
cerium oxide deposits within the collagen fibrils of demineralized dentin via biomimetic mineralization, it can not only
effectively seal areas that are inaccessible to using both mechanical and chemical methods but also address any residual
bacteria. Additionally, the remineralized dentin could continuously release antibacterial components for long-term
antibacterial purposes.

The objective of this study was to explore a novel dentin biomineralization scheme for integrating stabilized cerium
oxide into collagen fibrils and investigating its potential application for root canal disinfection. The null hypotheses tested
were as follows: 1) Demineralized dentin cannot be remineralized with cerium oxide; 2) Dentin tubules and lateral canals
cannot be occluded by cerium oxide using the principle of biomimetic remineralization; 3) Dextran-stabilized cerium

oxide and the surface of cerium oxide-remineralized dentin have no antibacterial activity against E. faecalis.

Materials and Methods

Preparation of Biomimetic Mineralization Solution (BMS)

Dextran (Mw: 40 kDa, Shanghai Macklin Biochemical Co., China) was dissolved in deionized water to form
a homogeneous solution, and then Ce(NO;), (Shanghai Macklin Biochemical Co., China) powder was added slowly
under magnetic stirring. After the powder was completely dissolved, the pH value of the solution was adjusted to 7.0
with 1 M NaOH to form a biomimetic mineralization solution (BMS). The final concentration of each component in the
solution was 1g/mL dextran, 4.5 mM Ce(NO;)y.

2 https: International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

Mineralization and Characterization of Single-Layer Collagen Fibrils

A single-layer collagen model was prepared following our laboratory protocol.”® Initially, a drop of rat tail type
I collagen stock solution (3 mg/mL, Gibco Invitrogen, USA) was diluted in 0.5 mL of buffer solution (50 mM glycine,
200 mM KCl, pH=9.2). After being kept at room temperature for 20 min, a 5 uL drop of the collagen solution was
applied onto a carbon-and-formvar-coated nickel grid. The grid was then incubated in a 100% humidity chamber at 37°C
for 8 h. Subsequently, the grid was treated with 0.05 wt% glutaraldehyde solution for 1 h to facilitate collagen cross-
linking, rinsed with deionized water and air-dried.

The collagen-coated grids (n=24) were placed upside down, floating on 10 mL of BMS at 37°C during the incubation
period. After 0 (control), 3, 7, and 14 d, the grids (n=6) were meticulously retrieved and gently washed with deionized
water. Subsequently, they were sequentially dehydrated using an aqueous ethanol solution (50 v/v%) followed by
anhydrous ethanol. The samples were then analyzed using transmission scanning microscopy (TEM, JEM-1400 TEM,
JEOL, Japan) and high-resolution TEM (HRTEM, FEI Tecnai G2 F20 S-TWIN, FEI, USA) incorporating selected area
electron diffraction (SAED) and energy dispersive X-ray analysis (EDX, Oxford. X-MAX 80T).

Mineralization and Characterization of Collagen Membranes

Thirty-six collagen membranes (5 X 5 mm), cut from Bio- Gide® collagen membrane (BG; Geistlich, Wolhusen,
Switzerland), were fixed with 2.5% glutaraldehyde for 2 h and thoroughly rinsed with deionized water. Then, they
were incubated in 10 mL of the BMS at 37°C for 0 (control), 7 or 14 d (n=12 for each group) before being collected for
characterization.

Three collagen membranes from each group were fixed in 2.5% glutaraldehyde, dehydrated in an ascending series of
ethanol solutions (30-100 v/v%), immersed in propylene oxide and embedded in epoxy resin. The collagen membranes
were prepared into ultrathin sections with 70-90 nm of thickness without further staining using an ultramicrotome (EM
UC6, Leica, Germany) and examined using TEM (JEM-1230, JEOL, Tokyo, Japan).

Six collagen membranes from each group were placed in a vacuum vessel for complete drying. The mineralized and
unmineralized collagen membrane samples were elucidated using an attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrophotometer (Thermo Fisher Scientific, USA). Infrared spectra were obtained by performing
50 scans within the range of 4000400 cm ', with a resolution of 4 cm ™.

Three collagen membranes from each group underwent analysis through X-ray photoelectron spectroscopy (XPS)
using an ESCALAB 250Xi instrument (Thermo Fisher Scientific, USA). The XPS analysis utilized Al Ko radiation as
the monochromatic source and employed an irradiated region spot diameter of 500 pm. The measured binding energy of
Cls was 284.8 eV. All spectral processing was performed using OriginPro 9.3 software (Origin Laboratory Corp., USA).

Remineralization and Characterization of Dentin

The study was conducted in accordance with the 1964 declaration of HELSINKI and later amendments. A total of 60
non-caries human third molars were obtained with written informed consent. The protocol was approved by the
Institutional Ethics Committee of Zhejiang University School of Stomatology (Approval number: #2018017). The
teeth were stored in 0.5% chloramine T solution at 4°C and used within 1 month after extraction.

Thirty-six dentin disks with a thickness of 1 mm were prepared using a low-speed Isomet saw (Buehler Ltd., Lake
Bluff, IL, USA) with water cooling. To achieve a flat dentin surface, the disks were sequentially polished with #600-,
1200-, 3000- grit silicon carbide papers in a polishing machine (ATM Saphir 360, Germany) under running water. The
polished surfaces of the dentin disks were conditioned with 17% ethylenediaminetetraacetic acid (EDTA) for 2 min and
rinsed with water for 30s. These conditioned dentin disks were sequentially incubated in 10 mL BMS at 37°C for 0
(control), 7 and 14 d (n=12 for each group). Following the remineralization process, the dentin disks were thoroughly
rinsed with deionized water to remove the loosely bound minerals from the dentin surfaces.

Twelve dentin disks from each group were examined using TEM, scanning electron microscopy (SEM, HITACHI,
SU8010, Tokyo, Japan) and ATR-FTIR (n=4 for each item).
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Remineralization and Micro-CT Analysis of the Root Canals

Root Canal Preparation and Remineralization

Six extracted human premolars were selected for this study. The access cavities were prepared through the crown using
an endo access bur (EX-41, Dia burs-MANI Inc, Tochigi-Ken, Japan), which was prepared with a high-speed handpiece
equipped with an air-water spray. The pulp tissues were carefully extirpated, and the working length of the canals was
determined. During the cleansing and shaping of root canals, apical enlargement was carried out until #25K-files were
used. Subsequently, ProTaper files (#F1, F2, F3, Dentsply-Maillefer, Ballaigues, Switzerland) were used to cleans and
shape the root canals according to the technique described by Yared.” To ensure effective cleansing, the irrigation was
done with 3% sodium hypochlorite (Longly Biotechnology, Wuhan, China). The smear layer formed during the root
canal preparation was removed by treating the canal surface with 17% EDTA for 2 minutes. Then, teeth with root canals
prepared were each immersed in 10 mL of BMS at 37°C for 14 d for remineralization.

Micro-CT Scanning

The above-mentioned teeth with prepared root canals were scanned both before and after remineralization using a bench-
top micro-CT scanner (Milabs, Netherlands) to observe the deposition of cerium oxide within the root canal system. To
achieve optimal image quality, the X-ray tube voltage and current were set at 850kV and 210 pA, respectively, with
a resolution of 75 um. The data obtained were subjected to 3D reconstruction using Milabs 3D Reconstruction software,
employing an isotropic volumetric pixel (voxel) size of 10 um. The resulting 3D image data were then examined and
processed using Imalytics Preclinical 2.1 (Version 2.1.8.9).

Evaluation of Antimicrobial Properties

Planktonic Bacteria

E. faecalis strain ATCC 29212 (Beijing Baocang Biotechnological Co., Ltd., China) was reactivated from the stock
cultures in brain heart infusion broth (BHI, BD Biosciences, Bergen, NJ, USA) at 37°C for 24 hours and then subcultured
in brain heart infusion agar plates and incubated at 37°C for another 24 hours. A single colony was selected from brain
heart infusion agar plates and incubated in BHI broth for 24 hours to make bacteria proliferate. Subsequently, the bacteria
were diluted with fresh BHI to achieve a final concentration equivalent to 0.5 McFarland standard using a nephelometer.
(Thermo Fisher Scientific, USA).

The minimum inhibitory concentration (MIC) was employed to assess the antibacterial activity of the BMS against
planktonic E. faecalis by the broth microdilution method. To initiate the assay, 100 pL of fresh BHI was added to each
well of a 96-well plate, after which 100 pL of cerium nitrate and dextran solution, twice the concentration of BMS, was
added to the first well. The contents were thoroughly mixed, and then 100 puL of the mixture from the first well was
transferred to the next well, resulting in a 50% reduction in concentration. This process was repeated 6 times to establish
a range of concentrations. Next, 100 uL of a diluted bacterial suspension was added to each well, and the plate was
placed in an incubator at 37 °C for 24 hours. The bacterial activity was measured by recording the optical density (OD) at
600 nm using a microplate reader (SpectraMax i3, Molecular Devices, China). To serve as growth controls, wells
containing medium with inoculums but without the BMS were also included in the assay. Each group was performed in
sextuplicate to ensure the accuracy and reliability of the results.

Direct Contact Test

The direct contact test (DCT) was performed to evaluate the antibacterial activity of remineralized dentin surface with
a LIVE/DEAD BacLight Bacterial Viability Kit (L7012, Thermo Fisher Scientific, Waltham, MA, USA) containing
SYTO 9 green-fluorescent nucleic acid stain and propidium iodide, the red-fluorescent nucleic acid stain.*®*' The
following surfaces were tested: (i) polished dentin surfaces without remineralization (control, n = 3), (ii) 14-day
remineralized dentin surfaces (n=3). All the samples underwent sterilization under ultraviolet light for 4 h before
utilization. A volume of 10 pL of standardized bacterial suspension was placed on the surface of each sample and
incubated at 37°C for 1 hour. Once the suspension liquid evaporated, ensuring direct contact between the bacteria and the
dentin surface, 300 pL of BHI was added to each well. The samples were then incubated anaerobically at 37°C for 24
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hours. After incubation, the dentin samples were stained with 6 UM SYTO 9 and 30 pM propidium iodide as per the
manufacturer’s instructions. Subsequently, they were examined using a confocal laser scanning microscope (CLSM,
Leica SP8, Germany). The channels were set at 488 nm for live bacteria (SYTO 9; green fluorescence) and 552 nm for
dead bacteria (propidium iodide; red fluorescence). From each disk, five locations were randomly selected for image
acquisition, resulting in a total of 15 locations analyzed. The percentage of dead bacteria within the biovolume of each
sample surface was analyzed using Imagel software (Version 1.53k, National Institutes of Health, USA).

Scanning Electron Microscope (SEM) Observation

Scanning electron microscope (SEM) was employed to observe the bacterial morphology on the tested samples. The
bacteria were cultivated on the dentin surfaces following the previously described procedures (n = 9 for each group).
Subsequently, the tested dentin surfaces were gently washed with PBS and then fixed with 2.5% glutaraldehyde using an
ascending series of ethanol solutions (50%, 70%, 85%, 90%, and 100%) for 15 minutes each. After the dehydration
process, the samples were dried and sputter-coated with gold nanoparticles using an ion-sputter coater for 10 seconds.
Observations were carried out under an SEM(HITACHI, SU8010, Tokyo, Japan) at 3 kV.

Statistical Analyses

Data analyses were performed using SPSS version 26 (SPSS, Chicago, Illinois, USA). Data sets derived from each
experiment were first evaluated for their normality and homoscedasticity assumptions prior to the use of parametric
statistical methods. Independent sample ¢-test were used to evaluate the antibacterial effect of the BMS and the
remineralized dentin surfaces.

Results

Mineralization and Characterization of Single-Layer Collagen Fibrils

After immersion in BMS, Ce-collagen fibrils exhibited progressive mineralization over time, and periodic transverse
lines of 67 nm were observed on the surface of Ce-collagen fibrils after incubation for 3 d (Figure 1a). A large number of
small, diffusely distributed crystals were visible around the collagen fibrils, and significant mineralization was detected
within the collagen fibrils after 7 d. (Figure 1b). After 14 d of incubation, the collagen fibrils had been heavily
mineralized, and the electron density of fibrils was extremely high (Figure 1c). HRTEM analysis showed that intrafi-
brillar mineralization with Ce-collagen fibril after 14 d (Figure 1d). The SAED pattern (Figure le) unraveled that the
mineral form within the mineralized collagen fibrils was cerium oxide, which revealed typical 111, 220 and 311
diffraction rings.”> The lattice spacing of the crystals deposited on the Ce-collagen fibril was found to be 3.19 A,
matching that of cerium oxide®” (Figure 1f). Moreover, the elemental mapping results (Figure 1g) demonstrated that the
mineral crystals within the Ce-collagen fibril contained an abundance of cerium and oxygen elements.

Mineralization and Characterization of Collagen Membranes

With the treatment of BMS, dense minerals were deposited within the collagen membranes. HRTEM imaging showed the
typical interplanar spacing: 3.19 A, which was found to be consistent with cerium oxide. The SAED pattern also
confirmed that the mineral formed within the collagen fibrils was cerium oxide. The FTIR spectra for the pure membrane,
CeO, nanoparticles, and Ce-collagen membranes were presented in Figure 2d. In the spectrum of the pure collagen
membrane, prominent transmittance peaks corresponding to the four principal amide groups are evident.** Specifically,
peaks located at approximately ~1640, ~1545, and ~1240 cm ! correspond to the amide I (C=0 stretch), amide II (NH
bend coupled with CN stretch), and amide III (NH bend coupled with CN stretch) vibrations of collagen, respectively.
Additional peaks at ~3300 and ~2920 cm " are attributed to the amide A (NH stretch coupled with hydrogen bond) and
amide B (CH2 asymmetrical stretch) bands.** The appearance of peaks at ~3388 and ~1618 cm ' indicates the stretching
and bending vibrations of the -OH group. Moreover, peaks at ~1382 and ~690 cm ™' signify the stretching and bending
vibrations of Ce-O-Ce bonds.>>¢ Notably, distinct new peaks at ~690 cm !, consistent with CeO, nanoparticles, were
discernible in the FTIR spectra of Ce-collagen membranes. Furthermore, an intriguing observation was the shift of the
amide III vibration of the membranes (initially at ~1240 cm™') to a peak at ~1230 cm™' because of the in-plane bending
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10 1/nm

Figure | TEM, HRTEM, STEM, and mapping images of collagen fibrils treated with BMS. (a) TEM image of Ce-collagen fibrils after incubation for 3 d, revealing high electron
density. (b) After 7 d of incubation, mineral deposition within collagen fibrils could be observed. (c) Dense minerals deposited within Ce-collagen fibrils after 14 d. (d)
HRTEM image reveals intrafibrillar mineralization after 14 d. (e) The SEAD pattern unravels the mineral form within the Ce-collagen fibrils with 111, 220 and 311 diffraction
rings. (f) HRTEM image shows the typical interplanar spacing: 3.19 A (g) The STEM image of the mineralized collagen and elemental mapping reveals the even distribution of
the elements. The scale bars for each figure are located at the corner of the panels.

of C-N and N-H.?” Furthermore, XPS imaging of collagen membranes after 7 and 14 d of incubation showed the
presence of cerium, and the ratio of Ce (IV) to Ce (IIT) was 54.12%: 45.88% (7 d) and 74.7%: 25.3% (14 d) respectively.

Remineralization and Characterization of Dentin

After the dentin surface was treated with 17% EDTA for 2 min, a demineralization depth of approximately 0.8 um was
visible (Figure 3a). After 7 and 14 d of mineralization, the previously demineralized part had been completely
mineralized (Figure 3b, and c). The STEM image and elemental mapping results (Figure 3d) showed an abundance of
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Figure 2 TEM, HRTEM, FTIR and XPS images of collagen membranes treated with BMS. (a) TEM image of pure collagen membranes reveals low electron density, while the
inset SAED image shows the amorphous state. (b) Dense minerals were deposited within Ce-collagen fibrils after 14 d, with the SAED pattern unraveling the mineral form
within the collagen fibrils (inset). (c) HRTEM image that reveals the crystal spacing of crystals within collagen. (d) FTIR spectra of Ce-collagen membranes after incubation for
14 d demonstrate that the mineralized crystals are identical to cerium oxide. (e) The XPS images of Ce-collagen membranes after incubation for 7 and 14 d. The scale bars
are marked in the corner of the panels.

cerium and oxygen elements in the remineralized dentin. SEM analysis revealed a substantial accumulation of mineral
deposits on the remineralized dentin surface, resulting in partial obstruction of the dentin tubules (Figure 3e and f). In the
control group, the FTIR spectra of demineralized dentin showed that the peaks at ~3300, ~1640, ~1545 and ~1240 cm™'
were assigned to amide A, I, IT and IIT bands®**® (Figure 3g). Whereas the FTIR spectra of the remineralized dentin
exhibited new peak appeared at ~ 690 cm ' which was derived from CeO, nanoparticles. The peak at ~1545 cm™' of
amide IT was shifted to ~1490 cm™ ' which was associated with C=0 stretching, and the peak at ~1640 cm ' of amide
I was shifted to ~1630 cm ' which was associated with N-H bending and C-N stretching.>’ These were caused by the
incorporation of cerium oxide in the mineralizing dentin. XPS analysis of dentin surface (Figure 3h) mineralized for 7
and 14 d showed that the ratio of tetravalent to trivalent cerium was 30.4%:69.6% for 7-day mineralized samples and
62.28%:37.72% for 14-day samples.

Remineralization and Micro-CT Analysis of the Root Canals

Representative micro-CT images before and after remineralization were presented in Figure 4. The micro-CT images of the
longitudinal and cross-sectional interfaces of a tooth after the root canal was treated with 17% EDTA (Figure 4a and b). At
baseline, the root canal dentin wall appears less dense than elsewhere in the tooth. On the other hand, after 14 d of
incubation, a clearly uniform layer of high-density mineralized deposition was visible in the root canal dentin wall
(Figure 4c and d). Figure 4e reveals that the density of the remineralized crystal deposit layer on the inner wall of the
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Figure 3 TEM, STEM, mapping, SEM, FTIR, and XPS images of dentin treated with BMS. “Re” marked in the panels represents the remineralized dentin, “De” represents
demineralized dentin, and “Id” represents intact dentin. A represents the crystals deposited in dentinal tubules and dentin surfaces. (a) The TEM image shows demineralized
dentin resulting from treatment with 17% EDTA. (b and c) The TEM image shows dentin treated with BMS for 7 d (b) and 14 d (c). (d) The STEM image and elemental
mapping revealed the even distribution of the elements after the demineralized dentin was treated with 17% EDTA and subsequently incubated after |14 days. (e and f) The
SEM images of the surface of remineralized dentin. (g) The ATR-FTIR image demonstrates that the mineralized crystals are identical to cerium oxide. (h) The XPS images of
7- and 14-day remineralized dentin. The scale bars are marked in the corner of the panels.
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Figure 4 Micro-CT images of root canals treated with EDTA during root canal preparation are presented in (a and b), displaying the longitudinal and cross-sectional
sections, respectively. (c and d) show the corresponding images of remineralized root canals. The high-density range of micro-CT images (gray values distributed above
7000) is highlighted in red (e). The density of the remineralized crystal deposit layer on the inner wall of the root canal was higher than natural root canal. (f) High-density
mineral deposits can also be observed in the lateral root canals of the teeth. Scale bar: | mm.

root canal was higher. Figure 4f shows that cerium oxide can be effectively deposited within the lateral root canals through
remineralization.

Evaluation of Antimicrobial Properties

Minimum Inhibitory Concentration (MIC)

As shown in Figure 5, when dextran, cerium nitrate, and dextran-cerium nitrate were diluted to 1/8(3.12”‘1073 mM), 1/2
(2.25 mM), and 1/32 (7.80*10°7 mM, 0.14 mM) of the original concentration, there were significant differences of
optical density compared with the control group. Therefore, the MIC results revealed that the MIC of dextran against
E. faecalis was 3.12¥10° mM, the MIC of cerium nitrate against E. faecalis was 2.25mM, and the MIC of BMS, ie
dextran-+cerium nitrate against E. faecalis, was 7.80*10”" mM-0.14 mM.

Direct Contact Test

Figure 6a depicts a confocal fluorescence image of E. faecalis, stained with the staining kit, to distinguish between live
and dead bacteria. The fluorescence images were obtained under excitation at 488 and 552 nm, respectively. The image
shows the mixed population of live and dead bacteria in the control group, where untreated dentin exhibited a high
abundance of live Enterococcus faecalis with only a few dead bacteria after 24 hours of incubation. Conversely, after 24
hours of incubation, a large number of dead bacteria and a small amount of live bacteria were observed on the surface of
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Figure 5 Optical density of bacterial fluid after adding different concentrations of dextran, cerium nitrate or dextran-cerium nitrate. All data are presented as Mean#S.D.
**P<0.01 vs the control group; *P<0.05 vs the control group; ns, not significant.

remineralized dentin. As depicted in Figure 6b, a significant disparity was observed in the number of live and dead
bacteria between the control group and the remineralized group (P<0.001). Additionally, a statistically significant
difference was noted in the ratio of live/dead bacteria between the control group and the 14-day group (P<0.05).

Scanning Electron Microscope (SEM) Observation

The morphology of E. faecalis bacteria on the dentin surface was examined using SEM, as shown in Figure 7. In the
control group, a substantial number of intact E. faecalis bacteria were observed attached to the dentin surface, with
visible bacterial divisions. Conversely, the cerium remineralized group exhibited a decrease in bacterial viability, as
evidenced by the presence of dead bacteria on the dentin surface (Figure 7a and b). Ruptured bacterial envelopes and the
absence of intramembranous organelles and cell fluid were observed (as shown by the white arrow). Some abnormal
bulges on the bacterial cell membrane could be seen (Figure 7c¢ and d).

Discussion
The complete eradication of microorganisms in the root canal system is essential for the long-term success of root canal
therapy.”® However, the existing mechanical and chemical techniques often failed to achieve optimal outcomes.'®*
Consequently, numerous researchers have explored the use of novel materials to achieve full sealing and sustained
antibacterial effects,'® among which metal oxide nanoparticles in root canal disinfection have been extensively
investigated.'”*'*> However, when incorporated into root canal disinfection, the antibacterial efficacy of nanoparticles
is typically confined to the main root canal surface and may not adequately reach intricate anatomical structures like
lateral canals and dentin tubules, and often lack persistence.** > This study employed a biomimetic mineralization
strategy to synthesize cerium oxide nanoparticles in situ on demineralized dentin surfaces. These nanoparticles,
embedded in demineralized dentin, will not be released in large quantities in a short time. This theoretically benefits
a sustained antibacterial effect over time. Moreover, they possess the ability to effectively seal minor cavities, encom-
passing lateral root canals and dentin tubules, presenting a promising solution to address the concern of microbial residue
in infected root canals. In light of this, we employ cerium nitrate as a raw material in our endeavor to develop intracanal
medication with antibacterial properties and biomimetic mineralization potential.

A single-layer of type I collagen fibrils is a convenient model for the rapid screening of biomimetic mineralization
formulations.*®*” In the current experiment, TEM images reveal that with the extension of mineralization time, the
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Figure 6 (a) Representative fluorescence micrographs and count of live/dead E. faecalis in the control group and the remineralized dentin group. The green dots correspond

to live E. faecalis, and the red dots indicate dead E. faecalis. Scale Bar: 100 um. (b) The average number of live/dead bacteria in each selected area of the control group and
14-day remineralized group. All data are presented as MeanS.D. **P<0.01 vs the control group.
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Figure 7 The morphology of Enterococcus faecalis on the surface of untreated dentin (a and b) and remineralized dentin (c and d) was examined using SEM. (a and b) The
SEM images depict the approximate number and morphology of E. faecalis on the untreated dentin surface. (c and d) The morphology of E. faecalis on the surface of the
remineralized dentin. The white arrows indicate abnormal bulges on the bacterial cell membrane and the ruptured bacterial envelopes.

single-layer collagen fibrils underwent a progressive and organized mineralization process. XPS analysis suggests that
the mineralized material contains cerium oxide crystals. When cerium nitrate (Ce(NOj3)4) is dissolved in water, it
dissociates into cerium ions (Ce*") and nitrate ions (NO;).*® The cerium ions can undergo hydrolysis reactions in the
presence of water to form cerium oxide.*” The formation of cerium oxide in water is often accompanied by the release of
heat, and the resulting cerium oxide particles may agglomerate and form larger particles or clusters because of their high
surface energy.49 To stabilize the dispersion of nanoparticles, surface modification, addition of dispersants or control of
solution pH are often used to reduce agglomeration.’*! In this study, dextran was used to wrap and stabilize the state of
cerium oxide nanoparticles. TEM analysis demonstrated the persistent presence of numerous dispersed nanoparticles in
the solution even after 3 and 7 d of incubation (Figure 1a and b). This observation confirmed the effective stabilization of
nano cerium oxide by dextran, aligning with the previous study.*?

As the TEM analysis of the three-dimensional collagen membrane and demineralized dentin confirmed the occurrence
of inter- and intra-fibrillar mineralization (Figures 2a-c; 3b and c), the null hypothesis that demineralized dentin cannot be
remineralized with cerium oxide was rejected. Intra-fibrillar mineralization constitutes a crucial aspect of dentin
biomimetic mineralization, wherein non-collagenous components and their analogs play a vital role in this process.
They facilitate the formation of mineralized precursors and maintain their amorphous nature.’” By leveraging capillary
action, electrostatic attraction, and osmotic pressure, these amorphous precursors permeate the collagen fibers, leading to
the orchestrated deposition of hydroxyapatite.”> Dextran was selected as the non-collagenous analog for this particular
experiment as it has a long chain structure and lots of hydroxyl groups.>* The long chains are intertwined in the solution,
which forms cross-linked spatial network structures through van der Waals forces or hydrogen bonding.>*>® The network
structures can restrict the metal cations while the functional hydroxyl groups can bind the metal cations, and both affect
their crystallization.”>® Thus, it is speculated that the dextran bonded free cerium ions in the solution combined with

32,59

oxygen in water, forming nano cerium oxide liquid-like precursors, which can penetrate the gaps of the collagen

fibrils and subsequently undergo transformation into cerium oxide crystals and deposited within the fibrils.*’
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The results from infrared spectroscopy unequivocally validated the substantial presence of cerium oxide within both
the mineralized collagen film and the remineralized dentin. Notably, the observed red shift of the amide bonds strongly
suggests a chemical adsorption phenomenon occurring between the mineralized substance and collagen molecules,
further solidifying this interaction.®' Furthermore, the chemical states of the mineralized collagen membrane and dentin
measured using the XPS analysis revealed the presence of both Ce (III) and Ce (IV) redox states, and the proportion of
Ce (IV) in the mineralization increased with the extension of immersion time notably (Figures 2d and e; 3g and h). The
proportion of Ce (IV) in cerium oxide can be influenced by various factors, including the synthesis method, processing
conditions, and subsequent exposure to different environments.®> In the present study, one possible reason for the
reduction of the Ce (III) /Ce (IV) ratio over time may be the interaction of the cerium oxide nanoparticle with the
surrounding environment, such as oxygen, water, or other reactive species, which leads to the oxidation of the
nanoparticle and the conversion of Ce (III) to Ce (IV).>* Another potential factor is the agglomeration of the nanoparticle
over time, as the Ce(II)/Ce(IV) ratio is negatively correlated to the particle size of cerium oxide nanoparticles.®>*** The
content of Ce (III) in nanoparticles is often associated with their antioxidant properties, while the content of Ce (IV) is
linked to their antibacterial properties. Specifically, a higher proportion of Ce(IV) in cerium oxide nanoparticles tends to
significantly enhance their antibacterial properties.”> However, it is important to note that the balance between Ce (IIT)
and Ce (IV) ions in cerium oxide nanoparticles can be critical for achieving optimal antioxidant and antibacterial
properties.zz’65 To determine the optimal ratio for intracanal medication, future experiments should aim to evaluate the
antibacterial efficacy and cytotoxicity of different Ce (III) /Ce (IV) ratios against the target bacteria.

Bacteria have the ability to survive under low oxygen tension and nutrient-deprived conditions by forming biofilms,
which can adhere to different areas within the root canal system, including dentinal tubules, lateral canals, and periapical
regions.®® Biomineralization processes, such as the deposition of hydroxyapatite crystals, can help seal and occlude
dentinal tubules.’*®”®® This sealing effect prevents the re-entry of bacteria and their byproducts into the root canal
system, reducing the risk of reinfection and enhancing the effectiveness of disinfection protocols.®”’” In this experiment,
SEM analysis revealed varying degrees of closure in the majority of dentinal tubules following dentin mineralization.
The micro-CT images exhibited a dense layer of mineral deposition, effectively covering the inner wall of the root canal,
with evident sealing observed in the lateral root canal and apical foramen. These outcomes promote comprehensive
disinfection of the root canal, enhancing the efficacy of the procedure. Thus, the null hypothesis that dentin tubules and
lateral canals cannot be occluded by cerium oxide using the principle of biomimetic remineralization was rejected.

In addition to these indirect disinfection effects, the live/dead bacterial staining results confirmed that both the
intracanal medication and the mineralized dentin surface had a good bactericidal effect. Thus, the null hypothesis that
dextran-stabilized cerium oxide and the surface of cerium oxide-remineralized dentin have no antibacterial activity
against E. faecalis was rejected. Unlike other antibacterial bioactive materials recognized for their mineralization
potential and reliance on cation release, cerium oxide nanoparticles, which are positively charged, can adsorb onto
negatively charged Gram-positive and Gram-negative bacteria through electrostatic interaction.”’’* They can also inflict

73.7* induce oxidative stress,”>’°

direct damage to the cell membranes because of the irregular shapes and rough edges,
and interfere with nutrient transport,””’® leading to bacterial death. When cerium oxide nanoparticles are adsorbed onto
the surface of bacterial membrane, they can combine with intermediates and interfere with cellular respiration, DNA
replication, and cell division, and increase the surface area of bacterial membrane.??”?%° Moreover, mechanisms vary
with particle size, surface charge, and concentration, and may differ across bacterial species.”>*'*? In this experiment,
TEM analysis revealed the presence of spherical or irregular nanoparticles situated between collagen fibrils
(Figure la and b). Despite the aggregation of mineralized products within the collagen fibrils, a considerable number
of cerium oxide nanoparticles remained discernible under TEM (Figure 1d). These nanoparticles probably exhibit
antibacterial mechanisms akin to cerium oxide nanoparticles synthesized using traditional methods such as co-precipita-
tion, sol-gel method, microemulsion, hydrothermal/solvothermal method, and others.”® These findings strongly indicate
that this method shows great potential in providing a powerful disinfection effect for root canal therapy.

In addition to their antibacterial properties, the biocompatibility of metal oxide nanoparticles is a critical aspect that
necessitates thorough investigation, particularly in biomedical applications.*>** Numerous in vitro studies have indicated
that well-engineered metal oxide nanoparticles, such as cerium oxide, exhibit favorable biocompatibility with various cell
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types.*>*7 In vivo studies, conducted in animal models, have further affirmed the biocompatibility of cerium oxide
nanoparticles in specific applications, including assessments of organ toxicity, inflammation, and other physiological
responses.*>%

However, the biocompatibility of metal oxide nanoparticles is a multifaceted topic, contingent upon factors such as
the specific metal oxide, particle size, surface characteristics, concentration, and the biological context of application.®>°
Future investigations should prioritize a comprehensive understanding of the in vivo effects of this approach on root

canal disinfection and the biocompatibility of cerium oxide nanoparticles when they are employed in root canal therapy.

Conclusion

This study provides strong evidence supporting the efficacy of employing cerium nitrate and dextran for the extra- and
intrafibrillar mineralization of demineralized dentin, and the occlusion of dentinal tubules and lateral roots canals. The
resultant modified dentin surface exhibits outstanding antibacterial properties. Consequently, this study introduces
a novel and promising alternative strategy for endodontic infection control.
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