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Purpose: The primary goals of endodontic therapy are to eliminate microbes and prevent reinfection. Persistent root canal infections
and failure of root canal therapy are primarily attributed to the presence of bacteria, particularly E. faecalis. Chemical irrigants play
a crucial role in complementing mechanical instrumentation in ensuring adequate disinfection. However, current techniques and
available irrigants are limited in their ability to achieve optimal sterilization of the root canal system. In this study, we developed
a novel material called La@PCDs by combining CQD-PVA and lanthanum for root canal irrigation.

Methods: A one-pot hydrothermal method was used to prepare composites of lanthanum and CQD-PVA (La@PCDs). Scanning
electron microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy and the particle size were employed to characterize
La@PCDs. ROS generation was evaluated by measuring the fluorescence intensity emitted at 525 nm from 2’,7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA). In vitro experiments were conducted to assess the effectiveness of the nanoparticles in combating
Enterococcus faecalis and eradicating in situ biofilm eradication in root canal. Furthermore, cytotoxicity assessments were carried out
to demonstrate the safety of La@PCDs.

Results: SEM and FTIR results showed that La@PCDs were successfully prepared and exhibiting a homogeneous size distribution
and irregular morphology. ROS assessment demonstrated that La@PCDs have a synergistic effect, promoting the production of a large
number of ROS. This effect only occurred under acidic PH conditions. The inherent acidity in the biofilm microenvironment can act as
internal stimulus. In vitro experiments revealed superior antibacterial efficiency under acidic conditions without causing significant
cytotoxicity compared to the commonly used NaClO irrigant. The biosafety of La@PCDs was confirmed.

Conclusion: Compared to existing materials, these nanoparticles exhibit favorable antibacterial and anti-biofilm properties, along
with improved biocompatibility. These findings emphasize the potential of the integrated La@PCDs as a promising option for
enhancing root canal irrigation and disinfection.
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Introduction

The primary causative factors of pulpitis and apical periodontitis (AP) are widely recognized as bacteria and the substances
they produce.' Microbial communities can form biofilm structures that firmly attach to dentin in the root canal system.”
Therefore, effective chemomechanical debridement is crucial for eliminating root canal infections. Biofilm bacteria derive
advantages from multiple factors that contribute to their survival, one of which is the presence of a self-generated extracellular
polymeric substances (EPS) matrix. This matrix serves as a protective barrier against root canal disinfectants and reduces their

effectiveness.’ Additionally, anatomically small regions of the root canal system are difficult to adequately clean, leading to
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residual infection.* Furthermore, irrigants often fail to reach deep into the dentinal tubules, allowing bacteria, such as
Enterococcus faecalis (E. faecalis), typically associated with post-treatment ineffectiveness, to survive. The prolonged
survival of E. faecalis within root canals is attributed to its ability to withstand highly alkaline and nutrient-deprived
environments, whilst facilitating biofilm formation.>® Moreover, it can penetrate deep into dentin tubules, effectively evading
phagocytosis by host cells.” The importance of irrigating agents cannot be overstated in terms of the eradication and
prevention of root canal infections.

Sodium hypochlorite (NaOCI) is widely utilized as an irrigating solution in endodontics, with concentrations ranging
from 0.5% to 5.25%.% It is highly regarded for its capacity to dissolve tissues and combat microorganisms; however,
improper usage can lead to detrimental effects such as dentin weakening and periapical tissue damage.’
Ethylenediaminetetraacetic acid (EDTA), another chelating agent frequently used for smear layer removal, has limited
effectiveness as an irrigant owing to its weak antimicrobial properties.'® Consequently, there has been an increasing focus
on nanoparticle-based irrigation that demonstrate the potential to eradicate root canal biofilms. Some silver nanoparticles
and stimuli-responsive nanoagents have been developed for this purpose.''!

Rare earth elements, commonly known as “industrial vitamins”, are a vital resource with extensive applications in
various industries, including in agriculture and medical materials. The investigation into the antimicrobial properties of
rare earth elements has been ongoing since the early 20th century.'® Lanthanum (La) and its compounds have attracted
significant interest due to their exceptional characteristics, such as low toxicity, spectral characteristics, and efficacy as
antibiotics at low doses.'* La®" interacts with key components on the surface of bacterial cell membranes (such as
peptidoglycans, phospholipids, and proteins) to form stable complexes that alter membrane permeability. This internal
accumulation enables La** to bind to DNA and proteins within bacterial cells, thereby disrupting the metabolism and
inhibiting bacterial growth.'” In addition, rare earth elements can generate reactive oxygen species through electron
transitions during photocatalysis. However, certain limitations such as poor mechanical properties, low thermal stability,
and hormetic effects on microbes have hindered their widespread application.'® The unpaired electrons present in the 4f
subshell of rare-earth elements facilitate active coordination with the outer electrons from other elements, resulting in the
synthesis of antibacterial rare-earth complexes.'’ Consequently, the doping of nanomaterials with rare-earth elements to
create multifunctional nanomaterials has become an area of significant research interest.

Carbon quantum dots (CQDs) are nanomaterials that are typically smaller than 10 nm in size and possess favorable
fluorescence characteristics. CQDs exhibit exceptional biocompatibility, high water solubility, stable fluorescence proper-
ties, and high fluorescence intensity properties. Importantly, CQD surfaces contain numerous hydroxyl, carboxyl, and
epoxy functional groups that can be modified to create versatile nanomaterials.'® Polyvinyl alcohol (PVA) is
a biocompatible water-soluble polymer that benefits from advanced synthetic techniques, and facile processing and
shaping methods. It has applications in biomedical dressings, light-conversion materials, and shape-memory materials.'’
Recently, researchers have successfully synthesized novel functional composites by combining CQD with PVA polymers.
Kumar et al conducted a study where nitrogen-doped CQDs were incorporated into PVA to precisely tune the refractive
index of the resulting CQD-PVA composite from approximately 1.55 to 1.90 at a wavelength of 700nm.** The
combination of low-energy states in CQDs and insulating PVA, as demonstrated by Ambasankar et al, encouraged
efficient charge trapping capabilities in these composites.>' Therefore, incorporating quantum dots (QDs) into a polymer
matrix is a convenient strategy for protecting them from their surrounding environment, and for exploring the unique
properties of the resulting composites.

In this study, a one-pot hydrothermal method was used to prepare lanthanum and CQD-PVA composites (La@PCDs).
The antimicrobial properties of lanthanum have also been identified. However, the composite effect when lanthanum is
combined with CQD-PVA is unknown. We investigated the material characteristics of La@PCDs, including the particle
size and FTIR spectra. This included the generation of ROS at different pH levels to explore their potential as pH-
responsive nanofunctional materials. In addition, the efficacy of this material in eliminating bacteria and eradicating

biofilms was evaluated for its potential application in the treatment of endodontic infections.

11344 "= International Journal of Nanomedicine 2024:19
Dove!


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

Dove Yu et al

Materials and Methods

Materials

Lanthanum chloride (LaCls), La(NO3)3-6H,0 and PVA (MW 1750) were purchased from Merck Chemical Technology
Co., Ltd (Shanghai, China). Luria-Bertani (LB) medium and brain heart infusion (BHI) were purchased from Beijing
Land Bridge Technology Co., Ltd (Beijing, China). Cell Counting Kit-8 and SYTO 9/PI Live/Dead Bacterial Double
Stain Kit were purchased from BestBio (Shanghai, China). Rhodamine—phalloidin and 4’6-diamidino-2-phenyl-indole
(DAPI) were purchased from Solarbio Co., Ltd (Beijing, China).

Preparation of La@PCDs
La@PCDs was prepared according to a hydrothermal method reported before[1]. In brief, Approximately 80 mL of

deionized water was added to a 200 mL beaker. 35 grams of La(NOj3);-6H,0O was then added, and the mixture was then
vigorously stirred. 5 g of PVA was weighed, added to the blended solution, and uniformly mixed on a magnetic stirrer for
10 min. Afterwards, the mixture was transferred into a hydrothermal reactor lined with polytetrafluoroethylene, and the
reaction was initiated at an elevated temperature of 180°C within an oven for a period spanning over 6 hours. The
resultant product was then subjected to drying and concentration before being transferred to a Muffle furnace where it
underwent calcination at a high temperature of 1200°C for a duration of 3 hours in order to obtain La@PCDs.

Characterization

Scanning electron microscopy (SEM) was performed using an Hitachi Regulus 8100 SEM (Hitachi Limited, JP). Fourier-
transform infrared (FTIR) spectroscopy was performed using a Nicolet iS 10 FTIR spectrometer (Thermo Fisher
Scientific, USA). The particle size was determined on the Malvern Zetasizer Nano ZS90 nanometer particle size and
Zeta Potential analyzer (DLS) (Malvern Instruments Limited, UK). X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, USA), the fluorescence and quantum yield (QY, Edinburgh FLS1000) were performed to characterize
the materials.

Determination of ROS Generation

Determining the amount of ROS generation by the different materials was completed by measuring the fluorescence
intensity at 525 nm emitted from 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-DA). Specifically, 0.1 mg of LaNPs
and La@PCDs were placed in tubes containing 1 mL of deionized water, followed by the addition of 20 mL of DCFH-
DA. The fluorescence intensity was measured using a spectrofluorophotometer (RF-5301PC, Shimadzu) at an excitation
wavelength of 488 nm.

Assessment of Antimicrobial Activity in vitro

Minimum Inhibitory Concentration and Minimum Microbicidal Concentrations of La@PCDs and LaNPs

The determination of minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) was
conducted through a modified technique involving microdilution in broth. In brief, bacterial suspension of E. faecalis
was cultured to the mid-exponential phase and diluted to 2x10° CFU mL™'. 1. Subsequently, a mixture of 100 pL of
diluted bacterial suspension and 100 pL of various concentrations of LaNPs and La@PCDs was added to a sterile flat-
bottom plate, resulting in a total volume of 200 pL. This yielded an appropriate final concentration of suspension (10°
CFU mL™"), with the LaNPs and La@PCDs at gradient concentrations ranging from 64 to 0.03 mg mL™'. The plates
were incubated for a duration of 18 hours at a temperature of 37 °C. The optical density (OD) values were measured
per hour at a wavelength of 600 nm (ODggg). The MIC was determined as the lowest concentration of LaNPs and
La@PCDs that preserved the initial optical density (OD). The determination of MBC was conducted utilizing the agar
plate dilution technique. Culturing 100 pL aliquots extracted from microwells on agar plates for a duration of 48 hours
and the lowest concentration at which no colonies were observed was defined as MBC. All experiments were repeated
three times.
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Antimicrobial Activity in vitro Compared to NaCLO
First, 2 mL of three different solutions including LaNPs, La@PCDs and NaClO were prepared and added 20 pL of
diluted E. faecalis bacterial suspension. Then, the sample solutions containing bacteria were added 1000 times saline
solution to terminate sterilization when the reaction time was 0,30,60,90,120,150,180 seconds respectively. The bacterial
activity was recorded by CCK8 method and the kinetic curve of bacterial growth was drawn.

The effectiveness of the nanoparticles in inhibiting the growth of E. faecalis (ATCC 29212) was evaluated using
a method involving successive dilutions. Specifically, the initial tube containing 1 mL of deionized water was supple-
mented with 1 mg of LaNPs or La@PCDs. The negative control consisted of H,O, whereas the positive control contained
5% NaClO. After thorough mixing, the solution (0.5 mL) obtained from the last tube was sequentially removed to the
next tube along with deionized water (0.5 mL) to reduce its concentration by 50%. E. faecalis strains of the mid-
exponential phase were harvested and diluted to a concentration of 10° CFU mL™". 0.5 mL diluted bacterial suspension
was introduced into the serially diluted solutions, followed by irradiation with or without ultrasound waves at a frequency
of 1.0 MHz and an intensity of 0.5 W cm  for a period of 3 min. Afterwards, a 100 mL sample was diluted and evenly
distributed onto agar plates containing LB or BHI medium. The plates were then incubated at approximately 37°C for up
to 24 hours, during which time the number of colony forming units (CFUs) on each agar plate was counted. This was
used as an indicator for assessing antimicrobial effectiveness. The treated mixture was diluted using the BHI medium and
added to 96-well plate. The plate was then positioned in an incubator set at approximately 37°C. After a designated
incubation period of either 12 or 24 h, the absorbance of junye was measured by Elisa. Each subgroup was comprised of
three independent samples, and all experiments were repeated three times.

Biofilm Eradication Effect in vitro

To evaluate the efficacy of the nanoparticles in eradicating biofilms under laboratory conditions, laser scanning confocal
microscopy (CLSM) (Carl Zeiss Microscopy, Oberkochen, Germany) was used to visualize the biofilms. Initially,
a prepared suspension containing E. faecalis bacteria was placed in a confocal dish and statically cultured at 37°C for
48 h to facilitate mature biofilm formation on the dish surface. Subsequently, the media were removed, and the biofilms
were rinsed thrice with sterile PBS to separate free-floating bacteria. Next, 1 mL of PBS (control group), LaNPs, 5%
NaCLO, or the synthesized La@PCDs were added to the biofilm and incubated for 3 min. The treated biofilms were
rinsed by PBS and stained using the Live/Dead BacLight Bacterial Viability Kit (BestBio Co., Shanghai, China). The
viability of E. faecalis cells within the biofilm (live/dead) was observed using CLSM by analyzing the relative green or
red fluorescence signals using an imaging software (Zeiss Zen lite, Oberkochen, Germany). Each experimental group
consisted of three independent samples, and measurements were performed in triplicate.

Assessment of Biofilm Removal in Root Canal System

The fresh extraction of premolars were collected from human subjects specifically for orthodontic purposes and the
patients provided informed consent in accordance with the Declaration of Helsinki. The Human Assurance Committee of
Tianjin Medical University approved the research protocol used in this study. The tooth crown was removed to obtain the
root segment according to a method similar to the study by Ye’s study.”> A total of 60 teeth exhibiting single root canal
morphology were involved in the investigation. For the purpose of root canal shaping, stainless-steel K-files and
ProTaper Gold nickel-titanium rotary instruments were employed up to F3 size. Following the use of each instrument,
irrigation with 2 mL of 5% NaOCI solution was performed. One single trained researcher performed the entire root canal
preparation process. To neutralize any remaining intracanal NaOCl, 2 mL of 5% sodium thiosulfate was used.
Subsequently, the inoculum suspension of E. faecalis was obtained by adjusting the optical density (OD) of a mid-
exponential suspension to 0.5 at a wavelength of 600 nm. The sterilized root segments were immersed in a suspension
containing an inoculum of E. faecalis. All samples were incubated at a temperature of 37 °C and the culture medium was
exchanged every 48 hours to facilitate the growth of biofilm within the root canal system. Four weeks later, the root
segments were rinsed with four solutions: (1) PBS as a negative control, (2) LaNPs, (3) La@PCDs, and (4) 5% NaClO
irrigant as a positive control. Each root segment was submerged in a tube containing 2 mL of the respective solution for
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a total duration of three minutes. Subsequently, rinsing with PBS took place before each specimen was longitudinally
split in half. Finally, SEM analysis was conducted to examine the morphology of E. faecalis biofilm in root canal surface.

Cytotoxicity Evaluation

The 1929 mouse fibroblast cell line (obtained from the Cell Culture Center, Peking Union Medical College, China) was
cultured in culture flask containing DMEM, 10% FBS and 1% PS at 37 °C in 5% CO,. The culture medium was
refreshed every two days, and the cells were performed every four days to ensure optimal growth conditions.

The cells were incubated in a 96-well plate at a density of 2000 cells per cm? at 37 °C in 5% CO,. After 24 h, the
culture medium was replaced with sterilized PBS (control), LaNPs, La@PCD, or diluted with 5% NaClO (1/10 ratio).
The plate was further incubated for 4h before conducting the CCK-8 assay following the manufacturer’s instructions.
Each group contained three independent samples, and cytotoxicity measurements were performed in triplicate.

The cytotoxic effects of these substances were assessed by examining the cellular morphologies. The cell slides were
placed in a 24-well plate and L929 cells were seeded at a density of 10* cells per cm®. After incubation for 24 h, the
culture medium was replaced with sterile PBS (control), LaNPs, La@PCDs, or a diluted solution of 5% NaClO. After
4 hours incubation period, the culture medium was aspirated and the cells were stained with rhodamine-phalloidin and
DAPI following the manufacturer’s guidelines. The morphology of cells was observed by a fluorescence microscope
(Zeiss, Oberkochen, Germany).

Statistical Analysis
The data is presented as mean + standard deviation, and each experiment was repeated three or more times. Statistical
analyses were conducted using analysis of variance (ANOVA), with statistical significance defined as p < 0.05.

Results and Discussion
Characterization of La@PCDs

A novel La@PCDs base was prepared on the rare earth element La and a CQD-PVA composite via one-pot hydrothermal
method (Figure 1). According to the SEM results, the La@PCDs were well-dispersed and exhibited a homogeneous size
distribution and irregular morphology (Figure 2A). The particle size of the La@PCDs material measured approximately 697
nm, indicating its suitability for application in root canal therapy lotions due to its small dimensions (Figures 2D and S1).
The content and valence states of La@PCD were determined by XPS (Figure 2B). La 3d spectra were presented in two
peaks which centered at 852.82¢V correspond to La 3d,3, and other peaks located at 836.14¢eV are assigned to La 3d,5. The

180°, 6!1
n La(NO 6H0

Figure | Schematic illustration of the formation of La@PCDs and bacteria-killing processes.
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Figure 2 Characterization of La@PCDs: (A) SEM of La@PCDs (B) XPS of La@PCDs (C) FTIR spectra of PVA and La@PCDs. (D) Size of La@PCDs (E) Zeta potential (F)
The fluorescence detection of La@PCDs.

energy difference between La 3ds/, and La 3d;, states are nearly 16.68 eV, which is well in line with the character values of
lanthanum in La@PCDs. The FTIR spectrum of PVA (Figure 2C) showed that the peak shape at 3421 cm " attributed to the
stretching vibration absorption peak of -NH2. The absorption peak moved towards higher 3608 cm ™' in the spectrum of
La@PCDs, was attributed to the vibrational frequency of the chemical bonds during the process of electron absorption. The
characteristic absorption peak at 1445 cm™' and 1330 cm 'as attributed to C=0 stretching vibration. The peak shape was
not changed when La(NOs3);-6H,0 reacted with PVA suggest that the generation of La@PCDs broke the carbon-oxygen
bond to form novel chemical bond. To evaluate the prepared carbon dots, the fluorescence detection, quantum yield (QY)
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and zeta potential were characterized (Figure 2E and F). According to the results, the material La@PCDs exhibits excellent
fluorescence characteristics, as evidenced by the excitation and emission wavelengths depicted in the following figure
Specifically, its excitation wavelength is 363nm (red line), while its emission wavelength at the optimal excitation
wavelength is 490nm (black line). Notably, the Stokes Shift of La@PCDs was 127 nm indicating their advantageous
features such as robust anti-interference capability, minimal light-induced damage to biological samples, remarkable
penetration ability, and heightened detection sensitivity. The quantum yield (QY) of the La@PCDs was test based on
a standard method which offers a value of 0.28% for the optimized La@PCDs in PBS buffer. The zeta potential is increased

obviously from negative to positive value, which confirms an opposite charge surface and suggests a possible electrostatic
force driving the assembly of La@PCDs.

pH-Dependent in vitro ROS Release

Numerous studies have demonstrated that the eradication or substantial reduction of biofilm by producing ROS is a promising
antibacterial strategy.”>>* ROS are a group of chemical compounds generated during the incomplete reduction process of
oxygen, and include singlet oxygen ('0,), superoxide anions (O,_), hydrogen peroxide (H,O,) and hydroxyl radicals (OH).
These compounds possess potent antimicrobial properties and can effectively eradicate microorganisms without increasing the
risk of resistance.?” In this study, we evaluated the catalytic efficiency of La@PCDs for ROS generation. To quantify the total
ROS production, DCFH-DA was used as an indicator. Upon exposure to ROS, DCFH-DA is oxidized, resulting in the
formation of 2.7-dichlorofluorescein (DCF), which exhibits intense luminescence at 525 nm (Is»5).2® The absorption spectrum
of the QCD-PVA at 525 nm (/5,5) showed minimal changes in the absence of La. However, the presence of La@PCDs
significantly enhanced the absorption of /5,5 over time (Figure 3A), indicating that La plays a vital role in the generation of
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Figure 3 UV-vis absorption spectra of DCFH-DA in different solutions: (A) different concentrations of lanthanum in La@PCDs (B) LaNPs (C) La@PCDs (D) La@PCDs at
pH 7.0 (E) La@PCDs at pH 4.0 (F) Typical absorbance changes of different pH.
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ROS. In addition, the catalytic rate strongly depends on the La concentration in the La@PCD composite materials (Figure 3A),
demonstrating that it is a dose-dependent functional nanomaterial. Electron holes in the La 4f orbital can react with air and
water in the surrounding environment, resulting in the generation of a limited quantity of ROS.?’ The fluorescence signal at
525 nm wavelength in the LaNPs group increased slightly. The introduction of CQD-PVA promoted the ROS generation of
because CQD-PVA facilitates the oxidative activity of La. As anticipated, after modification with CQD-PVA, the La@PCDs
displayed much stronger fluorescence intensity (Figure 3B and C). This may be because the abundant positive charge of CQD-
PVA on the surface is coupled with electron holes in the La 4f orbital, increasing the generation of ROS.

It is noteworthy that the catalytic efficiency of the La@PCDs was influenced by different pH levels. The fluorescence of
15,5 was minimal at PH 7.0, but a significant increase in fluorescence intensity at /5,5 is observed at pH 4.0 (Figure 3D and E),
indicating the responsiveness of DCF to ROS under acidic conditions. Therefore, a PBS buffer (pH 4.0) was selected because
of its effectiveness in detecting the ROS production facilitated by La@PCDs. These results demonstrate that the La@PCDs
behave as a type of biomaterial for pH-responsive nanoagents (Figure 3F). The acidic environment inside the biofilm lays the
foundation for future antibacterial applications. The acidic microenvironment in biofilms is caused by the build-up of acid
metabolites produced through anaerobic fermentation by embedded microbes.®® These hypoxic and acidic conditions boost
microbial tolerance to conventional antibiotics within the biofilm, resulting in chronic infection.*’ Generally, bacteria residing
in biofilms demonstrate antibiotic resistance levels approximately 1000 times greater than those observed in planktonic
bacteria.’® Although the challenges posed by biofilm-associated infections render their eradication difficult, they present
significant opportunities for the development of nanotherapeutic agents capable of responding to the unique microenviron-
ments involved. The acidic conditions within biofilms require a design of therapeutic nanoagents which are responsive to
acidity.3 ! Recently, various pH-responsive platforms have been engineered to treat biofilm infections. These nanoparticles
remain stable in normal physiological environments but undergo degradation or structural changes when exposed to acidic
conditions, thereby facilitating drug release or activation.®> As with the La@PCD nanoparticles synthesized in this study,
under the stimulus of endogenous factors, the concentration of ROS in the biofilm undergoes a significant increase, resulting in
enhanced efficacy for biofilm removal. Additionally, ROS accumulation in healthy tissues can be minimized, thereby
mitigating potential adverse effects.

In vitro Antibacterial Activities
The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of LaNPs and La@PCDs were
conducted through a modified technique involving microdilution in broth (Figures 4A and S2). According to the results, when the
concentration of La@PCDs reached 0.5 mg/mL, it effectively suppressed the growth of E. faecalis to a low level, resulting in
significant inhibition of proliferation. Hence, the minimum inhibitory concentration required for La@PCDs against E. faecalis
was determined as 0.5 mg/mL. The MIC of LaNPs was determined as 8§ mg/mL. The determination of MBC was conducted
utilizing the agar plate dilution technique. The MBC of La@PCDs and LaNPs was determined as 0.5 and 16 mg/mL respectively.
E. faccalis, either alone or in combination with other microorganisms, has been identified as the primary causative agent of
post-treatment infections with persistent periradicular lesions, with frequencies ranging from 24% to 77%.>*** The ability of
E. faecalis to survive in a post-endodontic environment can ascribe its unique capacity to modulate host responses, suppress
lymphocyte activity, sustain prolonged periods of nutrient deprivation, utilize serum as a source of nourishment, and exhibit
genetic variability.*> Moreover, E. faccalis demonstrates strong dentin adhesion properties and penetration into dentinal
tubules, while also forming biofilms that are resistant to conventional antimicrobial agents commonly used during initial
endodontic treatment.*® Figure 4D and E show the optical density (OD) values obtained from different groups after incubating
E. faecalis for 12 and 24 h, respectively, indicating their antibacterial performance. The H,O group did not exhibit any
antibacterial effects as the OD values consistently remained high. The OD value of LaNPs group displayed a attractive
increase after the 3™ dilution, but the La@PCD group displayed an increase after the 8" dilution, demonstrating that the anti-
microbial activity of La was enhanced when combined with CQD-PVA. Interestingly, a “hormesis effect” was observed in the
LaNPs group, in which the OD value exceeded the high level of the H,O group after 5™ dilution. The literature indicates that
La exhibits a “hormesis effect” in antibacterial activities due to its inherent instability.” Our experimental findings also
validate this phenomenon, whereas the combination with CQD-PVA eliminates it, thereby suggesting the role of CQD-PVA in
stabilizing La. The control group containing 5% NaClO demonstrated an increase in the OD value after the 6th dilution. Based
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Figure 4 (A) Minimum inhibitory concentration curve of LaNPs and La@PCD:s to E. faecalis (B) kinetic curve of bacterial inhibition of LaNPs, NaCLO and La@PCDs
during the 3 minutes. (C) A coated flat panel was utilized to evaluate the effects of different materials on E. faecalis. E. faecalis samples treated with various reagents at
different dilutions following incubation periods of (D) 12 hours and (E) 24 hours.

on these findings, it can be inferred that the La@PCDs possess antibacterial properties comparable to those of the 5% NaClO
solution. Relevant findings from the plate counting results also supported the comparable effectiveness of the antibacterial
properties (Figure 4C). The results of silver complexes the kinetic curve of bacterial inhibition as shown in Figure 4B.
E. faecalis show a remarkably rapid response in the presence of La@PCDs.
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Anti-Biofilm Activities in vitro
Biofilms play a pivotal role in various chronic bacterial infections. Microorganisms are encapsulated within extracellular
polymeric substances (EPS) that provide a protective shield against body’s defense systems and enhance resistance to
numerous biocides or antibiotics. Typically, the antibiotic resistance of bacteria residing in biofilms is 1000 times higher
than planktonic bacteria.”*** However, ROS can attenuate and degrade the matrix structure and EPS by targeting multiple
biomolecules. Several nanomaterials have been developed for cancer treatment and antimicrobial therapy by harnessing their
ability to generate ROS. Excessive generation of ROS has the potential to overwhelm the antioxidant defense mechanisms
employed by microbial cells.*® Upon production, ROS selectively targets various molecules in close proximity, including
polysaccharides within the biofilm matrix, lipids on cell surfaces, proteins, and intracellular DNA. This ultimately leads to the
degradation of the biofilm matrix and disintegration of microbial cells.*” In this study, the combination of La and CQD-PVA
has been shown to generate a significant amount of ROS, making La@PCDs an efficient alternative approach.
Fluorescence microscopy was used to validate the efficacy of the nanoplatform in eradicating E. faecalis biofilms. In
Figure 5A, representative images demonstrate that live bacteria are stained green, whereas dead bacteria are stained red. In the
control group, the plate was predominantly covered with vigorously proliferating green-stained live bacteria.*” The anti-biofilm
activities of La were negligible compared with those of the control group. However, red bacteria were observed in the LaNP
group, suggesting improved antimicrobial activity compared with the control group. In contrast, treatment with the La@PCDs
effectively eradicated most of the biofilms, resulting in minimal viable bacteria. As predicted, the ROS generated by combined
treatment with lanthanum and CQD-PVA successfully removed the biofilm. Although NaClO exhibited strong antimicrobial
effects, its ability to remove biofilm was not as potent as that of La@PCDs.

A

B Control LaNPS La@PCDs NaCLO

Control LaNPS La@PCDs NaCLO

Figure 5 (A) CLSM images of E. faecalis biofilms after different treatments (B) SEM images of E. faecalis biofilms eradication after different treatments in a dentin root canal
wall. (The inset boxes in the panel reveal E. faecalis became flattened and damaged after irrigation of La@PCDs).
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In situ Biofilm Removal in Root Canal System

A simulated root canal model was used to investigate the efficacy of various irrigants in eradicating biofilms and infected
dentinal tubules within the root canal. The establishment of the E. faecalis biofilm within the root canal system followed the
study completed by Ye’s study.* After four weeks of incubation, the biofilm was treated with different agents. SEM images of
the control group treated with water revealed dense colonization of E. faecalis on the walls of the root canal, effectively
obstructing the dentinal tubules (Figure 5B). These findings implied the successful formation of E. faecalis biofilms within the
root canal system. Similar results were observed in the LaNP group, demonstrating a weak removal of biofilm accumulation
following treatment with LaNPs. However, most of the biofilm was effectively eradicated in the La@PCD group, exposing the
dentin tubules. Nanoparticles were attached around the openings of the dentin tubules, leading to deformation and flattening of
any remaining E. faecalis bacteria, indicating their complete elimination (Figure 5B). Although the NaClO groups exhibited
a low level of bacterial colonization, treatment with NaOCI resulted in noticeable erosive alterations in the root canal dentin,
while no apparent damage was observed in the other groups (Figure 5). Previous studies demonstrated that NaOCl possesses
exceptional tissue-dissolving capabilities and can effectively dissolve necrotic tissue and organic compounds present in smear
layers.® Umer et al revealed that dentin surfaces treated with NaOCI exhibited reduced collagen content and nonuniform
deproteinization channels, resulting in brittle dentin.” This effect may create inconspicuous pathways for bacteria, particularly
E. faecalis, to penetrate and spread through these spaces, ultimately leading to microleakage, which is a prominent cause of
root canal failure.” In summary, La@PCDs demonstrated bactericidal and anti-biofilm properties comparable to those of
commercially available NaClO solutions without causing significant damage to the structure of dentin.

Cytotoxicity Assessment

The cumulative effects of these agents on L.929 cell viability are shown in Figure 6. The results of the CCK-8 assay
indicated that NaClO exhibited significant cytotoxicity towards the cells, as evidenced by their near-zero viability.
Conversely, the other two groups demonstrated cell viability comparable to that of the control group (Figure 6A). This
observation was reinforced by fluorescence microscopy of the stained cells (Figure 6B). The cells exposed to La@PCDs
and LaNPs appeared healthy and exhibited an intact morphology with red-fluorescent cytoplasm and blue-fluorescent
nuclei. The distribution and morphology of cells in these two groups were indistinguishable from those in the control

A B Control LaNPs

La@PCDs NaCLO

*k

120

100

(==}
(=}
1

60 -

Cell survival rate(%)

Figure 6 Cytotoxicity assessment of different reagents. (A) Cell viability of L929 cells (n=3). *p < 0.01, #p>0.05. (B) Morphology of L929 after different treatments.

International Journal of Nanomedicine 2024:19 hetps: 11353
ove!


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

Yu et al Dove

group. As expected, NaClO demonstrated pronounced cytotoxicity, resulting in an almost complete absence of viable
cells after exposure. These findings underscore the successful integration of our nanoparticles, wherein the combination
of rare earth elements with CQD-PVA facilitates the rapid generation of ROS. The transient lifespan of the ROS enabled
the nanoparticles to exhibit remarkably efficient bactericidal properties without inducing residual cytotoxic effects.

In recent years, there have been widespread applications of nanomaterials capable of generating ROS for cancer
treatment and combating microbial infections.”® However, it is important to note that while elevated levels of ROS can be
utilized to induce cell death for therapeutic purposes, excessive ROS production after fulfilling its intended function may
lead to oxidative damage to surrounding healthy tissues.*® Therefore, striking a balance between the therapeutic benefits
and the potential side effects of ROS has become crucial for optimizing the effectiveness of ROS-associated nanome-
dicines. One effective approach to achieve this goal is to implement stimuli-responsive strategies that allow for maximum
therapeutic effects during disease treatment while minimizing harm to normal tissues. As mentioned previously,
La@PCDs are nanoparticles that specifically respond to changes in pH and trigger ROS generation only under acidic
conditions. This implies that La@PCDs remain stable within the normal physiological environment of the body but
become activated when exposed to an acidic biofilm microenvironment caused by anaerobic fermentation by microbes.
From a safety standpoint, this activation process ensures that only limited amounts of ROS are generated, and any
potential damage caused by these short-lived molecules can be disregarded without acid activation.

Conclusion

This study innovatively synthesized a novel nanofunctional material, La@PCDs, by combining CQD-PVA and lantha-
num for root canal irrigation. The synergistic effect of CQD-PVA and La resulted in a high bactericidal efficacy through
ROS generation. This approach demonstrated superior efficiency in antibacterial under acidic conditions without causing
significant cytotoxicity compared to the commonly used NaClO irrigant. Although well-pleasing antimicrobial effect and
biosafety were confirmed, further investigations are required to clarify its antibacterial mechanisms and effectiveness
against diverse bacterial strains, and to optimize its usage before translating these preclinical findings into dental medical
advancements. Overall, these results suggest that La@PCDs represent a promising strategy for eradicating biofilms, with
significant potential for treating endodontic infections.
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