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Editorial on the Research Topic
Innovative dental biomaterials for advancing oral health care



Introduction

The complexity of the oral environment poses a challenge to the clinical longevity of dental materials (1). These challenges involve several aspects related to the mechanical and biological performance of these materials. Dental materials inside the oral cavity are subjected to repetitive cycles of stress and fatigue. This mechanical challenge is complicated by the frequent exposure to consumable drinks and salivary enzymes, which may accelerate the degradation process of such materials (2). In addition, the interaction between dental materials and oral biofilms is a complex and dynamic process that can have significant implications for oral health (3). Dental materials provide a surface for the attachment and growth of oral bacteria. The attached microbes can produce acids as metabolic byproducts, leading to the degradation of dental materials (4). Besides, dental materials used in tissue regeneration and engineering are facing several complications related to achieving optimum vascularization, finding suitable scaffolds, cell differential, and immune response (5).

Such challenges have guided dental researchers to investigate advanced approaches to improve dental materials' mechanical and biological behavior. Applying nanotechnology in the dental field allows the engineering of dental materials with enhanced mechanical and physical properties (6). Additionally, incorporating bioactive compounds into dental materials contributes to the remineralization of tooth structure and the preservation of surrounding soft tissues by releasing ions or therapeutic compounds (7). The design of advanced dental materials with improved properties allows dental professionals to achieve superior treatment outcomes, enhance patient satisfaction, and provide more efficient and effective dental care. This Research Topic focuses on original research papers and comprehensive reviews that delve into pioneering advancements in dental materials.


The Use of bioactive and reinforcing compounds in dental materials

Several articles discussed the incorporation of different compounds into dental materials to improve their antimicrobial action, biocompatibility, or mechanical performance. The impact of adding quaternary ammonium to endodontic sealers was explored in one of the studies. Alharamlah et al. incorporated dimethylaminohexadecyl Methacrylates (DMAHDM), as a contact-killing agent, into two different endodontic sealers, AH Plus and BC sealers. They found that 5 wt.% of DMAHDM in both sealers significantly inhibited the growth of Enterococcus faecalis biofilms over the sealers. This was achieved with no major adverse effects related to the flow, film thickness, contact angle, and solubility of the modified sealers in comparison to the control. Such findings may suggest that DMAHDM could be a promising agent to minimize the incidence of root canal reinfection when it is incorporated into endodontic sealers.

In another study, the use of a mussel-inspired polymerizable monomer [catechol–Lys–methacrylate (CLM)] as a primer to improve bonding to caries-affected dentin was investigated by Hu et al. They found that using CLM as a primed improved the micro-tensile bond strength to caries-affected dentin by almost 30%. Following thermocycling, the bonding strength was reduced by almost 41%, which was significant compared to a 13% reduction when the CLM primer was used. The CLM primer was also effective in minimizing the micro-leakage and imparting antibacterial properties in the bonding interface. The amount of Streptococcus mutans biofilm growth was reduced by 5-log when the CLM primed was used. In addition, the nano-leakage was reduced by 23% compared to the control.

To improve periodontal regeneration, Zhang et al. designed bone morphogenetic protein 2 (BMP2) peptide-modified polycaprolactone-collagen nanosheets (BPCNs) to enhance cell adhesion and osteogenesis. BPCNs exhibited remarkable biocompatibility, facilitating the adhesion of fibroblasts and bone marrow stem cells while also enhancing the osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). Additionally, BPCNs substantially supported the regeneration of periodontal tissue in a rat model. Mechanistic insights from RNA sequencing analysis indicated that BPCNs led to the upregulation of genes associated with pro-inflammatory pathways.

Fouda et al. investigated the impact of nanoparticle addition and post-curing time on the mechanical performance of two types of rapidly prototyped (RP) denture-base resin (ASIGA vs. NextDent). The flexural strength improved with increased post-curing duration, reaching peak values for all tested groups at 90 min. Additionally, both materials exhibited a significant increase in flexural strength with the incorporation of nanodiamonds and silicon dioxide nanoparticles compared to the parental groups.

AlGhamdi et al. investigated the addition of 1 and 2 wt.% of titanium dioxide on the color stability and surface topographies of 3D-printed denture base resin (ASIGA and NextDent). In the case of NextDent, the addition of titanium dioxide led to a substantial color shift that surpassed acceptable limits and increased the roughness of the surface. However, no adverse effects were reported in relation to its hardness. Conversely, ASIGA's color alteration remained within clinically acceptable ranges. The surface roughness for ASIGA showed no change, while its hardness diminished with 2 wt.% of titanium dioxides.

In another article that aimed to explore a substitute for alcoholic mouthwashes, Alshehri et al. investigated the impact of Caralluma munbyana extracts on S. mutans biofilm growth. C. munbyana in its methanol and ethanol extracts significantly inhibited the S. mutans biofilms at the concentration of 23.44 mg/ml and higher, while the water extract was associated with minimum inhibition.



The use of innovative approaches or techniques to improve the performance of dental materials

Several articles in this special issue investigated the impact of certain techniques or different parameters on the performance of dental materials. The first article published on the research topic was related to the effects of various surface treatments on the shear bond strength of clear aligner attachments bonded to Bis-acryl provisional crowns. Shahin et al. included five experimental surface treatments in their study, which were super coarse grit diamond bur, carbide bur, alumina-blasting, non-thermal plasma treatment, and erbium-doped yttrium aluminium garnet (Er:YAG) laser treatment. A group with no surface treatment was used as a control. They found that Plasma (10.69 ± 3.56 MPa), Er:YAG laser (9.68 ± 2.03 MPa), and alumina-blasting (9.15 ± 3.29 MPa) treatments yielded significantly higher shear bond strength compared to the control group (p < 0.05). Opposingly, Carbide and Diamond Bur (7.85 ± 2.1 MPa and 7.43 ± 3.3 MPa) did not illustrate any significant differences in SBS compared to the control (p > 0.05), with the lowest shear bond strength values recorded. Following the thermos-cycling challenge, all the groups demonstrated a significant decrease in shear bond strength, except for the alumina-blasted and plasma groups. The study concluded that the shear bond strength of aligner composite attachments was significantly enhanced by surface treatment using alumina-blasting, Er:YAG laser, and non-thermal plasma.

A similar study was conducted by Alzaid et al., but instead of clear aligner attachments, metal brackets were used and attached to 3D and milled provisional crowns. The crowns were treated either with 9.5% hydrofluoric acid or 37% of phosphoric acid prior to attaching the brackets. After brackets attachment, the crowns were subjected to thermocycling. In the context of 3D-printed materials, the results indicated that hydrofluoric acid etching produced a notably greater bond strength (12.59 ± 2.64 MPa) compared to phosphoric acid etching, which had a bond strength of 7.77 ± 0.83 MPa. Conversely, when examining milled materials, the bond strength values were lower, with hydrofluoric acid achieving 5.98 ± 0.59 MPa and phosphoric acid slightly lower at 5.66 ± 0.65 MPa, with no significant difference between the two etching materials.

A study by Al-Dulaijan et al. investigated the influence of different printing parameters on the internal and marginal fit of two provisional 3D-printed fixed partial dentures (ASIGA vs. NextDent). The study found that both printing orientation and post-curing time significantly affect the internal and marginal fit of the 3D-printed provisional prostheses. NextDent resin consistently provided a better overall fit than ASIGA resin. In ASIGA, a 0-degree printing orientation showed superior internal fit compared to 45- and 90-degree orientations. In NextDent, a 45-degree orientation improved internal fit. For marginal fit, ASIGA crowns performed best at a 90-degree orientation, while NextDent crowns thrived at a 45-degree orientation. Additionally, a longer post-curing time of 120 min benefited ASIGA resin, while 30 min was ideal for NextDent resin.

Another study by Al-Zain et al. investigated whether the placing of a second layer of universal adhesive with or without curing could improve the micro-tensile bond strength of resin-based composites. They found that the application of another layer of adhesive, either with or without curing, did not increase the bonding strength of the restoration.



Mechanical and physical evaluation of new dental materials

The evolution of nanotechnology and industries introduce several dental materials to the market with no reported findings regarding their mechanical and physical evaluation. The special issue contains two articles that evaluated the performance of newly introduced dental materials in the market. Highly filled flowable resin-based composites have been used in a new technique to restore the anterior teeth, called the injectable technique. In Farghal et al. study, the staining susceptibility of injectable resin-based composites (Beautifil Flow Plus X and G-ænial Universal Injectable) was investigated. They found that injectable resin-based composites showed a reduced susceptibility to staining compared to their control counterparts. When different staining removal methods were investigated to see if the color change could be hindered, none of the methods used for removing stains were able to fully restore the original color of any of the investigated materials.

Farghal et al. also conducted another article to investigate the effect of carbonated beverages on the color and microhardness of bulk-fill resin-based composites (BEAUTIFIL-Bulk Restorative and Filtek One Bulk-fill) with and without preheating. The preheating process of bulk-fill resin-based composites notably enhanced their microhardness and elevated the surface gloss of the Filtek One Bulk-fill. However, preheating did not provide adequate protection for either composite against the acidic effects of Cola drinks. While the preheated Filtek One Bulk-fill exhibited better color stability following immersion in Cola, the improvement was still insufficient to meet clinically acceptable standards.



Review articles

This special issue contains a systematic review and meta-analysis that investigates the role of silver diamine fluoride (SDF) in caries prevention and arrest. Alqalaleef et al. analyzed 20 studies and reported that, in both pediatric and adult patients, the rate of caries arrest using SDF ranged from 25% to 99%. While such findings reveal the effectiveness of SDF in caries prevention, it is important to highlight that its efficiency was almost comparable to other caries prevention approaches.

In a review article written by Levina and Dubnika, combining platelet-rich fibrin (PRF) with other biomaterials for improved tissue regeneration was explored. Different biomaterials, such as nano-hydroxyapatite, calcium phosphate compounds, and bone substitute materials, exhibit various properties related to bone formation and healing time. It was concluded that the combination of PRF with other biomaterials appears to hold considerable potential for improving bone regeneration and healing. However, it was highlighted in the review that the results explored are inconsistent, necessitating the need for standardized protocols and conducting more clinical trials.

Alluhaidan et al. in their scoping review article explore the different dental applications of quantum dots. Most of the research (82%) concentrated on treatment applications of quantum dots in dentistry, whereas a smaller segment (18%) explored their use in imaging technologies. Most of the quantum dots investigated were graphene-, metal oxide-, and carbon-based, with hydrothermal being the most common method for synthesis. The incorporation of quantum dots in different dental technologies was mainly to impart antimicrobial and remineralization properties, enhance bone regeneration, and improve fluorescence activities. The review highlights the need for long-term studies to validate the benefits of using quantum dots in dentistry.




Conclusion

The collection of articles in this special issue highlights the necessity of exploring additional bioactive compounds and innovative techniques, along with their applications in dentistry. This exploration can enhance oral healthcare by improving the performance of dental materials and maximizing their clinical benefits. The topic editors wish to stress the importance of using clinical translational models to evaluate dental materials in accordance with their clinical applications. Many innovative materials that demonstrate promising performance in vitro may encounter technical or biological challenges when applied in vivo. Therefore, adapting clinical models to test these materials and techniques is essential for validating their clinical benefits.
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Objectives: The aim of this study is to evaluate the effect of different surface treatments on the shear bond strength (SBS) of clear aligner attachments bonded to Bis-acryl provisional crowns.



Methods: 120 cylindrical bisacrylic composite material (ProTemp type) specimens were prepared and divided into six groups (n = 20) based on surface treatment, control: (no treatment); super coarse grit diamond bur, carbide bur, alumina-blasting, non-thermal plasma treatment, and Er:YAG laser treatment. The features of treated surfaces were examined using scanning electron microscopy (SEM). A flowable composite resin (Transbond XT; 3M Unitek) was bonded to the specimens forming the attachment. Half of specimens were subjected to thermal cycling (5,000 cycles). SBS was measured before and after thermal cycling. Each specimen was loaded at the attachment/resin interface at a speed of 0.5 mm/min until failure. The nature of the failure was analyzed using the composite remnants index (CRI). Two-way ANOVA and Tukey HSD were used for data analysis α =  0.5. For CRI scores analysis, Kruskal-Wallis test and Dunn's multiple comparison were used as post-hoc test.



Results: SEM analysis showed that all surface treatments altered surface properties and increase surface bonding area. The specimens treated with plasma, Er:YAG laser, and alumina-blasting had higher SBS values before and after thermal cycling. In comparison to control plasma, Er:YAG laser, and alumina-blasting showed a significant increase in SBS (P < 0.001) while carbide and diamond bur groups showed no significant differences (P > 0.05). Thermal cycling significantly decreased the SBS of control, carbide bur, diamond bur, and Er:YAG laser while no significant effect of alumina-blasting and plasma group. Er:YAG laser and plasma groups significantly exhibited more dominance for scores 2 and score 3 and the absence of score 0.



Conclusion: Alumina-blasting, Er:YAG laser, or non-thermal plasma surface treatments increased the shear bond strength between clear aligner attachments and resin-based restorations.



KEYWORDS
clear aligner attachments, surface treatment, bond strength, provisional prostheses, composite





1 Introduction

There is an increase in the number of patients seeking orthodontic treatment, many of whom require an interdisciplinary approach. In turn, this led orthodontists to seek out various treatment modalities (1). In some orthodontic cases, collaboration with other specialties during treatment procedures is required for proper treatment outcomes (2). Among these dental procedures is provisional restorations, which is used when some teeth require movement but the crown cannot be used due to tooth fracture or extensive carious lesions that have spread subgingivally. In these cases, a provisional restoration is required to temporarily restore the tooth before orthodontic root extrusion in order to mitigate any biological width violation that might occur in final crowns (3). Provisional crowns are made of various resins, including Polymethylemethacrylate (PMMA) resin and Bis-acryl composite resin. Because of its advantages over PMMA, Bis-acryl composite resin is the most commonly used for provisional crown fabrication (4, 5). The benefits are numerous including: low exothermic reaction while setting, good strength, good marginal adaptation and stability of the color of the crowns (6).

The amount of force required for clinical tooth movement is an important consideration in orthodontic treatment. The amount of force required for tooth movement varied upon the type of tooth movement (15–120 g) (3, 7). The bond strength between brackets and tooth structure/restorations is a determining factor in orthodontic treatment success and completion within the time frame specified (2, 3). According to the literature, the minimum bond strength required for orthodontic tooth movement is between 6 and 8 MPa (3, 7).

Removable aligners are becoming more popular as technology advances, owing primarily to their aesthetic appeal (8, 9). Clear aligners are thermoplastic removable appliances worn by patients in sequence to achieve the desired outcome (10). The main disadvantage of the removable clear aligner was that it was difficult to control tooth movement in some cases, such as extrusion, rotation, or root movement control (11). As a result, the “attachment” composite button was introduced. These attachments are bonded to tooth surfaces and aid in controlling tooth movement when using a removable clear aligner (10, 12, 13).

Due to the importance of composite attachments in orthodontic treatment when using removable clear aligners, ideal attachment material characteristics such as ease of application, high wear resistance, and satisfactory bond strength have been reported (9). Several studies have been conducted to select attachment material and bonding features for various tooth surfaces as well as different restorative materials (9, 14). Surface treatment has a direct impact on bonding in clear aligner therapy, affecting treatment outcomes and necessitating a dental visit for a new or lost attachment (9, 15). A weak bond between attachments and resin-based resin increases the bonding failure rate and may negatively affect the treatment progress, as well as increase the cost and patient discomfort (2, 15).

Several methods have been proposed to improve bonding strength via increased surface area at resin interfaces, including chemical, mechanical, and combination approaches (6, 16). In addition to surface treatment, specimens aging affect the bond strength, as reported by Chay et al. (6) Air abrasion with aluminum oxide particles, bur roughening, and Er:YAG laser are among the surface treatments available. For temporary crown roughening, laser and plasma, acid etching, hydrofluoric acid etching, or combinations were proposed (1, 16–18). The Er:YAG (erbium-doped: yttrium aluminum garnet) laser has been used for a variety of purposes, including surface treatment because of its ability to roughen resin-based materials and improve bonding by increasing micromechanical interlocking (15, 17, 18). Meanwhile, non-thermal plasma exhibited acceptable ranges of 7–14 MPa when applied to enamel surface before bonding (18). The mechanical properties of composite resin can be influenced by hydrolytic degradation (19). In in vitro studies, deem the long-term water storage and thermal cycling as pertinent conditions for testing the durability of resin bonds (20).

Previous studies using different surface treatments have not investigated the bond strength of clear aligner attachments to rein-based materials. As a result, the current study aimed to assess the influence of various surface treatment (Alumina-blasted, bur grinding, Er:YAG laser, and non-thermal plasma) and the thermal cycling on the shear bond strength (SBS) between clear aligner attachment and a resin-based). The null hypothesis was stated as “There is no effect of the resin surface treatment modality and thermal cycling on SBS between clear aligner attachments- using Invisalign templates- and resin-based restorations.”



2 Materials and methods

Sample size calculation was done by calculating the difference in mean SBS for the groups using Fuji Ortho LC brackets in MPa (9.33, 7.42), SD = 1.73 as reported by Rambhia et al. (3) on a significance level of α = 0.05 and power = 0.80% and 95% confidence level, the sample size per group needed was 20 per group (10 without thermal cycling and 10 after thermal cycling).

According to the manufacturer's instructions, 120 cylindrical specimens of bisacrylic composite material (ProTemp type) (cold curing temporary crown material; success CD, Neumünster/Germany) with 10 mm diameter and 15 mm height were prepared. Bisacrylic material from automix cartridges was injected into a standardized silicon mold (10 mm × 15 mm), and the excess material was extruded by pressing it with a glass slab. For each specimen curing, the tip of the optical guide of the light cure was directly positioned on the specimen's surface for 30 s. (Acteon Satelec mini LED light cure) at 1,250 mW/cm2 rapid mode intensity. Following that, all specimens were stored in distilled water at 37 °C for 24 h.

The specimens were grouped into six groupings (n = 20) according to surface treatment (Table 1). (Control group) no surface treatment (C). Group I, super coarse grit diamond bur (DB). Group II, carbide bur (CB). Group III alumina-blasting (50-μm alumina particles) by applying 0.55 MPa of propulsion pressure (Wassermann Dental-machine, CEMAT-NT3, GMBH, Hamburg, Germany) for 10 s from a distance of 10 mm. (SB, n = 20). Group IV, Non-thermal plasma treatment (NTPT. Group V, Er,Cr:YSGG laser (Waterlase Express; Biolase, Irvine, USA) (L. For standardization of the treatment process and direction of the bonded treatment area, a plastic cover was customized on the prepared disc surface. The plastic cover has an exposed area of 5 × 2 mm at the center and was positioned per specimen during treatment.


TABLE 1 Material grouping according to surface treatment and surface treatment protocols.

[image: A table compares surface treatments for a group of twenty samples. Categories include Control with no treatment, Black supercoarse grinding using a diamond bur from Switzerland, Carbide using a carbide bur, Sandblasting with alumina particles, Non-thermal plasma treatment with Piezobrush PZ4, and Er,Cr:YSGG laser treatment by Biolase. Details such as tools, methods, and conditions like tip specifications, wavelength, power, frequency, and irradiation time are specified for each treatment.]

After complete surface treatment for all specimens, scanning electron microscopy (SEM) (TESCAN, VEGA3, Czech Republic) was used to assess the surface treatment effect. The treated specimens were gold sputter coated (Quorum, Q150 R ES) and then scanned under SEM at 20 kV with a working distance of ∼10 mm. Electronic images with different magnifications were recorded of treated specimens for surface analysis.

A flowable light-cured composite resin (Transbond XT; 3M Unitek) was bonded to the provisional material specimens (Figure 1A) to form the attachment. The attachment template used was unified for all attachments by using an Invisalign attachment template of a maxillary central incisor with a rectangular attachment sized 3 × 2 mm (Figure 1B) and was used to bond all the attachments (14). The attachment template was used to apply flowable composite followed by excess composite was removed using an explorer (Figure 1C). To ensure that the thickness of the attachments is uniform, a constant 5 N force was applied. The attachment was then light-cured for 10 s on both sides (5 s on each side) with an Ortholux XT Visible light-curing unit (3M Unitek), per the manufacturer's instructions (Figures 1D,E).


[image: Diagram showing a multi-step process involving bis-acrylic blocks. Steps A to D illustrate the transformation of a cylindrical block through stages involving different materials and placements. In E, a block with a square attachment on top is shown. Diagram F displays an applied load on a composite attachment connected to the bis-acrylic block held in place.]
FIGURE 1
Illustrated diagram for specimens’ preparations and testing. (A) Cylindrical specimens of (10 mm × 15 mm) bisacrylic composite material (ProTemp type), (B) the Invisalign® template aligner with 2 × 3 mm rectangular attachment and composite bonding, (C) composite applied using the template (D, E) bonded flowable light-cured composite resin, (F) specimen loaded on the instron machine for SBS.


After bonding, the samples were stored in distilled water at 37 °C for 24 h. Half of specimens were incubated for 30 s in cold or hot water with a 5-s interval between successive immersions, using a thermocycling machine (Thermocycler THE-1100-SD Mechatronik GmbH, Feldkirchen—Westerham, Germany), applying 5,000 cycles to alternate 5 °C and 55 °C water baths.

For SBS measurements, each specimen was fixed in the customized jig on the testing machine (Instron 8871; Instron Co., Norwood, MA). The load was applied using a beveled blade at the composite attachment/resin interface at a speed of 0.5 mm/min until failure (Figure 2F). The failure load (N) was used to count SBS (MPa) using this equation: SBS = F/A, where F is the debonding force in Newton, and A is the cross-sectional surface area of the attachment base in square millimeters (15).


[image: Scanning electron microscope (SEM) images labeled A to F display various surface textures at different magnifications. Image A shows a relatively smooth surface with minor imperfections. Image B presents a more irregular, porous structure. Image C reveals a layered pattern with some rough textures. Image D features a mix of smooth and rough areas with visible lines. Image E displays a fine textured surface with slight ridges. Image F highlights a rough, highly porous texture. Each image is accompanied by technical details like magnification and scale.]
FIGURE 2
(A–F) Surface morphology examined by the SEM analyzing the effect of surface treatment: (A) control, (B) alumina-blasting, (C) carbide bur roughening, (D) diamond bur roughening, (E) plasma, (F) Er:YAG laser.


An optical microscope (Nikon, H550L, Tokyo, Japan) at 10-fold magnification was used to assess the surface of the debonded provisional material and the debonded composite attachment. The composite remnants index (CRI) score on the crown surface was used to decide the nature of failure which was classified as described in previous studies (2, 16, 21, 22): 0 = no composite left on the crown, 1 = lower than 50% of composite left on the crown, 2 = more than 50% of composite left on the crown, 3 = 100% of composite left on the substrate resin.


2.1 Statistical analysis

Data analyses were carried out by using SPSS-25.0 (IBM product, Chicago, USA). Shapiro test of normality was performed to assess the distribution of data to apply the appropriate test. It revealed that the sample was found to be normally distributed. Mean and standard deviation were calculated for presentation of shear bond strength. Two-way ANOVA was performed to compare the results of shear bond strength between the groups, followed by Tukey HSD for pairwise comparison. For comparison of ordinal data analysis based on CRI scores, Kruskal-Wallis test was used to compare between groups (surface treatment), and Duncan's multiple range test was used as post-hoc test. A p-value ≤0.05 was considered statistically significant.




3 Results

As shown in Figure 2, all surface treatments result in specimens' surface roughness. However, each treatment process produced different kinds of surface morphological features. For example, alumina-blasting method resulted in several irregularities with some uniform pits represent abrasive particles (Figure 2B). Bur treatment resulted in serration and oriented groove with carbide bur (Figure 2C), while faint irregular groove resulted when using a diamond bur (Figure 2D). Plasma treatment showed the lowest roughens between all surface treatments (Figure 2E). The Er:YAG laser treated specimens exhibited surface irregularities that was comparable with the alumina-blasting group in which more irregularities and distributed small pits were found (Figure 2F).

The mean and standard deviations of SBS between the tested groups before and after thermal cycling are presented in Table 2. The specimens treated with plasma, Er:YAG laser, and alumina-blasting showed higher SBS values (10.69 ± 3.56, 9.68 ± 2.03, 9.15 ± 3.29 MPa respectively).


TABLE 2 Mean and SD of shear bond strengths between tested groups declaring the treatment's effects and thermal cycling.

[image: Table comparing thermal cycling and surface treatments with "No treatment," "Alumina-blasting," "Carbide bur," "Diamond bur," "Plasma," and "Er:YAG laser." For each treatment, values are given under NTC (no thermocycling) and TC (thermocycling), with corresponding P values indicating significance. Notable differences are a P value less than 0.05, marked with an asterisk. Same letters in superscript indicate insignificant pairwise differences.]

In comparison to the control group; plasma, Er:YAG laser, and alumina-blasting treatment showed a significant increase in SBS (p < 0.05). While carbide and diamond bur groups showed no significance differences with the control group (P > 0.05).

Among surface treatment group, plasma, Er:YAG laser, and alumina-blasting significantly showed significant increase in SBS compared with the carbide and diamond bur groups (p < 0.05). Results showed no significance difference between carbide bur and diamond bur group which showed the lowest SBS values between surface treatment groups (7.85 ± 2.1 MPa and 7.43 ± 3.3 MPa) before thermal cycling and (5.57 ± 3.07 MPa and 5.61 ± 4.43 MPa) after thermal cycling.

In regards to thermal cycling showed a significant decrease in SBS in all groups except alumina-blasted group (p = 0.08) and plasma group (P = 0.63). Moreover, no treatment, carbide bur, and diamond bur groups showed the lowest SBS values after thermal cycling.

CRI scores are presented in Figure 3. A statistical test (Kruskal-Wallis test with Duncan's multiple range post-hoc test) was performed to compare the different CRI scores. The effect of thermal cycling per score for each surface treatment showed no significance different. Comparing scores between different groups, Score 0 is significantly increased with no treatment, carbide bur, and diamond bur groups while score 2 and 3 were significantly increased with plasma, Er:YAG laser group without significant between plasma vs. Er:YAG laser groups. Alumina-blasting group showed no significant differences with equal distributions between CRI scores.


[image: Bar graph titled "Composite Remnant Index (CRI)" showing results for various treatments. The x-axis lists treatments like "No treatment," "Alumina-blasting," "Carbide bur," "Diamond bur," "Plasma," and "Er:YAG laser," each labeled with NTC and TC. The y-axis represents score distribution from 0 to 10. Bars are divided into colors: blue for Score 0, orange for Score 1, yellow for Score 2, and gray for Score 3, showing the distribution of scores across treatments.]
FIGURE 3
The composite remnant index (CRI) scores and significance between all tested groups. Score 0 = no composite left on the specimen surface. Score 1 = less than half of the composite left. Score 2 = more than half of the composite left. Score 3 = all bonded area of the surface of the specimen covered with composite.




4 Discussion

It is critical to have sufficient bonding between the composite attachment and the temporary restorations which will allow the treatment to be completed on time and with accurate results (1). Debonding and failure between attachment and crown necessitate additional visits and costs, and may jeopardize treatment success (6, 8). There have been a few studies done with clear aligners to improve the bond strength between attachments and resin-based temporary crowns. As a result, this study proposed various surface treatments (alumina-blasting, bur roughening, Er:YAG laser, and plasma) as well as the thermo-cycling effect. The findings if this study demonstrated that alumina-blasting, plasma, and Er:YAG laser increased SBS of attachment to resin-based restoration while burs roughening had no effect on the SBS.

To simulate clinical conditions and assessing the behavior of bonded composite attachment with different surface treatment, all specimens with bonded attachments were subjected to thermal stress. Thermal cycling is considered to be a guideline for material behavior in the oral cavity. Previous studies subjected specimens to thermal cycling with variety of cycles and temperatures (2, 21, 23). In present study bonded specimens were subjected to 5,000 cycles as repowered in previous studies (16, 23) simulating 6 month clinical usage. Our findings showed that thermal cycling significantly decrease the SBS in all groups except alumina-blasted and plasma groups. Moreover, in control, carbide bur, and diamond bur groups showed the lowest SBS values after thermal cycling. This aging procedure affects bond strength, particularly at the resin-based restoration/attachment interface (24). Swelling caused by water sorption and thermal stress (due to difference in the coefficient of thermal expansion of materials) as well as hydrolytic degradation of hydro­philic elements in adhesives have a direct negative impact on shear bond strength (21, 23, 24). Moreover, increased temperature has been shown to accelerate water uptake (25).

To the best of the authors' knowledge, no study has been conducted to assess the effect of Er:YAG laser and plasma treatments on the roughening of resin-based restorations used as provisional crowns. According to SEM findings, Er:YAG laser applications resulted in a rougher surface with microporosities and microretention areas, which increased the bonding surface area (17, 26). Although plasma treatment produces a rough surface, it is not the same as Er:YAG laser treatment. Furthermore, plasma application resulted in surface washing, degreasing, and activation (20, 27). Plasma activated the chemical bonds on the treated surface, resulting in the formation of oxygen-containing functional groups (C = O and -OH), which resulted in a hydrophilic surface and, ultimately, increased surface wettability (27). Increased wettability resulted in improved martial flow and uniformity across the resin surface (28).

Different surface treatments suggested in the literature, such as bur roughening and air-abrasive particles, were included in the current study to confirm plasma and Er:YAG laser applications (15, 16). Er:YAG laser and plasma treatments showed adequate shear bond strength. When the surface treatment effects were compared, the Er:YAG laser produced a rougher surface. However, both treatments demonstrated high shear bond strength. This could be due to the plasma's ability to affect the wettability of specimen surfaces, which is consistent with previous research (26). This provided a good opportunity for composite material to bond easily, resulting in satisfactory shear bond strength (26). Yildirim compared the bond strength between soft liner and denture base after plasma and Er:YAG laser treatments and found that both significantly increased bond strength. Zarif Najafi et al. (29) demonstrated that bond strength is surface treatment type dependent, and recommended Er:YAG laser irradiation to improve the bond strength between brackets and provisional crown in a previous study (29). Goymen et al. (30) discovered an increase in shear bond strength of brackets to protemp temporary crowns after Er:YAG laser irradiations, but the value was very low (5.43 MPa) when compared to the current study. This could be because of the material differences in composite attachment vs. orthodontic brackets. Orthodontic brackets add a metal-composite interface to the composite-resin interface. Whereas, in clear aligner attachments, there is a unified composite-resin interface, likely, increasing the shear bond strength of the specimens.

The shear bond strength between flowable composite attachments and resin-based restoration was significantly increased by the alumina-blasting treatment. This was due to the treatment with air-abrasive particles, which resulted in a more irregular surface rather than a smooth surface (16). These irregularities increased the surface bond area while also forming grooves and pits for micromechanical locking of composite and crown materials (29). Furthermore, this finding is consistent with previous studies (2, 16) that found that alumina—blasting with alumina particles increased shear bond strength between composite and resin-based restorations, as well as between temporary crowns and metallic brackets (2, 22, 29).

Previous research has suggested that bur roughening improves shear bond strength (1, 2, 16, 23), while other studies found no difference (31, 32). In the current study, bur roughening produced a rough surface, but shear bond strength remained unchanged and was comparable to the untreated group. Although diamond and carbide burs roughening had an effect, no changes were observed due to the faint grooves created by bur roughening, which resulted in serrations and macro-retentive areas (23) rather than micromechanical retention when compared to other surface treatments (32) Furthermore, the method and frequency of bur application could be another explanation, necessitating more invasive grinding procedures (32).The present study's findings on bur roughening contradict previous studies (1, 2, 16) which found that bur roughening increased the shear bond strength between provisional crown and metal brackets when compared to untreated. The differences in results could be attributed to differences in methodology, such as the type of bur used for roughening, the direction and frequency of bur strokes and the composite type, as well as the use of metal brackets instead of the composite attachment used in the current study.

For provisional crown fabrication, the two major categories are methacrylate resins and composite-based materials (24). Protemp [bisphenol A glycerolate dimethacrylate (Bis- GMA)] is a resin-based restorative that has been studied as a temporary and its bonding with different resins (16, 33) There is no information in the literature about the shear bond strength of clear aligner attachment to Bis-GMA. Rambhia et al. (3) and Goymen et al. (30) assessed the bond strength of brackets to various temporary crown materials, finding that the shear bond strength of brackets ranged from 2.81 to 9.65 MPa and the SBS of Protemp ranged from 8.33 to 9.65 MPa. Another study reported a low shear bond strength of protemp (3.68 MPa) (30) despite the fact that the bonded specimens were kept in a thermocycling machine for 500 cycles, which could explain the low SBS.

Flowable composites (FC) are a type of dental resin with low viscosity and the capacity to be applied in narrow spaces. D’Antò et al. (34) have shown that various types of dental composite viscosities do not affect the attachment shape of extracted teeth when using aligner templates. Lin Et al. (35) clinically compared the survival rate between a flowable composite and a packable composite for Invisalign aligner attachment and concluded was no significant difference between the two composites and using flowable composite may save time. The mechanical properties of low-viscosity flowable composites are similar to packable composites, but the injector design of flowable composites is more suitable for clinical use. Also, reports have shown that flowable composites have higher bond strength than packable composites (36) and surpassed the clinically accepted value of 6–8 MPa (37). Furthermore, flowable composites require less time for application than high viscosity composites (37). Flowable composite was chosen for this study because it is a commonly used method for placing clear aligner attachment using Invisalign. This is particularly important to ensure that the composite follows the attachment template shape and enters the roughened surface, resulting in good mechanical properties. Clinically, attachments are subjected to wear force during insertion and removal, which should be considered in future studies (different attachment composite materials and new resin-based restoration fabricated with digital technology; CAD-CAM milled and 3D printed).

In line with previous researches (1, 31) CRI score 0 was found frequently in control and burs groups with low shear bond strength values. While scores 1 and 2 varied for air-abrasive, plasma, and Er:YAG laser groups, score 3 was dominant for Plasma and Er:YAG laser groups. The higher the CRI score, the more adhesive remnant on the crown surface bonding area (17). CRI results confirm the current study's findings, which are consistent with Dehghani et al. (17). This discovery confirmed the link between CRI score and shear bond strength. Considering the clinically acceptable shear bond strength required (6.5–10 MPa) (3, 7), bonding for orthodontic tooth movement and resistance to intraoral conditions is required. Air-abrasion, Er:YAG laser, and plasma applications demonstrated high shear bond strength greater than 9 MPa in the current study. For clear aligner attachments, clinically, surface treatment of resin-based restorations with alumina-blasting, Er:YAG laser, or plasma treatment can be recommended.

Although the specimens were aged and thermally cycled, the absence of oral conditions such as saliva, enzymes, beverages, dietary intake, and the generated force on the attachment was considered limitation of the current study. Another limitation is the use of only one resin for temporary restorations and one composite attachment material. As a result, future research on different brands of temporary resins and different fabrication methods (CAD-CAM provisional) with different surface treatments and different attachment composite resins in simulated oral conditions is recommended for future investigations. Recommendations for practice include the use of alumina blasting, Er:YAG laser, or non-thermal plasma treatments to enhance the shear bond strength of clear aligner attachments to resin-based restorations, especially in cases where long-term use of provisional crowns is needed, such as complex and lengthy orthodontic treatment.



5 Conclusions

All surface treatments alter surface properties and increase the surface bonding area. However, shear bond strength of aligner composite attachments was significantly increased by surface treatment of resin-based restoration with Alumina-blasting, Er:YAG laser, or non-thermal plasma. Shear bond strength did not change after diamond and carbide burs roughening. However, thermal cycling has adverse effect on control, bur treatment, and laser treatment.
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Platelet-rich fibrin (PRF) is a protein matrix with growth factors and immune cells extracted from venous blood via centrifugation. Previous studies proved it a beneficial biomaterial for bone and soft tissue regeneration in dental surgeries. Researchers have combined PRF with a wide range of biomaterials for composite preparation as it is biocompatible and easily acquirable. The results of the studies are difficult to compare due to varied research methods and the fact that researchers focus more on the PRF preparation protocol and less on the interaction of PRF with the chosen material. Here, the literature from 2013 to 2024 is reviewed to help surgeons and researchers navigate the field of commonly used biomaterials in maxillofacial surgeries (calcium phosphate bone grafts, polymers, metal nanoparticles, and novel composites) and their combinations with PRF. The aim is to help the readers select a composite that suits their planned research or medical case. Overall, PRF combined with bone graft materials shows potential for enhancing bone regeneration both in vivo and in vitro. Still, results vary across studies, necessitating standardized protocols and extensive clinical trials. Overviewed methods showed that the biological and mechanical properties of the PRF and material composites can be altered depending on the PRF preparation and incorporation process.
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1 INTRODUCTION
Platelet-rich fibrin (PRF) is an autologous biomaterial derived from venous blood via centrifugation without additives. This protein matrix contains over 1,500 bioactive molecules at up to 600 times the concentration of normal venous blood (Pavlovic et al., 2021; Peck et al., 2015). Since its first reports in 2001, PRF has gained significant interest in regenerative biomaterials for use in oral, maxillofacial, orthopedic, and gynecological surgeries (Dohan et al., 2006; Grecu et al., 2019; Wang et al., 2021). PRF is a second-generation platelet concentrate, succeeding platelet-rich plasma (PRP) (Dohan et al., 2006). Although PRP also has a high concentration of growth factors and potential healing properties, it requires an anticoagulant for preparation (Le et al., 2018). This leads to faster platelet activation and growth factor release, with 95% of growth factors being released shortly after contact with the anticoagulant (Miron et al., 2017).
Different PRF types vary based on preparation protocols, particularly centrifugation speed and time thus resulting in different platelet concentrations. The main types are leukocyte and platelet-rich fibrin (L-PRF), Injectable-PRF (I-PRF), and Advanced-PRF (A-PRF) (Dohan et al., 2006; Miron et al., 2017; Dohan et al., 2014; Ghanaati et al., 2014; Fujioka-Kobayashi et al., 2017). The first PRF preparation method, sometimes called Choukroun PRF or L-PRF (further in text L-PRF), requires 10 mL of a blood sample, that is centrifuged in glass-coated plastic tubes without any anticoagulant for 10 min at 400 × g (g stands for gravitational force) (Dohan et al., 2006). Future modifications to this protocol allowed the development of A-PRF by reducing centrifugation speed and increasing the centrifugation time to 14 min. This method increased the number of immune cells and platelets in the fibrin matrix compared to L-PRF (Ghanaati et al., 2014). A-PRF+ is similar to A-PRF, except the protocol suggests using only 200 × g for 8 min and proves to be even richer in growth factors than A-PRF (Fujioka-Kobayashi et al., 2017). I-PRF is in liquid form compared to other PRF types. The original I-PRF protocol reported in 2015 consists of horizontal centrifugation of 3,300 rpm for 2 min (Almeida Barros Mourão et al., 2015), but 2 years later in a publication by Miron, it was described using 700 rpm (60 × g) for 3 min (Miron et al., 2017). Although different PRF types have progressed over time to improve the biological and mechanical properties of the previous generations, the most used remains L-PRF (Barbosa et al., 2023).
Although PRF is biologically active, it lacks the necessary mechanical properties for soft and hard tissue renewal (Isobe et al., 2017). Studies indicate that Young’s modulus of L-PRF ranges from 187.6 ± 82.73 kPa in membrane form to 30.2 ± 16.7 kPa or lower in clot form (Lara et al., 2023; Haghparast-Kenarsari et al., 2024) In contrast, biomechanical studies on human cadavers show Young’s modulus of oral soft tissue ranges from 8 to 37 MPa, depending on the intraoral tissue site (Choi et al., 2020). To enhance PRF’s mechanical properties, it can be combined with synthetic and natural polymers, calcium phosphates, metals, and various composites. The choice of material to be combined with PRF should depend on the mechanical properties as well as biocompatibility, porosity and other requirements according to the targeted tissue repair.
Calcium phosphate (CaP) materials are widely used for bone tissue substitutes due to their high biocompatibility, osteoconductivity, and resemblance to bone composition (Jeong et al., 2019). Natural polymers offer high bioactivity and low immune response but suffer from poor thermal stability and mechanical strength, making them challenging for shaping and degradation control. Synthetic polymers exhibit suitable mechanical properties for bone tissue regeneration but have poor cell adhesion as they lack appropriate surface-free energy and cannot bond with human tissue (Gao et al., 2017). To overcome these limitations, biomaterials are frequently combined or modified with bioactive substances like growth factors for which PRF can be used (Bjelić and Finšgar, 2021; Fernandez-Medina et al., 2023).
Due to PRFs gelatinous structure, it is moldable, allowing users to process it in various ways based on the desired composite outcome as illustrated in Figure 1. The most used PRF types with other biomaterials are those that clot during centrifugation (L-PRF and A-PRF). After pressing PRF into the membrane it can be combined with other membranes, placed in the middle of scaffold layers, or minced and mixed with sponges (Pandikanda et al., 2019; Zhang L. et al., 2019; Sebastian et al., 2022). For incorporation into bioinks or scaffold solutions, lyophilized clot PRF, supernatant from PRF clots, minced PRF clots, and decellularized PRF (dPRF) can be used (Sui et al., 2023; Song et al., 2018; Chi et al., 2019; Tarif et al., 2023) Nanoparticles can be added and incorporated into PRF clots by adding them to the whole blood before centrifugation or by injecting nanoparticle solution into PRF clots (Khorshidi et al., 2018; Ghaznavi et al., 2019; Zalama et al., 2021). PRF clot fibrin structure can also be mineralized by adding alkaline phosphatase (ALP) to whole blood before centrifuging and incubating the PRF membrane for 3 days in calcium glycerophosphate (Douglas et al., 2012; Gassling et al., 2013). A widely used material called “Sticky bone” consists of biomaterial granules mixed with a platelet concentrate to create a moldable biomaterial. Sticky bone is the most common PRF/graft material composite in maxillofacial surgery and can be prepared by adding minced PRF clot, I-PRF, or both, to bone substitute biomaterial granules or particles. (Ramamurthy et al., 2022; Ponte et al., 2021; van Orten et al., 2022; Park et al., 2023; Feng et al., 2022).
[image: Flowchart illustrating the preparation of platelet-rich fibrin (PRF). The process begins with i-PRF mixing to create sticky bone and incorporating into bioinks. The i-PRF is prepared using a centrifuge, resulting in PRF clots. These clots are processed by impregnating, layering, and injecting nanoparticles, then the material is dried and ground. Finally, it is incorporated into bioinks for various applications.]FIGURE 1 | Methods and techniques to prepare PRF and biomaterial composites. Figure created with biorender.com.
Due to the I-PRF liquid nature, it can be used differently than PRF clot types. For scaffold preparation, I-PRF can be added straight to the 3D printing bioinks without any pre-processing like it would be needed for PRF clot types (Yi et al., 2022). Another advantage of I-PRF’s liquid form is its ability to impregnate porous materials like membranes and scaffolds (Patra et al., 2022).
Studies have explored the biological and mechanical properties of biomaterial and PRF combinations, but no review has summarized the effects of these composites to summarize their interactions (Al-Maawi et al., 2021; Blatt et al., 2020; Sampaio et al., 2023; Dambhare et al., 2019). This review aims to combine existing information about PRF usage in association with other biomaterials from in vitro, in vivo, and clinical studies in maxillofacial and oral surgery. This is done by summarizing articles from academic databased such as PubMed/MEDLINE, ScienceDirect, and Scopus in a time frame from 2013 to 2024, that involves the combinations of PRF with a biomaterial and is tested in vitro, in vivo, and in clinical studies. To limit the amount of included articles, studies in any way incorporating PRF within the material or vice versa are included. Studies using PRF and materials separately in the same defect are not included. This helps readers by summarizing information from open-source databases, providing easier navigation in the field of PRF and biomaterial composites. Thus, this article serves as a guide for selecting suitable composites for planned research or medical cases.
2 INORGANIC MATERIALS
2.1 Calcium phosphate ceramics and bone grafts
Bone grafts can be autogenous, allogeneic, xenogeneic, or alloplastic. Autogenous grafts are taken from a patient’s rib or iliac crest allogeneic grafts are harvested from donors, while xenografts come from different species, typically pigs or bovines. Alloplastic grafts are synthetic and made from minerals similar to bone (Kumar et al., 2013). Calcium Phosphates (CaP) are minerals containing Ca2+ cations and inorganic phosphate anions, and are the main minerals in bone and tooth enamel, thus they are favored in regenerative surgery (Terzioğlu et al., 2018; Ma et al., 2023; Eliaz and Metoki, 2017). Commonly used CaP in clinical settings include hydroxyapatite (HA), tricalcium phosphate (TCP), and biphasic calcium phosphate (BCP) (Gao et al., 2017). Among the studies, different PRF and CaPs composites are the most frequently studied.
Multiple in vitro studies show that combining PRF with allogenic, alloplastic, and xenogenic bone substitute materials (BSM) enhances angiogenic, non-cytotoxic, and osteogenic properties (Blatt et al., 2021a; Blatt et al., 2021b; Kumar et al., 2021; Kumar et al., 2019) Table 1. I-PRF with these bone grafts reduces early platelet-derived growth factor (PDGF) release up to two-fold compared to A-PRF (Blatt et al., 2021a). L-PRF improves cell viability, proliferation, migration, and extracellular matrix formation on alloplastic and xenogenic BG, with higher PRF concentrations yielding better effects (Blatt et al., 2021b). L-PRF combined with dentin chips induces higher dentin sialophosphoprotein expression in primary human dental pulp stem cells (DPSCs) compared to L-PRF with nano-hydroxyapatite (nHA), although nHA + L-PRF induces higher DPSCs mineralization L-PRF with dentin chips (Girija and Kavitha, 2020). Kumar et al. found that mixing cut L-PRF membrane with biphasic calcium phosphate (BCP) inhibits the mitogen-activated protein kinase (MAPK) signaling pathway, reducing osteoclastic effects and osteoclast differentiation (Kumar et al., 2021; Kumar et al., 2019). Combining I-PRF with allogenic, alloplastic, and xenogenic BG results in up to a two-fold increase in new blood vessel formation within 24 h compared to native materials, attributed to elevated PDGF levels. This can be attributed to the authors' findings of elevated Platelet-Derived Growth Factor (PDGF) levels in these instances (Blatt et al., 2021a). Higher PDGF-D concentrations (100 ng/mL) enhance endothelial progenitor cell migration, adhesion, and tube formation (Zhang J. et al., 2019). Additionally, mixing nHA or dentin chips with L-PRF increases the radiopacity of the platelet concentrate, making it more visible in X-ray imaging. (Mahendran et al., 2019).
TABLE 1 | Summarized results from studies mixing PRF with ceramic materials and bone grafts.
[image: A comprehensive table compares various studies focusing on biomaterials and platelet-rich fibrin (PRF) combinations. The table is divided into sections labeled "In vitro," "In vivo," and "Randomized clinical studies," with columns detailing materials, PRF preparation protocols, group descriptions, types of incorporation, effects, and references. Each row provides specific data related to study parameters and outcomes, such as bone density, new bone formation, and cell viability, highlighting the diverse methodologies and results across different research articles.]In vivo studies on animal models such as sheep, pigs, rats, rabbits, and dogs have shown that combining PRF with various calcium phosphate (CaP) bone grafts enhances osteoblast activity and accelerates new bone tissue formation, thereby reducing healing time (Abdullah, 2016; Yilmaz et al., 2014; Alkafarani and Baban, 2019; Pascawinata et al., 2023; Şimşek et al., 2016; Nacopoulos et al., 2014; Shevchenko and Rublenko, 2022; Acar et al., 2015; Bölükbaşı et al., 2013). For example, using L-PRF and BCP sticky bone to fill bone defects in sheep resulted in 42% defect coverage by new bone on day 20% and 54.9% on day 40, compared to 29.6% and 49.1% for BCP alone (Bölükbaşı et al., 2013). Similarly, Hwan Jung et al. found that L-PRF mixed with dentin powder improved implant stability and increased regenerated bone area and bone-to-implant contact after 8 weeks (Hwan Jung et al., 2020). Yuan et al. show that PRF in combination with deproteinized bovine bone mineral (DBBM) had higher osteoclast activity than just DBBM in a canine model (Yuan et al., 2021). In rabbits, L-PRF combined with autografts and xenografts promoted faster new bone formation after 8 weeks, though this effect was not observed with β-tricalcium phosphate (β-TCP). (Karayürek et al., 2019). Additionally, some studies show that PRF does not improve healing time when combined with graft materials (Park et al., 2023; Knapen et al., 2015; Lee et al., 2021; Kamal et al., 2017). Knappen et al. observed similar healing patterns in rabbit calvaria between L-PRF, bovine HA, and their combination at early time points of 1, 5, and 12 weeks (Knapen et al., 2015).
Clinical trials testing PRF combined with graft materials for bone defects have been conducted since 2010 (Inchingolo et al., 2010). Multiple studies have since shown that PRF with BSM accelerates dental implant stabilization and tissue healing after sinus lifts, ridge preservation, or bone augmentation have shown positive results in various in vivo studies and case reports (Ramamurthy et al., 2022; van Orten et al., 2022; Tiwari et al., 2020; Pichotano et al., 2018; Amam et al., 2023; hamuda et al., 2023; Simone et al., 2018; Massuda et al., 2023; Caramês et al., 2022; Alberto et al., 2020).
Residual bone grafts also tend to degrade quicker when BG is combined with PRF (Nizam et al., 2018). Pichotano showed that after L-PRF + DBBM usage in maxillary sinus augmentation, the residual bone graft material significantly reduced after 4 months in the test group (3.59% ± 4.22%) compared to the control group (13.75% ± 9.99%) with only DBBM in 8 months (Pichotano et al., 2019).
In clinical human studies and case reports, sticky bone is one of the most studied PRF and bone graft composites. Sticky bone is widely used for severe bone defects in maxillofacial surgery, which are summarized in Figure 2 (Elkholly et al., 2022; Deenadayalan et al., 2015; Hiremath et al., 2014; Lei et al., 2019; Pradeep et al., 2016; Shivashankar et al., 2013; Lorenz et al., 2018) Feng et al. described that using I-PRF with minced PRF clot for sticky bone preparation shortened solidification time, improved tensile resistance, and prolonged degradation time compared to sticky bone made with each PRF type separately. This preparation method provides a more moldable material for filling difficult bone defects (Feng et al., 2022).
[image: Diagram showing the use of sticky bone in dental procedures. Bone graft granules combine with PRF to form sticky bone used for periodontal disease, extraction sockets, bone augmentation, implant stabilization, and periapical lesions.]FIGURE 2 | Illustration of using sticky bone in maxillofacial surgeries. Figure created with biorender.com.
Reports on the efficiency of PRF and biomaterial combinations for extraction socket wound healing are often contradictory. PRF improves healing when combined with β-TCP, but not with BCP. Ponte et al. found that sticky bone made with I-PRF and BCP induced slower new bone formation in 8 months compared to PRF clot or BCP alone, although earlier time points were not tested (Ponte et al., 2021). In contrast, β-TCP mixed with PRF clot improved bone density (620.0 ± 31.02) in 6 months compared to PRF (336.6 ± 66.65) or β-TCP (466.0 ± 38.24) alone and helped sustain alveolar ridge bone height and width (Mbarak et al., 2023). Similarly, β-TCP mixed with L-PRF is more efficient in socket wound healing than β-TCP mixed with platelet-rich plasma in parameters like alveolar bone width, height resorption, and bone density (abou shabana et al., 2023).
In 2019, Clark et al. (2018) noted that a combination of A-PRF and freeze-dried bone allograft (FDBA) for ridge preservation resulted in lower bone mineral density compared to FDBA alone. However, histology showed more vital bone volume with A-PRF and FDBA than with FDBA alone. For horizontal ridge defect treatment, better results are suggested when the sticky bone is made from a mineralized plasmatic matrix rather than L-PRF, showing increased bone surface area, osteopontin expression, and reduced collagen amount by bone maturation (Anwar and Hamid, 2022). Additionally, Maia et al. observed that covering a defect with collagen membranes can reduce the healing efficiency of L-PRF and BSM composites (Maia et al., 2019).
Literature on PRF and bone graft composites for intrabony defects have previously been summarized in multiple specific to this disease-focused meta-analyses and systematic reviews and thus will not be reviewed in this article (Pepelassi and Deligianni, 2022; Ye et al., 2023; Theodosaki et al., 2022). Shortly, 2022 systematic review by Theodosaki et al. (2022) noted that PRF added to inorganic bone grafts (BG) offers small improvements in healing size but faster healing time. Pepelassi and Deligianni (2022)Pepelassi et al. (2022) found that using L-PRF with osseous grafts reduces probing pocket depth and radiographic defect depth while improving clinical attachment levels in endosseous and class II furcation defects for non-smoking chronic periodontitis patients. However, a 2023 meta-analysis by Ye et al. (2023) showed insignificant differences in clinical outcomes between PRF + biomaterials and biomaterials alone. Couple of systematic reviews and meta-analyses focusing on PRF and bone graft adjunctive usage in sinus augmentation noted that this method has inconclusive results. Significant drawbacks in clinical studies include unstandardized PRF preparation protocols and short follow-up periods (Alotaibi et al., 2020; Liu et al., 2019).
2.2 Bioactive glass
Another synthetic bone substitute is bioactive glass, which promotes integration with living cells and facilitates the healing process by bonding both to soft and hard tissue by partly converting to hydroxyapatite (Bi et al., 2013; Wilson and Low, 1992). Bioactive glass is composed of minerals like SiO2, CaO, Na2O, and P2O5 (Hench et al., 2000). Available in various forms—particulate, powder, mesh, and cones—it can be molded to suit different needs and thus is used for bone reconstruction in maxillofacial surgery (Krishnan and Lakshmi, 2013; Han et al., 2020). However, bioactive glass and PRF combinations have been less studied than CaP material composites.
A few studies have tested PRF clots combined with bioactive glass for intrabony defects, showing positive effects (Agrawal et al., 2017; saravanan et al., 2019) (Table 2). Agrawal’s 2017 study mixed L-PRF with calcium phosphosilicate putty for filling intrabony defects, observing significantly better defect bone fill in the L-PRF + bioglass group compared to the bioglass group alone after 6 months. However, L-PRF + bioactive glass treatment had insignificant changes in pocket depth, clinical attachment level, and gingival recession compared to bioglass (Agrawal et al., 2017). Other studies also indicated that L-PRF + bioglass has similar efficiency to bioglass alone for treating intrabony defects or gingival recession (Vibhor et al., 2021). Vibhor et al. (2021) study found no statistical differences in treatment efficiency between bioglass and bioglass with L-PRF after three and 6 months postoperatively.
TABLE 2 | Summarized results from studies mixing PRF with bioactive glass.
[image: Table listing clinical studies on materials and PRF preparation protocols. It includes NovaBone putty and Perioglas materials, details about preparation methods, groups, incorporation types, and observed effects such as defect fill and clinical attachment levels. References are Agrawal et al. (2017), Saravanan et al. (2019), and Vibhor et al. (2021).]2.3 Metals
2.3.1 Zinc
Ionic zinc (Zn) has attracted attention due to its significant role as a micronutrient in physiological and biological systems, their cost-effectiveness, low toxicity, and usability in drug delivery and bioimaging (Su et al., 2019). These nanoparticles can be synthesized via “Green” methods that include extracting them from plants fungus, bacteria and algae (Kalpana et al., 2018). ZnONPs are used for cancer and antibacterial treatment due to the intracellular reactive oxygen species (ROS) generation (Jiang et al., 2018). Zinc also induces bone tissue formation, influences osteoblast proliferation, collagen synthesis, and ALP activity (Molenda and Kolmas, 2011). In maxillofacial surgery, ZnONPs are added to scaffolds to reduce bacterial biofilm production and enhance implant osteointegration (Pushpalatha et al., 2022).
Zalama et al. (2021); Zalama et al. (2022) studied the bone tissue regenerative effects of ZnONPs in size <100 nm by injecting them into L-PRF clots with insulin syringes. In two studies they treated New Zealand white rabbit critical ulnar defects with L-PRF/ZnONPs composite. In their 2021 study, radiographic examinations revealed similar healing scores and new tissue formation for both L-PRF and L-PRF/ZnONPs after 1 and 2 months (Zalama et al., 2021) However, their 2022 study provided a more detailed analysis, demonstrating that L-PRF/ZnONPs outperformed L-PRF alone at all postoperative time points (30, 60, and 90 days) in callus bridging scores, defect size reduction, and bone marrow canal formation. Specifically, L-PRF/ZnONPs promoted higher new bone tissue density at day 60 (1,498.95 ± 77.19 Hounsfield units), comparable to normal bone density (1,508.20 ± 144.52), whereas L-PRF and control groups failed to reach the required bone density even by day 90 (1,212.52 ± 79.18 and 1,284.53 ± 188.30, respectively) (Zalama et al., 2022). Although these studies did not compare L-PRF/ZnONPs to ZnONPs alone, they provided critical insight that combining PRF with ZnONPs significantly improves bone regeneration time and quality compared to PRF alone (Figure 3) (Table 3).
[image: Diagram illustrating the incorporation of gold, silver, and zinc nanoparticles into a matrix. Labels indicate increased clot toughness, stiffness, antibacterial properties, cell viability, biofilm formation, ALP, and calcium deposition. Symbols further denote healing time and bone density improvements.]FIGURE 3 | Effects of using metal nanoparticles incorporated into PRF Figure created with biorender.com.
TABLE 3 | Summarized results from studies mixing PRF with Zink.
[image: In vivo studies show zinc oxide nanoparticles combined with PRF and a control group. Two protocols: 3 mL, 3,000 rpm for 10 minutes, and 4 mL, 3,000 rpm at 402 times gravity for 10 minutes. Zinc oxide is injected into PRF clots. Effects include increased healing scores, new bone density, marrow cavity recreation, and bone remodeling, with decreased defect size. References are Zalama et al. (2021, 2022).]2.3.2 Silver and gold nanoparticles
Silver nanoparticles (AgNP) are known for their antimicrobial, antifungal, and antioxidant properties (Burdus et al., 2018). Their antimicrobial effects are due to targeting cell membranes, generating reactive oxygen species (ROS), and inducing oxidative stress through silver ion release and particle size/form (Yan et al., 2018). However, these effects also occur in human cells, where AgNPs are seen as “non-self” by the immune system, triggering immune responses in a dose-dependent way (Dakal et al., 2016; Pauksch et al., 2014). Despite these challenges, AgNPs are beneficial for bone regeneration, as they promote early bone callus formation by attracting and promoting the proliferation of mesenchymal stem cells (Zhang et al., 2015).
Because of the antimicrobial activity of silver researchers have been interested in the AgNP and PRF composites (Table 4). The addition of AgNPs to LPRF membranes improved tensile strength 2-fold and stiffness 5-fold while the toughness of the L-PRF did not change (Khorshidi et al., 2018). L-PRF modified with AgNP in size <100 nm exhibits superior antimicrobial activity against Streptococcus, Klebsiella pneumoniae, and Candida species and inhibits biofilm formation (Khorshidi et al., 2018; Haddadi et al., 2018). Salih et al. (2018) demonstrated that the L-PRF/AgNPs combination significantly improved bone tissue regeneration speed and quality within 4 weeks compared to each material used separately. Notably, none of these studies reported the cytotoxic effects typically associated with AgNPs.
TABLE 4 | Summarized results from studies mixing PRF with silver or gold.
[image: Table displaying various studies on platelet-rich fibrin (PRF) combined with nanoparticles. It includes materials, PRF preparation protocols, groups, type of incorporation, effects of PRF and biomaterial combinations, and references. In vitro and in vivo studies use silver and gold nanoparticles. Effects range from increased antimicrobial activity to decreased bone healing time. References are Khorshidi et al. (2018), Haddadi et al. (2018), Ghaznavi et al. (2019), and Salih et al. (2018).]Similarly, gold nanoparticles (AuNPs) also have osteogenic and bactericidal effects, that are influenced by surface charge, reaction nature, and aggregation level (Basova et al., 2021; Zhang et al., 2021). The exact mechanism behind AuNPs’ antibacterial action remains unclear, with some attributing the effects to co-existing chemicals (Basova et al., 2021). The ability of AuNPs to induce osteogenic differentiation could be promoted by the ability to upregulate bone-related protein (Runx2, Col-1B, OPN, and ALP) expression and cell mineralization (Zhang et al., 2021). Concerns about AuNPs toxicity and long-term safety necessitate further in vivo studies to determine biodistribution and potential toxicity (Basova et al., 2021).
Indirect in vitro testing using conditioned medium from A-PRF+ (1,300 rpm, 8 min) enriched with 53 ± 2 nm AuNPs increased human mesenchymal stem cell (hMSCs) viability compared to only AuNPs that decreased viability in dose dose-dependent manner with the highest viability being at 0.005 mM and the lowest at 0.5 mM particle concentration. Osteogenic differentiation markers like the ALP in the supernatant from AuNPs/A-PRF+ were significantly higher than in the control and A-PRF+ groups. Alizarin Red staining revealed calcium deposition in human mesenchymal stem cells treated with AuNPs/A-PRF+ conditioned medium, indicating enhanced osteoconduction (Ghaznavi et al., 2019).
3 POLYMERS
3.1 Polycaprolactone
Polycaprolactone (PCL) is a semicrystalline, biodegradable polymer derived from petrochemical products (Bezwada et al., 1995). PCL is used for drug delivery and for tissue engineering (e.g., bone, blood vessel, cartilage) due to its non-toxicity, biocompatibility, and long degradation time of 2 to 3 years but it lacks hydrophilic functional groups thus inhibiting cellular growth (Engelberg and Kohn, 1991; Malikmammadov et al., 2018; Fu et al., 2012). Therefore, to enhance biocompatibility, PCL materials are often coated with growth factors or synthetic peptides (Zhang et al., 2009; Qin et al., 2022). In maxillofacial surgeries PCL is used for bone reconstructions in maxilla and mandibulae (Hwang et al., 2023; Naik et al., 2020).
Growth factors from PRF can enhance the biocompatibility of PCL biomaterials (Fernandez-Medina et al., 2023; Al-Maawi et al., 2021). Although hydrophobic, PCL scaffolds can physically bind growth factors on their surface, but the protein absorption quantity depends on material surface roughness and hydrophilicity which depends on the manufacturing process (Khampieng et al., 2018; Shen and Hu, 2021). Fernandez-Medina et al. demonstrated that leukocyte platelet-rich plasma (L-PRP) and I-PRF can induce different protein bindings on PCL surfaces. When immersed in I-PRF, PCL surfaces initially bind high molecular weight (>90 kDa) proteins, which gradually desorb and are replaced by middle-low (50–30 kDa) and low (<30 kDa) molecular weight proteins, such as IL-8, eotaxin, IP-10, and RANTES. Conversely, PCL surfaces coated with L-PRP show stable binding of middle-low and low molecular weight proteins like the γ- and β-chains of fibrinogen, which can induce pro-inflammatory processes (Fernandez-Medina et al., 2023; Luyendyk et al., 2019). PCL scaffolds coated with I-PRF have superior protein corona formation compared to those coated with pure platelet-rich plasma, L-PRP, or plasma, indicating better bioactivity. Notably, the presence of a CaP coating on the PCL surface did not affect the protein corona formation when I-PRF was applied (Fernandez-Medina et al., 2023). The method of PRF production plays a crucial role in the effectiveness of PCL-PRF composites. Al-Maawi et al. (2021) found that PCL meshes coated with I-PRF prepared using a low centrifugation method (44 × g) resulted in higher human primary osteoblast adherence after 7 days compared to a high-speed centrifugation method (710 × g). The low-speed PRF composite released twice as many growth factors over 3 and 7-day periods and promoted higher ALP expression from primary osteoblasts seeded on the PCL scaffold (Table 5).
TABLE 5 | Summarized results from studies adding PRF to polycaprolactone.
[image: A table presents research data on PRF protocols and their effects on biomaterials. It includes columns for materials, PRF preparation, groups, incorporation type, effects, and references. The rows detail three studies: ex vivo with PCL scaffolds and calcium phosphate coating, in vitro with OsteoporeTM (PCL mesh), and in vivo with PCL 3D printed scaffolds. Each study employs different PRF protocols and examines various effects like protein content and growth factor release. Cited references are Fernandez-Medina et al. (2023), Al-Maawi et al. (2021), and Chen et al. (2021).]The limited number of extensive in vivo studies on PCL and PRF composites limits the understanding of their overall effect. One study showed that even after the addition of L-PRF the surrounding bone tissue of rat calvaria did not adhere to these scaffolds and used connective tissue to attach to it. The same report stated that the addition of PRF on PCL has the same effect on new bone formation as native PCL. Their PRF preparation method involved a high-speed centrifugation method (1,670 × g), which could explain the reduced biocompatibility (Chen et al., 2021). Verma et al. (2014) showed that PCL with PRF promotes early bone healing in peri-implant defects. However, this study lacked a control group with native PCL or PCL with a different coating, making accurate interpretation of results difficult.
3.2 Collagen and gelatin
Collagen is the most abundant protein in the human body, providing a scaffold for cells and aiding in the transfer of internal and external forces (Meyer, 2019). There are over 27 types of collagens in vertebrates, with type I collagen being the most common in skin, bone, and tendon (Birk and Bruckner, 2005). Gelatin, a collagen derivative, is a biodegradable and biocompatible protein produced by hydrolyzing collagen’s triple helical structure into random coiled domains, resulting in a molecular structure similar to collagen (Shoulders and Raines, 2009; Davidenko et al., 2016). In maxillofacial surgery, collagen is used as a membrane for creating a barrier between soft and bone tissue, scaffolds for dental pulp regeneration and gelatin sponges are used as a space filler and a hemostatic absorbent (Shabat and Yousif, 2021; Debel et al., 2021; Sheikh et al., 2017).
Commercially available collagen membranes interact differently with I-PRF – for example, membranes with smaller pore sizes restrict the flow of PRF through its layers. This results in lower PRF absorption and shallower cell penetration in the material (Al-Maawi et al., 2019). However, collagen-based matrices with loosely arranged fibrils create a porous structure that allows PRF and its cells to be more easily absorbed (Udeabor et al., 2020). It is worth noting that no studies have described how this PRF absorbability affects cytokine release.
Studies show that when commercially available non-cross-linked equine-derived collagen hemostatic sponge is soaked with I-PRF it prolongs the cytokine release by 6 days, but induces proinflammatory cytokine release from PRF (Herrera-Vizcaíno et al., 2020). Compressing A-PRF+ with a collagen membrane, however, results in the highest growth factor release within 24 h (Blatt et al., 2020). Two studies by Blatt et al. (2020) have shown varying results with PRF and collagen combinations (Sebastian et al., 2022). In 2020, they found that pressed PRF (177 × g for 8 min) combined with three different porcine collagen membranes led to more new blood vessels and branching points than native materials (Blatt et al., 2020). In 2022, they reported that porcine- and bovine-derived membranes combined with PRF (177 × g for 8 min) had the same impact on new blood vessel formation as native membranes after 72 h (Sebastian et al., 2022). Hoda et al. (2021) showed that a three-collagen membrane incubated with A-PRF for 2 h increased gingival fibroblast adherence threefold and human osteosarcoma adhesion twofold. This effect was not seen with cell-free human dermal matrix or porcine-origin collagen matrix. A separate study by Park et al. (2018) showed that the addition of L-PRF to a porcine-derived collagen matrix significantly improves cell activity and mature endothelial cell migration by almost 8-fold.
In vivo studies and case reports show that I-PRF-soaked collagen matrices provide better results for gingival recession, extraction sockets, and sinus floor augmentation (Santamaria et al., 2023; Michels et al., 2023; Gülşen and Dereci, 2019) (Table 6). For gingival recession treatment, collagen membranes soaked with I-PRF achieved higher overall root coverage by 9.3% after 1 month, 15.6% after 3 months, and 13% after 6 months compared to native membranes (Patra et al., 2022). In another instance, Pandikanda et al. successfully treated oro-antral communication using minced L-PRF mixed with a collagen sponge, resulting in no complications and sustained vestibular depth (Pandikanda et al., 2019).
TABLE 6 | Summarized results from studies mixing PRF with collagen and gelatin materials.
[image: A detailed table comparing the effects of PRF (Platelet-Rich Fibrin) incorporation into various biomaterials in different studies. Columns list materials, PRF preparation protocols, groups, type of incorporation, effects of PRF addition, and references. Examples include ex vivo and in vitro preparations like Mucograft® with different PRF types and their outcomes on penetration and mechanical properties. In vivo studies cover gelatin gels and nanoparticles, describing properties such as gel strength and bone augmentation. Clinical studies with HEALIGUIDE membrane show results on plaque and gingival indices.]Compared to collagen membranes, there are fewer reports on gelatin in combination with PRF. Gelatin gels can effectively carry growth factors from PRF and prolong the growth factor release in the surrounding environment. (Suzuki et al., 2013; Mu et al., 2020). Gelatin nanoparticles (GNPs) are inherently fragile, with a compressive modulus of 9.2 ± 2.7 kPa and a tensile modulus of 14.1 ± 3.1 kPa. However, adding I-PRF to the hydrogel enhances its resistance to compressive (32.7 ± 4.6 kPa) and tensile forces (Elastic modulus 25.3 ± 4.1 kPa). These composite hydrogels exhibited self-healing and shear-thinning properties, making them suitable for injections before complete solidification. In a rabbit model for sinus augmentation, the GNP I-PRF composite led to significantly more new bone formation, better lamellar bone maturation, and improved new bone height and area compared to GNP gel alone over 8 weeks (Mu et al., 2020). Similarly, Yuan et al. (2021) observed that GNPs + I-PRF could be smoothly injected and maintained their form in water for 72 h even after shaking. The 20 w/v% GNPs in I-PRF hydrogel showed the highest toughness, with a yield stress of 33.2 kPa compared to 15 w/v% and 12 w/v% gels. This combination also resulted in higher bone density and blood vessel percentage area of the alveolar ridge in a canine model compared to DBBM and DBBM with PRF. Additionally, positive results were obtained when gelatin sponge pieces were combined with L-PRF for furcation defect treatment, showing improvements in horizontal and vertical clinical attachment and probing pocket depth. However, the study did not include a control group of only gelatin sponges without PRF, making it difficult to assess the specific impact of PRF (Ahuja et al., 2022).
3.3 Silk
In nature, silk is produced by certain lepidopteran larvae like silkworms, spiders, scorpions, and flies. Silk fibroin is made of repetitive protein sequences and composed of β-sheet structures (Bini et al., 2004). Silk biomaterials can be improved via amino acid side chain modifications or combining it with different biomaterials, thus allowing for broader applications. These types of materials are biocompatible and useful in wound healing and tissue engineering of bone, cartilage, tendon, and ligament (Vepari and Kaplan, 2007). Although silk is mostly used for sutures, some research groups are using silk proteins to produce scaffolds, hydrogels, and films for tissue repair (Holland et al., 2019).
Since 2013 only one study has investigated PRF combinations with silk biomaterials. This study done on patients showed similar results for implant stability quotients at 3 months between silk fibroin powder + cut PRF clot (type not specified) and PRF alone (57.0 ± 5.29 vs. 58.6 ± 4.95, respectively), but after 6 months the implant stability quotients for silk fibroin + PRF group (76.8 +/−3.65) was significantly higher than PRF (66.80 +/−5.79). Authors observed that bone density after 6 months was significantly higher with Silk fibroin + PRF (418.8 ± 181.3) compared to PRF (345.5 ± 179.5) (Ramy Salah et al., 2021). Although studies show that Silk fibroin with PRF has the potential to help in new bone regeneration studies comparing this composite to native silk fibroin are needed.
4 COMPOSITES
Composite materials retain the mechanical and biological properties of their components, making them widely used in tissue engineering. They are particularly useful in maxillofacial surgery due to their ability to be shaped for complex bone structures (Huang et al., 2024). An example is the use of 3D printed PCL/β-TCP composite scaffolds for facial bone reconstruction, combining PCL’s mechanical properties with β-TCP’s bone-mimicking characteristics (Jeong et al., 2022). This section focuses on studies where PRF is added to composite materials, analyzing three groups: composites with ceramic materials, polymer-polymer composites, and 3D-printed composite materials.
4.1 PRF with inorganic composite materials
Composite materials with inorganic compounds typically consist of polymers like collagen, gelatin, PLGA, and PCL, combined with an inorganic phase such as CaP or metals. This review summarizes 13 studies (Table 7), focusing on the combination of PRF with these materials. The most common method is mixing PRF with CaP to create sticky bone (Peker et al., 2016; Zhang Yue et al., 2023; Bastami et al., 2022), followed by coating synthesized scaffolds via impregnation (Zheng et al., 2015; Espitia-Quiroz et al., 2022) electrically binding to microspheres, or layering in multilayer scaffolds (Zhang L. et al., 2019; Alhasyimi et al., 2017; Alhasyimi et al., 2018; Zhang L. et al., 2023). The impact of PRF on the mechanical properties of these biomaterials is rarely documented. Tarif et al. reported that decellularized PRF coating on strontium-doped porous magnesium phosphate scaffolds did not affect the ultimate compressive strength (Tarif et al., 2023). Beiranvand et al. observed that I-PRF and hydroxyapatite (HA) coating enhanced the hydrophilicity of 3D-printed PCL scaffolds. They also found that platelet concentrate improved preosteoblast viability, doubling cell proliferation after 7 days, and increased RUNX2 gene expression on PCL/HA/PRF scaffolds after 14 days compared to PCL/HA scaffolds (Beiranvand et al., 2022). Similar improvements in cell viability were noted on nHA/PLGA scaffolds impregnated with PRF growth factors, L-PRF-coated HA scaffolds combined with collagen and PLGA copolymer, and L-PRF incorporated into a triple-layer scaffold consisting of an electrospun PCL/gelatin top layer and chitosan/poly (y-glutamic acid)/nHA hydrogel bottom layer (Zhang L. et al., 2019; Zhang L. et al., 2023).
TABLE 7 | Summarized results from studies incorporating PRF into composites with ceramic materials and composites with polymer materials.
[image: A detailed table showing studies that incorporate platelet-rich fibrin (PRF) into composites with ceramic and polymer-polymer materials. The table lists materials, PRF preparation protocols, groups, types of incorporation, effects of adding PRF, and references. It is divided into "in vitro" and "in vivo" sections and covers mechanical and biological properties, such as cell viability, bone formation, and material properties across multiple studies with different protocols and materials.]Results from in vivo studies suggest similar results. Only two studies showed that the addition of PRF does not improve new bone formation - Peker et al. studied sticky bone made from collaginated bone graft and L-PRF and deproteinized bone graft with PRF for sinus floor augmentation. The authors saw insignificant differences between groups with and without PRF (Peker et al., 2016). Similarly, Bastami et al. (2022) found only slight, insignificant changes in bone defect healing in sheep using sticky bone made with multi-welled carbon nanotubes, HA, and minced PRF clots. In contrast, Alhasyimi et al. (2017); Alhasyimi et al. (2018) demonstrated that gelatin, carbonated HA, and A-PRF injectable hydrogel retain tooth position longer after orthodontic appliance removal by improving osteoblast activity and inhibiting osteoclast activity. Zhang L. et al. (2019); Zhang L. et al. (2023) triple-layer scaffold, consisting of an electrospun PCL/gelatin top layer and a chitosan/poly (y-glutamic acid)/nHA hydrogel bottom layer, showed enhanced healing in rat and New Zealand white rabbit models, with increased new bone tissue formation, higher OPN protein expression, and improved organization and collagen deposition in histological analyses. Additionally, in vivo studies observed quicker degradation of graft materials when PRF was used (Zhang Yue et al., 2023; Bastami et al., 2022). This could be due to the cell-mediated degradation of CaP materials and the PRF-induced promotion of cell migration, leading to faster biomaterial phagocytosis (Chi et al., 2019; Tajvar et al., 2023). Despite the lack of detailed information on the mechanical properties of these scaffolds, the overall results suggest that PRF serves as a beneficial growth factor source, enhancing the osteogenic effects of composite scaffolds.
4.2 PRF with polymer composite materials
For polymer-polymer composites, PRF has been incorporated during the fabrication process, similar to the methods shown in Figure 1. Analysis of the mechanical properties of these composites (Table 7) reveals varied effects. Out of five studies on different polymer-based compositions, three reported that adding PRF to biomaterials reduced mechanical durability (Chi et al., 2019; Noohi et al., 2023; Ansarizadeh et al., 2019). However, a PCL/chitosan core-shell fiber scaffold loaded with L-PRF showed increased tensile strength and elastic modulus (Rastegar et al., 2021). Incorporating PRF during scaffold fabrication often results in significant morphological changes. For example, adding decellularized L-PRF into gelatin and chitosan scaffolds, as well as L-PRF into electrospun nanofibers made from polyvinyl alcohol and sodium alginate, increased pore size (Chi et al., 2019; Nie et al., 2020), but L-PRF incorporation into PCL/chitosan core-shell fibers increased scaffold porosity (Rastegar et al., 2021). In contrast, adding PRF extract to methacrylated collagen (ColMa) and methacrylated gelatin (GelMa) hydrogel reduced both pore size and porosity (Noohi et al., 2023). Chi et al. (2019) observed that PRF improved the chitosan/gelatin scaffold water absorption, Noohi et al. (2023) found that PRF extracts reduced ColMa/GelMa hydrogel shrinkage, but Rastegar et al. (2021) noted that L-PRF decreased scaffold swelling ratio.
In vitro testing of all the polymer composites with PRF demonstrated positive results, boosted bone mesenchymal stem cell (BMSCs) proliferation, adhesion, and osteogenic differentiation were shown with chitosan/gelatin/L-PRF scaffolds and collagen/chitosan/lyophilized A-PRF membranes (Chi et al., 2019; Ansarizadeh et al., 2019). ColMa/GelMa/PRF enhanced odontic differentiation in stem cells from apical papilla (SCAP) (Noohi et al., 2023). Electrospun nanofibers from polyvinyl alcohol/sodium alginate and incorporated lyophilized L-PRF demonstrated better preosteoblast proliferation and osteogenic differentiation compared to nanofibers without L-PRF (Nie et al., 2020).
Although these biomaterials showed positive in vitro results, they lack extensive in vivo testing. Only Chi et al. (2019) tested their material in rat models, where micro-CT analysis showed greater bone volume and formation at 4- and 8 weeks post-implantation. Histological evaluation revealed vascularized bone tissue in groups treated with the chitosan/gelatin/L-PRF scaffold after 8 weeks.
These results show that even though PRF significantly improves biomaterial biocompatibility improving osteogenetic and angiogenetic properties, PRF impairs the mechanical properties of the materials.
4.3 3D printed PRF composite materials
3D bioprinting involves layer-by-layer deposition of biological materials to create structures mimicking living tissues or organs. This combines 3D printing with regenerative medicine to construct functional biological structures for medical applications (Mamo et al., 2023) Recently, 3D printing has been applied in bone tissue engineering and dentistry, allowing for precise fabrication of structures with biocompatible materials (Hadad et al., 2023; Haleem et al., 2020) It offers solutions for creating custom-designed scaffolds that mimic natural bone architecture and can improve the mechanical and biological properties of composite biomaterials (Tavoni et al., 2021).
Since 2018, several research groups have integrated PRF into bio-inks for 3D printing, demonstrating promising outcomes for both soft and hard tissue regeneration in animal studies (Table 8) (Sui et al., 2023; Song et al., 2018; Yi et al., 2022; Grandjean et al., 2024). Song et al. and Sui et al. have prepared 3D-printed scaffolds with PRF for mimicking bone tissue (Sui et al., 2023; Song et al., 2018). An alginate-gelatin and I-PRF scaffold designed by Yi et al. (2022) was aimed to help heal oral soft tissue. The enhanced biological properties of these scaffolds likely stem from PRF’s growth factors, which enhance cell adhesion through improved surface hydrophilicity (Bjelić and Finšgar, 2021). Second, Song et al. and Yi et al. noted that the printed scaffolds had rougher surfaces which could be due to the incorporated fibrin (Khampieng et al., 2018). However, incorporating PRF into 3D inks presents challenges. Yi et al. (2022) found that adding fresh I-PRF to alginate/gelatin ink decreased viscosity and reduced scaffold compressive strength, whereas Sui et al. (2023) using lyophilized L-PRF in L-PRF/chitosan/hydroxyapatite bio-ink observed increased viscosity. The viscosity of the bioink is not influenced only by the PRF but also the rest of the components. Crosslinking between PRF and the materials can start even before the printing process, requiring careful optimization through physical-chemical experiments before printing (Yi et al., 2022; Grandjean et al., 2024). The addition of lyophilized L-PRF did not improve the scaffold’s mechanical properties and with the increase of L-PRF concentration in the scaffold compressive modulus reduced (Sui et al., 2023). Song et al. (2018) also observed a similar reduction when incorporating PRF granules into BCP/PVA bio-ink. This means that the improvement of biological properties of 3D printed scaffolds by PRF comes with a cost of the materials’ mechanical properties, which limits the potential uses of the material.
TABLE 8 | Summarized information about studies incorporating PRF into bioinks for 3D printing.
[image: Table comparing different studies on bioink composition with PRF (Platelet-Rich Fibrin) preparation protocols, types of incorporation, and effects on 3D ink. Categories include in vitro and in vivo experiments. Effects noted include improvements in mechanical properties, cell viability, and scaffold degradation. Various studies are referenced with different bioink compositions and PRF percentages, such as CH/HA with PRF and BCP/PVA/PRF. The table includes specific mechanical and biological outcomes like viscosity, morphology, cell proliferation, and angiogenesis across different experimental setups.]5 DISCUSSION
PRF enhances tissue regeneration across various biomaterials by promoting immunomodulatory protein corona formation, thereby facilitating cell attachment (Fernandez-Medina et al., 2023). The composition of protein corona on a material can impact the cell morphology and viability as well as the release profile of cytokines from the attached cells (Serpooshan et al., 2015). Studies demonstrate that PRF significantly improves cell adhesion (up to 13%) and proliferation, particularly on synthetic polymers (Chi et al., 2019; Al-Maawi et al., 2021; Hoda et al., 2021). Improved osteoblastic differentiation by higher ALP levels is observed in listed types of materials, like zinc, tricalcium phosphate, and xenogenic bone substitute materials (Blatt et al., 2021a; Molenda and Kolmas, 2011). Changes in osteoconduction are also observed as PRF composites improved Collagen I alpha-1 gene expression and calcium mineralization (Zhang L. et al., 2019; Song et al., 2018; Chi et al., 2019; van Orten et al., 2022; Blatt et al., 2021b; Rastegar et al., 2021; Zhang L. et al., 2023). Combining PRF with biomaterials prolongs cytokine release, supporting prolonged cellular activities crucial for tissue regeneration, including proliferation, migration, and differentiation (Sui et al., 2023; Song et al., 2018; Chi et al., 2019; Blatt et al., 2021a; Zheng et al., 2015; Le et al., 2023). This sustained release promotes persistent angiogenic responses, crucial for supporting blood vessel formation in damaged tissues and enhancing overall tissue regeneration success (Nurkesh et al., 2020; Ucuzian et al., 2010). The higher concentrations and prolonged release of growth factors from PRF compared to whole blood likely contribute to pronounced blood vessel formation and increased branching points when PRF is integrated with materials (Sebastian et al., 2022; Yi et al., 2022; Blatt et al., 2020; Nishimoto et al., 2015; Egle et al., 2021).
When looking at these composites in a bigger picture – in vivo and clinical studies show mostly positive results. In clinical studies, the most tested materials are CaP, bioglass, silk, collagen, and xenogenic bone grafts. Research of composite materials with PRF is limited to animal in vivo studies. The most coherent observations from these studies are that the PRF reduces the necessary time for new bone tissue formation (Zhang L. et al., 2019; Yilmaz et al., 2014; Tiwari et al., 2020; Zhang L. et al., 2023; Baghele et al., 2023; Abd-Elkawi et al., 2023). This acceleration is particularly evident during early healing stages, and control groups without PRF tend to achieve similar tissue formation levels in later stages (Song et al., 2018; Tarif et al., 2023; Abdullah, 2016; Alkafarani and Baban, 2019; Zhang Yue et al., 2023). Similarly, the addition of PRF reduces healing time after dental implant insertion and improves its stability (Hwan Jung et al., 2020; Pichotano et al., 2018; Pichotano et al., 2019; Ramy Salah et al., 2021; Angelo et al., 2015; Tabrizi et al., 2018; Potres et al., 2016; Mohamed Abdel-Aziz et al., 2023). These findings are crucial as they potentially alleviate healthcare burdens by minimizing patient recovery periods and reducing the duration of healthcare facility stays (Sen, 2021).
In vivo experiments have shown that biomaterials degrade more rapidly when combined with PRF, particularly noted in studies involving CaPs and their composites (Song et al., 2018; Nizam et al., 2018; Zhang Yue et al., 2023; Bastami et al., 2022). The reason for the observed effect of PRF on biomaterial degradation is still unknown and worth studying in future research. Several mechanisms may contribute to this phenomenon, including hydrolytic deposition, cell-mediated degradation, and loss of scaffold integrity due to mechanical stresses (Tajvar et al., 2023). One plausible mechanism involves leukocytes present in PRF, which can generate reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), nitric oxide (NO), and superoxide (O2−). These ROS can degrade biomaterials by initiating hydrogen atom separation from polymer chains and initiating propagation reactions (Tajvar et al., 2023). Additionally, PRF contains matrix metalloproteinases (MMPs) that are involved in tissue remodeling and can contribute to collagen and its derivative degradation (Tajvar et al., 2023; Eren et al., 2016; Stamenkovic, 2003). In bioceramic degradation, a big role is played by osteoclasts that absorb CaPs like bone minerals (Tajvar et al., 2023). Unfortunately, PRF effects on osteoclastogenesis are inconclusive. Multiple studies show that PRF inhibits osteoclast activity and differentiation (Kumar et al., 2021; Kumar et al., 2019; Kargarpour et al., 2020), while others show that PRF mixing with biomaterials induces higher levels of proinflammatory cytokines (IL-6 and TNF-α) that can activate osteoclastogenesis (Park et al., 2023).
While many studies report positive outcomes from incorporating PRF into biomaterials, there remain inconclusive results, possibly due to variations in PRF protocol types. This article identifies specific PRF protocols used in included studies to explore how these choices affect tissue regeneration, though not all publications provided detailed PRF protocols. Adding to this issue, authors frequently deviate from established protocols. Commonly used PRF protocols include L-PRF (3,000 rpm or 400 g for 10 min), A-PRF (1,500 rpm for 14 min), and I-PRF (700 rpm for 3 min) (Dohan et al., 2006; Miron et al., 2017; Ghanaati et al., 2014). However, variations such as using 2,700 rpm for 3 min for I-PRF or 3,500 rpm for 15 min for clot-type PRF have been observed, complicating result analysis (Tarif et al., 2023; abou shabana et al., 2023; Fabbro et al., 2013). High centrifugation speeds (higher than 400 × g) for longer than 8 min reduce the leukocyte and platelet concentration for clot-type PRFs which could alter the healing properties (Miron et al., 2020). Moreover, differences in centrifuge equipment, including vibration frequencies, can impact cell populations within these clots (Dohan et al., 2018). Additionally, variations in platelet counts can occur both between individuals and within the same individual at different times of the day (Mazzocca et al., 2012). In conclusion, while combining PRF with bone graft materials shows promise for enhancing bone regeneration and healing, findings vary among studies. Standardized protocols and more extensive clinical trials are essential to fully understand and optimize these combinations. Researchers and clinicians should consider the concept of lower centrifugation speeds to maximize growth factor concentrations. The method of incorporating PRF into materials is also crucial; distributing PRF throughout the material prolongs its bioactive effects due to physical constraints imposed by scaffolds. Integration of PRF with scaffolds influences their physicochemical properties, necessitating thorough experimental studies to determine suitable mechanical and biological properties for specific procedures.
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Introduction: Achieving optimal dentin bond strength is crucial for the long-term success of adhesive restorations. This study aims to evaluate the impact of double adhesive layer application, with and without light curing between applications, on the micro-tensile dentin bond strength (µ-TBS) of a universal adhesive, in comparison to the conventional single-layer application.



Methods: Intact human molars were divided into three groups (n = 15) according to the adhesive application technique using a universal self-etch adhesive (Tetric N-Bond Universal, Ivoclar) as follows: (1) according to the manufacturer's instructions, (2) double-layer application without light curing between layers, and (3) double-layer application with light curing between layers. Samples were immediately tested for µ-TBS, with failure types recorded as adhesive, cohesive, or mixed. Representative samples were observed by scanning electron microscopy. Data were analyzed using multiple-way ANOVA (α = 0.05).



Results: The double adhesive layer with and without light curing between layers showed similar μ-TBS to that of the control group (p > 0.05).



Discussion: From a clinical perspective, these findings suggest that the accurate application of a single layer of a universal adhesive can be as effective as more complex techniques. Additionally, the use of universal bonding agents may have contributed to the outcomes observed in this study. In conclusion, double adhesive layer application and light curing between adhesive layers did not increase the µ-TBS with the universal adhesive agent explored.
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double bonding layer, double bond curing, micro-tensile strength, light curing, universal adhesive, bonding, adhesive, dentin bond strength





1 Introduction

The correct application of dental adhesive systems is an essential step for the longevity of light-activated resin-based dental restorations (1, 2). However, despite the availability of excellent bonding agents, the adhesive layer remains the weakest area of a restoration (3). The overall failure rate of resin-based composite restorations ranges from 10.59% to 13.13% (4), possibly due to bond degradation and microleakage, as the adhesive layer can interact with water and salivary enzymes in the oral environment, causing poor marginal sealing, marginal discoloration, recurrent caries, and, ultimately, loss of restoration retention (5). In addition, adequate polymerization is crucial for optimal material properties in dental restorations (6, 7). Insufficient light curing can result in inadequate polymerization, compromising mechanical properties and reducing material durability (6, 7). Therefore, an appropriate light curing technique is essential when curing the adhesive layer (7–9). Typically, the distance between the light curing unit tip and restoration is approximately 6–8 mm from the cavosurface margins to the bottom of the proximal box (10). Ensuring the correct exposure duration, distance, and angle during curing is crucial for even light distribution and complete polymerization (7, 9).

Self-etch adhesive systems partially remove the smear layer using a not-rinsed-off weak acid, resulting in a smear layer partially dissolved and impregnated within the adhesive. Notably, self-etch adhesives may display higher bond strength on dentin than on enamel, thus highlighting a more convenient protocol than the use of etch-and-rinse adhesives, requiring less chair time, lower technique sensitivity, and resulting in less postoperative sensitivity (11, 12). Universal adhesive systems have been developed to simplify the clinical application steps because they can be applied in self-etch or etch-and-rinse modes (13). Selectively etching the enamel margins with phosphoric acid allows an etch-and-rinse mode on the enamel and a self-etch approach on the dentin, and this application mode may be recommended to increase the bond strength (13). Dentin adhesives show favorable immediate bond strength, although long-term dentine-bonded interfaces deteriorate, resulting in limited durability over time (14). Of note, a previous study reported that the double-layer application of single-step self-etch systems improved the initial bond strength and longevity (15).

Research on the application of double adhesive layers to dentin has yielded conflicting results. Several studies found that double application significantly improved micro-tensile bond strength (µ-TBS) on wet dentin (16) and increased microshear bond strength (17). Double application also enhances resin tag formation and limits voids within the adhesive layer (16). However, some studies reported no significant effect of double application on bond strength (18, 19). Other studies have reported that universal adhesives generally perform better with double or triple applications (5, 20). The double-layer technique may lead to over-etched dentin substrates, contributing to hybrid layer formation with unprotected collagen fibrils (21), possibly resulting in bond strength deterioration over time due to enzymatic degradation (22). Consequently, the double-layer application technique can enhance the bonding characteristics of universal adhesive systems (23, 24).

Studies have explored the impact of applying a double adhesive layer on bond strength, both with and without artificial aging, yielding mixed results. Some research has shown improvements in bonding strength, while others have reported no significant changes in bond strength between single and double adhesive layers (16–18, 25, 26). One study demonstrated that applying a double adhesive layer, with light curing after the second layer, significantly increased bond strength (17). Conversely, another study found no significant difference when light curing was applied to the second adhesive layer (18). One of the protocols investigated was the application of different universal and self-etch adhesives, either in a single layer or two layers, without light curing the first layer (16, 26). In contrast, another study showed that light curing between applications significantly improved bond strength after double-layer application (25). These mixed outcomes indicate that further investigation is needed to explore the impact of light curing each adhesive layer separately—a clinical step that could enhance the quality of polymerization and improve dentin bond strength. This practice has the potential to significantly enhance adhesive performance and the overall success of the restoration, thus making this aspect worth investigating.

This study aims to explore the application of a double adhesive layer with or without light curing each application layer on dentin micro-tensile (µ-TBS) of one universal system compared to a single bond application. The null hypothesis is that no significant difference will exist between the double adhesive layer application with and without light curing each application layer and a single bond application of a universal adhesive on µ-TBS dentin bond strength.



2 Materials and methods


2.1 Specimen preparation

Ethical approval was obtained from the Research Ethics Committee of King Abdulaziz University Faculty of Dentistry (proposal number: 146-11-19). Intact extracted human molars were collected and stored in formalin (10%) for a minimum of two weeks to ensure disinfection (MMWR 2003) (27). The occlusal surfaces of all teeth were sectioned horizontally using a diamond disc (D-201, Blue Dolphin Products, PTC Company, California, USA) under running water to expose the dentin and create a flat surface. No enamel remained on the surface before the creation of the smear layer. A clinically relevant smear layer was created on the dentin surface using #320-grit SiC paper under running distilled water for 60 s. Teeth were divided randomly into three groups (n = 15) according to the adhesive application technique: Group 1 (Gp1), application of the adhesive system according to manufacturer instructions (control); Group 2 (Gp2), double adhesive layer application without light curing between layers; Group 3 (Gp3), double adhesive layer application with light curing between layers.

A universal adhesive (Tetric N-Bond Universal Vivapen, Ivoclar Vivadent, Liechtenstein) was used and applied on the entire cut tooth surface by one investigator using a Vivapen brush. A multiple-emission-peak light-emitting-diode light curing unit (LCU) (Valo Cordless, Ultradent, South Jordan, UT, USA) that has a 10 mm active tip diameter, a power value of 700 mW, irradiance value of 890 mW/cm2, and radiant exposure of 8.5 J/cm2 was used. For all groups, light curing was performed at a distance of 6 mm between the light curing tip and the adhesive layer to mimic the clinical scenario (28).

For Gp1, an adhesive layer was applied according to manufacturer instructions, where the adhesive was applied in a rubbing motion, left for 20 s, followed by gentle air drying, then cured for 10 s. For Gp2, two adhesive coats were applied according to manufacturer instructions without light curing between the layers, where the first adhesive coat was applied according to the manufacturer instructions, and then a second layer was applied, then light cured for 10 s. For Gp3, two adhesive coats were applied according to manufacturer instructions, with each layer light-cured separately, where the first layer was applied, light-cured for 10 s, the second layer is applied, and then light-cured for 10 s. The study design is illustrated in Figure 1.


[image: Study design diagram illustrating three groups. Group 1 involves bonding application followed by light curing. Group 2 applies two layers of bonding with light curing after each. Group 3 alternates bonding and light curing, with two rounds each.]
FIGURE 1
Study design. Gp1: the adhesive layer was applied according to the manufacturer's instructions (control). Gp2: two coats of adhesive were applied according to the manufacturer's instructions without light curing between layers. Gp3: two coats of adhesive were applied according to the manufacturer's instructions and light curing was performed between the adhesive layers.


The specimens were restored by placing a metal matrix band (Palodent circumferential matrix, Dentsply, Connecticut, USA) and a 4-mm-thick layer of nano-hybrid resin-based composite (Tetric N-Ceram Bulk Fill, Ivoclar Vivadent, Liechtenstein) which was built-up and then light-cured according to the manufacturer instructions. Specimens were immersed in distilled water and stored in an incubator (37°C) for 24 h. Table 1 lists the compositions of the adhesive- and resin-based composite used in this study.


TABLE 1 Composition of the adhesive and resin-based composite used in the study.

[image: Table listing materials, components, and their percentages. Tetric N-bond universal vivapen includes Bis-GMA (25-50%), Ethanol (10-25%), HEMA (10-25%), Phosphonic acid acrylate (10-25%), UDMA (≥2.5% ≤10%), TPO (<2.5%). Tetric N-ceram bulk fill includes Bis-GMA, UDMA, Ytterbium trifluoride, Bis-EMA (each 3% ≤ 10%). Abbreviations note chemical components.]



2.2 Micro-tensile bond strength testing

After 24 h, specimens were affixed to an acrylic block using a cyanoacrylate adhesive (Gorilla Glue Company, Cincinnati, OH, USA) and a heptane-based accelerator (Zapit Accelerator, Suite C, Corona, CA, USA). The specimens were sectioned occluso-gingivally perpendicular to the bonding interface using a precision sectioning machine equipped with a 0.5 mm sectioning disc (TechCut 4 Precision Low-Speed Saw, Allied, East Pacifica Place Rancho Dominguez, CA, USA) under running water. Nine beams of approximately 0.8 × 0.8 mm were harvested from the center of each specimen, with their µ-TBS evaluated using a universal testing machine (EZ Test Universal Tensile Tester EZ-SX; Short Model, Shimadzu Corporation, Kyoto Prefecture, Kyoto, Japan). The crosshead speed was set at 1 mm/min using the following equation:

μ-TBS=F/A

Where: F = force applied at failure (Newtons), A = bonded surface area (mm²).

The result is expressed in megapascals (MPa) (29, 30).



2.3 Failure mode

The failure modes at the fracture interfaces were observed under a light microscope and classified as adhesive, cohesive, or mixed. Adhesive failure occurs completely at the adhesive interface with no resin-based composite remnants. Cohesive failure occurs completely within the resin-based composite or the dentin substrate. Mixed failure occurs when the failure happens partially in both the restorative material and the dentin surface, with any proportion of resin-based composite or tooth structure at the interface (16, 31).

Three representative specimens from each group were observed by scanning electron microscopy (SEM) (ZEISS EVO, Carl Zeiss Microscopy, White Plains, NY, USA). The fractured specimens were desiccated for 48 h and mounted onto labeled stubs. The specimens were then sputter-coated with gold for 75 s (Quorum, Quantum Design AG Company, Switzerland) and analyzed using an SEM at 150×–550× magnification.



2.4 Statistical analysis

The sample size for this study was determined based on an a priori power analysis using G*Power software (version 3.1). A one-way ANOVA was planned to detect a mean effect size (f = 0.25) with an alpha level of 0.05 and a power of 0.80. Based on these parameters, the required sample size was calculated to be 15 specimens per group. This sample size was deemed sufficient to detect statistically significant differences in micro-tensile bond strength between the different adhesive application techniques, assuming a mean effect size.

The µ-TBS was calculated and expressed in megapascal (MPa). Specimens that failed entirely in terms of the cohesiveness of dentin and restoration were not statistically analyzed in this study because they did not represent the exact bond strength at the adhesive layer interface. Comparisons among the groups were performed, with data statistically analyzed using the Kruskal–Wallis test with a significance level of p < 0.05. SigmaPlot version 12.0 was used to analyze the data. The failure mode of the fractured specimens was described using a percentage description, and the frequency of each failure was analyzed using the chi-square test (in SPSS version 22.0) to verify its association with the groups tested in the study. The level of significance was set at p < 0.05. The reliability and probability of failure of the resin-dentin bonds were analyzed by Weibull analysis: the Weibull modulus (m) and characteristic strength (σ0) were obtained with a 95% confidence interval.




3 Results

Table 2 lists the results for the bond strength of the tested groups, respective modes of failure of the restored specimens, and Weibull results. The tested groups presented similar median bond strength values with no significant differences among the groups (p = 0.235). Concerning the adhesive and mixed modes of failure-only results, the groups presented similar frequencies of adhesive and mixed failures (P = 1.000). Weibull analysis demonstrated a similar probability of failure for the three tested groups, which exhibited similar moduli and characteristic strengths (p > 0.05). The SEM images show the representative adhesive and mixed failures for the test groups that failed at the interface (Figure 2).


TABLE 2 µ-TBS bond strength results (MPa) for the groups tested in the study.

[image: A table presents statistical data comparing three groups: Gp1 (control), Gp2, and Gp3. Parameters include Mean ± SD, Median (min.–max.), Mode of failure (%), m (95% CI), and σ₀ (95% CI), with correlation index r² values. Gp1 shows a Mean ± SD of 19.8 ± 9.0, Gp2 is 23.1 ± 9.9, and Gp3 is 21.8 ± 10.1. Mode of failure indicates percentages for adhesive and mixed failures. A note explains no statistically significant differences were found using the Kruskal-Wallis test, and defines terms and conditions for each group.]


[image: Scanning electron microscope images showing different types of material failures labeled as mixed and adhesive for three groups (Gp1, Gp2, Gp3). Each group exhibits distinct fracture patterns and designated areas labeled A, D, and C, highlighting varied adhesion and cohesion characteristics.]
FIGURE 2
Representative SEM images of the adhesive and mixed failure for the test groups. Gp1: the adhesive layer was applied according to the manufacturer's instructions (control). Gp2: two coats of adhesive were applied according to the manufacturer's instructions without light curing between layers. Gp3: two coats of adhesive were applied according to the manufacturer's instructions and light curing was performed between the adhesive layers. Magnification was 150×, 300×, 450×, and 550×. Differences in magnification were employed to ensure the sample was clear. D, dentin; A, adhesive; C, resin-based composite.




4 Discussion

One of the primary challenges in restorative dentistry is the prevention of bond degradation and microleakage—common issues when adhesive systems interact with salivary enzymes, with the integrity of the adhesive layer being crucial for the longevity of restorations. While the double application of adhesive layers could theoretically provide additional protection by acting as a stress-absorbing layer (19), increasing the thickness of the adhesive layer by applying multiple layers can lead to uneven polymerization and potential solvent entrapment, adversely affecting bond strength, consistent with a previous study that reported that thicker adhesive layers do not necessarily result in stronger bonds (19). Indeed, the potential for occurring solvent entrapment is higher in thicker layers. In our study, although the teeth varied in size, specimens were consistently obtained from the center of each tooth to standardize the location for beam harvesting. A bulk-fill resin-based composite was used, with a height of 4-mm to replicate the typical restoration thickness and ensure sufficient beam height. Prior to harvesting, the specimens were immersed to simulate clinical conditions.

Our study did not show a significant improvement in the bond strength with double adhesive layer application or with light curing of each adhesive layer, indicating that the additional polymerization of each layer did not affect the bond strength or overall quality of the adhesive interface. Our results disagree with those of studies that showed that the multilayer application of universal adhesives improved dentin bond strength (5, 26). The composition of the universal adhesive may have contributed to the findings. The adhesive used in this study contained bisphenol A glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA), and 2-hydroxyethyl methacrylate (HEMA) monomers, well-known monomers with a good degree of conversion upon light curing. In addition, the adhesive contains diphenyl (2, 4, 6-trimethylbenzoyl) phosphine oxide (TPO) photoinitiator, which is very sensitive to the short wavelength violet light region (7, 9), thus resulting in high microhardness, cross-link density, degree of conversion, and micro-flexural strength for up to 1-mm depth when photocured with a multiple-emission-peak LED unit (32–34). Worth mentioning, since the adhesive layer is typically less than 1-mm thick, it is expected that sufficient polymerization was achieved.

Regarding the mode of failure, the predominance of adhesive failures followed by mixed failures in this study can be explained by the inherent weaknesses at the adhesive interface. Adhesive failure typically occurs when the bond between the adhesive and the tooth structure is lower than the dentin's or resin-based composite restoration's cohesive strength, becoming the weakest link during stress loading (30). This can occur due to incomplete infiltration of the adhesive into the demineralized dentin, as demonstrated in Figure 2, where a scratchy surface is easy to observe, indicating that the failure occurred at the exact interface between the superficial dentin and the applied adhesive. Some reasons that explain this incomplete infiltration are the suboptimal polymerization of the adhesive layer, decreasing the bonding effectiveness of the material to the substrate, or due to the presence of contaminants like moisture or saliva during bonding, although any contamination was carefully minimized by following a standardized protocol of application of adhesive. In turn, mixed failures involve a combination of adhesive and cohesive failures, indicating that while the adhesive bond may have been reasonably strong to withstand mechanical loading, thus causing the failure within the cohesiveness of dentin or within the bulk of the resin-based composite restoration, there were also areas where the bond between the adhesive and the substrate did not resist mechanical stress (35). The occurrence of mixed failures was similar among the tested groups (Table 2), and the SEM micrographs shown in Figure 2 show the clear presence of areas consisting of the resin-based composite restoration, the dentin substrate as an irregular area with deep removal of hydroxyapatite tissue, and the scratchy surface suggestive of adhesive failure.

The occurrence of adhesive failures was higher in the present study and regardless of the number of adhesive layers. One can suggest that the adhesive system used did not create an even bond across all tested specimens, with the weakest link being the bond at the adhesive interface. Notably, the bonding material tested in the present study does not contain the functional monomer 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP), which has been recognized as an important ingredient for dentin bonding (36, 37), probably due to its ability to chemically bind to the hydroxyapatite found in dentin. Other studies have also shown the improved bonding potential of 10-MDP-based adhesives (16, 25). Thus, one should consider that the effects of additional layers of adhesive could be different when using adhesive systems based on 10-MDP, perhaps differing from the present findings. Nevertheless, and despite the composition of the adhesive, it seems critical to ensure optimal adhesive application techniques and ideal polymerization to enhance the integrity of the adhesive bond and reduce the occurrence of adhesive failures. While cohesive failures provide valuable information about bond strength, they were excluded in this study to focus on the bond strength at the adhesive interface rather than the strength of the restorative material itself. However, we investigated with and without cohesive failure, and the results were similar.

The performance of adhesive systems is influenced by several factors, including the chemical composition of the adhesive, the presence of solvents, and the application technique (12). The universal adhesive used in this study, Tetric N-Bond Universal, is a self-etching adhesive containing monomers that can form strong chemical bonds with dentin. The findings of this study indicated that single-layer applications, when performed correctly, were sufficient to achieve optimal bonding. Therefore, the null hypothesis was accepted.

From a clinical perspective, these results reinforce the idea that careful application of a single adhesive layer can be as effective as more complex procedures. Therefore, adhering to the manufacturer's instructions for adhesive applications is generally sufficient to achieve reliable bond strength. Applying a double adhesive layer does not confer additional benefits and may complicate the procedure without improving outcomes, highlighting practical implications for dental practitioners, as it simplifies the restorative process and reduces technique sensitivity. Furthermore, this study emphasized the importance of proper adhesive application techniques. Notably, ensuring adequate air-drying and light curing can prevent solvent entrapment and incomplete polymerization issues—critical for maintaining bond strength and restoration longevity.

Study limitations include tooth variability. Although efforts were made to standardize the location of beam harvesting, natural variations in tooth structure, such as dentin density or mineralization, may have influenced the results. Using teeth with varying sizes may introduce an inconsistency in the bonding surface and may have contributed to the results. Also, the study was a short-term study. The factor of aging long-term storage could provide more insight into the durability of the adhesive bond over time, especially when subjected to a dynamic oral environment, such as temperature changes, mechanical stresses, and enzymatic degradation. In addition, the study only evaluated one type of universal adhesive. The results may differ using other adhesive systems with different chemical compositions, limiting the generalizability of the findings.

Future research should explore the long-term effects of double adhesive layers under varying oral conditions, such as pH fluctuations and mechanical stresses. Additionally, investigating the roles of different adhesive chemistries and their interactions with dentin could provide further insights into optimizing adhesive performance.



5 Conclusion

This study concludes that applying a double adhesive layer, with or without light curing between the layers, does not enhance the micro-tensile bond strength when using the tested universal adhesive. These findings suggest that, while double adhesive layers do not enhance bond strength, adhering to the manufacturer's instructions for single-layer applications is effective. This approach simplifies clinical procedures and emphasizes the importance of precise application techniques for achieving adequate dental restorations. Further research could build on these findings to explore new adhesive formulations and application methods to enhance restoration longevity.
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Background: Dental caries is a significant global health concern, impacting around 2.5 billion people worldwide. Conventional methods for managing dental caries have evolved to prioritize preventive measures and minimally invasive treatment alternatives. One of these approaches involves the application of silver diamine fluoride. Although effective, the limited use of SDF is attributed to concerns about potential long-term complications and other adverse effects.



Objective: This systematic review aims to assess the role of SDF in preventing and managing dental caries, evaluating its efficacy and adverse reactions.



Material and methods: This review adheres to PRISMA guidelines. An electronic search was performed on PubMed, Google Scholar, and CENTRAL to include peer-reviewed randomized controlled trials published between 2014 and 2024. The Cochrane risk of bias and GRADE tools were employed to evaluate the trials and ensure the certainty of the evidence. Statistical analysis was conducted to examine the effectiveness of SDF at the individual, tooth, and surface levels.



Results: Findings from 20 randomized controlled trials, which met the inclusion criteria, revealed that participants aged 1–50 showed promising results with follow-up intervals ranging from 1 to 30 months. The caries arrestment rate of silver diamine fluoride (SDF) varied from 25% to 99%.



Conclusion: These results indicate that SDF could be an invaluable tool in combating dental caries, providing a less invasive and potentially more cost-effective alternative to traditional treatment methods. Nonetheless, further research is essential to comprehensively understand the potential of SDF in various settings and to optimize its application in clinical practice.



Systematic Review Registration: https://www.crd.york.ac.uk/, PROSPERO (CRD42024559853)
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Introduction

The global burden of dental caries is a persistent issue transcending age groups and national borders, presenting a considerable challenge to public health systems (1). According to the World Health Organization (WHO), the total number of individuals suffering from dental caries reached approximately 2.5 billion worldwide, affecting about 514 million children (2). In Saudi Arabia, the prevalence of dental caries is estimated to be 75.43% in the primary teeth compared to 67.7% in the permanent teeth (3). This complex condition is marked by the breakdown of dental tissues caused by the acidic bacterial waste found in the oral cavity, which can lead to cavities, discomfort, and, ultimately, the loss of teeth if left untreated (4). Dental caries is a multifactorial disease; besides the influential role of bacteria in the demineralization process of the tooth structure, multiple factors increase caries risk, such as high-sugar diet, poor oral hygiene, xerostomia, and dental appliances, which prevents proper oral homecare (2).

In the past, the primary strategy for addressing dental caries was through reparative treatments, known as “Drill and Fill,” which has been impactful but not to the degree of addressing the entire spectrum of the process of dental caries (5). Nowadays, the focus has shifted more towards preventive measures and less invasive treatment options, including but not limited to maintaining good oral hygiene, pits and fissure sealants, as well as the application of topical fluorides, to reduce caries risk (5). Disrupting bacterial biofilm in the oral cavity to slow down the breakdown of tooth structures can be achieved via proper daily oral hygiene. At the same time, pits and fissure sealants are used to fill deep anatomical structures that act as an environment for bacteria, making oral hygiene measures less effective and eventually rendering the teeth more susceptible to dental decay (6). Topical fluorides come in multiple forms, commonly as sodium fluoride varnish (NaF) and gel, which is primarily classified as an agent to manage dentinal hypersensitivity but also used as a caries preventive agent (7). Fluoride varnish works best in preventing caries by inhibiting demineralization and promoting remineralization. However, it is not capable of arresting it, which withdraws attention to new approaches that have the potential to prevent and arrest dental caries, such as silver diamine fluoride (8).

Silver diamine fluoride (SDF) stands out in this new approach due to its acclaimed ability to halt the progression of existing carious lesions and prevent the emergence of new ones (8). Silver diamine fluoride is composed of silver (antibacterial agent) and fluoride (remineralizing agent) mixed in a liquid base (9). Its application's simplicity and non-invasive nature, along with affordability make SDF an attractive choice, especially in community health initiatives and for individuals with limited access to comprehensive dental care (9).

Nevertheless, SDF is still not as commonly used as its other counterparts. A possible explanation why SDF is still not yet the mainstream, which may be due to unknown long-term complications from chronic exposure of silver, potential staining of the teeth, and several contraindications such as silver allergy and presence of symptomatic teeth and ulcerated tissue (9). Despite its side effects, silver diamine fluoride could be an excellent choice for preventing and arresting dental caries, especially within the socioeconomically disadvantaged population. This highlights the need for an exhaustive review of current evidence to inform clinical practices and effectively shape health policies. Therefore, this systematic review aims to meticulously assess the role of silver diamine fluoride in the prevention and management of dental caries when compared to alternatives, in addition to evaluating its adverse reactions.



Materials and methods


Study registry

This systematic review was registered with PROSPERO (CRD42024559853) and was approved by the Medical Ethics and Research Committee of the Royal Commission Medical Center at Yanbu, Saudi Arabia (No: RCYMC-EA-2023-01). This review also adheres to PRISMA guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analyses).



Research question

PubMed, Google Scholar, and CENTRAL databases were searched to answer the question: is silver diamine fluoride more effective in arresting and preventing dental caries in primary and/or permanent teeth than the currently practiced methods? PICO question was as follows: P: children and adults; I: silver diamine fluoride. C: placebo, control, and/or other interventions. O: effectiveness in arresting and preventing dental caries.



Inclusion & exclusion criteria

Inclusion criteria were peer-reviewed randomized controlled trials available in full text, examining children/adults without systemic diseases affecting dental health and reporting results on quantitative methods. Exclusion criteria were studies that combined silver diamine fluoride (SDF) with other preventive methods. Filters applied to the eligibility criteria included articles published in English within the time frame of 2014–2024. The 10-year criteria were selected to balance comprehensiveness, relevance, and feasibility, ensuring that relevant and valuable studies are not excluded while still capturing the most current developments and practices in the field. Grey literature was not included in the research.



Mesh terms

The following MeSH terms and Boolean operators were used across the searched databases: “Silver Diamine Fluoride” AND “Dental Decay”; “Dental Caries” AND “Preventive Methods”; “Silver Diamine Fluoride” OR “Fluoride Varnish” AND “Dental Decay”; “Silver Diamine Fluoride” AND “Primary Dentition”; Silver Diamine Fluoride; “Silver Diamine Fluoride” AND “Elderly”; “Silver Diamine Fluoride” AND “Dental Caries”; SDF.



Database search strategy

Two investigators (SA & RA) worked in screening of studies, while the third investigator (YE) disputed any disagreement that might have occurred. The same methodology was utilized during data extraction. The research equation/string for each database is as follows:


Pubmed

((Silver Diamine Fluoride AND Dental Decay[MeSH Terms]) OR (Dental Caries AND Preventive Methods[MeSH Terms])) OR (Silver Diamine Fluoride OR Fluoride Varnish AND Dental Decay[MeSH Terms])) OR (Silver Diamine Fluoride AND Primary Dentition[MeSH Terms])) OR (Silver Diamine Fluoride[MeSH Terms])) OR (Silver Diamine Fluoride AND Elderly[MeSH Terms])) OR (Silver Diamine Fluoride AND Dental Caries[MeSH Terms])) OR (SDF[MeSH Terms]).



Google scholar

(“Silver Diamine Fluoride” AND “Dental Decay”) OR (“Dental Caries” AND “Preventive Methods”) OR (“Silver Diamine Fluoride” OR “Fluoride Varnish” AND “Dental Decay”) OR (“Silver Diamine Fluoride” AND “Primary Dentition”) OR (“Silver Diamine Fluoride”) OR (“Silver Diamine Fluoride” AND Elderly) OR (“Silver Diamine Fluoride” AND “Dental Caries”) OR (SDF)).



CENTRAL

(Silver Diamine Fluoride AND Dental Decay in Title Abstract Keyword OR Dental Caries AND Preventive Methods in Title Abstract Keyword OR Silver Diamine Fluoride OR Fluoride Varnish AND Dental Decay in Title Abstract Keyword OR Silver Diamine Fluoride AND Primary Dentition in Title Abstract Keyword OR Silver Diamine Fluoride in Title Abstract Keyword OR Silver Diamine Fluoride AND Elderly in Title Abstract Keyword OR Silver Diamine Fluoride AND Dental Caries in Title Abstract Keyword OR SDF in Title Abstract Keyword).

The research equations and filters were applied and modified as needed based on the search features of the databases as shown in Table 1.


TABLE 1 Search strategy.

[image: A table displays search equations and filters for three databases: PubMed, Google Scholar, and CENTRAL. Each database column lists details such as search terms and specific filters like language, article type, publication date, or keywords. PubMed includes specific MeSH terms and filters by publication date and text availability. Google Scholar details phrases with Boolean operators and date filters. CENTRAL applies filters on the year and language. The information is organized with database names in one column, and respective search equations and filters in the second column.]




Assessment of studies

The revised Cochrane Risk of Bias tool for randomized trials (RoB.2) was used to assess the studies' risk of bias (10). Also, the GRADE approach (Grading of Recommendations Assessment, Development, and Evaluation) was used to assess the certainty of evidence (11). GRADEpro GDT software was utilized to summarize and visualize the certainty in evidence (12), while the Robvis visualization tool was used to create a risk of bias plots (13).



Statistical analysis

To analyze the efficacy of silver diamine fluoride (SDF) in preventing and arresting dental caries, a series of statistical tests were conducted at the individual, tooth, and surface levels using data from the selected randomized controlled trials (RCTs). The statistical analysis was performed using RevMan 5.3 software to ensure robustness and reliability. Descriptive statistics were calculated for all variables, including the number and percentage. These statistics were reported for both the SDF treatment group and the control groups (e.g., placebo, alternative treatments). A meta-analysis was conducted to combine the results from multiple RCTs, providing an overall estimate of the effectiveness of SDF in arresting and preventing dental caries. The meta-analysis included effect size calculations, forest plot, and heterogeneity test. The I2 statistic was used to measure the degree of heterogeneity among the included studies. An I2 value above 50% indicated moderate to substantial heterogeneity, prompting further investigation into potential sources of variability. Subgroup analyses were conducted based on factors such as concentration of SDF (e.g., 30% vs. 38%). This analysis aimed to identify specific populations or conditions where SDF is most effective. The presence of publication bias was assessed using funnel plots and Egger's test. Any asymmetry in the funnel plot indicated potential publication bias, which was further explored using statistical methods.




Results

The search resulted in an initial record of 674 articles. A total of 645 duplicate records and studies that did not meet the inclusion criteria were removed before screening. After screening, 4 articles were excluded for combining SDF with another material, resulting in 25 studies for retrieval. All 25 articles were retrieved and assessed against eligibility criteria, and 5 articles were excluded for multiple reasons, as shown in the PRISMA diagram (Figure 1). The final selection included 20 studies, of which 12 were selected for meta-analysis.


[image: Flowchart detailing the identification and selection process of studies via databases and registers. Initially, 674 records were identified from PubMed, Google Scholar, CENTRAL, and manual retrieval. Before screening, 645 records were removed due to duplication or failure to meet inclusion criteria. Twenty-nine records were screened, and four were excluded for combining SDF with another material. Twenty-five reports were assessed for eligibility, with five exclusions for reasons related to oral health intervention focus. The final selection included 20 studies, with 8 in qualitative analysis and 12 in quantitative (meta-analysis).]
FIGURE 1
PRISMA study selection flow.


Of the selected studies, 18 examined the effectiveness of SDF in arresting dental caries, while the other 2 addressed the preventive efficacy (14, 15). Three studies used 30% SDF (16–18), while the others used 38% SDF. One study only examined permanent teeth (19). The age of participants ranged from 1 to 50 years, with follow-up intervals ranging from 1 day to 30 months. Multiple outcome assessment methods were used, and different criteria were employed to grade lesion severity. Table 2 summarizes the characteristics of the studies.


TABLE 2 Characteristics of studies.

[image: A table displays various studies on dental treatments. Columns include author/region, sample size, age/type of dentition, lesion severity, follow-up period, outcome assessment methods, blinding, and adverse effects/dropout percentage. Study details span different countries, focusing mainly on children with primary dentition. Lesion severity varies, with follow-up periods ranging from weeks to months. Outcome assessment methods commonly include visual-tactile inspection and radiographs. Blinding details and adverse effects like black staining are noted, with dropout rates also specified. Each row captures specific study attributes relevant to dental research.]

The overall risk of bias assessment (Figure 2) resulted in 3 studies judged as low risk (17, 22, 32), 7 studies with some concerns (15, 16, 18, 19, 23, 28, 29), and 10 studies judged to be at high risk of bias (1, 14, 20, 21, 24–27, 30, 31). Figure 3 shows the proportion of the risk of bias across the domains.


[image: Risk of bias table for various studies across five domains: D1 to D5. Indicators are colored circles: red (high risk), yellow (some concerns), and green (low risk). Studies include Abbas et al. 2019 to Zheng et al. 2023, showing diverse bias assessments, with the overall column summarizing each study’s risk of bias.]
FIGURE 2
Risk of bias.



[image: Bar graph showing risk of bias categories for a study. Each category is represented by bars in green, yellow, and red, indicating low risk, some concerns, and high risk, respectively. The categories from top to bottom are: randomization process, deviations from interventions, missing outcome data, measurement of the outcome, and selection of the reported result. The overall risk of bias shows a significant portion as high risk. A legend indicates the color coding.]
FIGURE 3
Proportion of risk of bias across domains.


The overall caries arrest efficacy of SDF ranged between 25%- 99% (Table 3) when compared to 27%–58.8% of sodium fluoride varnish (5%NaF) (16, 17, 27, 29, 30), 58.3%- 100% of nano silver fluoride (19, 24, 31), 50.9%–96% of restorative materials (1, 18, 19, 21, 25), and 2.6%–77.7% of placebo and other combined materials (20, 22, 23, 26, 28, 32). The dropout rate ranged from 0% to 76%. When testing for the preventive efficacy of SDF, Zheng et al. showed a reduction of mean decayed surfaces (ds) from 0.7 ± 1.9 to 0.4 ± 1.5 (14). Furthermore, Sirivichayakul et al. showed a caries development rate of 27.2% (15).


TABLE 3 Caries arrestment rate (%).

[image: A table compares studies on silver diamine fluoride (SDF) and various comparators. It includes authors, publication years, and results for treatments like SDF applications and comparators such as placebos and other fluoride treatments. Each study lists SDF application results next to the effectiveness of a comparator, showing percentages for efficacy or lesion reductions.]

The statistical analysis was conducted to test the efficacy of SDF on the individual, tooth, and surface levels compared to alternative treatments. At the individual level (Figure 4), SDF treatment demonstrated minor improvements in outcomes compared to other treatments. Specifically, 58% (n = 208) of patients who received SDF showed caries arrestment, compared to 49% (n = 178) in the control group (p = 0.28). No statistically significant difference between these findings that underscores the efficacy of SDF in managing dental caries on a patient-by-patient basis. When evaluated at the tooth level (Figure 5), SDF application was slightly effective in arresting caries progression compared to alternative treatments. In the SDF group, 85% (n = 320) of treated teeth remained caries-free, while only 78% (n = 284) of teeth in the control group did so (p = 0.11); This suggests that SDF is seemingly more beneficial than alternative treatments in maintaining tooth integrity and preventing the spread of caries. The surface level analysis (Figure 6) revealed that SDF-treated surfaces had about the same caries arrestment rate compared to other methods. Specifically, 50% (n = 1,362) of SDF-treated surfaces showed caries arrestment, compared to 49% (n = 1,316) in the control group (p = 0.94). The statistical analysis showed no clear advantage for SDF in preserving the health of individual tooth surfaces, indicating its utility in targeted caries management. No publication bias was detected as per the statistical tests.


[image: A forest plot shows the odds ratios for three studies comparing different treatments: SDF versus ART(GIC), SDF versus NSF, and SDF versus Placebo. The plot highlights the favorability of experimental versus control groups. Each study is represented with confidence intervals, a total summary, and subgroup analysis. A funnel plot below illustrates publication bias, with markers for each subgroup: squares for SDF versus ART(GIC), triangles for SDF versus NSF, and crosses for SDF versus Placebo. The chart indicates overall heterogeneity and test results for subgroup differences.]
FIGURE 4
Individual level analysis of caries arrestment.



[image: Forest plot showing odds ratios for three subgroups: SDF versus ART(GIC), NSF, and NAF. Each subgroup includes individual study data, total counts, and confidence intervals. Overall analysis indicates heterogeneity and subtotals for each subgroup, with a final overall odds ratio of 1.74 (0.88, 3.46). A summary plot below uses shapes to represent subgroup comparisons against a line indicating an odds ratio of 1.]
FIGURE 5
Tooth level analysis of caries arrestment.



[image: Forest plot showing odds ratios from multiple studies comparing two subgroups: "SDF versus NSF" and "SDF versus NAF". The first subgroup shows an odds ratio with a confidence interval favoring experimental treatment, while the second subgroup shows no significant difference. Total odds ratio across studies is 1.03 with no significant difference. A funnel plot displays study distribution, indicating symmetry and potential heterogeneity.]
FIGURE 6
Surface level analysis of caries arrestment.




Discussion

This systematic review primarily focuses on the efficacy of silver diamine fluoride in arresting and preventing dental caries in comparison to alternative approaches. The results of the statistical analysis coincide with the findings of a previous study about the positive effects of SDF (33) and suggest that SDF likely increases caries arrestment when analyzed at the individual level. This was based on a sample of 720 participants from five randomized controlled trials (RCTs), with a follow-up range of 3 weeks to 12 months (Figure 4). When analyzed at the tooth level, SDF likely results in a slight increase in caries arrestment. This was based on a sample of 743 participants from 5 RCTs, with a follow-up range of 6 months to 12 months (Figure 5). However, when analyzed at the surface level, SDF likely results in little to no difference in caries arrestment. This was based on a sample of 5,394 participants from 3 RCTs, with a follow-up range of 12 months to 18 months (Figure 6). These findings suggest that, with a low to moderate level of certainty (Figure 7), the efficacy of SDF in arresting dental caries may vary depending on the level of analysis (individual, tooth, or surface), which highlights the complexity of dental caries arrestment and the need for further research in this field.


[image: Table comparing silver diamine fluoride to other methods for arresting dental caries. Three outcomes assessed: individual analysis, tooth analysis, and surface analysis, with respective relative effects of 3.86, 1.74, and 1.03. Silver diamine fluoride shows a greater effect in all outcomes, with low to moderate certainty ratings. Explanations note concerns with randomization, missing data, and statistical heterogeneity.]
FIGURE 7
Certainty of evidence (GRADE).


Out of the included studies, only one examined the efficacy of SDF in permanent teeth in adults (19), which may give little insight into how SDF could be beneficial in older individuals, especially those with chronic systemic health complications that negatively affect dental health. It is suggested, despite the limited evidence, that SDF is effective in the prevention and arrest of root caries among the elderly (34); however, more studies are needed to explore the full potential of it. With 38% SDF being the most commonly used concentration across the included studies, higher concentrations of SDF are more beneficial. This concurs with previous results that found that an SDF concentration of 38% is superior to 12%, with added benefits if used more frequently, specifically for people with poor oral hygiene and those at high risk of dental caries (35). Additionally, this review provides limited evidence regarding the preventive efficacy of SDF despite the positive results, with only two studies examining it. Yet, Horst and Heima (2019) found SDF to be effective in lowering caries incidence and cost-effective as a preventive agent compared to alternatives such as dental sealants (36).

SDF is not so popular because of the unknown side effects of prolonged exposure to the silver compound. Duangthip et al. (2018) studied the adverse effects of different concentrations of SDF. They concluded that it does not pose significant risks to systemic health except for uncommon mild events of tooth and gum pain, swelling, and bleaching (37). In this review, the majority of studies reported the blackening of the arrested lesions in the SDF groups without major adverse events, except four studies that reported mild events ranging from gum blenching and pain to mild diarrhea and stomachache (Table 1) (18, 22, 28, 31). Therefore, SDF is considered safe to use, especially as instructed. Interestingly, one study reported that stains caused by SDF application started to fade away after six months without knowing the exact cause (32). Furthermore, a systematic review reported the same findings, suggesting that the discoloration of the arrested lesion with SDF could be resolved by applying potassium iodide at the cost of possibly reducing SDF efficacy (33).

Despite the shown efficacy of SDF, there is a disparity in the caries arrest rate across the studies. A possible explanation is the differences in the designs of some studies, acting as limitations that might have affected the accuracy of results. For instance, dental radiographs aid in diagnosing and assessing the progression of carious teeth when clinical examination is deemed not feasible (38). In the current review, only five studies utilized radiographs during assessments (15, 19, 21, 25, 30), thus yielding more accurate results when compared to studies that used only visual-tactile inspection. The majority of studies reported no attempts to remove the carious lesion before applying SDF except Aly et al. (2023), in which deep carious lesions were excavated when needed (19), hence implying that the arrestment might not have been entirely the result of SDF application but rather the excavation process itself. Another factor that might have affected the quality of results is detection bias, which pertains to the study design. Besides the staining of the arrested lesion caused by SDF, blinding in some studies might not have been possible due to the nature of intervention used as restorative materials, making it easier for the operators and outcome assessors to differentiate between groups, increasing the likelihood of detection/observer bias to occur.

The SDF mechanism of action is multifaceted, involving antibacterial properties, remineralization effects, and inhibition of organic matrix degradation (39). The silver ion in SDF is bactericidal, which can kill bacteria or interfere with their metabolic processes, as well as its ability to inhibit the formation of cariogenic biofilms (39). SDF promotes the remineralization of hydroxyapatite in enamel and dentine, the mineral components of teeth. This is achieved through the formation of silver phosphate and calcium fluoride when SDF reacts with hydroxyapatite. The subsequent dissolution of fluoride and calcium facilitates the formation of fluorapatite, a less soluble and more acid-resistant form of hydroxyapatite. This process helps to strengthen the tooth and protect it from further decay (39). Dentine, a component of teeth, contains a significant amount of organic material, primarily type I collagen. SDF has been shown to protect this collagen from degradation, a key factor of tooth decay. This is achieved through the inhibition of matrix metalloproteinases (MMPs) and cysteine cathepsins, enzymes that contribute to the degradation of collagen (39). SDF is a cost-effective option for managing dental caries, especially in young children. It has been shown to reduce dental care expenditures significantly by averting more expensive caries treatment options. For instance, the incremental cost-effectiveness ratio (ICER) of SDF is dominant, meaning it is more cost-effective compared to standard care. The cost-effectiveness of SDF ranges from 74.8% to 100%, making it a highly favorable option for dental caries management (40). This systematic review has some limits in that it pertains to examining only manuscripts published in English and open-access databases, which may have limited the search results, with the possibility of eliminating valuable studies. Additionally, in this review, only studies that examined medically healthy participants were selected per inclusion criteria. Thus, further studies are needed to assess SDF efficacy in people with systemic diseases that may affect dental health.



Conclusion

This systematic review has provided valuable insights into the efficacy of silver diamine fluoride (SDF) in arresting and preventing dental caries. The findings of this review contribute to the growing body of evidence supporting the use of SDF as a viable alternative to traditional caries management approaches. However, it also highlights the need for further research to fully understand the potential of SDF in different contexts and to optimize its application in clinical practice. Future studies should aim to explore the factors that may influence the efficacy of SDF, such as the severity and location of caries and systemic diseases that affect dental health. In light of the high prevalence of dental caries globally and in Saudi Arabia, the findings of this review have significant implications for public health. SDF could be a valuable tool in the fight against dental caries, offering a less invasive and potentially more cost-effective alternative to traditional treatment methods, especially within rural and underprivileged communities with less dental care access. However, the implementation of SDF in clinical practice should be guided by rigorous evidence-based protocols to ensure its safe and effective use.
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Introduction: The growing demand for orthodontic treatment in patients irrespective of age highlights the need for effective bonding of brackets to provisional crowns (PCs).



Aims and objectives: This study evaluates the shear bond strength (SBS) of orthodontic brackets to 3D-printed and milled PC materials, comparing the effects of hydrofluoric acid (HFA) and phosphoric acid (PA) etching.



Materials and methods: Forty cylinders were fabricated using a 3D printer with hybrid resin, and forty were milled from cross-linked polymethyl methacrylate (PMMA) resin. Stainless steel brackets were bonded with light-cured composite resin. Twenty specimens from each group were treated with 9.5% HFA, while the rest of the specimens received 37% PA. Post-bonding, specimens underwent thermocycling and were examined with SEM. SBS testing followed ISO/TS 11405-2015 guidelines. The failure patterns and bond interface were assessed by the Adhesive Remnant Index (ARI) and scanning electron microscopy (SEM). Data was analyzed using ANOVA, Tukey's test.



Results: In 3D-printed materials, HFA etching yielded a significantly higher bond strength (12.59 ± 2.64 MPa) than PA etching (7.77 ± 0.83 MPa). The bond strength was inferior in milled materials: HFA (5.98 ± 0.59 MPa) and PA (5.66 ± 0.65 MPa) with no significant difference between both surface treatments. When each material was evaluated separately, a significant difference in SBS was found for surface treatments in 3D-printed materials (p < 0.001) but not for milled materials (p = 0.916). ARI scores showed greater adhesive retention in 3D-printed specimens, particularly those treated with HFA. SEM revealed smoother surfaces in 3D-printed specimens compared to rougher surfaces in milled specimens.



Conclusion: HFA etching improves SBS in 3D-printed PC, while in milled materials, the choice of etching agent has minimal effect.



KEYWORDS
adhesive performance, dental materials, orthodontic bonding, surface modification, temporary restorations





Introduction

The increased demand for orthodontic treatment in adults has highlighted the importance of proper bonding of brackets to the surfaces of crowns, whether permanent or provisional. Orthodontic forces frequently need to be applied to teeth restored with provisional restorations. In such cases, adequate bonding of brackets to provisional crowns (PCs) is crucial for the effective application of orthodontic forces. Debonding during treatment can lead to complications such as delays in treatment completion and the risk of aspiration of brackets (1, 2).

Surface treatment of PC has been shown to improve the bonding of orthodontic brackets. Various surface treatments are applied to enhance surface roughness and bonding surface area. Mechanical methods include sandblasting and surface grinding with silicon carbide paper or a diamond bur (3). Chemical methods involve hydrofluoric acid (HFA) etching and the application of a silane primer (4). Combining mechanical and chemical surface treatments has been found to have a significant impact on bonding strength (2, 5, 6).

Advances in digital technology have led to the development of subtractive manufacturing (SM), such as milling, and additive manufacturing (AM), like 3D-printing, for producing dental prosthetics (7). 3D- printing is a manufacturing process that creates structures by building them up in incremental layers. Subtractive manufacturing technology, in the form of CAD/CAM milling, involves removing material from a prefabricated block or disc. 3D- printing offers advantages such as the ability to create complex restorations with intricate internal geometries and reduced material waste (8, 9). While milled materials generally have higher density and fewer defects, 3D-printed provisionals often exhibit superior mechanical properties, excluding microhardness, toughness, and resilience (10, 11). Various additive manufacturing methods are used in dentistry, with the most common being stereolithography (SLA), selective laser sintering (SLS), fused deposition modeling (FDM), digital light processing (DLP), PolyJet, and bioprinting.

This study presents a unique investigation into the effect of HFA surface treatment on the bond strength of orthodontic brackets, comparing its impact on both 3D-printed and milled PC materials. Unlike previous studies that have typically focused on conventional materials or a single method of fabrication, this research introduces a novel comparison between different types of PC materials fabricated through advanced techniques (CAD/CAM 3D-printing and milling).



Study design

The study aims to evaluate and compare the effect of hydrofluoric acid (HFA) and phosphoric acid (PA) etching on the shear bond strength (SBS) of orthodontic brackets to 3D-printed and milled PC materials.

Objectives of the study:


	1.To assess the SBS of orthodontic brackets bonded to 3D-printed PCs using HFA etching.

	2.To assess the SBS of orthodontic brackets bonded to milled PCs using HFA etching.

	3.To compare the effectiveness of HFA etching vs. PA etching in improving SBS and to determine whether 3D-printed or milled PC materials provide superior SBS for orthodontic bracket bonding.



Null hypothesis (H0): No significant difference exists in the SBS of orthodontic brackets bonded to 3D-printed and milled PCs, regardless of the etching method used (HFA or PA).



Material and methods

For the purpose of this study, specimens were designed as cylinders measuring 15 mm in diameter and 15 mm in height using 3D designing software [Meshmixer (Version 3.5); Autodesk, San Francisco, CA, USA]. A Standard Triangle Language (STL) file was created to fabricate all specimens tested in this study. Following completion of the design the STL file was used to produce the 3D-printed and milled PC materials to be tested in this study. Forty specimens were produced for each PC material, of which 20 specimens were randomly selected to be surface treated with either HFA or PA (n = 20) (Table 1). Then, for each surface treatment, 17 of the 20 specimens were used for quantitative testing and subsequent qualitative assessment with digital microscopy, with a total sample size of 68 (Figure 1). The other 3 specimens were used for qualitative assessment with scanning electron microscopy (SEM), with a total sample size of 12. For quantitative testing, the sample size per group was calculated to be 17, using G-power software (G * Power 3.1.9.7, Dusseldorf, Germany) (12) with an effect size of 0.996, power 0.80 and α 0.05. PC materials tested are listed in Table 2.


TABLE 1 Showing samples group distribution.

[image: Table comparing surface treatments on 3D printed and milled PC materials. For hydrofluoric acid (HFA) etching, 3D-HFA and M-HFA groups each have n=20. For phosphoric acid (PA) etching, 3D-PA and M-PA groups each have n=20.]


[image: Flowchart showing the process of evaluating 3D-printed and milled provisional crown materials. Both materials undergo surface treatments: hydrofluoric or phosphoric acid etching. They are then subjected to brackets bonding and thermocycling. Quantitative evaluation involves SBS testing with 17 samples, while qualitative evaluation includes microscopic inspection of 17 samples and SEM evaluation of 3 samples. Arrows indicate the steps in the process.]
FIGURE 1
Flowchart showing the study design.



TABLE 2 The composition and manufacturer of the 3D-printed and milled PC material used in the study.

[image: Table comparing two dental materials: "Detax Freeprint Temp" by DETAX GmbH with reference 04063/251210, featuring a complex monomer composition for DLP 3D printing, and "Telio CAD" by Ivoclar Vivadent with reference 686310/YBB1TX, made of 99.5% PMMA for milling. Both are indicated for temporary crowns, bridges, and implant-supported restorations.]

Forty cylinders were fabricated using a Digital Light Processing (DLP) 3D printer (Asiga Max UV, Alexandria, Australia) composed of micro-filled hybrid provisional resin material (FREEPRINT® TEMP NM; Detax, Ettlingen, Germany) (Table 2). 3D-printed specimens were printed in a 45 degree orientation, a layer thickness of 50 μm and 385 nm wavelength. Then, specimens were carefully removed using a scraper and pre-cleaned in an ultrasonic bath of 99,9% isopropyl alcohol for 4 min. Then, specimens went through a cleaning cycle in a different ultrasonic bath with fresh 99,9% isopropyl alcohol for 6 min. Following cleaning, specimens were dried with compressed air and support structures were removed using Low speed rotary instrument. Final polymarization was completed using a Xenon flash light curing unit (2 × 2,000 flashes Nitrogen, 300–700 nm, Otoflash G171-N2, NK Optik GmbH Baierbrunn, Germany) under protective gas for 7 min.

Additionally, another forty cylinders with the same dimensions described above were wet milled from provisional material composed of cross-linked polymethyl methacrylate (Telio CAD, Ivoclar Vivadent, Schaan, Liechtenstein) (Table 2) using a 5-axis milling machine (Ceramill Motion 2, Amann Girrbach AG, Austria). Milling tools with diameters of 1 and 2.5 mm (Roto RFID, Amann Girrbach AG, Austria) were used to achieve the desired cylindrical shape. Cross-cut tungsten carbide burs (1958-012 Jet Tungsten Carbide Bur, Kerr, Kloten) were used to separate the specimens from the disc and smooth out the attachment points.

Following completion of the manufacturing process, both 3D-printed and milled specimens were steam cleaned and visually inspected for any defects. Then, all specimens were polished under water cooling using a sequence of silicon carbide (SiC) papers of decreasing grit (500–800–1,200–2,000–4,000, Struers, Ballerup, Denmark). A guide, with a circular central opening measuring 6 mm in diameter, was designed and 3D printed in a similar to the process described earlier. The purpose of the guide is to seat on the cylinders outlining the area to be surface treated in the middle of the cylindrical specimens surface where the brackets will be bonded and aid the bonding process.

Twenty specimens from both the 3D-printed and milled provisional materials were treated with 9.5% HFA etching (Bisco, Schaumburg, IL, U.S.A) for 30 s, while the remaining 20 specimens were treated with 37% PA (DentKist Inc. Gunpo, Gyeonggi-do, Korea) for 30 s.

Following completion of surface treatments, primer (Transbond XT Primer; 3M, St. Paul, MN, USA) was applied to the surface of each provisional material cylinder and air dried for 5 s to form an even layer. Then, stainless steel maxillary central incisor brackets (3M Unitek, St. Paul, MN, USA) were bonded to the provisional material cylinders using a light-cured composite resin (Transbond XT, 3M Unitek, St. Paul, MN, USA). The excess adhesive was removed with a dental explorer, and the adhesive was light-cured (3M Elipar, St. Paul, MN, USA) for a total of 10 s–5 s on each of the mesial and distal sides—as recommended by the manufacturer. Then, specimens were rinsed with water spray for 20 s and dried with compressed air for another 20 s.

After the brackets were bonded, all specimens were stored in distilled water at 37°C for 24 h. To simulate the oral cavity environment, thermocycling (Thermocycler: Huber, SD Mechatronik Thermocycler, Germany) was done by subjecting the specimens to 5,000 thermal cycles between 5°C and 55°C, with a dwell time of 30 s in an artificial saliva solution artificial (ASTM E2720-16 and ASTM E2721-16 with stabilized Mucin, Pickering Labs, Mountain View, CA, USA).

Following thermocycling, three specimens from each group were randomly selected for bonding interface evaluation using SEM (JEOL 6610LV series SEM, JEOL Ltd., Tokyo, Japan). Specimens were embedded in acrylic resin and sectioned perpendicular to the bracket-adhesive interface. The specimen was polished using 1 μm diamond slurry before SEM inspection. The analyses were conducted in both secondary electron (SE) and backscattered electron (BSE) modes at magnifications of 30×, 100×, and 500×, with an accelerating voltage of 15 kV.

The SBS test was conducted on 17 specimens from each group following ISO/TS 11405-2015 guidelines (13). A custom apparatus was designed to secure the cylinders onto a universal testing machine (5965: Instron, Canton, MA, USA) to apply force parallel to the bonding interface at a speed of 0.5 mm/min until bond failure occurred. The maximum force applied was recorded.

To assess the bond failure interface, the de-bonded bracket bases and provisional material cylinders (n = 17 per group) were visually examined, and images were taken using a digital microscope (Digital Microscope, KH-7700, Hirox-USA, Inc., Hackensack, NJ, USA) at 50 × magnification. Bond failure was classified according to the Adhesive Remnant Index (ARI) score, which evaluates the residual adhesive on the bonded area of the cylinder (Table 3). All measurements from the images were done using image editing software (2D Image File Viewing Software, KH-7700, Ver.2.10c, ©Hirox Co. Ltd. 2010, Hackensack, NJ, USA).


TABLE 3 Scoring of adhesive remnant index (ARI).

[image: Table with two columns labeled "Description" and "Score." Four rows detail adhesive residue on a cylinder: no adhesive (0), less than 50% adhesive (1), more than 50% adhesive (2), and 100% with bracket mesh impression (3).]



Statistical analysis

The statistical analysis was performed using SPSS software (IBM, Ver: 28.0, Armonk, NY: IBM Corp, Chicago, IL, USA) with a significance level set at 0.05. Two-way Analysis of Variance (ANOVA) was used to determine the effect of each variable (provisional material and surface treatment) on the SBS. One-way Analysis of Variance (ANOVA) was used to detect any significant difference in SBS between the groups, followed by post hoc Tukey's test. For the qualitative analysis, two different observers evaluated the ARI index and SEM analysis.



Results

Two-way ANOVA was used to determine the effect of each variable (provisional material and surface treatment) on the SBS. Statistically significant difference was found for both provisional material and surface treatment (p < 0.001) on SBS of orthodontic brackets to PC material.

The mean values and standard deviations for different groups, comparing the effects of surface treatment (HFA and PA etching) on 3D-printed and milled materials are listed in Table 4. Mean de-bond load values decreased in the following order: 3D-HFA > 3D-PA > M-HFA > M PA. In 3D-printed material, HFA etched group has the highest mean de-bond load of 151.02 ± 31.75 N, ranging from 78.86 N–221.05 N. This indicates that HFA etching improves the strength of 3D-printed materials. PA etched group's mean de-bond load drops to 93.26 ± 10.02 N, with a range of 70.00 N–107.56 N. This suggests that PA etching is less effective in enhancing the bond strength of brackets to 3D-printed materials compared to HFA. In milled materials, the HFA etched group has a mean de-bond load of 71.81 ± 7.14 N, with a range of 59.24 N–86.45 N. The de-bond load is notably lower compared to 3D-printed materials with the same treatment. PA etched specimens had mean de-bond load slightly lower at 67.93 ± 7.91 N, ranging from 51.81 N–83.36 N.


TABLE 4 Showing means and standard deviation for all groups and statistical significance for all groups.

[image: Table comparing 3D-printed and milled provisional materials with hydrofluoric and phosphoric acid etching surface treatments. It presents mean and min-max values for load in Newtons and SBS in MPa. No significant statistical difference is noted for groups with the same superscript letter (a).]

One-way ANOVA revealed significant difference between groups tested (p < 0.001). Tukey HSD test showed statistically significant difference (p < 0.05) between all material and surface treatment combinations comparisons except for milled provisional material with both surface treatments (p = 0.916).

The Mean SBS Values of 3D-printed materials shows that HFA etching (mean = 12.59 ± 2.64 MPa) resulted in significantly higher SBS values (p < 0.001) compared to PA etching (mean = 7.77 ± 0.83 MPa). Further, when compared to HFA (mean = 5.98 ± 0.59 MPa) and PA (mean = 5.66 ± 0.65 MPa) etched milled material, HFA etched 3D-printed materials showed significantly higher SBS values (p < 0.001). For PA etched 3D-printed material, there was a statistically significant difference with both HFA (p = 0.004) and PA etched milled material (p < 0.001). In milled materials, no significant difference (p = 0.916) in SBS was observed between HFA etching (mean = 5.98 ± 0.59 MPa) and PA etching (mean = 5.66 ± 0.65 MPa).

The ARI index was employed to evaluate the bond failure characteristics. Upon examination under a digital microscope, it was observed that the 3D-printed HFA-treated cylinders had a higher occurrence of scores 2 or 3 (3 specimens), while the milled specimens predominantly exhibited a score of 0, with only one exception (Figure 2). For the 3D-printed PA treated specimens, the majority had a score of 1 (9 specimens), whereas all the milled PA specimens showed a score of 0. In the milled control group, all specimens displayed adhesive fracture (ARI score 0) between the provisional material and adhesive indicating that no adhesive was left on the sample surfaces. Cohesive failure between the bracket and adhesive was less frequent in milled provisional materials compared to 3D-printed specimens.
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FIGURE 2
ARI index scores of the 17 specimens. (3D-HFA: Group 3D-printed with hydrofluoric acid etching, Group M-HFA: milled with hydrofluoric acid etching, Group 3D-PA: 3D-printed with phosphoric acid etching, Group M-PA: milled with phosphoric acid etching.


SEM images analysis in three magnifications 30×, 100×, and 500×, revealed significant differences between 3D-printed and milled specimens (Figure 3). The 3D-printed specimens exhibited smoother surfaces with well-defined etch pits and a clear grain structure. In contrast, the milled specimens displayed rougher surfaces with larger, more irregular features. Comparing the HFA and PA treatments, the HFA-treated specimens had a slightly rougher surface with more pronounced peaks and valleys. Additionally, the features in the PA-treated specimens were more densely packed and less evenly distributed. Overall, the milled specimens, especially those treated with HFA, exhibited the highest level of surface irregularities.


[image: A series of scanning electron microscope images labeled A, B, C, and D, show various magnifications of a surface. Each set has three columns displaying the surface features at different scales, highlighting textural differences and surface details. Images are marked with magnification levels and voltage specifications in the bottom labels.]
FIGURE 3
(A) SEM image of 3-D printed HFA treated specimens. (B) SEM image of 3-D printed PA-treated specimens shows the least surface irregularities. (C) SEM image of milled HFA-treated specimens shows the highest irregularities. (D) SEM image of milled PA-treated specimens. SEM images of 3D-printed and milled specimens treated with HFA and PA showing the bonding interface in three magnifications 30×, 100×, and 500×.




Discussion

PCs most often fail to withstand the forces of orthodontic biomechanics. Treatment of bonding surfaces, either by chemical or mechanical methods, enhances the durability of the bonding to the PC. The current study investigated the SBS of orthodontic brackets to 3D-printed and milled provisional materials, comparing the effects of two chemical surface treatments: HFA etching and PA etching. The mean SBS Values of 3D-printed materials showed that HFA etching resulted in significantly higher SBS values, compared to PA etching, which are in line with other studies (14). In milled materials, no significant difference in SBS was observed between the two groups. Based on these results, the null hypothesis was rejected as there is a significant difference in the SBS of orthodontic brackets bonded to 3D-printed and milled PCs.

There were statistically significant differences between all groups except between the milled groups treated with HFA and PA (p = 0.916), indicating that in milled materials, the type of etching has less impact on the bonding strength. It was confirmed that 3D-printed materials generally offer better bonding conditions compared to milled ones. The results of the present study suggest that both the material and surface treatment can affect the SBS of orthodontic brackets favouring 3D-printed provisional material and HFA etching (p < 0.001). However, in the study by Ghozy et al., the type of CAD/CAM ceramic material did not affect SBS when tested with ceramic brackets (14).

The present study evaluated the amount of residual adhesive left on 3D-printed and milled materials after debonding using a digital microscope and reported the results using the ARI index. The 3D-printed models (3D-HFA and 3D-PA) demonstrate a wider distribution of scores (Score 0, 1, 2 and 3), indicating greater variation in bond strength. Our findings suggest that 3D-printed materials treated with HFA exhibited more cohesive failures. In contrast, milled materials often had no remaining adhesive, especially the PA-treated ones, and there was a clustering of low scores (Score 0). This indicated that the adhesive failed at the bond interface. These findings are consistent with previous studies (4, 15, 16). The 3D-printed HFA-treated cylinders showed a higher frequency of ARI scores of 2 or 3 which suggests that a substantial amount of adhesive remained on the specimen surfaces after debonding. This indicates a greater tendency towards cohesive failure between the adhesive and the provisional material. It may be due to the fact that etching with HFA increases the surface area, which helps the adhesive to penetrate into the microchannels created (17). Almost all the milled specimen (except one) had score 0, indicating adhesive failure and the absence of adhesive on the provisional material after debonding. These differences could be attributed to variations in surface characteristics of the provisional material, material internal structure, or interactions of the chemicals used in the surface treatment. These findings are essential for clinical considerations, as they suggest that 3D-printed materials may provide better adhesive retention but could be challenging during the debonding process.

SEM analysis of the bond interface revealed that the 3D-printed specimens exhibited smoother surfaces. The HFA-treated specimens had a slightly rougher surface than the PA specimens with more pronounced peaks and valleys. HFA-treated milled specimens exhibited the highest level of surface irregularities (3, 15, 18).

HFA surface treatment is known to enhance the strength of both 3D-printed and milled materials. However, its effectiveness in improving the bond strength of orthodontic brackets to CAD/CAM PCs has been debated (15, 19). A combination of chemical and mechanical treatments can enhance bond strength (20). Factors like the type of adhesive and aging through thermocycling can also impact bond strength (21). HFA creates silicon-oxygen (Si-O) bonds by dissolving silica-based filler particles in the 3D-printed material. This etching exposes reactive sites on the resin matrix, allowing for better adhesion of the adhesive through covalent bonding with silane coupling agents (22).

When an adhesive is applied, it penetrates into the surface irregularities and chemically bonds to the functional groups (like hydroxyl or ester groups) exposed by the etching process. The microstructure of milled crowns is more homogeneous and less porous compared to 3D-printed crowns. The etched surface of PMMA may appear rougher, but its bulk structure does not support deep penetration of the adhesive. In contrast, the 3D-printed materials have a more complex microstructure with silica fillers that enhance both surface roughness and chemical bonding potential at the interface. Additionally, the interface in 3D-printed crowns treated with HFA includes etched silica particles and resin matrix, offering both micro retention and chemical bonding sites for the adhesive. The milled crowns lack these features, resulting in weaker bonding.

The limitations of the study include that only two types of acid etching (HFA and PA) were investigated, and other surface treatments that might affect bond strength were not included in this study. Although thermocycling was performed to simulate oral conditions, the aging process is simplified. It may not represent the full range of stresses and environmental factors encountered in the mouth over time. Only one type of adhesive (Transbond XT) was used in bonding the brackets, which may not reflect the performance of other adhesives in clinical practice.

Future studies could include other types of provisional and definitive crown materials, as well as different 3D printing resins, to evaluate the bonding effectiveness across a wider range of materials. Conducting clinical trials would help validate the findings in real-world scenarios by assessing the long-term durability and effectiveness of bracket bonding under actual oral conditions. More complex aging processes, such as prolonged thermocycling, mechanical fatigue testing, and real-time chewing simulation, to better understand the durability of the bond over time in dynamic conditions can be included in future studies.



Conclusion

Current research suggests that 3D-printed materials demonstrate superior SBS to orthodontic brackets compared to milled materials, indicating that they may provide a stronger bond. Further, HFA etching is more effective than PA etching in enhancing the SBS of orthodontic brackets to 3D-printed PC materials. However, for milled materials, the choice of etching agent has minimal impact on SBS.
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Objectives: The influence of printing parameters on the marginal and internal fit of three-dimensional (3D) printed interim fixed partial dentures (IFPDs) has been understudied. This investigation sought to elucidate the impact of printing orientation and post-curing time on these critical factors.



Methods: A total of 260 3-Unit IFDPs were printed using two different resins (130/NextDent C&B MFH and 130/ASIGA DentaTOOTH). For each material, specimens were printed with three different angulations (0-, 45-, and 90-degree in relation to the z-axis). Each was further divided into 4 groups (n = 10) according to post-curing time (30-, 60-, 90-, and 120 min), while the green state (GS) group at 0-degree remained without post-curing as a control. Each specimen was scanned and then superimposed on the original CAD file. The marginal and internal fit of premolar and molar restorations were evaluated using the silicone replica technique. Digital scanning of the master die, both with and without a fit checker, was followed by data superimposition to compare the master die with the fit checker of each sample. 3D comparisons were conducted using initial and best-fit alignment methods, and the root mean square error (RMS) was calculated to quantify marginal and internal fit at each abutment and for the overall restoration. Statistical analysis was performed using JMP® software (JMP®, Version 16, SAS Institute Inc., Cary, NC, USA, 1989–2022) with a significance level 0.05 for all tests.



Results: For the ASIGA group, 0-degree orientation generally exhibited better fit than 45- and 90-degree orientations, with some variations based on post-cure time. For marginal fit, ASIGA crowns typically showed better results with 90-degree orientation, while NextDent crowns demonstrated consistent performance across orientations. Post-curing time also influenced marginal fit, with longer durations generally resulting in improved outcomes.



Conclusion: With different printing orientations and post-curing times, ASIGA and NextDent resins can produce IFDPs with acceptable internal and marginal fit. However, NextDent resin consistently outperformed ASIGA in terms of overall fit. Further research is needed to evaluate the long-term clinical performance of these materials.
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1 Introduction

The fabrication of provisional restorations constitutes a critical stage in the sequence of fixed prosthodontic treatment (1). Provisional restorations serve as interim replacements for lost tooth structure, safeguarding the prepared tooth biologically and mechanically, ensuring positional stability, and facilitating soft tissue healing and aesthetic maintenance (2, 3). Additionally, they play a pivotal role in addressing aesthetic concerns, verifying occlusion, and evaluating speech before delivering the definitive prosthetic restoration (4).

Marginal integrity, internal fit, and fracture toughness are crucial properties to have in a crown in order to ensure long-term success (5–7). Achieving an optimal marginal fit comparable to that of a definitive prosthesis is paramount for preserving periodontal health and minimizing cement degradation (8). Simultaneously, optimal internal fit ensures an adequate and uniform cement space without compromising the retentive and resistant features of the restoration at the time of cementation (6, 9, 10). Poor internal and marginal adaptation can form a gap, creating space for plaque retention and microbial proliferation (2). This may lead to the dissolution of the luting agent and eventually recurrent caries, as well as periodontal or pulpal disease (11).

Direct fabrication of polymethyl methacrylate (PMMA) provisional restorations in the oral cavity presents several limitations (4), including polymerization shrinkage, which can result in dimensional discrepancies within the restoration and an exothermic reaction that may induce thermal trauma to the pulp (12). In contrast, the indirect fabrication method, involving the creation of a cast from a patient's prepared teeth, mitigates these risks. However, indirect fabrication is susceptible to variations in technician skill and may lack reproducibility (1). Recent methods of IFDP fabrication have been developed through digital technology, which has many advantages over conventional methods (1, 12). Two CAD-CAM fabrication methods are recognized: subtractive (SM) and additive (AM). AM (built as a layer-by-layer) applications in the dental field are increasing due to the advantages over SM. AM is more economical due to the low material waste (unused resin recycling). In addition, it has high reproducibility of varying objects with complex configurations and the ability to produce large quantities simultaneously (13–15). Stereolithography (SLA) and digital light processing (DLP) are the two most prevalent additive manufacturing (AM) techniques employed in dentistry (13). SLA involves the layer-by-layer polymerization of a liquid resin using an ultraviolet laser, making it the most widely utilized method in this field (16–18). DLP, on the other hand, activates light-sensitive monomers through laser projection. A digital micromirror device (DMD) precisely directs the laser beam, enabling the creation of intricate three-dimensional (3D) structures (19–21). The IFDPs fabricated digitally displayed better marginal and internal fit and greater fracture resistance compared to the conventionally produced IFDPs (17). For 3D-printed resin prostheses, a difference in fit was reported depending on the printing conditions. However, when the conditions were optimized, a clinically acceptable fit was obtained (22). Son et al. (23) evaluated the accuracy of interim dental crowns fabricated using 3D-printing and milling and concluded that 3D-printing showed superior accuracy compared to milling. Contrary to the reported findings of better fit of digitally fabricated prostheses over the conventional ones, Wu et al. (3) compared the internal fit and marginal discrepancy of interim crowns fabricated conventionally, 3D-printed, and CAD-CAM milled. They reported that conventionally fabricated crowns showed superior internal fit and lower marginal discrepancy.

Printing parameters, including orientation, layer thickness, and post-curing time (PCT), significantly influence the properties of printed objects (24). Previous research has demonstrated that printing orientation affects the fit and accuracy of 3D-printed interim crowns (25) and IFPDs (2). Yang et al. (2) recommended a 45-degree orientation for optimal results. Jang et al. (22) concluded that a layer thickness of 50 µm combined with 45- or 60-degree printing orientations constitutes the ideal printing conditions for achieving optimal marginal adaptation and internal fit. Regarding the impact of printing orientation on crown fit, Ryu et al. (25) reported that the marginal and internal fit of DLP 3D-printed interim crowns are influenced by the build angle, with 150- and 180-degree orientations demonstrating superior outcomes.

Printed resins require supplementary polymerization processes to enhance monomer conversion and minimize residual content (26). Previous research has indicated that PCT significantly influences the strength of printed objects (24). Studies have demonstrated that post-curing durations of 60–90 min can lead to increased strength (26). Additionally, investigations have shown that extending the PCT (15–120 min) for 3D-printed resins can improve their flexural properties, Vickers hardness, and biocompatibility (27–29).

While prior studies have explored the accuracy and fit of 3D-printed resin prostheses, the influence of printing orientations and PCT on the marginal and internal fit of SLA and DLP 3D-printed IFPDs remains understudied. The null hypothesis for this investigation posits that printing orientations and PCT do not significantly affect the marginal and internal fit of three-unit IFPDs.



2 Materials and methods


2.1 Sample size calculation

The sample size for this study was calculated based on the findings of Son et al. (23) and Ryu et al. (25), with a desired error margin of 5% and a study power of 80%. Utilizing a sample size calculation method (30) and comparing means, it was determined that 10 specimens per group were adequate. As a result, 260 specimens (130 per resin, n = 10/group) were created using the two different 3D-printed resins.



2.2 Specimen designing and printing

A typodont teeth (right mandibular second premolar and second molar) were prepared to receive 3-unit FPD. The preparation design included a chamfer finish line with a 1 mm axial reduction, a 1.5 mm anatomic occlusal reduction, and a 1.5 mm total occlusal convergence. Four reference points on each side of the base of the prepared model were created using a diamond bur to facilitate the superimposition. The prepared model was scanned using an intraoral scanner (TRIOS 3, 3shape, Copenhagen, Denmark) and converted to a standard tessellation language (STL) file (Figure 1). Following the recommended settings of the 3Shape Dental Software version 2.23.1.0 (3shape, Copenhagen, Denmark), a 3-unit IFDP was designed with a connector size of 15.05 mm2 mesially and 14.07 mm2 distally, with a modified-ridge lap pontic design and 30 µm cement space starting 1 mm away from the finish line (Figure 1) (19, 31, 32).
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FIGURE 1
(a) Scanned model with reference areas defined. (b,c) The designed fixed partial denture (FPD) specimen.




2.3 Specimens printing

The STL file of the designed specimen was imported to DLP printers (NextDent 5,100 printer, Nextdent B.V., Netherlands) and (Asiga MAX printer, Asiga, Australia). Printing orientation (angle between build directions and the long abutment axis) was set to be 0-, 45-, and 90-degree (Table 1). Supports were positioned on the lingual smooth surfaces to ensure ease of removal. The specimens were printed with a 50 µm printing layer thickness. The printed specimens were ultrasonically cleaned using isopropyl alcohol 99%, then subjected to one of the different PCTs (30-, 60-, 90-, and 120 min/n = 10/group). Post-curing device LC-3DPrint Box (3D Systems Corporation, Rock Hill, South Carolina) and Asiga® Flash Cure Box (Asiga, Australia) were used to post-process the NextDent and ASIGA specimens, respectively. One 0-degree printed group (n = 10) had no post-curing process as a control for each material. After complete curing, all supports were cut off using a sharp surgical scalpel blade No.15. A x4 magnification loupe was used to detect any defects in the IFDPs. One investigator did the finishing procedures (19, 32). A lightproof box was used to store the printed IFDP specimens after processing and before scanning and testing (22).


TABLE 1 Printing specifications and parameters per 3D-printed resin.

[image: Table comparing materials and specifications for ASIGA Asiga DentaTOOTH and NextDent C&B. Details include brand names, composition, printers, printing technology, layer thickness, printing orientations, post-curing machines, post-curing times, and temperatures. Both use digital light processing with a layer thickness of fifty micrometers and printing orientations of zero, forty-five, and ninety degrees. Post-curing is done at sixty degrees Celsius.]



2.4 Fit measurements

Master dies of premolar and molar teeth were initially scanned using a 3Shape TRIOS 3 scanner (3Shape A/S, Copenhagen, Denmark), and the obtained file was designated as the “reference scan”. A thin layer of polyvinyl siloxane impression adhesive was applied to the occlusal surfaces of the prepared teeth. The intaglio surfaces of each FPD were subsequently sprayed with a lubricant layer and filled with fit checker material (FIT CHECKERTM ADVANCED BLUE, GC America Inc., IL, USA). A load of 49.05 N was applied to each IFDP until the material was set. Excess fit checker material was detached using a new #15 blade. A single investigator conducted all procedures to ensure consistency. The use of a lubricant layer ensured the sticking of the fit checker material to the master die.

Following, the master die with fit checker material was subsequently rescanned using the same 3Shape TRIOS 3 scanner. The new file was labeled as the “fit scan”. Both the “fit scan” and “reference scan” STL files were superimposed on each other using Geomagic Control X software (3D Systems Inc., SC, USA) for further analysis. The “reference scan” was separated into three areas: internal, marginal, and overall (combining the internal and marginal areas) for each individual abutment (Figure 2).


[image: 3D model with two circular green shapes on a blue rectangular base. The shapes are outlined in red. Axes labeled as X, Y, and Z appear near the center.]
FIGURE 2
Representative color maps illustrate the comparison areas for marginal adaptation (red) and internal fit (green).


The “initial alignment” and “best-fit alignment” between the “reference scan” and “fit scan” were performed. The procedure called “3D Compare” was then run for each comparison area, using a color bar range of 0.12 mm for better color map visualization. The results report was prepared, and the “+ve average” value, which is analogous to the root mean square (RMS) value, was used as the crown fit value, which represents the cement gap.



2.5 Statistical analysis

The data were tabulated, and descriptive analysis was performed. Means and standard deviations (SD) were calculated for the RMS of the different areas for the marginal and internal fits. The normality of the data was evaluated using the Shapiro–Wilk test. One-way analysis of variance (ANOVA) and Tukey HSD tests were used to check for inter-group differences among the same resin material and printing orientation or the same resin and PCT. The level of significance was set at 0.05 for all tests.




3 Results

Table 2 summarizes the mean, SD, and significance of internal fit for ASIGA and NextDent resins. ASIGA specimens printed at 45-degree showed a significant increase in the internal fit value of the premolar tooth compared with 0- and 90-degree, with no significant difference between 0- and 90-degree. Specimens with 90- and 120 min PCT, with 45-degree printing orientation, resulted in the heights RMS values (204.22 ± 67.39 µm and 205.50 ± 63.09 µm, respectively). The fit of the molar showed significant differences with different printing orientations. Specimens printed with the 0-degree group showed the lowest values, followed by 45- then 90-degree. The internal fit of the molar was generally better than the premolar when printed at 0- or 45-degree orientations. The best internal fit was detected with 0-degree/30-min PCT for the premolar and 0-degree/120-min PCT for the molar, while the worst internal fit was seen with 45-degree/120-min-PCT for the premolar and 90-degree/90-min-PCT for the molar. Regarding NextDent, no significant differences were detected between the different orientations or PCTs (P > 0.05) for the premolar or molar. Generally, all NextDent groups produced better internal fit than ASIGA groups (Figures 3, 4).


TABLE 2 Mean and SD of internal fit (µm) of tested groups.

[image: A table comparing the microhardness of dental materials ASIGA and NextDent at different orientations (0-degree, 45-degree, 90-degree) and curing times (30, 60, 90, 120 minutes) for premolar and molar teeth. Values are presented as mean ± standard deviation. Significant differences within columns are indicated by small letters, with a significance level of P less than 0.05.]
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FIGURE 3
Representative color maps illustrating the internal and marginal fit of all tested ASIGA resin groups.



[image: Graphic comparing the stress distribution in 3D printed dental components at 0-degree, 45-degree, and 90-degree orientations over different times: 30 minutes, 60 minutes, 90 minutes, and 120 minutes. Stress intensity is shown using a color gradient from blue to red, with higher stress in red. A color scale on the right indicates stress values ranging from negative zero point one two zero zero to positive zero point one two zero zero.]
FIGURE 4
Representative color maps illustrating the internal and marginal fit of all tested nextDent resin groups.


For overall internal fit, for ASIGA, 0-degree at all PCTs showed the best internal fit compared to 45- and 90-degree except 0/90-min-PCT. For NextDent, 90-/120-min-PCT showed the lowest fit values compared to other groups. Also, PCT showed variations between groups within the same printing orientations, with 0/30-min-PCT and 0/120-min-PCT showing the best fit between tested groups.

Table 3 summarizes the mean, SD, and significance of marginal fit for ASIGA and NextDent resins. Regarding ASIGA, the marginal fit of the premolar was not significantly different between 0 and, 45-, and 90-degree/120-min groups. In contrast, the remaining PCT in the 90-degree orientation resulted in a significantly lower marginal discrepancy. There was no significant difference in the marginal fit of the molar with all orientations and PCTs except 0-degree/120-min, which showed the lowest marginal discrepancy. NextDent resin showed a variation in the marginal fit for the molar and premolar, where 45- and 90-degree generally produced lower marginal gaps compared to 0-degree. However, the values were not statistically significant for all PCT. Within each printing orientation, there was no significant difference in 0-degree, while 45- and 90-degree showed some differences in terms of PCTs. Among all groups, 90-degree/90-min and 90-degree/30-min-PCT produced the best marginal fit for the premolar (106.20 ± 16.73 µm) and molar (135.17 ± 22.35 µm), respectively. On the other contrary, 90-degree/120-min and 0-degree/90-min-PCT resulted in the highest marginal discrepancy for the premolar (232.17 ± 95.36 µm) and molar (243.03 ± 41.62 µm), respectively.


TABLE 3 Mean and SD of marginal fit (µm) of tested groups.

[image: Table comparing curing time, orientation, and properties for ASIGA and NextDent materials. Categories include premolar, molar, and overall for 0-degree, 45-degree, and 90-degree orientations with curing times of 30, 60, 90, and 120 minutes. The table highlights significant differences between groups per column, with a significance level set at P < 0.05.]

Overall marginal fit for ASIGA results showed that 90-degree were the best among all groups except 0/120-min-PCT, which showed the lowest value (153.10 ± 61.35). At the same time, other groups of 0 and 45-degree showed high significant values except for 0/30-min-PCT, which significantly showed the highest value (258.39 ± 70.26). For NextDent, 90-degree showed the lowest value flowed by 45-degree while 0-degree showed the higher values in comparison 90-degree and 45-degree except for 90/120-min-PCT, which showed a higher significant value (224.54 ± 63.21) when compared with 0-degree.



4 Discussion

The accuracy of any printed object is influenced by various printing parameters, including printing technology, software selection, laser speed, laser intensity, orientation, number of layers, layer thickness, and post-processing techniques (13, 14, 32). Previous research has primarily focused on the impact of printing orientation on the quality of 3D-printed interim materials (10). Establishing the optimal orientation, a controllable parameter is crucial for achieving optimal restoration properties (19, 33, 34).

Printing orientation (PO) generally exerts a more significant influence on accuracy than PCT. A self-supported structure is essential for maintaining dimensional accuracy. Alharbi et al. (32) recommended attaching supports to surfaces with an angle less than 45-degree relative to the x-y plane. In this study, a build angle of 45 degrees was adopted, following the manufacturer's recommendations. Previous research has consistently demonstrated the influence of printing orientation on accuracy (14, 20, 32–34), with optimal results typically achieved at 135 degrees for interim crowns and 45 degrees for IFPDs (21, 34). Consequently, the methodology employed in this study adhered to these established recommendations, particularly considering the similarity between 45-degree and 135-degree printing orientations, as the same orientations were close in angle except for the support positioning in relation to the orientation (19, 35).

Previous research utilizing 3D digital superimposition has consistently demonstrated that build angles of 120 and 135 degrees, in conjunction with thin support structures, yield superior dimensional accuracy and self-supported geometry, thereby minimizing the required support surface area and reducing finishing and polishing time (20, 32). Park et al. (21) studied 3D-printed three-unit resin FPDs using five distinct build degrees (0, 30, 45, 60, and 90) and found significant variations in all groups' internal and marginal fit except the 45-degree. Osman et al. (20) similarly evaluated the 3D accuracy of DLP-printed resin crowns, and considering the combined assessment of marginal and internal fit, 45-degree was recommended as the optimal build angle. A previous study has explored methods to reduce the support area by modifying the build angle (36).

In our study, a GS was used as the control group. The rationale was to evaluate the internal and marginal fit changes between the initial uncured state (without post-curing) and the first PCT as a baseline. This helps assess post-curing's necessity by comparing the GS group's fit to those subjected to varying post-curing durations. Also, It establishes a reference point that illustrates the extent of the transformation from the initial state to a more clinically relevant and stable state and quantifies dimensional changes that occur during the post-curing process, which are critical for optimizing printing parameters for clinical applications.

While PCT has been shown to influence the accuracy of 3D-printed IFPDs (29), its impact on the marginal and internal fit of the prostheses in this study was limited. This may be attributed to the bulk of the material's already undergone polymerization, establishing its final shape and dimensions. Post-curing primarily serves to solidify the outer layer of the prosthesis. Suboptimal prosthetic accuracy can adversely influence the prognosis of restorations and increase the clinical time for insertion, adjustment, or repair (29). Numerous studies have documented shrinkage and distortion of resin during and after curing procedures (37, 38). The color maps indicate that the resin shrinkage and volumetric deformation of the 3D-printed three-unit FPDs stayed within a clinically acceptable limit of 100 µm after the post-curing process. Discussions are ongoing regarding acceptable limits for marginal gaps in 3D-printed restorations. However, previous research generally suggests that a marginal discrepancy of ≤120 µm is regarded as clinically acceptable in traditional FPDs (29, 39).

The marginal fit is the most essential factor and requirement for long-term success. The more observed marginal gaps adjacent to the pontic, as illustrated in the color maps (Figures 3, 4), are primarily attributed to polymerization shrinkage within the resins. The increased resin volume used for the pontic compared to the abutments amplified this shrinkage, leading to more significant marginal discrepancies (40). Previous research has indicated that polymerization shrinkage in resins occurs inwardly (41).

The observed marginal and internal fit variations among different build angles can be attributed to several factors. The form and surface area of the layers created by the 3D-printer differ depending on the build angle. As DLP-based 3D-printers polymerize one layer at a time, alterations in layer form inevitably lead to changes in the shape and degree of polymerization shrinkage (25, 42, 43). Jang et al. examined the marginal fit of build angles under 45 degrees and found no significant differences related to orientation. They noted that z-axis components correlated with a reduction in the marginal gap (MG), with absolute marginal discrepancy (AMD) ranging from 71.9 to 121.6 µm, consistent with prior studies. In previous research, MG values varied between 41.6 and 84.4 mm, with the 90-degree group exhibiting the highest MG at 66.1 mm (22).

The build orientation significantly influenced marginal fit, with notably lower AMD and MG values observed at 45-degree compared to 60-degree. The findings are influenced by two factors: first, printing the prosthesis at a 90-degree angle resulted in supporting structures being nearer to the lingual margin, increasing the risk of polymerization shrinkage affecting the marginal fit; second, the build orientation altered the number of polymerized layers (44). A 90-degree orientation resulted in a more significant number of polymerized layers compared to a 45-degree.

The polymerization process can compromise overall accuracy. The resin on the 3D-printer platform was subjected to light-curing, commencing with the region nearest to the platform. Given the direct connection between the supporting structures and the specimen, polymerization shrinkage within these structures could have influenced the specimen's accuracy. The amount of resin in the surrounding structures next to the edge was somewhat smaller than in the pontic, which could explain why there was no statistical significance.

The polymerization shrinkage within the pontic region substantially influenced the adjacent marginal fit. In contrast, the shrinkage of supporting structures had a minor impact on the corresponding marginal fit. The combined effect of these two factors likely contributed to the observed marginal discrepancies (2). Previous studies have corroborated the influence of supporting structures on marginal quality. Yu et al. (33) reported poor marginal quality and roughness when SLA 3D-printers were used and supports were positioned near the margins.

In conventional light-cured composite resins, the increased light intensity can lead to greater resin shrinkage and subsequent dimensional distortion, compromising marginal adaptation. Consequently, previous studies have advocated extended curing times at lower light intensities (45). However, the layer-by-layer polymerization process employed in DLP 3D printing may yield different results than traditional composite resins in post-curing shrinkage (29).

The fit and strength of provisional restorations are critical factors influencing treatment outcomes and success. This study demonstrated that printing orientation significantly impacts the fit of printed objects. While PCT had a limited effect on fit, it should be considered for optimizing strength. While beneficial for strength, prolonged PCT may negatively affect fit in certain groups. Therefore, a 0-degree orientation with 30-, 60-, or 120 min PCT is recommended for achieving optimal fit and strength with ASIGA resin material. In contrast, NextDent resin material exhibited the best-fit results with a 45-degree orientation and 30 min PCT. While variations in fit were observed among the printed groups, most exhibited clinically acceptable levels of fit.

The study highlights the clinical significance of 3D-printed provisional prostheses with key findings: Regarding material selection, NextDent resins offer a consistently superior fit to ASIGA, crucial for precise adaptation. For printing orientation, optimal orientations differ (0-degree for ASIGA, 45-degree for NextDent), aiding dental professionals in setting 3D printing protocols to improve fit and reduce chairside adjustments. Regarding PCT, personalized PCTs enhance fit differently for each resin—longer times for ASIGA and shorter for NextDent.

Regarding the limitation of this study, only two 3D-printed materials were used. One possible limitation of this study is that the cement thickness deemed suitable for the crown at all angles needed to be definitively established. Consequently, it was challenging to directly compare the differences in fit resulting from varying support positions across all build angles. Another possible limitation is the short-span FPD design used. Evaluating the internal and marginal fits of 3D-printed provisional prostheses with various lengths and designs is recommended.

Future research is warranted to investigate the influence of additional parameters, such as layer thickness, support type, and platform location, on the printing process. These factors should be carefully considered during crown fabrication. Also, investigate the effects of using different post-curing conditions and the adverse effects of over-curing. In addition to the testing fits and the materials' mechanical and optical properties after stimulating the clinical scenarios (thermal cycling, chewing simulation, and acidic challenges).



5 Conclusion

This study demonstrated that both printing orientation and PCT significantly influence the internal and marginal fit of 3D-printed three-unit provisional prostheses fabricated from ASIGA and NextDent resins. NextDent resin consistently outperformed ASIGA resin in terms of overall fit. Within the ASIGA group, a 0-degree orientation generally exhibited superior internal fit compared to 45- and 90-degree orientations, with some variations attributed to PCT. In contrast, the NextDent group demonstrated improved internal fit with a 45-degree orientation. Regarding marginal fit, ASIGA crowns generally exhibited better results with a 90-degree orientation, while NextDent crowns excelled with a 45-degree orientation. PCT also played a role in marginal fit, with longer durations (120 min) generally yielding better results for ASIGA resin, whereas 30 min was optimal for NextDent resin.
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Objective: This study aims to incorporate contact-killing quaternary ammonium into two root canal sealers, AH Plus (DentSply Sirona, New York City, NY, USA) and BC (FKG, Le Crêt-du-Locle Switzerland) sealers to improve their antibacterial properties.



Methods: Dimethylaminohexadecyl Methacrylates (DMAHDM) were synthesized and incorporated into AH Plus and BC sealers at 5 weight percent (wt.%). The physical properties were assessed via film thickness, flow, contact angle, and solubility. The antibacterial properties were assessed by determining the number of colony-forming units (CFUs) of Enterococcus faecalis and scanning electron microscopy (SEM). Two-way ANOVA and Tukey tests were used to analyze the data.



Results: Incorporating DMAHDM at 5 wt.% increased the film thickness and reduced the flow of the AH Plus and BC sealers (P < 0.05), but the values were within clinically acceptable limits. Simultaneously, DMAHDM incorporation increased the contact angle of the sealers (P < 0.001). DMAHDM incorporation significantly (P < 0.001) inhibited the E. faecalis biofilms and resulted in complete eradication. In contrast, the AH Plus and BC control sealers had approximately 105 and 104 CFUs of bacteria, respectively. The SEM images revealed no E. faecalis colonies over the AH Plus sealers containing 5 wt.% DMAHDM, while the AH Plus control sealers were covered with a thick layer of biofilms.



Conclusions: The results of this study suggest that DMAHDM, as a contact-killing agent, could be used as an approach to prevent endodontic reinfections.



Clinical Relevance: Integrating DMAHDM into commercial sealers may enhance their antibacterial properties. These findings indicate a need for further investigation using more clinically relevant models to validate this approach.
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1 Introduction

In the field of endodontics, eliminating bacterial biofilms within the root canal system and promoting the healing of the dental and periapical tissues is a major challenge due to the anatomical complexities of the root canal system and the resilient nature of endodontic biofilms (1, 2). The process of disinfection through chemo-mechanical methods and intra-canal medicament application presents significant challenges in preventing failure and recontamination (3–5). Numerous studies in the literature have demonstrated that bacteria can penetrate dentinal tubules to depths ranging from 200 to 1500 µm, making it difficult for traditional instrumentation and irrigation protocols to eradicate them (6–8).

The existence of Enterococcus faecalis in non-healing root canals has been broadly investigated, with previous studies reporting its presence in 23%–77% of failed endodontic treatment cases (6–8). Further studies have delved into the invasion of E. faecalis into dentinal tubules and its ability to survive extended periods inside the canal with limited nutrients (9, 10). Consequently, there is a need to explore more advanced approaches to suppress the growth of microorganisms embedded within dentinal tubules. After the root canal system is chemically disinfected, the primary purpose of using root canal sealers is to fill any irregularities or gaps between the gutta-percha and the root canal walls. This enhances adaptation and helps prevent microleakage (11). Although many root canal sealers possess inherent antimicrobial properties (12), these properties diminish once the sealers have set, potentially allowing for secondary endodontic infections if bacterial microleakage occurs. As a result, several efforts have been made to augment their antibacterial effectiveness by incorporating antibacterial agents into root canal-filling materials (13–15).

Recently, dimethylaminohexadecyl methacrylates (DMAHDM), a contact-killing quaternary ammonium compound with a 16-carbon alkyl chain, have shown significant antibacterial effects against several oral pathogens (16, 17). DMAHDM was found to be effective in eradicating the biofilms of several oral pathogens, such as Streptococcus mutans and Candida albicans, when incorporated into resin-based materials (17). However, there are limited studies investigating the impact of DMAHDM on E. faecalis biofilms. Therefore, the aim of this study is to explore the role of DMAHDM combined with different commercially available sealers in eliminating E. faecalis biofilms. We hypothesized that incorporating DMAHDM to different commercial sealers would improve their antibacterial properties without major changes in the physical properties of the modified sealers.



2 Material and method


2.1 Sample size calculation and study design

This study was intended to assess the physical and antibacterial properties of two endodontic sealers with and without 5 weight percent (wt.%) of DMAHDM, resulting in a total of four groups. Table 1 describes the groups that were investigated in this study. The physical properties were assessed via film thickness, flow, contact angle, and solubility, and the antibacterial properties were assessed by determining the number of colony-forming units (CFUs) and scanning electron microscopy (SEM). Based on previous studies (12, 18, 19), the minimum number of samples was three to six to assess the physical and antibacterial properties, respectively. The sample size was validated following statistical analysis, confirming its adequacy for the study. The design of the study is shown in Figure 1.


TABLE 1 The groups of sealers investigated in this study.

[image: A table with four groups listing different root canal sealers and combinations: Group 1 uses AH plus root canal sealer by Dentsply Sirona, New York City, USA. Group 2 uses 5% DMAHDM with AH plus sealer by the same company. Group 3 uses BC sealer TotalFill by FKG, Le Crêt-du-Locle, Switzerland. Group 4 combines 5% DMAHDM with BC sealer TotalFill by FKG, Switzerland.]


[image: Flowchart detailing the preparation and assessment of root canal sealers with and without DMAHDM. It includes steps for creating the sealer formulations and assessing physical properties like film thickness, sealer flow, solubility, and contact angle. Also included is the assessment of antibacterial properties using E. faecalis with incubation and biofilm growth methods, followed by examination with a scanning electron microscope.]
FIGURE 1
A schematic drawing showing the design of the study. DMAHDM was synthesized and incorporated into two commercial sealers at 5 wt.%. The physical properties were assessed via film thickness, flow, contact angle, and solubility. While the antibacterial properties were assessed after growing the E. faecalis biofilm over the sealers via determining the number of colony-forming units (CFUs) and SEM.




2.2 Construction of endodontic sealer encompassing DMAHDM

The synthesis of DMAHDM involved a modified Menschutkin reaction, where an organo-halide compound reacted with a tertiary amine group (20, 21). Specifically, 10 mmol of 2-(dimethylamino)ethyl methacrylate (DMAEMA) (Sigma-Aldrich, St. Louis, MO, USA) and 10 mmol of 1-bromohexadecane (BHD) (TCI America, Portland, OR, USA) were combined with 3 g of ethanol in a 20 ml vial scintillation. The resulting mixture was stirred at 70°C for 24 h. Therefore, the solvent was allowed to evaporate, resulting in the formation of DMAHDM as a solid white powder (20, 21). 5 wt.% of the synthesized DMAHDM was blended with two specific sealers as described in Table 1 by hand mixing for 20 min using a plastic instrument.



2.3 Assessment of the physical properties


2.3.1 Film thickness

The root canal sealers were placed between two 5-mm-thick glass plates (200 ± 25 mm2). A 150 N weight was loaded vertically above the glass plate to ensure the sealers spread across the whole area (22). The thickness was measured 10 min after mixing using a micro-meter caliper (Dongguan Kuaijie Measuring Tool Instrument Co., Ltd., Dongguan, China). Film thickness was determined by comparing the distance between the two glass plates with and without sealers. Three measurement readings were taken for each sealer.



2.3.2 Flow

The root canal sealers (0.05 ± 0.005 ml) were placed in the middle of a glass plate, 40 mm in dimension and 20 g in weight (22). A second glass plate with the same dimension and weight was placed on top of the previous one, and a 100 g load was applied for 3 min. Following the load removal, the minimum and maximum spans of the sample were measured to conclude the average span, which represents the flow of the investigated group. Each sample was assessed three times.



2.3.3 Solubility

Five circular samples with a height of 2 mm and a diameter of 6 mm were fabricated per group. The sealers were allowed to set before solubility testing. The specimens were weighed (m1) within an accuracy of 0.001 g, immersed in deionized water, and incubated at 37° C for 14 days (23). The samples were removed at different time points and allowed to dry for 24 h using a vacuum desiccator. The samples were reweighed (m2) on the 3rd, 5th, 7th, and 14th day. The following equation was used to determine the solubility at each time point: (m1—m2) m1 * 100%.



2.3.4 Contact angle

The measurement of the water contact angle over the sealer's disks (n = 5) was conducted at room temperature utilizing a conventional Ramé-Hart 250 goniometer (Succasunna, NJ, USA) and advanced DROP-image advanced software. The goniometer includes a volume-controlled syringe positioned above the substrate holder, accompanied by a CCD camera that captures images of the water droplet (5 μl). The data was then processed using DROPimage advanced software. The contact angle was promptly measured within a span of five seconds.



2.4 E. faecalis biofilm experiments

The sealers were fabricated with a diameter of 6 mm and 2 mm in thickness via a mylar strip covering. After complete setting, the samples were removed from the mold. The samples were sterilized by subjecting them to 70% ethanol for 15 min. E. faecalis (ATCC 29212) was chosen due to its association with secondary/persistent infections (7, 24, 25). E. faecalis were grown in brain-heart infusion broth (BHI, Sigma- Aldrich) overnight at 37°C aerobically (95% air, 5% CO2), following ATCC's instructions. The culture was normalized to 0.5 optical density (600 nm) (24, 25), and 100 µl of the inoculum was placed over the sealer disks for 48 h of incubation. Thereafter, the levels of biofilm formation were determined by counting the number of colony-forming units (CFUs) by serial dilution plating and by imaging the samples using scanning electron microscopy (SEM).



2.4.1 Colony-forming unit (CFU)

The 2-day biofilms grown on sealer disks were transferred to vials containing 2 ml of phosphate-buffered saline. Subsequently, the biofilms were extracted by sonication and vortexing. To determine the CFUs, the biofilm suspensions were diluted in a series of steps, plated onto blood agar plates, and incubated aerobically at 37°C for 48 h. The colony count, along with the dilution factor, was determined to calculate the CFU (26).



2.4.2 SEM

Only AH plus sealers with and without DMHDM were prepared for the SEM analysis. The sealers containing the grown biofilms were subjected to formaldehyde fixation. On the following day, the sealers with the biofilms were exposed to a serial dilution of ethanol followed by 100% hexamethyldisilane. SEM (Quanta 200; FEI, Hillsboro, OR, USA) images were captured with a magnification of 500–850 × at a voltage of 20 kV (26).




2.5 Statistical analysis

Descriptive statistics (mean, standard deviation, frequency, and percentages) used to summarize the information. Two-way ANOVA and Tukey multiple comparison tests were used to independently compare the mean values between the investigated sealers concerning their physical and antibacterial properties. A 5% significance level used in all tests. The data analyzed using Sigma Plot 12.0 (SYSTAT, Chicago, IL, USA).




3 Result

Both root canal sealer types and the addition of DMAHDM were significant factors pertaining to the film thickness, flow, and contact angle of the root canal sealers, while only the sealer type was a significant factor (P < 0.001) when the solubility was assessed (Table 2). For the antibacterial properties, the addition of DMAHDM and the use of BC sealer were significant factors (P < 0.001) in reducing the biofilm growth of E. faecalis with a significant interaction (P < 0.001). The interaction between the sealer type and the DMAHDM incorporation was only significant when the flow (P = 0.04) and contact angle (P < 0.001) were assessed.


TABLE 2 The impact of the root canal sealer type, DMAHDM incorporation, and their interaction on the physical and antibacterial properties of the root canal sealers.

[image: Table displaying statistical data for various tests: film thickness, flow, contact angle, solubility, and antibiofilm reduction. Columns include degrees of freedom (DF), sum of squares (SS), mean square (MS), F-value, and P-value. Significant P-values (P<0.05) are bolded, notably under effects like the sealer type and DMAHDM across different tests.]

Incorporating the DMAHDM to the AH Plus and BC sealers increased the film thickness significantly (P < 0.05; power of analysis = 100%) (Figure 2A). Specifically, when DMAHDM was added to the AH Plus sealer, the film thickness (73.00 ± 13.11) significantly (P = 0.009) increased compared to the control with no DMAHDM (26.66 ± 16.50). Similarly, in the BC sealer, adding the DMAHDM (40.67 ± 12.66) significantly increased the film thickness compared to the control with no DMAHDM (16.33 ± 6.11).


[image: Bar charts comparing four groups: AH Plus, AH Plus + DMAHDM, BC, and BC + DMAHDM. Chart (A) shows film thickness (micrometers), with AH Plus + DMAHDM having the highest value around 90. Chart (B) displays flow (millimeters), with AH Plus + DMAHDM and BC having similar high values around 20. Chart (C) depicts contact angle (degrees), with AH Plus + DMAHDM highest, followed by AH Plus. Asterisks indicate significant differences between some groups.]
FIGURE 2
The effect of incorporating DMAHDM on the (A) film thickness (n = 3), (B) flow (n = 3) and (C) contact angle (n = 5) of the AH plus and BC sealers (mean ± SD). Stars denote statistically significant difference between the groups (p < 0.05).


The incorporation of 5 wt.% of DMAHDM reduced the flow of the AH Plus (10.83 ± 0.28) sealer significantly (P < 0.001; power of analysis = 100%) compared to the parental control (16.00 ± 0.50) (Figure 2B). A similar trend was observed in the BC sealers, as the parental control (20.33 ± 0.29) revealed higher flow (P < 0.001) compared to the BC sealer containing DMAHDM (16.16 ± 0.30).

In general, the AH plus sealer revealed a higher contact angle than the BC sealers (P < 0.001; power of analysis = 100%) (Figure 2C). In addition, the incorporation of DMAHDM at 5 wt.% significantly increased the contact angle of the root canal sealers (P < 0.001). The interaction of the sealer type and DMAHDM incorporation was also significant (P < 0.001).

Furthermore, we observed the BC sealer had more solubility (Figure 3) than the AH Plus sealer after 14 days of immersion (P < 0.001; power of analysis = 100%), despite the incorporation of DMAHDM. While adding the DMAHDM reduced the sealers’ solubility, this was not significant (P < 0.05). The solubility by weight percentage reduction on the 3rd, 5th, 7th, and 14th day of immersion showed no significant difference at each time point except on day 14 day.


[image: Chart (A) is a bar graph showing solubility by weight reduction after 14 days. AH Plus has the lowest solubility, AH Plus + DMAHDM slightly higher, and BC and BC + DMAHDM significantly higher, indicated by asterisks for statistical significance. Chart (B) is a line graph showing solubility over time. AH Plus and AH Plus + DMAHDM remain low, while BC and BC + DMAHDM increase steadily from day three to day fourteen. Error bars and letters indicate statistical analysis.]
FIGURE 3
The effect of incorporating DMAHDM on the solubility of the AH plus and BC sealers (n = 5, mean ± SD). (A) The solubility of the sealers after 14 days of immersion. (B) The solubility of the sealers following 3, 5, 7, and 14 days of immersion. Stars and dissimilar letters denote indicate a significant difference (P < 0.05).


Incorporating 5 wt.% of DMAHDM into the AH Plus and BC sealers significantly reduced biofilm growth, resulting in complete eradication (P < 0.001; power of analysis = 100%) (Figure 4A). Representative SEM images reveal the same findings (Figurse 4B,C), as E. faecalis colonies can be visualized over the sealer without DMHADM (Figure 4B). No colonies were observed over the AH Plus sealer containing DMAHDM (Figure 4C).


[image: (A) Bar chart shows E. faecalis colony-forming units in four groups: AH Plus, AH Plus + DMAHDM, BC, and BC + DMAHDM. Significant reductions are noted in both + DMAHDM groups. (B) and (C) are scanning electron microscope images. (B) shows the control at 20 micrometers, and (C) shows AH Plus + DMAHDM at 50 micrometers. Both display surface details at different magnifications.]
FIGURE 4
The effect of incorporating DMAHDM on the antibacterial properties of AH plus and BC sealers. (A) CFUs of E. faecalis grown over the sealer's groups (n = 6, mean ± SD). Stars denote statistically significant difference between the groups (p < 0.05). (B,C) Scanning electron microscope images (n = 2) show the E. faecalis biofilm growth over the AH Plus sealer with and without the addition of DMAHDM.




5 Discussion

By utilizing the contact-killing properties of DMAHDM, this study successfully developed a novel material combining DMAHDM with two commercially available root canal sealers: AH Plus Root Canal Sealer by DentSply Sirona (New York City, NY, USA) and BC Sealer TotalFill by FKG (Le Crêt-du-Locle, Switzerland). The biofilm growth of E. faecalis bacteria was dramatically reduced by the experimental antibacterial root canal sealers that contained DMAHDM with minor changes in the physical properties of the sealers. Therefore, the hypothesis of this study was accepted.

Clinical research shows that the current chemo-mechanical disinfection techniques used in root canal treatment can be tolerated by microorganisms, which may lead to treatment failure. The Gram-positive facultative anaerobe E. faecalis has been identified from the root canals of patients who have not responded to treatment (25). E. faecalis exhibits multiple virulence factors, including the capacity to attach itself to dentin collagen, endure malnourishment, and inhibit the actions of host lymphocytes, leading to the failure of root canal treatment (24, 27). Additionally, research has shown that E. faecalis organized in biofilms can survive sodium hypochlorite irrigation and calcium hydroxide intracanal dressings at levels 1,000 times higher than their planktonic counterparts (24, 27). All these challenges necessitate advanced approaches to tackle endodontic pathogens during root canal treatment.

Efforts have been made to incorporate antibacterial compounds into root canal filling systems, either by immobilizing them within a polymeric matrix or by allowing the antibacterial components to be released (28, 29). Due to the materials’ intermittent release into the surrounding environment, one drawback of releasing antibacterial agents is their gradual loss of antibacterial activity (28, 29). Long-lasting antibacterial effects can be achieved by contact-killing antibacterial chemicals that are fixed within the substance and do not leak out (20). However, for these materials to succeed, the bacteria need to directly interact with their surfaces. In this study, we utilized DMAHDM as a contact-killing compound, which has demonstrated strong antibacterial properties against cariogenic biofilms when incorporated into adhesives and composites (30–32). It has been documented in this study how adding DMAHDM to a root canal sealer can help prevent E. faecalis biofilm formation. Two-day bacterial biofilms were evaluated in this investigation, which could be considered as immature biofilms when evaluating endodontic infections. Therefore, future investigations may adopt ex vivo models to test the DMAHDM-sealers inside the root canal system where the biofilms can be maintained for an elongated period, such as 21 or 28 days.

The current study employed 5 wt.% DMAHDM as a final concentration based on the findings of earlier research that showed detrimental impacts on the experimental groups’ flow and film thickness of dental materials when the DMAHDM concentration exceeds 5 wt.% (20, 30, 31). In viable E. faecalis, the DMAHDM sealer reduced biofilm CFU in comparison to control groups. However, to gain deeper insight into the impact of DMAHDM root canal sealer on complex biofilm structures, it is recommended that future studies employ a multi-species root canal biofilm model. This approach would enable a more comprehensive understanding of the sealer's effects on complex microbial communities within the root canal system. By utilizing a multi-species model, researchers can evaluate the sealer's efficacy against diverse microorganisms and assess its potential for disrupting biofilm formation and promoting antimicrobial activity.

The sealers’ film thickness and flow are crucial characteristics. Filling regions that are challenging to reach with instruments to stop leaks and guarantee a firm apical seal is among the most crucial roles of root canal sealers (33). To ensure proper distribution along the entire canal wall, it is essential for the sealer to possess excellent flow characteristics. Additionally, considering that sealers are more vulnerable to degradation compared to core materials, it is advisable to apply them in thin layers. However, in the present study, the introduction of DMAHDM at the investigated mass fraction negatively affected both the flow properties and film thickness parameters. Nevertheless, the values were within clinically acceptable limits.

Root canal sealers are used to create an airtight seal within the root canal system, preventing the ingress of bacteria and their byproducts. A sealer with low solubility will maintain its physical integrity over time, ensuring a durable and long-lasting seal (34). High solubility can compromise the seal's integrity, leading to microleakage and subsequent reinfection of the root canal system (35, 36). In this investigation, it was found that adding DMAHDM reduced the solubility of root canal sealers, which can reduce the risk of degradation in addition to its antibacterial properties. Besides, DMAHDM increased the contact angle when incorporated into dental sealers; therefore, less wettability is expected when the root canal sealer is unprotected to the oral atmosphere, resulting in less contamination and bacterial microleakage (20).

Despite the encouraging data found in our investigations, there are some limitations that need to be considered in future studies. First, the biofilm grown in this study was young and not mature enough to address the aggressivity of endodontic infections. Besides, this study applied a single-species biofilm model, which does not represent the actual clinical situation. As a result, future investigations may consider elongating the biofilm period, using an ex vivo model, and applying a multi-species biofilm. Second, this study is an in vitro study, and complementing the data here using a clinical translational model is highly needed to test the material inside the challenging oral environment. Third, investigating other in vitro physical and mechanical properties, such as elastic modulus, bonding strength, and radiopacity, is needed. Finally, there is a need for more investigation regarding how the addition of DMAHDM may affect the setting reaction of the sealers and, consequently, their performance in vivo.



5 Conclusion

This study demonstrated that sealers containing 5 wt.% of DMAHDM are effective in eradicating E. faecalis biofilms in vitro, with minor changes related to the physical properties of the sealers. These findings suggest that DMAHDM, as a contact-killing agent, could be a promising approach to prevent endodontic reinfections. However, more investigations using translational models are necessary to fully verify the effectiveness of DMAHDM against endodontic pathogens and infections.
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Objectives: The flexural strength and elastic modulus of rapidly prototyped denture base materials are affected by numerous factors including reinforcement with nanoparticles (NPs) and post-curing duration (PCD), though the effect of these two factors together has been overlooked. The present study tested the effect of nanodiamonds (NDs) or silicon dioxide nanoparticles (SNPs) with various PCDs on the flexural strength and elastic modulus of rapidly prototyped denture base materials.



Methods: To measure the flexural strength and elastic modulus, bar-shaped specimens (64 × 10 × 3.3 mm) were designed and rapidly prototyped using ASIGA and NextDent denture base resins. Each resin (N = 150) was divided into five groups (n = 30) according to NP type and concentrations: pure group as a control without additives, 0.25% NDs, 0.5% NDs, 0.25% SNPs, and 0.5% SNPs. Specimens from each group were further divided into three groups (n = 10) and post-cured for 15, 60, or 90 min, followed by thermocycling for 5,000 cycles. After measuring the flexural strength and elastic modulus using a three-point bending test, a scanning electron microscope was used to analyze the fractured surface. The bonds between the NPs and the resin were tested by Fourier-transform infrared spectroscopy. ANOVA and post hoc tests were used for data analysis (α = 0.05).



Results: The flexural strength increased with prolonged PCD and the highest values for all tested groups were reported at 90 min (P < 0.001). The flexural strength of both materials increased significantly with the addition of NDs and SNPs in comparison to the pure groups (P < 0.05). K-factor ANOVA analysis of the elastic modulus showed that each factor (NP type, PCD, and material type) had a significant effect on the elastic modulus (P < 0.001).



Conclusion: The flexural strength and elastic modulus of rapidly prototyped denture base resin were increased with the addition of NDs or SNPs and when increasing the PCD. Factors including nanoparticle type and concentration, the post-curing duration, and the material type solely or in combination could affect the flexural strength and elastic modulus of prototyped denture base materials.
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1 Introduction

Dentures are subjected to multiple intraoral forces that could cause denture fracture or deformation if the denture base material has low flexural properties. Therefore, the materials used for denture fabrication must possess acceptable strength to ensure long-term clinical performance (1, 2). Polymethyl methacrylate (PMMA) is the most common material used for denture base fabrication due to its advantages such as esthetics, affordable price, and ease of fabrication and repair (3). However, some disadvantages have been reported including low flexural strength (FS), elastic modulus (EM), and impact strength which are considered as the main causes of denture fracture (4, 5). Due to the continuous stress that the denture base is subjected to, the occurrence of denture fracture is approximately 64%–68% within 3 years of clinical use (5, 6). Therefore, attempts have been made to overcome these drawbacks by using new materials and technologies for denture fabrication, in addition to reinforcement of denture base materials with different additives (7, 8).

Denture fabrication using computer-aided designing and manufacturing (CAD-CAM) technologies is more prevalent due to multiple advantages such as reduced fabrication time and increased denture accuracy and patient satisfaction (9). Using the additive fabricating method, also called rapid prototyping or 3D printing, for denture fabrication is less expensive than using the subtractive (milling) method in addition to having higher accuracy and using less material (10). However, the milled resin has superior mechanical properties compared to the 3D-printed resin (11, 12). There are different factors that could increase the strength of rapidly prototyped (RP) resin, amongst these is nanofiller addition (7, 13). The printing technology, material composition and post-curing duration (PCD) can also affect the resin's mechanical behavior (14, 15). The addition of nanoparticles (NPs) to PMMA and rapidly prototyped resin has been investigated in previous studies in an attempt to enhance the resin's mechanical performance and decrease microbial colonization (8, 13). It was reported that the addition of nanoparticles to PMMA improved the strength and surface properties and the antimicrobial efficacy compared with unmodified resin. Thus PMMA/nanocomposites are recommended for denture base fabrications (3, 16, 17). Recent reviews stated that the addition of nanoparticles to 3D-printed resins resulted in high performance compared with unmodified resins (13, 18). This improvement in the properties of the resin with the introduced nanocomposites highlights the importance of nanotechnology application in combination with the new CAD-CAM technologies for denture fabrications (13, 18).

The inclusion of nanodiamonds (NDs) or silicon dioxide nanoparticles (SNPs) to heat-polymerized PMMA improved the resin’s mechanical performance (19, 20). A similar effect was found with the addition of SNPs to prototyped resin, as reported by Gad et al. (7). Mangal et al. (21) found the addition of 0.1 wt% NDs increased the strength of rapidly prototyped orthodontic appliances. Moreover, NDs have shown an antimicrobial effect and a reduction of Candida albicans adhesion (22, 23). The thermal conductivity of denture resin was also increased with the addition of a small amount of NDs (24).

The predominant technologies employed in the additive fabrication of dental prostheses are stereolithography and the digital light processing method (25, 26). After printing, the prototyped objects are subjected to a post-curing process to ensure complete polymerization of the resin (13). The post-curing process and variables such as the curing unit, light intensity, and PCD affect the resin's characteristics (13). Previous studies have investigated the influence of PCD on the flexural strength of prototyped resin and reported increased flexural strength with prolonged curing time, while other studies found no correlation (15, 27–30).

However, the influence of the addition of NDs or SNPs and PCD on the flexural strength and elastic modulus of RP denture base resins has not been tested before. Thus, the purpose of this study was to assess the effects of adding NDs or SNPs to RP denture base resins on their elastic modulus and flexural strength with different PCDs. The study’s null hypotheses stated that the flexural strength or elastic modulus of RP resin would not change with (a) nanoparticle addition, (b) post-curing duration, or (c) the combined effect of nanoparticle addition and post-curing duration.



2 Materials and methods

The number of required specimens was calculated according to the findings of a previous study, indicating the need for 300 specimens (150/resin, 50/NP, 30/concentration, 10/posturing time) (31). Each RP denture base resin (ASIGA and NextDent) (N = 150) was divided into five groups (n = 30) according to NP type and concentrations: a control group of pure resin without additives, 0.25% NDs, 0.5% NDs, 0.25% SNPs, and 0.5% SNPs. Each concentration group was further divided (n = 10) according to PCD (15, 60, and 90 min).

The tested RP denture base resins were NextDent (Denture 3D + NextDent B.V., Soesterberg, The Netherlands) printed using a NextDent 5100, and ASIGA (DentaBASE, ASIGA, Erfurt, Germany) printed using a ASIGA MAX™ and digital light processing technology.

For nanocomposite preparation, the NDs (Shanghai Richem International Co. Ltd, Shanghai, China) were heat treated at 450°C for 2 h in air as described in previous studies (32, 33). The SNPs (AEROSIL R812; Evonik Degussa, Germany) were silanated using a silane coupling agent [3-trimethoxysilyl propyl methacryate, 97% (γ-MPS)] using the same method detailed in Gad et al.’s study (7). For nanomixture preparation, each resin was shaken on a shaker according to the manufacturer’s recommendations followed by NP weighting and the addition of 0.25% or 0.5% wt concentrations. Each container was shaken again to ensure the NPs were well-distributed in the resin matrix.

The ISO standards (ISO 20795-1:2013) (34) for flexural strength and elastic modulus testing were followed. The specimens were designed in 64 × 10 × 3.3 mm dimensions using AutoCAD software (123D design, Autodesk, version 2.2.14, San Rafael, USA) and then transformed into standard tessellation language files that were imported to the corresponding printer. The printing orientation was set at a 90° angle and a layer thickness of 50 µm. The prototyped specimens were washed with isopropyl alcohol (99.9%) and then post-cured in the corresponding post-curing unit, NextDent specimens in an LC-D Print Box and ASIGA specimens in an ASIGA-Flash, for 15, 60, or 90 min. After support removal, the specimens were polished in moist conditions for 5 min at 100 rpm using 1,200-grit sandpaper (MicroCut PSA; Buehler, IL, USA) in a polishing machine (Metaserv 250 grinder-polisher; Buehler GmbH, IL, USA). The specimens were then kept in distilled water at 37°C for 2 days and subjected to 5,000 thermal cycles (5 and 55°C/30 s) using a thermocycling machine (THE-1100 Thermocycler, SD Mechatronik Thermocycler, Germany).

A universal testing machine (Instron Model 8871; Instron Corp., Norwood, MA, USA) was employed to evaluate the flexural strength and elastic modulus using a three-point bending test according to the ISO standard (ISO 20795-1:2013) (34). The specimens were subjected to a 5 kN load with an across-head speed of 5 mm/min at the center between two vertical supports at a 50 mm distance. The fracture load (N) was noted to calculate the flexural strength (MPa) and elastic modulus (GPa) according to the equations FS = 3 WL/2bh2 and EM = FL3/4bh3d, respectively, as described in previous studies (7, 31).

A scanning electron microscope (SEM; INSPECT S50, FEI, Czech Republic; 20 kV) was employed to study the fractured surfaces. The specimens were mounted onto metallic stubs and were gold coated using a sputter coating machine. The micrographs were taken under different magnifications in order to determine the fracture type and to highlight the distribution of nanoparticles.

Transmission electron microscopy (TEM; Morgagni 268, FEI; operated at 80 kV) was used to detect the nanoparticles’ (NDs and SNPs) size and morphology. The sample suspensions were placed onto TEM copper grids with carbon films and several TEM images were acquired (Figure 1).


[image: Transmission electron microscopy images showing two nanostructures. (A) shows layered crystalline structures, while (B) displays a network of irregularly shaped nanoparticles. Both images have a scale bar of one hundred nanometers.]
FIGURE 1
TEM images of NDs (A) and SNPs (B). The scale bars are 100 nm.


The bonds of the NDs and SNPs within the resin were inspected using Fourier-transform infrared (FTIR) spectroscopy using a transmission spectroscope (Hartmann & Braun, MB-series). The FTIR spectra were measured by scanning the specimens between the 4,000 and 400 cm–1 wavenumber regions.

A descriptive analysis of the data was presented by calculating the mean and standard deviation of the tested properties. The normal distribution of the data was tested with the Shapiro–Wilk test and the non-significant results showed that the data were normally distributed. Inferential data analysis was conducted using parametric tests. The effect of one factor (concentration, time, etc.) on the tested properties was tested by one-way ANOVA. Tukey’s post hoc test was used for the pairwise comparison. Due to having more than three factors in the study and to evaluate the interacting effects of all these factors, k-factor ANOVA was used. Two-independent samples T-test was employed to study the influence of NP concentration (0.25% and 0.5%) on the tested properties. P-values less than 0.05 were statistically significant.



3 Results

Table 1 shows the effect of PCD per concentration on the flexural strength of the test groups. The variation caused by the PCD on the flexural strength in each NP concentration level for the NextDent and ASIGA resins was statistically significant (P < 0.001). For all groups, the flexural strength increased as the PCD increased and a 90-min PCD resulted in the significantly (P < 0.001) highest FS when compared with 15- and 60-min groups per respective NP type and concentrations. For the 0% concentration, all the pairwise comparisons of the NextDent and ASIGA resins were found to be statistically significant. For 0.25% and 0.5% concentrations of NDs, pairwise comparisons for each material showed a statistically significant difference in means. However, in the case of NextDent resin with 0.25% and 0.5% SNP concentrations, a pair (15 min vs. 60 min) showed no significant difference in means (P = 0.539 and 0.998, respectively).


TABLE 1 Effect of post-curing duration and nanoparticle concentration on the flexural strength of the tested materials.

[image: Table showing the flexural strength (MPa) of NextDent and ASIGA materials with varying nanoparticle types (PURE, NDs, SNPs) and concentrations (0%, 0.25%, 0.5%) over post-curing durations (15, 60, 90 minutes). Values include p-values indicating significance. Notes highlight statistical significance at a 0.05 level and denote insignificant differences with lowercase and uppercase letters in rows and columns, respectively.]

The influence of nanoparticle concentration on flexural strength at each PCD was also analyzed (Table 1). In the case of NDs, both concentrations significantly increased the flexural strength compared with the unmodified groups (P = 0.000 and 0.000) except for the ASIGA resin when modified with 0.25% NDs at 15 and 60 min (P = 0.539 and P = 0.35). In the ND groups, NextDent resin with 0.5% NDs and 90-min PCD had the significantly highest flexural strength value (102.6 ± 3.3 MPa). For ASIG resin, no significant difference was seen between ND concentrations at 60 and 90 min (P = 0.254 and P = 0.234). However, ASIGA resin with 0.5% NDs and 90-min PCD had the highest flexural strength value (92.7 ± 2.6 MPa).

In the case of SNP addition to both resins, both concentrations significantly increased the flexural strength compared with the unmodified groups (P < 0.001). Regardless of the resin type, 0.25% SNPs had the highest flexural strength values when compared with the 0.5% group (P < 0.001), except for NextDent resin with 0.25% SNPs and 90 min PCD vs. 0.5% SNPs, which showed no significant difference (P = 0.129).

K-factor ANOVA analysis for flexural strength showed that each factor (NP type and concentration, PCD, and material type) significantly affected flexural strength (P < 0.001). In addition, all the interacting effects of two factors were statistically significant and the interaction effects of three variables were also found to be significant. However, the interaction of all four factors was not significant (Table 2).


TABLE 2 K-factor ANOVA for multiple factors' effects on flexural strength.
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The elastic modulus mean values and standard deviations of the tested resins regarding the effect of PCD and nanoparticle concentration are summarized in Table 2. The elastic modulus was significantly increased with an increase in PCD for NextDent resin with 0.25% NDs (P < 0.001) and 0.25% SNPs (P = 0.007) and the highest value was found with 90-min PCD without a significant difference between 60 and 90 min. In the case of ASIGA resin, the increase in elastic modulus was significant for 0.25% NDs (P < 0.001) with the highest value with a PCD of 90 min, without a significant difference between 90 and 60 min. Furthermore, the ASIGA 0.5% SNP group had the highest elastic modulus at 60 min (P < 0.001) without a significant difference between 15 and 90 min.

The effect of nanoparticle concentration at each PCD was also analyzed (Table 3). In the case of NextDent resin with NDs, the elastic modulus was significantly decreased compared to the unmodified groups at 15 min for the 0.25% group (P = 0.013), at 60 min for the 0.5% group (P = 0.017), and at 90 min for the 0.5% group (P = 0.003). In the case of ASIGA resin with NDs, the elastic modulus was significantly decreased with both concentrations compared to the unmodified groups (P < 0.001) at each PCD. The elastic modulus of NextDent resin with SNPs at 15 min with a concentration of 0.5% was significantly increased compared to the unmodified groups (P < 0.001) while at 60 and 90 min, none of the concentration levels had any significant effect on the elastic modulus compared to the unmodified groups. In the case of ASIGA resin with 0.5% SNPs at 15 and 90 min, the elastic modulus was significantly decreased compared with the unmodified resin (P < 0.001) while at 60 min, the changes in elastic modulus with 0.25% and 0.5% were not significantly different compared with the unmodified groups (P = 0.926 and 0.685, respectively).


TABLE 3 Effect of post-curing duration and nanoparticle concentration on the elastic modulus of tested materials.
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K-factor ANOVA analysis for elastic modulus showed that each factor (NP type, PCD, and material type) had a significant effect on elastic modulus (P < 0.001) but the effect of concentration was not significant (P = 0.270). All the interacting effects of two factors except time and NP type, time and material type, and concentration and material type were also statistically significant (P < 0.05), while interaction effects of three variables except time, NP type, and material type; and time, concentration, and material type were found to be statistically significant (P < 0.05). However, the interaction of all four factors did not produce any insignificant effect on the elastic modulus (Table 4).


TABLE 4 K-factor ANOVA for multiple factors’ effects on elastic modulus.
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Figures 2, 3 show the SEM analysis of the fractured surfaces of NextDent and ASIGA resins, respectively. For the pure resins, the fractured surface had a smooth surface with an absence of irregularities in NextDent resin (Figure 2) and a slightly faint irregularity in ASIGA resin (Figure 3). Pure NextDent resin had the same features with increased PCD while in pure ASIGA, the lamellae appeared and irregularity increased as PCT increased. With NP addition, the surface topography and features changed from smooth to irregular with infirm lamellae, representing the ductile fracture type. Regarding NP type, both concentrations had the same features with sharp and deep lamellae which slightly increased with ND concentration. For SNPs, there were faint lamellae with some clustering in the 0.5% concentration group compared with 0.25%.


[image: Sixteen microscopic images show the surface morphology of NextDent samples under various conditions. The images are labeled with different compositions and durations, including pure NextDent, ND-0.25% and ND-0.5% NextDent, and SiO2-0.25% and SiO2-0.5% NextDent at time intervals of 15, 60, and 90 minutes. Each image reveals distinct textures and surface features corresponding to the sample's treatment.]
FIGURE 2
Representative SEM images with 1,000× magnification of fractured NextDent specimens with added nanoparticles at different PCDs.



[image: A grid of twelve scanning electron microscope images showing the surface morphology of different ASIGA compositions and modifications. Each row represents a different time interval (15 minutes, 60 minutes, and 90 minutes) and each column represents a different composition (Pure ASIGA, ND 0.25%, ND 0.5%, SiO2 0.25%, SiO2 0.5%). Surfaces vary in texture and density, demonstrating the impact of nanodiamonds (ND) and silicon dioxide (SiO2) modifications over time.]
FIGURE 3
Representative SEM images with 1,000× magnification of fractured ASIGA specimens with added nanoparticles at different PCDs.


The FTIR spectra of the pure and modified prototyped resins (NextDent and ASIGA) with NDs and SNPs showed similar types of bands and characteristic features. For simplicity, specimens that were post-cured for 60 min were chosen for FTIR analysis for both resins (NextDent and ASIGA) (Figure 4). The studied NextDent resins specimens were referred to as (i) pure NextDent-60 min, (ii) NDs-0.25%-NextDent-60-min, (iii) NDs-0.50%-NextDent-60-min, (iv) SNPs-0.25%-NextDent-60-min, and (v) SNPs-0.50%-NextDent-60-min. Similarly, ASIGA specimens were named (i) pure ASIGA-60-min, (ii) NDs-0.25%-ASIGA-60-min, (iii) NDs-0.50%-ASIGA-60-min, (iv) SNPs-0.25%-ASIGA-60-min, and (v) SNPs-0.50%-ASIGA-60-min. The FTIR results prove that the incorporation of NPs did not alter the chain structures of the nanocomposites and only varied the intensity of the bands. The characteristic bands for each specimen are shown in Figure 4.


[image: FTIR graphs display transmittance versus wavenumber for two resins: NextDent and ASIGA. Each resin has five colored lines representing different percentages of NS and ND additives. Key peaks vary across the wavenumber range of 4000 to 400 cm⁻¹.]
FIGURE 4
FTIR spectra of pure and NPs incorporated (A) NextDent and (B) ASIGA specimens (60 min). NextDent specimens: pure NextDent-60-min, NDs-0.25%-NextDent-60-min, NDs-0.50%-NextDent-60-min, SNPs-0.25%-NextDent-60-min, and SNPs-0.50%-NextDent-60-min. ASIGA specimens: pure ASIGA-60-min, NDs-0.25%-ASIGA-60-min, NDs-0.50%-ASIGA-60-min, SNPs-0.25%-ASIGA-60-min, and SNPs-0.50%-ASIGA-60-min.




4 Discussion

The influence of the addition of NDs or SNPs with different PCDs on the flexural strength and elastic modulus of prototyped denture base resins was tested in this study. The study’s null hypotheses were rejected because nanoparticle addition, increasing the PCD, and the combined effect of both variables affected the flexural strength and elastic modulus of the tested rapidly prototyped resins.

The flexural strength of both tested materials increased with the addition of NDs or SNPs. Previous studies that have tested the impact of NDs on the flexural strength of PMMA and rapidly prototyped resin showed similar findings (19, 21, 33). Mangel et al. (21) found an increase in the flexural strength and elastic modulus of 3D-printed orthodontic appliances with the addition of NDs at 0.1% wt. Al Harbi et al. (33) tested the effect of ND addition to conventional PMMA at concentrations ranging from 0.5 to 0 1.5% wt and found the highest flexural strength at 0.5% wt. The reason for the increased flexural strength of prototyped resin with ND addition could be the high strength and surface characteristics of NDs (35). Another factor that could lead to the higher strength of the nanocomposite is adequate bonding between NDs and the resin matrix. NDs undergo heat treatment for purification which results in the creation of reactive surface carboxyl and hydroxyl groups that improve bonding with the resin matrix (32, 36). The results showed that the flexural strength increased at higher ND concentrations (0.5% than 0.25%) but the difference between them was significant only with NextDent at 90 min PCD and ASIGA at 15 min PCD. In accordance with the results, SEM images showed that the lamellae of the fractured specimens of NextDent modified with NDs were different from the smooth surface of the pure specimens. Similarly, for ASIGA specimens, the surface became more lamellated, particularly at 0.5% ND concentration. Moreover, the FTIR results proved that NP incorporation did not alter the chain structures of the nanocomposites but only changed the band intensity.

The addition of SNPs increased the flexural strength of the prototyped resin and it was higher at a concentration of 0.25% than at 0.5%. Similarly, Gad et al. (7) found that SNPs increased the flexural strength of rapidly prototyped denture base resin with higher values recorded at 0.25% than at 0.5%. The nanosized SNPs have a large surface and provide strong bond with the resin matrix due to silanization, thus improving the prototyped resin’s flexural strength (8, 20). However, at high concentrations, clustering of SNPs, as shown in the SEM images, could cause a reduction of flexural strength. These clusters act as stress concentration areas where cracks are initiated and propagated (20). Moreover, the increased concentration of SNPs might increase the viscosity of the printing resin and prevent proper light penetration during polymerization, thus resulting in decreased strength (7). Based on the SEM findings, a concentration of 0.5% showed fewer irregularities with some clustering appearing, compared with 0.25%. This was proved in previous studies which recommended the addition of a low concentration of SNPs (7, 37). Another explanation for the decreased flexural strength with increasing SNP concentrations is the low density of SNPs when compared with other metal oxides (37).

Several factors can affect the mechanical properties of nanocomposites including the type, shape, size, and concentration of the added nanoparticles in addition to the bond strength with the resin (38). Although both the nanoparticles increased the flexural strength, SNPs resulted in higher strength than NDs at each PCD and concentration. Furthermore, the flexural strength was increased with a higher concentration of NDs, while for SNPs, a lower concentration (0.25%) resulted in higher flexural strength. SNPs have a low density, thus the number of particles per unit area is higher than other metal oxide nanoparticles at the same concentration. Accordingly, the addition of SNPs is recommended at low concentrations to avoid particle agglomerations that occur at high concentrations which adversely affect the flexural strength (37).

The addition of NDs resulted in a reduction in the elastic modulus of both materials (ASIGA and NextDent). The elastic modulus is defined as the flexibility of a material within the elastic range (39). Denture base materials are required to possess adequate elastic modulus to avoid permanent deformation that might occur due to continuous stress caused by mastication (40). A previous study tested the impact of ND addition on the flexural properties of heat-polymerized PMMA at concentrations 0.1%, 0.25%, and 0.5% and reported a reduction of elastic modulus at concentrations above 0.1% but it was not statistically significant (19). Nevertheless, the lowest reported value in this study was above 2,000 GPa, which is the accepted elastic modulus for denture base polymers, as recommended by American Dental Association (ADA) specification No. 12 (41).

The elastic modulus of both tested rapidly prototyped resins was not altered by the incorporation of a low SNP concentration (0.25%). However, at 0.5%, the elastic modulus only increased in NextDent resin at 15 min PCD and was decreased in ASIGA resin. Alzayyat et al. (20) found that the elastic modulus of heat-polymerized PMMA was the highest at the lowest concentration of SNPs, 0.05%, and decreased at 0.25% and 0.5%.

The flexural strength was positively correlated with an increase in PCD. The highest flexural strength was recorded at 90 min PCD for both materials for all the different tested nanoparticles and concentrations. The elastic modulus was also increased with an increase in PCD. Previous studies have reported that increasing the PCD increases the strength of prototyped resins (15, 27, 42). An increased PCD reduces the amount of residual monomer and results in complete polymerization, leading to improved strength (27, 42).

The results in our study showed variation in the flexural properties between the tested materials, indicating the significant effect of material type on the flexural properties of rapidly prototyped denture base resins. ASIGA pure resin showed higher flexural strength than pure NextDent resin. This result is in agreement with a previous finding (11). However, after the addition of nanoparticles (NDs and SNPs), the flexural strength and elastic modulus of the NextDent resin were higher than the ASIGA resin at each concentration and PCD. Recently Al Gahmdi et al. (31) reported comparable results with pure ASIGA resin having a higher flexural strength than NextDent resin while after the addition of titanium dioxide nanoparticles, NextDent resin had higher strength than ASIGA resin. The differences between the ingredients of the tested materials and the printers used could be the reason for this variation.

This study tested the effect of NPs and PCD on the flexural strength and elastic modulus of RP denture base resins. Increasing the PCD positively increased the strength of RP resin, as reported in the literature, but the effect of PCD with the addition of NPs has not been tested before. A recent review stated that there is an enhancement of the mechanical and antimicrobial characteristics of 3D-printed resin with the addition of NPs (43). However, studies testing the addition of NPs to 3D-printed denture resin in comparison with heat-polymerized PMMA are still scarce. The effect of SNPs on prototyped denture base resin was tested previously in one study, following the post-curing time recommended by the manufacturer (7). While the influence of NDs on prototyped dentures has not been tested before, it has been tested in 3D-printed orthodontic appliances (21). Therefore, this study aimed to investigate the combined effect of PCD on RP denture base resin with the addition of NDs or SNPs.

The prolonged PCD and addition of nanoparticles increased the flexural strength of both tested resins. Moreover, the effect of the two variables together significantly increased the flexural strength of the tested materials. These results could be beneficial in improving the mechanical strength of RP denture base resins, thus increasing their long-term clinical use.

The present study tested different concentrations of two types of nanoparticles on the flexural strength and elastic modulus of prototyped denture base materials. The specimens were artificially aged by thermal cycling prior to testing to imitate the thermal stress applied on the denture base intraorally. Some limitations of the study include using bar-shaped specimens that do not mimic denture configurations and the absence of other intraoral factors including saliva, oral flora, various pH values, and masticatory forces. Therefore, further in vivo studies are required to verify the present results. Finally, the biocompatibility of rapidly prototyped resin with added nanoparticles needs to be tested.



5 Conclusions

The flexural properties of rapidly prototyped denture base resins were increased with the addition of NDs and SNPs and by increasing the post-curing duration. SNPs increased the flexural strength at lower concentrations (0.25%), while for NDs, the flexural strength was increased with higher concentrations. Using NDs and low concentrations of SNPs with an extended post-curing duration is recommended for rapidly prototyped denture base fabrication.
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Introduction: The injectable composite resin technique using highly filled flowable composite for anterior restorations is relatively new. This study aims to detect the staining susceptibility and the effect of polishing and bleaching agents and their combination on the stain removal and surface gloss of the injectable composite resins compared to sculptable nanofilled composite.



Methods: Eighty-four disc-shaped specimens were prepared from two injectable composite resins: Beautifil Flow Plus X (BFP) and G-ænial Universal Injectable (GUI) and one sculptable nanofilled composite; Filtek™ Z350XT Universal Restorative (FUR), immersed in an instant coffee solution for 12 days. The specimens from each material were divided into four groups (n = 7) according to the stain-removal method: Group 1 (control): no stain removal treatment. Group 2: Polished with Super-Snap Buff Polisher and Direct DiaPaste for 60 s. Group 3: Bleached with Opalescence Boost 40% for one hour (3 rounds/20 min each). Group 4: bleached and polished. A Spectrophotometer recorded the color parameter initially (T0), after staining (T1) and after stain removal methods (T2) and color change (ΔE00) was calculated. Gloss (GU) was recorded initially and after stain removal methods using a glossmeter. Surface morphology was examined with Scanning Electron Microscopy. The data was analyzed using One and Two-way ANOVA and Tukey's HSD post hoc test using SPSS software at a 5% significance level.



Results: All tested materials showed clinically unacceptable staining susceptibility after coffee immersion and stain removing methods (ΔE00 >1.8), with FUR exhibiting the highest change (26.2 ± 2.6). In-office bleaching and combined bleaching/polishing significantly reduced color change for FUR (P < 0.05), while all stain removal methods was equally effective for BPF and GUI (P > 0.05). Surface gloss remained unchanged with the highest values after staining and bleaching for all materials (52.8 ± 11.2–49.7 ± 9.4, P > 0.05) but significantly decreased after polishing alone or combined with bleaching (31.6 ± 5.7–15.4 ± 1.5, P < 0.05).



Conclusion: Injectable composites exhibited lower staining susceptibility than the sculptable nanofilled composite. No stain-removing method restored the color for all composites to the clinically acceptable threshold. In-office bleaching with Opalescence Boost 40% effectively maintained optimal surface gloss, while polishing alone or after bleaching is not recommended due to its negative impact on gloss.
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1 Introduction

The aesthetic and functional rehabilitation of anterior teeth is one of the main objectives of restorative dentistry that has rapidly evolved in recent years (1). Among the various restorative options, direct resin composite restorations present a versatile and less invasive alternative to ceramic restorations (2). They surpass indirect composite restorations regarding reduced laboratory time and costs (3). Although the conventional incremental layering technique has been the most widely recognized composite application method for direct anterior restorations among dental practitioners, it is considered quite time-consuming. Besides, the operator must carefully apply and cure each composite material layer to ensure proper adaptation and optimize the aesthetic outcome. Thus, the operator's precision, experience, and skill are critical factors in the success of this technique (4).

The recently introduced injectable composite technique has gained attention because of its simplicity, cost-effectiveness, and lesser demand on clinician expertise compared to direct and indirect restorative methods (5). This method completely restores the involved teeth by directly injecting the specially formulated injectable composite materials into a perforated transparent silicon index, giving a highly accurate final composite with predictable results (6). The success of such restorations relies on the free-hand injection molding technique as well as on the properties of the utilized injectable composites; these are highly filled flowable restorative materials with an innovative production process that allows modifications to the filler size and salinization mechanism. These modifications enable the injectable composites to have the improved adaptability and flow of the conventional flowable composites, with increased wear resistance, surface hardness, and flexure strength (7–9).

Nevertheless, the utilization of injectable resin composites for aesthetic anterior purposes is relatively new, and further research is required to understand its long-term performance fully. Previous case studies of this technique have reported discoloration after prolonged exposure to the oral environment (6, 10). The unacceptable color change of the restoration is considered an important concern causing patients dissatisfaction due to increased costs for restoration replacement.

Polishing and bleaching techniques employing commercially available at-home and in-office bleaching agents are utilized to eliminate the discoloration of teeth and composite restorations (11). The peroxide in the bleaching agent will break down into free radicals that penetrate the material and break down the pigmentation molecules, therefore eliminating or diminishing discoloration (12, 13). Surface polishing, on the other hand, depends on surface abrasion of the material's treated surface (14). Previous research studies have documented different color shift degrees in tooth-colored restorative materials due to either bleaching procedures or repolishing after exposure to staining beverages, with no preference for either method (15–18). Korać et al. and Alharbi et al. reported that bleaching is regarded as an effective approach for the elimination of surface stains in composite restorations (11, 19). While Korkut and Haciali determined in their investigation that the repolishing technique effectively restored the color of stained composite materials (20). Nevertheless, Rodrigues et al. reported that the color stability of resin composites subjected to staining agents is improved when they are repolished immediately following bleaching (21). In addition to their color stability, anterior restorations’ ability to acquire a smooth, glossy finish that resembles dental enamel and maintain this surface quality over time despite continual exposure to intraoral challenges as well as abrasives, such as toothbrushing and repolishing is another crucial aspect of their aesthetics (22, 23).

Since the stain removal method's efficacy relies on the stain's nature and the composition of the material being treated (18, 21, 24), it had to be determined if the same applies to the newly developed injectable resin restorative material. To the best of our understanding, no previous study has investigated the staining susceptibility of injectable composites. Therefore, this in vitro study aims to assess the staining susceptibility of the newly introduced injectable resin restorative materials compared to a conventional sculptable composite resin. Additionally, the study aims to compare and evaluate the effect of in-office bleaching and surface polishing techniques or their combination on removing stains and the surface gloss of the tested materials. The first null hypothesis states that there would be no difference in staining susceptibility between the tested materials, and the second null hypothesis states that neither the material type nor the stain removing method would influence the color or the surface gloss of the tested materials.



2 Materials and methods


2.1 Study design

This investigation was performed after approval of the Research and Ethics Committee Ref. No: RAKMHSU-REC-8-2023/24-UG. The materials investigated are one sculptable nanofilled composite (Filtek™ Z350XT Universal Restorative, 3M ESPE, USA) and two injectable composite resins: Beautifil Flow Plus X (Shofu Inc, Kyoto, Japan) and G-ænial® Universal Injectable (GC Corp., USA), Details of the materials utilized in the current study are listed in (Table 1). The study design is illustrated in (Figure 1).


TABLE 1 The commercial brand names, compositions, and manufacturers of the materials used in the study.

[image: A table lists information about dental materials and stain-removing methods. It includes columns for brand name, material, code, composition, manufacturer, and lot number. Products are categorized under composite restorative materials and stain-removing methods, with three entries under each category. The table provides specific details about the composition and manufacturer for each product.]


[image: Flowchart depicting the process of testing disc-shaped specimens from multiple materials. Starting with preparation and 24-hour incubation, baseline color and gloss are assessed. Specimens are immersed in coffee for 12 days, followed by grouping into control, polished, bleached, and bleached plus polished. Final color and gloss are reassessed, and SEM analysis is conducted.]
FIGURE 1
Graphical representation of the study design.




2.2 Sample size calculation

A priori sample size calculation was performed using the software G*Power 3.1.9.4 before starting the study. The minimum sample size determined was 84 for an effect size of 0.71 (21) at 95% power and 5% confidence interval.



2.3 Specimens preparation

Eighty-four disc-shaped specimens, twenty-eight of each restorative material, were prepared in a custom-made silicon mold (10 mm diameter and 2 mm thickness). The mold was positioned over a glass plate topped with a Mylar strip, and then the mold hole was filled with the composite resins. For the sculptable FUR composite, a plastic instrument was used to adapt one layer of the composite paste inside the mold hole, while BFP and GUI were directly injected without sculpting (20, 25). An additional Mylar strip was placed atop the composite, and gentle pressure (5–10 N) was applied using another glass plate until it was level with the mold's upper surface to smoothen the composite specimens and extrude any excess (25). Specimens underwent light curing for 20 s on each surface following their respective manufacturer's instructions, using a LED curing lamp (Elipar™ DeepCure-L 3M ESPE, St Paul, USA), with output 1,000 mW/cm2. The samples were subsequently kept in distilled water for 24 h at 37°C to ensure their complete polymerization.



2.4 The staining challenge of the specimens

The staining solution was prepared by dissolving 4 grams of instant coffee (DAVIDOFF Fine Aroma, Tchibo Manufacturing, Poland) into 200 ml of boiling water for 2 min and cooling to room temperature. The specimens were submerged in the staining solution and incubated for 12 days at 37°C, with the solution being replaced every 24 h to mimic one year of typical coffee intake. The specimens were washed with tap water before testing.



2.5 Staining susceptibility

Color measurements of each specimen were conducted using a portable spectrophotometer (VITA Easyshade® Advance 4.0, Vita Zahnfabrik, Bad Säckingen, Germany) following the CIELAB color space standard established by the Commission Internationale de l'Eclairage. After calibrating the device, the spectrophotometer probe was centrally placed on each specimen, positioned on a white non-reflective surface to eliminate the background interference, and illuminated under a D65 light source. The color parameters (L, C and H) for each specimen were recorded initially before staining (T0), and after the coffee staining challenge (T1). Then, the color change (staining susceptibility) ΔE00 (T0-T1) of each specimen was calculated according to the CIEDE2000 equation as follows (26):

ΔE00=[(ΔL′KLSL)2+(ΔC′KCSC)2+(ΔH′KHSH)2+RT(ΔC′KCSC)(ΔH′KHSH)]12

ΔL΄, ΔC΄, and ΔH΄ represent the variations in Lightness, Chroma, and Hue, respectively. The rotation function is RT, whereas SL, SC, and SH are weighting functions; KL, KC, and KH are parameters for experimental adjustment. In this study, these parametric variables were set to a default value of 1 (27). The staining susceptibility of the tested materials was further assessed according to the 50:50% perceptibility PT (0.80 and acceptability thresholds AT (1.8) established by Paravina et al. (28), and following the International Organization for Standardization guidelines (ISO/TR 28642:2016) (29).



2.6 Grouping of the specimens and stain removal assessment

After the immersion in the coffee solution, the specimens for each material were randomly divided into four subgroups, each of 7 specimens, as follows:

Group 1: Specimens received no stain removal treatment and were kept in distilled water (control group).

Group 2: Specimens were polished (Super-Snap Buff Polisher + Direct DiaPaste) for 60 s at a contact pressure of 0.5 N (50 g) load in a clockwise rotation motion using a low-speed handpiece speed 5,000 rpm, as recommended by the manufacturer. The pressure was controlled using a precision scale.

Group 3: Specimens were subjected to in-office bleaching treatment (Opalescence Boost 40% hydrogen peroxide gel), applied for one hour (3 rounds/20 min each) as recommended by the manufacturer.

Group 4: The specimens were subjected to a combination of in-office bleaching (as in group 3) followed by polishing (as in group 2).

A single operator performed the bleaching and polishing procedures to reduce possible variability. Color parameters (L, C and H) for each specimen were recorded again after the different stain removing methods T2 according to the method described above and the color change was calculated according to the CIEDE2000 equation ΔE00 (T0-T2).



2.7 Surface gloss test

Gloss assessments were conducted using a small area gloss meter (Novo-Curve, Rhopoint Instrumentation Ltd., UK) at a 60° angle for both light reflection and incidence as recommended by the International Organization for Standardization standard for intermediate gloss materials (ISO 2813:2014) (30). Each specimen was positioned over a 2 mm × 2 mm measurement area and obscured by a black shield to mitigate external light interference during the measurement process. Before testing, the apparatus was calibrated using a calibration plate according to the manufacturer's instructions. Gloss values were measured in gloss units (GU). A highly polished surface with a refractive index of 1.567 achieves a value of 100 GU, whereas a non-reflective surface is assigned a value of zero (0 GU). Three measurements were taken for each specimen and averaged to determine its respective gloss value. The gloss was measured initially upon specimen preparation and after the different stain removing methods.



2.8 Scanning electron microscopy

One specimen from each group was randomly selected, and one baseline untreated specimen from each material were gold plated then fixed on unique aluminum studs to examine the surface morphology under Scanning Electron Microscopy (Model FEI Quanta 3D 200i, FEI Company) at 2,000× magnification.



2.9 Statistical analysis

Means and standard deviations were calculated for each group. The data was normally distributed after performing the Kolmogorov–Smirnov and Shapiro–Wilk test. A one-way analysis of variance (ANOVA) was performed to assess the staining susceptibility of the three materials, while color change after stain removal and surface gloss results were analyzed using a two-way ANOVA to evaluate the effects of the independent variables: different materials and methods of stain removal. When significant differences were detected, Tukey's HSD post hoc test was performed for multiple comparisons between the groups. The level of significance was set at P < 0.05. Data analysis was conducted using SPSS® version 27 (SPSS® Inc., IBM Corp., New York, USA).




3 Results


3.1 Color change results

Overall, all tested materials exhibited a clinically unacceptable color change, exceeding the acceptability threshold (AT) after immersion in coffee and following stain removal methods. The staining susceptibility results are shown in (Figure 2). One-way ANOVA revealed a statistically significant difference among the groups (P < 0.001), the highest color change was recorded for FUR which was significantly higher than BPF & GUI (P < 0.05), with no significant difference between BPF and GUI in the same group (P > 0.05). Comparing the stain removal methods on the three materials to their control groups, two-way ANOVA showed significant interaction between the variables (P < 0.001). FUR showed a significant reduction in color change in group 2 (P < 0.05), with a further significant reduction in the ΔE00 values in groups 3 and 4 (P < 0.05), with no significant difference between them (P > 0.05). However, the BPF and GUI color change values were statistically similar in groups 2, 3, and 4 (P > 0.05), and all showed a significant reduction in color change values compared to their respective control group (P < 0.05) (Table 2 and Figure 3).


[image: Bar chart comparing color stability (\(\Delta E_{00}\)) of three dental materials: Filtek Z350XT shows the highest value around 27, Beautifil Flow Plus X and G-ænial Universal Injectable display similar lower values around 17. Statistical significance is indicated, with ns denoting no significance between the latter two materials.]
FIGURE 2
Bar chart displaying the staining susceptibility (∆E00) of the tested restorative materials. * indicates significant difference, while ns indicates non significant difference at P < 0.05.



TABLE 2 The color change (ΔE00) means and (standard deviations) of the tested restorative materials.

[image: A table compares the effects of different treatments on three materials: Filtek Z350 XT, Beautifil Flow Plus X, and G-aenial Universal Injectable. The treatments include Group 1 (control), Group 2 (polished), Group 3 (bleached), and Group 4 (bleached and polished). Each cell contains a value with standard deviation in parentheses and statistical significance indicated by letters. Different letters within columns and lines show statistically significant differences (p < 0.05), with lowercase letters representing linear differences and uppercase indicating columnar differences.]


[image: Comparison of dental materials' color stability across five groups: Initial, Group 1, Group 2, Group 3, and Group 4. Rows feature FILTEK Z350XT, Beautifil Flow Plus X, and G-ænial Universal Injectable. Color variations are evident across groups.]
FIGURE 3
Representative specimens color change during the study.




3.2 Surface gloss results

Means and standard deviations for the surface gloss of the tested materials are shown in (Table 3). Two-way ANOVA revealed a significant interaction between the variables (P < 0.001). Multiple comparisons revealed no significant change in the gloss values between baseline readings, group 1 and group 3 in the three materials (P > 0.05). In contrast, a significant decrease was recorded in all the materials in groups 2 and 4 (P < 0.05). FUR gloss values were significantly reduced in group 2, and further significant reduction was recorded in group 4 (P < 0.05). BFP had a significant reduction in gloss values in groups 2 and 4 with no significant difference between them. GUI had a significant reduction in gloss values in group 4, followed by a further significant reduction in group 2 (P < 0.05).


TABLE 3 The surface gloss (GU) means and (standard deviations) of the tested restorative materials.

[image: A table comparing the effects of different treatments on three materials: Filtek Z350XT, Beautifil Flow Plus X, and G-aenial universal injectable. Values are presented with standard deviation and significance indicators. Four columns show data for Baseline, Group 1 control, Group 2 polished, Group 3 bleached, and Group 4 bleached and polished. Statistical significance is indicated by different letters, with lowercases for linear differences and uppercases for column differences.]



3.3 Scanning electron microscope results

The SEM images of the tested materials are presented in Figure 4. Baseline images (A, F and K) and group 1 (B, G and L) showed smoother surfaces among all the groups with minimal voids detected in FUR (A and B) and BPF (F and G), while the GUI samples showed the smoothest intact surfaces both at baseline (K) and in group 1. Group 2 showed dislodgment of fillers which was more evident in FUR (C), and to a lesser extent in BPF and GUI (H and M). Group 3 showed less surface defects (D, I and N) than group 2. The most significant surface defects were detected in group 4 with larger areas of filler dislodgment and huge voids in FUR (E), and a greater amount of filler loss with subsequent multiple small voids in BPF and GUI (J and O) respectively.


[image: Microscopy images divided into five groups, labeled Baseline, Group 1, 2, 3, and 4. Each group contains three columns labeled A to O, showing surface details with varying textures and particle distributions, indicated by arrows. Each image displays different surface characteristics on the nanoscale, with labels and scales shown at the bottom.]
FIGURE 4
Representative SEM images of the tested materials. Filtek Z350XT (A–E): Baseline (A) shows a smooth surface with few voids. Group 1 (B) maintains a smooth surface with minimal voids. Group 2 (C) exhibits filler dislodgment and multiple wide voids. Group 3 (D) shows fewer surface defects compared to Group 2. Group 4 (E) shows larger areas of filler dislodgment and extensive void formation. Beautifil Flow Plus X (F–J): Baseline (F) and Group 1 (G) display smooth surfaces with few voids. Group 2 (H) has a slightly higher number of small voids compared to Group 3 (I), while Group 4 (J) exhibits multiple small voids and noticeable filler dislodgment. G-aenial Universal Injectable (K–O): Baseline (K) and Group 1 (L) exhibit the smoothest, most intact surfaces. Groups 2 (M) and 3 (N) show a few small voids. Group 4 (O) presents multiple small voids and noticeable filler dislodgment.





4 Discussion

The current study investigated the staining potential of two new injectable composite resins compared to conventional paste-like sculptable nanofilled composite resin and the stain removal ability of polishing, bleaching, or their combination on these materials. Based on the results of the present in vitro study, both the null hypothesis were rejected.

Dental restorations are exposed to various staining beverages during clinical practice. The choice to submerge the test specimens in coffee stemmed from its widespread everyday use globally. Accelerated aging was performed through immersion of the specimens in the staining medium for twelve days, equivalent to nearly one year of intraoral exposure as reported in earlier studies (31, 32). While coffee is consumed worldwide as both a hot and cold beverage, the coffee solution in the current study was utilized at room temperature, consistent with prior research, to eliminate temperature as a variable that could influence the results and to limit the impact of coffee on its pronounced chromogenic effect (16, 19).

The CIEDE2000 (ΔE00) formula was utilized to calculate the color difference, as it more accurately reflects human perceptions of color variation compared to the CIELAB formula (33). Besides the statistical analysis, the color stability results in this study were further assessed against the 50:50% acceptability threshold (AT) and the perceptibility threshold (PT) in CIEDE2000, which states that ΔE00 values less than or equal to 0.8 signify that color change is undetectable to the human eye (AT) whereas ΔE00 values less than 1.8 are perceptible yet clinically acceptable (PT) (28).

In the current study, all materials subjected to immersion in coffee as well as various stain removal procedures exhibited ΔE00 values exceeding the established acceptability threshold. Consequently, these color alterations are deemed clinically inappropriate for those who drink coffee daily, necessitating restorative replacement after an interval of one year (11). This aligns with previous studies that deemed coffee a potent discolorant for dental resin-based restorations (16, 27, 34). Coffee comprises a variety of poly-phenolic compounds that exhibit health-enhancing properties for humans, including antioxidant and neuroprotective effects (35). However, composite resin materials can be drastically penetrated by the less polar and water-soluble polyphenols such as caffeine, tannin, and chlorogenic acid found in coffee (16). The highest staining susceptibility occurred in the conventional nanofilled composite FUR, which was significantly higher than both injectable composite materials, in line with previous studies (36, 37). In a study conducted by Nasim, et al. (38), Filtek Z350 exhibited the greatest degree discoloration in coffee solution compared to microhybrid and microfilled composites, they asserted that the cause might be related to the characteristics of the resin matrix and the porosity of the glass fillers nanoclusters. Besides, Cinelli, et al. (24), suggested a higher staining susceptibility in composites containing nano-aggregated particles as these structures possess an interface that is not fully silanized, which may result in increased penetration of water and pigments.

A noteworthy finding in the current investigation is that both the injectable composites showed reduced staining susceptibility in coffee solution, excelling the nanofilled paste composite, which has a greater filler content. Besides, both BPF and GUI had similar color change values in the untreated control group despite their different matrix composition; this indicates that additional factors influence the performance of these injectable composites. While no existing studies have examined the staining potential of injectable composites for direct comparison with the current study's results, one possible explanation lies in the employed technology, which ensures dense packing of smaller filler particles or enhanced silane bonding between fillers and the organic matrix are responsible for reduced staining potential (7, 32). Another explanation is that the tested nanofilled composite is paste-like sculptable material, with a higher likelihood of air bubble entrapment within the composite during their application and sculpting. In contrast, both the injectable composites have flowable consistency and were directly injected into the mold through the specially designed plungers without sculpting, thus reducing the possibility of air bubble entrapment (39). The water absorption capacity of composite materials is enhanced by the presence of porosity, which in turn leads to the accumulation of stains (40).

When evaluating the impact of stain-removing methods on teeth and associated restorations, it is crucial to distinguish between superficial stains and intrinsic discoloration (18). Polishing with Super-Snap Buff Disk and DirectDia Paste was chosen in the current investigation as it can effectively remove surface stains and restore gloss to the composite surface according to the manufacturer; besides, Szczepaniak, et al, reported its effectiveness as a polishing system without affecting the surface roughness of resin composites (41). On the other hand, in-office bleaching with 40% hydrogen peroxide offers a potent chemical approach to eliminating surface and deeper discoloration. It has been demonstrated to effectively remove stains from composite resins, frequently restoring them to their baseline color (11). The combination of the two methods was also tested as it was expected to offer a more comprehensive stain removal than either method alone (21).

In the present study, all the stain-removing methods were effective in partially eliminating the coffee stains of the tested materials, all the ΔE00 values were beyond the acceptability threshold, and their effect was material-dependent. Both bleaching (group 3) and bleaching followed by polishing (group 4) showed the greatest stain-removing efficacy for FUR more than polishing alone in group 2; this may indicate a deeper penetration of the stains beyond the surface layer, this is in agreement with Turkun and Turkun, who found that polishing was less effective than 15% hydrogen peroxide bleaching. However, it eradicated a portion of the stain. Cinelli et al., reported in their study on pigment penetration analysis of composite resin that the pigments can penetrate up to 1 mm depth in nanofilled composites and to 2 mm in micro-hybrid composites, which in either case cannot be eliminated by surface polishing alone (18, 24).

On the other hand, the polishing, bleaching, and bleaching followed by polishing showed a similar stain elimination pattern in both tested injectable composites BPF and GUI, which highly suggests that a superficial staining pattern occurred in these composites, the association between discoloration and water sorption of resin composites can justify this finding (42). The GUI matrix comprises Bis-EMA and UDMA monomers, which exhibit reduced water sorption levels of 20.1 and 29.5 μg/mm3, respectively. Moreover, The dispersed nanosized filler particles, which are securely integrated into the resin matrix via Full-coverage Silane Coating (FSC) technology, likely ensure a stable and robust matrix-filler bond that can substantially withstand the penetration by the acidic coffee pigmentation (43). Nevertheless, although earlier generations of Beautifil Flow Plus flowable giomer showed high water sorption values that increased after four weeks to reach up to 32.2 μg/mm3 (44, 45), the recently released generation utilized in the current study was reported in a recent study by Rusnac, et al., to have reduced water sorption of 15.4 μg/mm3 after 30 days of immersion in distilled water (46).

The gloss parameter, which mimics the natural appearance of teeth, significantly impacts the success rates of aesthetic restorations, alongside their color stability. It is an optical characteristic determined by how intensely light is reflected. Several factors influence gloss, including the angle at which light hits the surface, the refractive index of the material's components, and its surface characteristics (22). The present study utilized a 60° angle of light incidence, as advised by the ISO 2813:2014 standards for intermediate gloss materials (30). Thus, the gloss measurements depended on the surface topography and the material's refractive index. When a surface is irregular, it tends to scatter light rather than reflect it, resulting in lower gloss values, which can severely impact the aesthetics of resin composites and create disharmony between the restored and surrounding teeth. While there is no definitive standard for gloss values in dental composites, it is generally recommended to maintain gloss values between 40 and 60 GU (Gloss Units) (47).

In the current investigation, all the materials showed a similar gloss behavior, that they had clinically accepted gloss values initially, in stained untreated group 1 and after bleaching in group 3. However, the gloss values reduced to be clinically unaccepted after polishing in group 2 and bleached followed by polished group 4; the later groups showed evident surface defects in SEM images. Previous studies reported that coffee as well as hydrogen peroxide bleaching reduces the microhardness of composite resins (12, 48). The acidic nature of coffee can cause hydrolysis of the ester groups in the resin matrix, compromising its structure. This chemical breakdown can induce the weakening of the resin matrix, resulting in lower surface hardness. This decrease in surface hardness rendered the material more susceptible to wear from external pressures such as polishing in the current study (49). Furthermore, the hydrogen peroxide in the bleaching agent promotes the formation of free radicals through the oxidation process; these free radicals can cause hydrolytic degradation of composite resin at the resin-filler interface, aiding filler-matrix de-bonding once subjected to the external wear mechanism by repolishing after bleaching, with subsequent reduction in their gloss values (50, 51).

While accelerated aging for twelve days in the coffee solution in the current investigation aims to predict long-term material performance, the expedited nature of this process may not accurately represent the natural aging of materials over extended periods, such as months or years, in clinical applications. The present investigation findings are also limited to laboratory conditions, in which some oral environment factors were not fully replicated, such as intraoral temperature fluctuations, the effect of other beverages, and saliva's buffering effect. Further studies should consider increasing the frequency of stain removal methods and studying the translucency and opalescence properties of the injectable composites.



5 Conclusions

Considering the current study's limitations, the staining susceptibility of Beautifil Flow Plus X and G-ænial Universal Injectable composites was less than Filtek™ Z350XT Universal Restorative composite. None of the stain-removing methods could restore the baseline color of all the composites. In-office bleaching with Opalescence Boost 40% effectively maintained an optimal surface gloss. Polishing alone or after bleaching is not recommended to eliminate resin composite coffee stains due to their gloss reduction effect.
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Quantum dots (QDs) nanotechnology has gained significant attention in dentistry due to its unique properties, such as fluorescence, antimicrobial activity, and drug delivery potential. This review aims to identify the dental applications most actively incorporating QD technology and to examine the distinctive properties of QDs within Dentistry. Employing the Arksey and O'Malley five-stage framework, a systematic search was conducted across PubMed, EMBASE, and Scopus databases for English-language publications on QDs in dentistry. Scientific contributions were evaluated by analyzing publication volume, research trends, patents, and key areas of investigation. Of the 1,034 studies initially identified, 71 were fully screened, with 22 meeting the criteria for data extraction. Results showed that antimicrobial properties and bone regeneration are the primary focus areas for QDs in dental materials. Stock solutions and resin composites are the most common materials developed, with the studies primarily targeting ofenhancing antimicrobial capabilities and osteogenesis enhancement. Over the last decade, QDs have demonstrated potential in enhancing drug delivery, antimicrobial efficacy, and optical performance in dental materials. Despite their growing prominence, the clinical translation of QD-based technologies remains limited due to a lack of long-term studies.
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1 Introduction

Nanotechnology is a rapidly advancing field at the cutting edge of science. It holds significant promise for reshaping how we prevent and treat many noncommunicable severe diseases (1). In the rapidly advancing field of biomedicine, the focus on developing nanotechnology-based solutions has gained significant momentum, particularly their potential in precise diagnostics and treatments. It's important to note that Dentistry is also joining this trend, actively seeking advancements to improve oral health (2). This pursuit is powered by the recognition that nanoparticles possess distinctive structural and functional attributes that set them apart from their counterpart's bulk materials (3). Among the most captivating breakthroughs in nanotechnology is the birth of quantum dots (QDs)—a diverse cohort of engineered nanoparticles distinguished for their exceptional optical and chemical characteristics (4). These properties position QDs as pivotal nanoparticles with an expansive spectrum of potential applications, from Medicine to the frontiers of energy exploration (Figure 1A).


[image: Diagram showcasing quantum dots (QDs) and their applications. Part (A) illustrates applications such as light-emitting diodes, photovoltaics, photoconductive devices, and biomedicine. Part (B) depicts different forms of QDs based on structure: single-core (zinc oxide), core-shell (cadmium selenide/zinc sulfide), and complex/doped core-shell (boron-doped carbon).]
FIGURE 1
(A) Quantum dots are versatile materials used in various technological and medical areas. They are instrumental in creating high-performance lasers and vibrant displays. Additionally, they are key components in solar energy devices currently available on the market. Their applications are expanding into other areas, including photovoltaic systems, sensory technology, bioimaging techniques, targeted drug delivery systems, and quantum information processing. (B) Schematic drawing illustrating various forms of Quantum Dots (QDs) based on structure and composition. On the left, show a single-core QD made of a single substance as a simple spherical shape. In the center, illustrate a, with a clear boundary between them. Boron-doped carbon quantum dots (B-CQDs) are displayed on the right, showing a more complex structure with the doping indicated by small boron atoms integrated within the carbon-based lattice.


Quantum dots are known for their unique physical and chemical characteristics, especially optics (5). Their journey began with their application in biomedical imaging in 1998, which can be traced back to the discovery by Ekimov and Onushenko in 1981, who found quantum dots in a glass matrix (6). In acknowledgment of their groundbreaking work, Ekimov, Brus, and Bawendi were collectively honored with the Nobel Prize in Chemistry on October 4, 2023, for their pioneering work in discovering and synthesizing quantum dots (7). In the last three decades, their uses have diversified, covering areas like solar cells, LEDs, photodetectors, and various computing and biomedical imaging aspects. In biomedical research, quantum dots (QDs) are uniquely suited for cellular biomolecule and organelle tracking due to their diminutive size, which usually spans between 1 and 10 nanometers, holding immense potential for various applications, such as real-time tissue imaging (bioimaging), diagnostics, single molecule probes, and drug delivery, to name a few (8). The unique optical characteristics of these quantum dots can be customized by altering their size and composition. Some notable features include intense luminescence, durability against photobleaching, a substantial surface-to-volume ratio, and antimicrobial activity capable of generating reactive oxygen species (9, 10). These attributes have transformed (11) into valuable applications in biotechnology and Medicine, including Dentistry.

Quantum dots (QDs) come in various forms based on structure and composition. Some consist of a single substance (single-core), while others are made up of two substances (core-shell) or doped like boron-doped carbon quantum dots (B-CQDs) (10) (Figure 1B). This versatility of composition, size, surface properties, and how they interact with bacterial cells provide antibacterial, anti-inflammatory, osteogenic, and other biological effects compelling for investigations with potential applications in several dental disciplines and specialties (12–14). This is particularly significant in Dentistry, where major oral diseases like dental caries and periodontal diseases are biofilm-driven. These conditions are also characterized by inflammatory triggers and are known promoters of bone loss (15). A future dental material incorporating quantum dots (QDs) with antibacterial and antibiofilm properties could be highly beneficial in preventing the recurrence of caries around restorations made with QD-enhanced materials (11).

Understanding the properties of quantum dots in this context is crucial for developing targeted dental treatments. As quantum dot technology gains attraction within Dentistry, the current stage and specific application dimensions require clarification. Numerous publications have explored various topics related to Quantum Dots (QDs), encompassing their latest developments, analysis of their structure–activity relationships, ways they interact with cells, and their uses in the medical field (9, 16, 17). However, there's a noticeable gap in the literature regarding a comprehensive examination of QDs' applications in Dentistry. This includes an in-depth look at their typical chemical compositions, the challenges they present, and their future potential within this specific area of use. Therefore, this review aims to comprehensively assess quantum dots' current status and applications in dentistry, capitalizing on their potential role in oral healthcare.

Our objective is to provide an overview of the extensive range of applications, global presence, and research caliber, thereby creating a comprehensive map of the quantum dot landscape within the dental field.



2 Materials and methods


2.1 Materials study and design

A scoping review is an effective method for exploring the use of quantum dots in dentistry and identifying under-researched areas. The current study aimed to gather and evaluate the latest evidence on applying quantum dots in dental practices. In line with the guidelines provided by Levac, Colquhoun, O'Brien and the framework of Arskey and O'Malley, we employed a five-stage process for this review. These stages included defining the research questions, identifying relevant studies, selecting the appropriate ones, charting the data, and compiling the findings for reporting.



2.2 Stage I: identification of research question

This section outlines the research methodology and the specific research questions: “What is the current scope and extent of research on the applications of quantum dots in dentistry, including their usage, benefits, challenges, and future prospects?”



2.3 Stage II: identification of eligible studies

Under the supervision of a research librarian (M.A.W), a comprehensive search was conducted in databases including OVID Medline, EMBASE, and SCOPUS. This search focused exclusively on English-language articles, imposing no restrictions on the year of publication. The latest actualization was in June 2024, where we identified all relevant studies on the subject. The search strategy involved querying terms in the titles, abstracts, and keywords sections. These terms were customized for each database using the Boolean operators “AND” and “OR.” As described ((“quantum dots” OR “quantum dot” OR “QDs” OR “QD”) AND (“dentistry” OR “dental” OR “tooth” OR “teeth” OR “oral health” OR “oral” OR “dental materials” OR “dental material” OR “caries” OR “streptococcus mutans” OR “S. mutans”) were the search terms used to find the articles. Additionally, a manual search supplemented this approach. Following the removal of duplicate entries, three review authors (TA, MA, and IG) independently screened each study, focusing on titles, abstracts, and keywords for potential inclusion. Those studies fulfilling the inclusion criteria were then fully analyzed. The authors resolved any disagreements through a joint decision-making process.



2.4 Stage III: selection of studies

The inclusion criteria for the studies during stages II and III are (1) The study must specifically investigate the use of quantum dots in dentistry. This includes but is not limited to, applications in dental diagnostics, treatment procedures, imaging techniques, and material science; (2) Studies designed as experimental studies, observational studies, and clinical trials; and (3) Only peer-reviewed studies will be included to ensure the quality and reliability of the data. The following exclusion criteria were applied: (1) Articles mentioning quantum dots but not providing specific data or detailed analysis of their application in dentistry.; (2) Articles published in languages other than English, as these could present challenges in accurate interpretation and analysis; (3) Reviews, Case reports, and grey literature, including non-peer-reviewed articles, conference abstracts, editorials, and commentaries, which may lack the necessary scientific rigor and validation.



2.5 Stage IV: data charting

Data extraction was developed in Microsoft Excel and underwent a review by all the authors involved in the study to establish and document the necessary variables for effective data extraction. Subsequently, two authors, TA and IG, were tasked to extract data from the selected studies.



2.6 Stage V: extraction of data and result reporting

The data was extracted using a Microsoft® Excel form version 2016. The primary information extracted was (1) Authors and Year of Publication: To identify the study and track its temporal relevance; (2) Study Location: To understand the geographical distribution and context of the research; (3) Quantum Dot Characteristics: Details about the quantum dots used, including their composition, size, synthesis method, and functional properties; (4) Type of Dental Application: Specific dental application where quantum dots are applied (e.g., imaging, diagnostics, treatment); (5) Type of Dental Specialty: Specific dental area of interest where quantum dots are applied (e.g., general dentistry, operative dentistry, prosthodontics, etc); (6) Safety and Biocompatibility: Information on the safety profile and biocompatibility of quantum dots used in dental applications, including any reported adverse effects; (7) Findings and Outcomes: Key results of the study, focusing on the effectiveness, benefits, and limitations of quantum dots in dental applications.




3 Results


3.1 Study selection

Searches ended on June, 2024, with 1,430 studies imported for screening. Figure 2 shows a PRISMA flowchart with the search and selection process details. After deleting duplicates, 606 studies were selected for title and abstract screening. Full-text screening was permitted for 71 records. After a full-text review, only 22 studies were relevant, leaving 22 for content analysis.


[image: Flowchart showing a systematic review process. Identification yields 1430 studies from databases and none from other sources. Of 824 references removed, 606 studies are screened, excluding 535. Seventy-one studies are sought, with none not retrieved. Eligibility assessment excludes 49 studies for reasons like irrelevance and retrieval issues. Twenty-two studies are included in the review.]
FIGURE 2
PRISMA flowchart of the study outlines the study selection process for the systematic review, showing the steps from initial identification of studies to final inclusion.




3.2 Global trends and focus areas

Figure 3 displays the global trends and areas of investigations of QDs in Dentistry. In Figure 3A, the distribution of dental studies by year shows a steady increase in the number of studies conducted from 2009 to 2024. Notably, there was a constant rate of studies at 5% from 2009 until 2018. A notable increase began in 2019, stabilizing at 9% until 2022, before surging to 14% in both 2023 and 2024. This indicates a growing interest and focus in dental research investigating QDs. Figure 3B shows the geographical distribution and highlights that most research is concentrated in three countries. China leads with 14 studies, followed by Brazil, India, and Iran. This geographical distribution underscores the significant research output from the United States in dentistry.


[image: (A) Bar chart showing study distribution by year from 2009 to 2024, with an increase to 27% in 2023. (B) World map indicating study distribution by country, highlighting China, India, and Brazil. (C) Pie chart showing applications in the dental field: restorative dentistry (45%), periodontics (32%), dental tissue engineering (18%), orthodontics (5%). (D) Pie chart of dental applications: treatment (82%) and imaging (18%). (E) Pie chart of quantum dot (QD) composition, with graphene-based (41%) and metal oxide (23%) being prominent. (F) Pie chart of QD sizes: very small (52%) and small (19%) dominate. (G) Pie chart of synthesis methods, with sol-gel (23%) and solvothermal (50%) as key methods.]
FIGURE 3
Overview of global trends and studies distributions. (A) Displays the yearly distribution of studies, highlighting a significant rise in publications in 2023; (B) shows the geographical distribution of studies, with China and Brazil contributing the most research; (C) divides studies based on dental applications, with the majority focusing on treatment, and (D) categorizes the research by dental field, with a strong emphasis on restorative dentistry. (E) The composition of quantum dots used in dental studies, with graphene-based dots leading; (F) displays the size distribution, with the majority of QDs being very small (<5 nm); (G) Summarizes the synthesis methods, showing hydrothermal as the most common technique.


The majority of the studies (82%) focused on treatment applications in dentistry, while a smaller portion (18%) addressed imaging technologies (Figure 3C). This suggests a predominant research interest in developing and enhancing dental treatment methodologies. Regarding the areas of application, QD studies spanned various dental fields with a predominant focus on Restorative Dentistry, which accounted for 45% of the research. This was followed by Periodontics and Orthodontics, which represented 32% and 18% of the studies, respectively. Dental Tissue Engineering was the least studied area, making up only 5% of the total. This distribution strongly emphasizes restorative practices, reflecting ongoing efforts to improve and innovate in restorative dental materials (Figure 3D).



3.3 QDs composition, average size, and synthesis

Figure 3E illustrates the percentage distribution of QDs based on their composition. The largest proportion of QDs belongs to the Graphene-Based Quantum Dots category, accounting for 41% of the total compositions. Metal Oxide Quantum Dots make up 23%, reflecting their widespread use in various applications. The Carbon Quantum Dots category represents 18% of the total, while Other Quantum Dots and Hybrid and Multi-Component Quantum Dots each represent 9% of the distribution. These findings indicate a strong focus on graphene-based QDs, likely due to their favorable electrical and optical properties. Figure 3F highlights the size distribution of the QDs. The majority, 52%, fall under the Very Small category (less than 5 nm in size), indicating a trend toward developing extremely small QDs for applications that require nanoscale materials, such as bioimaging and drug delivery. The Small (5–10 nm) and Medium (10–20 nm) size categories each represent 19% of the distribution, while the Large QDs (greater than 20 nm) make up 10% of the total. This size distribution suggests a preference for very small QDs in dental research, where surface area and quantum effects are critical for performance.

Hydrothermal synthesis is the most common method, accounting for 50% of the total, reflecting its effectiveness in producing high-quality QDs. Sol-gel synthesis follows, representing 23% of the total, a method known for its simplicity and versatility in forming QD structures (Figure 3G). The purchased and used category directly accounts for 14%, indicating that some of the QDs used in research are commercially available. Solvothermal and Pyrolysis methods contribute 9% and 5%, respectively, representing less frequently used but still significant approaches to QD synthesis. This panel underscores the prominence of hydrothermal and sol-gel methods in QD fabrication.



3.4 Investigated properties and dental materials developed incorporating QDs

The primary goals of the studies involving QDs are summarized in Figure 4A. Most of the research aimed at conveying antibacterial activity by incorporating QDs, representing 50% of the total, showcasing the emphasis on preventing bacterial infections and promoting oral health. Fluorescence activity is the second most explored property, representing 21%, highlighting the potential for QDs to be used in diagnostic applications. Osteogenesis activity is the third common property, representing 17%, indicating the possibility of QDs to promote bone regeneration. Lastly, remineralization accounts for 5%, suggesting using QDs to reinforce tooth enamel and dentin structures.


[image: Five charts illustrate various aspects of Quantum Dots (QDs). A) A pie chart showing intended properties: 50% antimicrobial, 21% fluorescence, 17% osteogenesis, 8% remineralization, and 4% anti-proteolytic activity. B) A pie chart showing materials: 50% stock solution, 14% resin composites, 14% dental adhesive systems, and others. C) A bar chart showing bacterial reduction: 73% statistical reduction, 27% no difference. D) A donut chart on microorganisms: 53% Streptococcus mutans, 12% each for E. coli and Porphyromonas gingivalis, and 23% other microorganisms. E) A donut chart on methodologies: 31% colony forming unit counts, 31% other assays, 23% broth microdilution, and 15% disk diffusion method.]
FIGURE 4
(A) Focuses on the investigated properties of QDs, with antimicrobial activity being the primary focus; (B) shows the types of materials incorporating QDs, with stock solutions being the most frequent material. (C) Percentage of QD's studies where the main outcome of the antimicrobial assays was statistically superior and similar to a control group. (D) The distribution of microorganisms tested. Streptococcus mutans, a major cariogenic pathogen, accounts for 53% of the total tested bacteria. Porphyromonas gingivalis and Escherichia coli each represents 12%, with the remaining 23% composed of other microorganisms. (E) Methods used to evaluate antibacterial activity. Colony Forming Unit (CFU) counts and other assays account for 31% each, while broth microdilution and disk diffusion methods (DDM) make up 23% and 15%, respectively.


Types of materials that incorporate QDs are illustrated in Figure 4B. The largest category is Stock Solution, comprising 50%, showing that QDs are often studied dispersed in solution form. Resin Composite accounts for 14%, demonstrating its intense investigations in conjunction with QDs for develop antibacterial resin composites. Dental Adhesive System follows at 14%. Other categories include Orthodontic Coating/Bonding (9%), Photosensitizer (5%), Dental Cement (5%), and Glass Ionomer Cement (5%), which indicates diverse applications of QDs across different dental materials.

In further consideration of the prevailing target involving QDs to convey antibacterial activity, 73% of main outcome for QDs' studies has shown statistical bacterial reduction compared to a control group (Figure 4C). The outcomes of the remaining studies have demonstrated no significant difference (27%).

In relation to the distribution of microorganisms tested. Streptococcus mutans, a major cariogenic pathogen, constituted 53% of the bacteria examined. Porphyromonas gingivalis and Escherichia coli both represented 12%, while other microorganisms accounted for the remaining 23% (Figure 4D). The methodologies used to assess the antibacterial activity are detailed in Figure 4E. Colony Forming Unit (CFU) and other assays (31% each) were the most frequently used methods. Broth microdilution and disk diffusion methods (DDM) contributed 23% and 15% of the assays, respectively, highlighting the diversity of techniques used to evaluate antibacterial efficacy. Figure 5 illustrates the antibacterial mechanisms of quantum dots (QDs).


[image: Diagram illustrating the antibacterial mechanisms of quantum dots on bacterial cells. Left: Bacterial cell interacting with quantum dots, generating reactive oxygen species (ROS), disrupting membranes, interfering with DNA, and inhibiting enzymes. Right: Table showing categories, quantum dot compositions, and antibacterial mechanisms. Quantum dots listed include Cadmium Selenide/Zinc Sulfide, Zinc Oxide, and others, each linked to specific antibacterial actions like ROS generation and membrane disruption.]
FIGURE 5
The antibacterial mechanisms of various quantum dots (QDs), categorized into four primary modes of action: reactive oxygen Species (ROS) generation, membrane disruption, DNA interference, and enzyme inhibition. Reactive Oxygen Species (ROS) Generation (1): QDs such as Cadmium Selenide/Zinc Sulfide (CdSe/ZnS), Zinc Oxide, Titanium Dioxide, and Graphene Quantum Dots induce oxidative stress by producing ROS (e.g., hydroxyl radicals, superoxide, hydrogen peroxide), which damage bacterial proteins, lipids, and DNA. Membrane Disruption (2): Carbon Quantum Dots, Tantalum Oxide, and Graphene Oxide Quantum Dots disrupt the integrity of the bacterial cell membrane by interacting with proteins and lipids, leading to cell leakage and death. DNA Interference (3): Tinidazole Carbon Quantum Dots disrupt bacterial DNA replication, interfering with essential cellular processes and leading to cell death. Enzyme Inhibition (4): Bismuth Quantum Dots release ions that inhibit bacterial enzyme activity, particularly enzymes involved in cell wall synthesis, weakening the bacteria and causing cell death.


Table 1 shows the results from the cytotoxicity and biocompatibility assessments of various quantum dots (QDs), demonstrating consistent findings across multiple studies. Most QDs showed no significant cytotoxic effects compared to control groups under the tested conditions. For example, studies using human gingival fibroblasts (HGFs), including those by Garcia et al. (18), Pourhajibagher et al. (19), Cao et al. (25), and Hosseinpour-Nader et al. (27), reported no statistically significant cytotoxic effects. These studies utilized Sulforhodamine B colorimetric and MTT assays, supporting that QDs can be safely applied in dental-related contexts with minimal adverse cellular effects. Similarly, in Liang et al. (20), evaluations using the MTT assay and hemolysis assay on human immortalized liver cells (L0–2) and rat red blood cells (RBCs) revealed no toxic effects up to concentrations of 100 μg/ml, indicating a low systemic toxicity risk for these quantum dots. Furthermore, the stem cells from human exfoliated deciduous teeth (SHEDs) tested in Yang et al. (21) showed no cytotoxic effects up to 50 μg/ml, further highlighting the potential of QDs for dental and regenerative applications. In periodontal ligament fibroblasts (PDLFs) and periodontal ligament stem cells (PDLSCs), the findings of Hu et al. (22) and Liang et al. (26) indicated no cytotoxicity at concentrations up to 800 ppm and 50 μg/ml, respectively, reinforcing the safety of QDs in periodontal treatment settings.


TABLE 1 Table: overview of the cytotoxicity and biocompatibility assessments of various quantum dots (QDs) and their outcomes. This table provides a summary of different studies evaluating the cytotoxicity and biocompatibility of quantum dots (QDs) using various assays and cell types. Each entry details the author, the year of the study, the specific assays employed (e.g., MTT, CCK-8, Sulforhodamine B colorimetric assay), the types of cells tested (e.g., human gingival fibroblasts, stem cells from human exfoliated deciduous teeth), and the key outcomes. Across multiple studies, the results show that most quantum dots did not exhibit significant cytotoxic effects compared to control groups, supporting their biocompatibility under the tested conditions.

[image: Table listing studies on cytotoxicity and biocompatibility assays. Columns show authors, assays used, cell types, and outcomes. Most studies report no statistical effects compared to control, except Lu et al. showing statistical reduction in osteoblasts with increasing GQD concentration.]




4 Discussion

This review highlights the escalating interest and diversity in applying Quantum Dots (QDs), a field at the cutting edge of nanotechnology in dentistry. Designing new composite materials involves integrating various components to enhance properties such as antibacterial, durability, and biocompatibility (32). The studies analyzed demonstrate a broad spectrum of chemical compositions in QDs, including zinc oxide, graphene oxide, tantalum oxide, and titanium oxide. This variety underscores the adaptability of QDs, allowing customization for specific dental applications. The predominant use of graphene oxide is particularly notable, suggesting its potential as a versatile and practical component in dental materials.

Graphene Quantum Dots (GQD) have emerged as a predominant choice in dental applications due to their unique properties that align well with the requirements of dental materials (33). Firstly, GQDs possess exceptional mechanical strength and stability, which are essential in the oral environment where materials are subject to constant mechanical stress. This durability ensures dental materials incorporated with GQDs can withstand biting forces and abrasive actions, maintaining their integrity over time (34). Additionally, GQDs exhibit remarkable biocompatibility, which is critical in avoiding adverse reactions in sensitive oral tissues (22, 34). GQDs also have antimicrobial properties, providing an added advantage in preventing and treating dental infections. Their ability to inhibit the growth of common oral pathogens, such as Streptococcus mutans, is particularly valuable in addressing dental caries and other microbial-related oral diseases (24). Furthermore, GQDs are relatively easier and cost-effective to synthesize compared to other quantum dots, making them more accessible for research and application in dental materials (35). The combination of these properties positions GQDs as a versatile and effective material in advancing dental technology, justifying their predominant use in current research and applications (35). Graphene-based QDs have shown lower cytotoxicity levels, indicating a safer profile for dental applications (36).

The review's outcome also reveals a significant focus on the antimicrobial properties of QDs against Streptococcus mutans, a key factor in developing dental caries. This focus aligns with the essential need for effective antimicrobial agents in dentistry (12). QD-containing-adhesives, representing a major research avenue, were primarily evaluated for their antimicrobial effects and physical-mechanical properties, reflecting their potential in restorative dentistry (37). Geographical analysis of the studies indicates a concentrated effort in countries like Brazil (18, 37–39) and China (11, 20–30, 40–42). This distribution may mirror specific regional research interests or resource allocations in nanotechnology and dental research.

When examining QDs as isolated compounds, the studies broadly explore the impact of chemical composition on cytotoxicity and physical-chemical properties, with graphene oxide again emerging as a dominant component. Bismuth quantum dots were explored in the remaining 25%, indicating the ongoing exploration of different QD compositions for diverse dental applications (22). The focus on interdisciplinary dentistry, endodontics, and periodontics illustrates the wide-ranging applicability of QD-based materials across dental specialties.

The interdisciplinary dentistry field showed a substantial inclination towards incorporating QDs into adhesive resins, constituting approximately 83% of the studies. This trend underscores the cross-disciplinary potential of QD-based dental materials, with implications for restorative and preventive dentistry. Incorporating QDs into orthodontic appliances and bioactive glass opens new research avenues (23, 40). While the studies in orthodontic applications delve into antimicrobial efficacy, particularly against S. mutans, the solitary study in bioactive glass investigates its enhanced physical and chemical properties (43). These findings hint at the potential for QDs to innovate beyond conventional dental materials.

Despite its comprehensive nature, this review has limitations. Firstly, the scope of included studies, confined to articles published between January 2013 and June 2024, may omit relevant earlier research. Secondly, the focus on English-language publications potentially overlooks significant contributions in other languages. This may influence the findings by excluding relevant research published in different languages, which could provide valuable insights or alternative perspectives. Furthermore, excluding grey literature, such as conference papers and technical reports, might lead to an incomplete understanding of the current landscape of QD research in dentistry. Finally, the review's dependence on published studies may introduce publication bias, as studies with positive results are more likely to be published than those with negative or inconclusive findings.

In summary, the exploration of QDs in dentistry is marked by a dynamic research landscape with diverse applications and geographic contributions. However, the limitations of this review should be considered when interpreting the findings and planning future research directions in this innovative are of interest. Overall, the diversity of applications, chemical compositions, and geographic distribution in the reviewed studies highlights the expanding frontier of QD-based dental research. The emphasis on antimicrobial effects, physical properties, and chemical compositions reflects the multifaceted potential of QDs in advancing various aspects of dentistry, from restorative materials to orthodontic appliances and beyond. Future research should focus on standardizing the synthesis of QDs, exploring their multifunctional capabilities, and assessing their long-term safety and translation for clinical settings. Additionally, investigating their integration with other nanomaterials could pave the way for innovative target disease approaches.



5 Conclusion

The results of the reviewed studies indicate a growing interest in utilizing Quantum Dots (QDs) within dentistry, with various applications and chemical compositions being explored. The QD chemical composition displayed a wide range, with multiple compounds such as zinc oxide, graphene oxide, tantalum oxide, and titanium oxide mainly being investigated. The diversity in chemical compositions suggests a dynamic approach to tailoring QD properties for specific dental applications using graphene oxide as the most prevalent chemical composition.
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Introduction: Periodontitis leads to the degradation of tooth-supporting tissues, ultimately causing tooth mobility and loss. Guided tissue regeneration (GTR) surgery employs barrier membranes to facilitate tissue regeneration. However, conventional membranes lack bone-inducing properties, thereby limiting their efficacy. Our objective was to develop a bifunctional GTR membrane that combines mechanical stability with bone-inducing capabilities. To achieve this, we engineered BMP2 peptide-modified polycaprolactone-collagen nanosheets (BPCNs) to enhance periodontal regeneration by improving cell adhesion, osteogenesis, and anti-inflammatory activity.Methods: BPCNs with nanoscale thickness were fabricated using the spin-coating technique, incorporating BMP2 peptides, collagen, polycaprolactone (PCL), and polyvinyl alcohol (PVA). Successful conjugation of BMP2 to the BPCNs was verified through UV spectrophotometry and confocal laser scanning microscopy. The biocompatibility and cell adhesion properties of BPCNs were rigorously assessed using CCK-8 assays, microscopic imaging, and quantitative cell counting. In vitro osteogenic efficacy was evaluated by Alizarin Red S (ARS) staining and quantitative reverse transcription polymerase chain reaction (qRT-PCR) to analyze osteogenic marker gene expression. A rat periodontal defect model was established to assess in vivo regenerative performance, with outcomes analyzed through micro-CT, hematoxylin-eosin (H&E) staining, and Masson’s trichrome staining, confirming enhanced tissue regeneration and the absence of systemic toxicity. The mechanistic pathways underlying BPCNs-mediated regeneration were elucidated via RNA sequencing (RNA-seq), revealing the activation of osteogenic signaling cascades and the suppression of proinflammatory pathways.Results: BPCNs demonstrated excellent biocompatibility, promoted fibroblast and bone marrow stem cell (BMSC) adhesion, and enhanced BMSC osteogenesis. Furthermore, BPCNs significantly promoted periodontal tissue regeneration in a rat model. Mechanistically, RNA-seq analysis revealed that BPCNs upregulated genes involved in tissue regeneration and downregulated proinflammatory pathways.Discussion: This study introduced a novel osteoinductive nanosheet, termed BPCNs, which provides a groundbreaking material-based approach for the regenerative repair of periodontal tissue defects. These findings position BPCNs as a highly promising candidate for GTR surgery, with significant potential to improve clinical outcomes in periodontal regenerative medicine.Keywords: BMP2 peptide, polycaprolactone-collagen nanosheets, barrier membranes, periodontal tissue regeneration, RNA sequencing
1 INTRODUCTION
Periodontitis, one of the most common chronic inflammatory diseases in humans, is a chronic infectious disease caused by pathogenic microorganisms. It is characterized by the progressive and irreversible destruction of tooth-supporting tissues, which eventually leads to tooth loss (Papapanou et al., 2018), affecting patient quality of life (Shen Z. et al., 2024). Moreover, periodontitis is closely related to a series of systemic diseases, such as diabetes (Sanz et al., 2018), inflammatory bowel disease (IBD) (Wang et al., 2023), and Alzheimer’s disease (Shen Z. S. et al., 2024). The existing treatment approaches of periodontal scaling and root planing have been proven to effectively control mild and moderate periodontitis (Suvan et al., 2020), but restoring and regenerating damaged alveolar bone remains challenging (Huang et al., 2024).
Guided tissue regeneration (GTR) technology provides temporal and spatial support for both soft tissue and hard tissue repair by covering the barrier membrane in the bone defect area to block the growth of soft tissue, which helps to promote bone tissue and periodontal ligament regrowth and therefore periodontal regeneration (Donos et al., 2023; Francisco et al., 2019; Sanz et al., 2019). However, traditional GTR membranes are limited in clinical applications because they lack bone induction ability and are difficult to use (Dwivedi et al., 2020), which hinders their effectiveness in promoting bone regeneration. Building on recent advances in nanotechnology, researchers have recently begun applying nanotechnology in the context of tissue regeneration, and the developed materials been named nanosheets (Shi et al., 2014; Hamed et al., 2023). Based on our previous research, our nanosheets materials exhibit several notable advantages over existing membrane materials, including thinner dimensions, ease of manipulation, superior wet adhesion performance, and excellent mechanical strength. Recently, our group has further demonstrated that nanosheets, with a thickness of tens of nanometers, exhibit not only biocompatibility, biodegradability, and unique physical properties such as high adhesive ability and flexibility, but also an exceptional ability to adapt to the moist oral environment, thereby rendering them highly suitable for oral clinical applications (Fujie et al., 2009; Fu et al., 2023). However, the potential of nanosheets for periodontal tissue regeneration remains unclear.
Nanosheets are typically combined with collagen layers to load bioactive peptides for specific applications, such as promoting bone regeneration. Among the factors studied, the BMP-2 peptide is recognized for its ability to stimulate osteoblast differentiation, proliferation, and adhesion, thereby enhancing bone regeneration (Kim et al., 2013). Combination of the BMP-2 peptide with nanosheets not only supports the formation of bone tissue but also has the potential to induce bone regeneration. Therefore, the synergistic effect of the BMP-2 peptide and nanosheets provides a new idea for the development of a new generation of GTR membranes.
In this context, we developed BMP2 peptide-modified PCL-collagen nanosheets (BPCNs) for GTR. These multifunctional nanosheets have good adhesion and mechanical properties and are easy to use when combined with bone-inducing growth factors. Therefore, this innovative method is expected to overcome the current limitations of GTR by providing a bionic and bone-inducing platform and promoting alveolar bone regeneration. We evaluated the osteogenic ability and biocompatibility of the BPCNs through a series of experiments. In addition, we constructed a rat alveolar bone defect model and evaluated the therapeutic effect of BPCNs during GTR (Figure 1). Overall, in comparison to existing commercial guided tissue regeneration (GTR) membranes, our research has culminated in the development of multifunctional biodegradable polymeric composite nanofilms (BPCNs) utilizing a spin-coating technique, which facilitates rapid and large-scale production. When benchmarked against previously studied GTR membranes, our BPCNs exhibit several notable advantages, including a thinner profile, ease of manipulation, superior wet adhesion properties, and enhanced mechanical strength. Furthermore, our BPCNs demonstrate superior adaptability to the moist oral environment. Notably, when loaded with bone morphogenetic protein-2 (BMP2), our BPCNs exhibit osteogenic induction capabilities. Our study demonstrates that these multifunctional nanosheets may be promising GTR membrane materials for the treatment of alveolar bone defects.
[image: Diagram illustrating the creation and application of a BMP2-modified PCL-collagen nanosheet (BPCN). It shows layers: cross-link collagen, BMP2-modified collagen, PCL backing, and PVA sacrifice layers. The nanosheet aids firm and cell adhesion, promoting bone regeneration. A lower section depicts a mouse with a periodontal defect undergoing regeneration over six weeks.]FIGURE 1 | Components and properties of BPCNs and their application in GTR.
2 MATERIALS AND METHODS
2.1 Reagents used to prepare BPCNs
Polyvinyl alcohol (PVA, Mw: ∼13,000), hexafluoroisopropanol, polycaprolactone (PCL, Mw: ∼80,000), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxy succinimide (NHS) and ethylenediaminetetraacetic acid (EDTA) were purchased from Aladdin (Shanghai, China). Collagen type I was purchased from Beijing Allgens Medical Science and Technology Co. Ltd. 4-(N-Maleimidomethyl) cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt (Sulfo-SMCC) was purchased from Beijing Biosynthesis Biotechnology Co. Ltd. KIPKASSVPTELSAISTLYLSGGC and FITC-labeled KIPKASSVPTELSAISTLYLSGGC were obtained from ChinaPeptides Co., Ltd. (Shanghai, China).
2.2 Preparation process for BPCNs
The preparation process for BPCNs can be referenced in our previous studies. Briefly, the thickness of the nanosheets is directly proportional to the concentrations of both the PCL and collagen solutions (Xuan et al., 2020). Previous research demonstrate that a 0.75 wt% collagen solution and a 10 mg/mL PCL solution are suitable for the preparation of BPCNs. Type I collagen was dissolved in a hexafluoroisopropanol solution and stirred overnight to obtain a 0.75 wt% collagen solution. Subsequently, EDC and NHS were mixed with the collagen solution at a mass ratio of collagen I:EDC:NHS of 6:1:1.
The collagen solution was then dripped onto a silicon wafer and spun at 4,000–6,000 rpm min−1 for 30 s to form collagen nanosheets (CNs). After rinsing with pure water, the collagen layer was soaked in Sulfo-SMCC buffer solution (1 mg/mL) for 1 h and then incubated with KIPKASSVPTELSAISTLYLSGGC (purity >95%) EDTA solution (0.5 mg/mL) at 4°C overnight to produce BMP2-modified collagen nanosheets (BCNs). Additionally, a PCL solution of 15 mg/mL was prepared in dichloromethane. This solution was then dripped onto the BCNs, spun at 4,000–6,000 rpm min−1 for 30 s, and allowed to dry, resulting in BMP2 peptide-modified PCL-collagen nanosheets (BPCNs). After the BPCNs were rinsed several times with pure water, a 20 wt% PVA solution was added dropwise, and the mixture was spun at 2000–3,000 rpm min−1 for 30 s. Owing to the presence of PVA as a sacrificial layer, the nanosheets could be easily peeled off using tweezers after drying.
2.3 Characterization of BPCNs
To determine the grafted amount of KIPKASSVPTELSAISTLYLSGGC, we measured the concentration difference via Ellman’s method. Initially, KIPKASSVPTELSAISTLYLSGGC was dissolved in PBS to produce a 0.5 mg/mL BMP-2 peptide solution. This solution was subsequently combined with Ellman’s reagent (supplied by MedChemExpress, United States), and the absorbance at 412 nm was subsequently determined using a microplate reader (Bio Tek Epoch, United States). After a standard curve for the OD value was established, the change in the concentration of the peptide following grafting was calculated. Additionally, KIPKASSVPTELSAISTLYLSGGC that was labeled with fluorescein isothiocyanate (FITC) and had a purity of over 95% was utilized to prepare BPCNs. Grafting of BMP-2 onto the nanosheets was then observed via confocal laser scanning microscopy (Zeiss LSM980, Germany).
Fifty microliters of deionized water was applied to both the BPCNs and BCNs for 1 hour, allowing us to observe the hydrophilicity and water resistance properties of the PCL and collagen layers. After removing the PVA sacrificial layer, the surface morphology of the BPCNs and BCNs was analyzed via field emission scanning electron microscopy (SEM; Zeiss, Germany). Additionally, the cross-sectional and surface morphologies of the BPCNs were examined via atomic force microscopy (AFM; Zeiss, Germany), and the thickness of the BPCNs was accurately measured.
The mechanical properties of the nanosheets were tested at room temperature with a universal tensile testing machine (CMT4204, SANS). The nanosheets were cut into a dumbbell shape. Later, the samples were fixed onto the device and subjected to a consistent tensile force until the nanosheets fractured to evaluate the tensile strength and generate the stress‒strain curves. The Young’s moduli were calculated from the slope of the initial linear region of the stress‒strain curve.
2.4 Cellular behavior, biocompatibility and cell adhesion testing of BPCNs
L929 cells and bone marrow stem cells (BMSCs) were used to assess the biocompatibility of the BPCNs and their ability to promote L929 cell and BMSC adhesion. The experimental groups consisted of L929 cells and BMSCs cultured on both the collagen layer of PCL-collagen nanosheets (PCNs) and the BMP2-modified collagen layer of BPCNs. The reference substrates for comparisons of cell adhesion were twenty-four-well plates (Wuxi NEST Biotechnology Co., Ltd.) made of tissue culture-treated polystyrene (TCPS), which exhibited excellent hydrophilicity and cell adhesion (Lerman et al., 2018).
After being subjected to ultraviolet sterilization for 60 min, PCNs and BPCNs were securely attached to 24-well plates. L929 cells and BMSCs were subsequently inoculated into each well at a density of 5 × 104 cells per well. After the cell suspension was washed away with PBS at 2 h and 4 h post-inoculation, microscopic observation was conducted and images were captured. The numbers of adherent cells were counted in six random visual fields. To assess cell proliferation on days 1, 2, and 3, CCK-8 reagent (Sigma‒Aldrich, United States) was used, and the OD value was determined using a microplate reader (Bio Tek Epoch, United States).
2.5 In vitro osteogenic properties of BPCNs
BMSCs were seeded into six-well plates in osteogenic medium (Cyagen, China) at a density of 5 × 10³ cells per well. They were then cultured with PCNs, BMP2 peptides and BPCNs for 21 days. Following 21 days of coculture, the cells were fixed with a 4% paraformaldehyde solution, washed three times with PBS, and subsequently stained with ARS staining kits (Cyagen, China). Quantification was performed using ImageJ software. Additionally, after 14 days of coculture, cells from different treatment groups were collected to assess the expression of osteogenic genes, including osteopontin (OPN), osteocalcin (OCN), and alkaline phosphatase (ALP), through quantitative real-time polymerase chain reaction (qRT‒PCR) assays. The primers used are listed in Supplementary Table S1.
2.6 In vivo assessments
Twenty male SD rats (weights: 260–300 g) were purchased from Sun Yat-sen University. All experiments were approved by the Animal Care and Use Committee of Sun Yat-sen University under protocol number SYSU-IACUC-2021-001051. The SD rats were randomly assigned to four groups, with five animals in each group. The groups were as follows: (1) the PBS group, which included rats with periodontal defects but no treatment; (2) the PCN-treated group; (3) the BMP2 peptide-treated group; and (4) the BPCN-treated group. To evaluate the biological performance of the nanosheets in vivo, we used a rat periodontal defect model. The animals were anesthetized using pentobarbital sodium (supplied by MREDA Technology; lot number 1507002). A small incision was made on the gingiva before the first left maxillary molar, revealing the alveolar bone under continuous saline irrigation. A periodontal defect, approximately 1 mm × 1 mm × 1 mm, was created on the mesial alveolar bone of the first maxillary molar using a small electric drill. The membranes were subsequently placed over the defects, and the incisions were sutured. Six weeks after surgery, the animals were euthanized, and the maxillary bones with defects were collected.
2.7 Micro-CT analysis
For micro-CT analysis, the maxillary bones of the experimental rats were collected, fixed in 4% PFA for 24 h, washed three times with PBS, dehydrated in 75% ethanol, placed in standardized cylindrical sample containers, and then scanned using a high-resolution micro-CT scanner (Scano Medical AG, Bassersdorf, Switzerland). The parameters were set to 70 kV, 114 mA, 20 μm increments, and a 3,000 ms integration time. Following scanning, three-dimensional microstructural image data were reconstructed and analyzed using image analysis software (Mimics Research 21.0, Materialize, Belgium). The distance between the cementoenamel junction and the alveolar bone crest (CEJ-ABC distance) was measured.
2.8 HE and Masson’s trichrome staining
Samples of the experimental teeth and their surrounding tissues in the root furcation area were excised and trimmed. The samples were then decalcified with 10% EDTA for 3 months. These samples were subsequently prepared for HE and Masson’s trichrome staining. HE staining was used to observe the formation of new alveolar bone, periodontal ligament, and cementum. On the other hand, Masson’s trichrome staining was used to assess new bone maturation and the formation of new collagen fibers. After 6 weeks, the main organs (the heart, liver, spleen, lungs, and kidneys) from each group were collected, fixed, dehydrated, and embedded in paraffin. The tissues were subsequently sectioned and stained with HE to evaluate whether the main organs were damaged.
2.9 RNA sequencing analysis
The periodontium was extracted from rats treated with BPCNs and PBS. RNA was isolated from the periodontium with TRIzol reagent. RNA sequencing was performed by BGI Genomics (China). Differentially expressed genes (DEGs) were analyzed via the edgeR analysis package in the R statistical program, with the criteria defined as an adjusted p value ≤0.05 and an absolute log2 (fold change) >1.5. Prism software (GraphPad) and RStudio were used to create heatmaps and volcano plots. Gene Ontology (GO) term enrichment analysis was performed for the top 200 deregulated DEGs. Gene set enrichment analysis (GSEA) was performed using GSEA software (https://www.gsea-msigdb.org/gsea/index.jsp).
2.10 Statistical analysis
All the data are presented as the means ± SEMs from at least three independent experiments. Comparisons between groups were performed using an unpaired two-tailed Student’s t-test or one-way analysis of variance (ANOVA) with Tukey’s post hoc test. A value of p < 0.05 was considered to indicate statistical significance. All the statistical analyses were carried out using Prism software (GraphPad).
3 RESULTS
3.1 Preparation and characterization of BPCNs
We first synthesized BPCNs using the spin coating technique (Figure 2A), which was chosen for its simplicity and flexibility. To graft the collagen layer with BMPs, the collagen layer was soaked in a polypeptide solution (Figure 2B). After grafting, we determined the concentration of the BMP2 peptide solution and calculated the amount and ratio grafted onto the BPCNs on the basis of the reaction between the sulfhydryl groups of C109H183N27O35S and DTNB (Ellmann’s reagent), which results in the formation of yellow substances. When 0.5 mg mL−1 BMP2 peptide solution (1.5 mg BMP2 dissolved in 3 mL EDTA solution) was used for grafting, the amount and ratio of KIPKASSVPTELSAISTLYLSGGC grafted onto the BPCNs were approximately 39.42 nmol cm−2 and 57%. To observe whether BMP2 peptide was grafted onto the nanosheets, C109H183N27O35S labeled with a FITC fluorescence group was utilized. Fluorescence microscopy revealed that the BPCNs exhibited strong fluorescence, indicating successful grafting of BMP2 peptide onto the nanosheets. In contrast, the PCNs without BMP2 peptide grafting did not exhibit fluorescence (Figure 2D). Finally, to ensure easy peeling of the nanosheets from the silicon wafer, a micron-thick PVA layer was introduced as a sacrificial layer on the BPCNs (Figure 2C).
[image: Diagram illustrating the preparation and analysis of BPCN nanosheets. Panel A shows the preparation steps, starting with a collagen layer, BMP2 grafting, peptide soaking, and layer application. Panel B details the chemical structure changes. Panels C to G provide visual comparisons of BCN and BPCN nanosheets through microscopy images and magnified views. Panel H displays a graph of BMP2 release over time, labeled with axes for time in hours and BMP2 release in nanograms per milliliter.]FIGURE 2 | Preparation and characterization of the nanosheets. (A) BMP-modified PCL-collagen nanosheets (BPCNs) were prepared via the spin-coating technique. (B) C109H183N27O35S (KIPKASSVPTELSAISTLYLSGGC) was grafted onto the collagen layer via a thiol–maleimide reaction. (C) Peeling of the PVA-supported BPCNs from the silicon wafer. Scale bar = 1 cm. (D) CLSM images of the PCNs and BPCNs marked with FITC. Scale bar = 500 μm. (E) Water resistance and hydrophilicity of BCNs and BPCNs. Scale bar = 500 mm. (F) SEM images of the BCNs and BPCNs. Scale bar = 5 μm. (G) AFM images of the cross-sectional profile and the surface of the BPCNs. (H) Representative tensile strain-stress curve of BPCNs. Scale bar = 1 μm.
Moreover, we examined the hydrophilicity and water resistance properties of the nanosheets, as the hydrophilicity of these nanosheets has a significant effect on cell adhesion and proliferation. After 1 hour of immersion, the water-soaked sections of both the BCNs and BPCNs remained insoluble, suggesting that both the PCL layer and the BMP2 peptide-modified collagen layer exhibited water resistance characteristics. Photographs captured to evaluate the water contact angles revealed that the collagen layer exhibited excellent hydrophilicity, whereas the PCL layer exhibited hydrophobicity (Figure 2E). After the PVA layer was washed away, we characterized the surface morphology of the BPCNs and BCNs by scanning electron microscopy and atomic force microscopy.
SEM observations revealed that the BPCN nanosheets are composed of multilayer structures, with distinct compact and porous layers. Additionally, the surfaces of the PCL layer and collagen layer appeared smooth (Figure 2F). Furthermore, AFM analysis provided insights into the cross-sectional profile and surface morphology of the BPCNs, revealing that they have a thickness of 83.49 nm ± 7.12 nm, which satisfied the required thickness for the nanosheets (Figure 2G).
We conducted tensile tests to measure the tensile properties of the nanosheets, considering that the nanosheets may suffer from stretching during GTR surgery. The tensile strain‒stress curve indicated that the BPCN nanosheets have great flexibility. The Young’s modulus of the BPCNs was approximately 27 MPa. These results suggest that the BPCNs are highly suitable for irregular defects (Figure 2H).
3.2 Cellular behavior and biocompatibility of BPCNs
A fundamental prerequisite for the utilization of biomaterials in vivo is excellent biocompatibility. Cellular behaviors such as viability, morphology, and adhesion were assessed by microscopy and the CCK8 assay. PCNs and BPCNs were used as the experimental groups to explore the cell adhesion ability of the collagen layer and BMP2 peptide-modified collagen layer. L929 cells and BMSCs were seeded onto plates containing a collagen layer. The cells were subjected to microscopy and photographed at 2 and 4 h, as shown in Figures 3A, B. Notably, as shown in Figures 3C, D, the numbers of adherent cells in the experimental groups were significantly greater than that in the PBS group, indicating that the collagen layers of both the PCNs and BPCNs accelerated the adhesion of L929 cells and BMSCs. Additionally, a CCK8 assay was conducted to evaluate cell proliferation and cytotoxicity over a period of 3 days. Compared with the PBS group, both the BPCN and PCN treatment groups exhibited no cytotoxicity (Figures 3E, F).
[image: Panel A and B show microscopic images of cells under different conditions (Control, PCN, BPCN) at 2 and 4 hours. Panels C and D depict bar graphs of cell adhesion measurements over time with statistical significance indicated by asterisks. Panels E and F present OD value comparisons for L929 and BMSC cells over three days. Panel G displays cell staining under PBS, PCN, BMP2 Peptide, and BPCN conditions. Panels H to K include bar graphs of ARS rate and gene expression levels with statistical significance. Overall, data demonstrate cellular responses to different treatments.]FIGURE 3 | Cell adhesion properties, biocompatibility and osteogenic ability of BPCNs. (A) Images of L929 cell adhesion on various substrates. Scale bar = 50 μm. (B) Images of BMSC adhesion on various substrates. Scale bar = 50 μm. (C) The proportions of adherent L929 cells at 2 h and 4 h were calculated and are presented in a graph (****p < 0.0001). (D) The proportions of adherent BMSCs at 2 h and 4 h were calculated and are presented in a graph (****p < 0.0001). (E) The OD values obtained from the CCK8 assay of L929 cells on days 1, 2 and 3. (F) OD values obtained from the CCK8 assay of BMSCs on days 1, 2 and 3. Scale bar = 100 μm. (G) Images of ARS-stained areas on various substrates. Scale bar = 50 μm. (H) Proportions of ARS-stained areas on various substrates. (I–K) qRT‒PCR analysis of BMSC osteogenesis (OPN, OCN, ALP) (*p < 0.05).
3.3 BPCNs increase the osteogenic ability of BMSCs
Calcium nodules are characteristic markers for osteogenesis within the bone structure. To assess osteogenesis, calcium nodules were observed in the Alizarin red S (ARS)-stained area on day 21. The results indicated that BMP2 peptide treatment and BPCN treatment led to the accumulation of calcium products in larger amounts, suggesting greater osteoinductive capacity (Figures 3G, H). Furthermore, the expression of osteogenesis-related genes, including OPN, ALP, and OCN, was examined to evaluate osteopromotive effects. Notably, as shown in Figures 3I–K, the expression of these osteogenesis-related genes was significantly upregulated in both the BMP2 peptide treatment group and the BPCN treatment group compared with that in the PBS group and PCN treatment group.
3.4 BPCNs show clear osteogenic capability in vivo
The ability of BPCNs to guide the repair and regeneration of periodontal defects was evaluated in a rat model. A periodontal defect was surgically created by removing a segment of the alveolar bone to mimic a clinical periodontal defect. As shown in Figure 4A, gross observation after 6 weeks revealed that the rats in the PBS group exhibited the least amount of new bone formation. The defect remained obvious, with exposed root surfaces, indicating limited spontaneous healing capabilities. On the other hand, compared with the PBS group, the PCN group presented slightly more new bone formation. This increase in bone formation suggested that the PCL material and collagen material might have some osteogenic potential, although the effect was still relatively limited. In contrast, the BMP2 peptide treatment significantly promoted osteogenesis at the defect site, as evidenced by substantial new bone formation within the periodontal defect. BMP2, a well-known osteogenic factor, strongly promoted osteogenesis at the defect site. Interestingly, combined treatment with PCNs and BMP2 peptide resulted in an even more pronounced osteogenic effect. The newly formed bone in the BPCN treatment group almost filled the defect, resulting in nearly complete restoration of the periodontal structure. As shown in Figures 4B, C, both the BMP2 peptide treatment group and the BPCN treatment group presented obvious decreases in the bone defect area and the length of the CEJ-ABC. Moreover, in the BPCN group, the bone defect area and the length of the CEJ-ABC were reduced the most among all the groups. These findings suggest that the combination of PCNs and BMP2 peptide could synergistically enhance the repair and regeneration of periodontal defects.
[image: Panel A shows 3D reconstructions and coronal sections of tooth samples treated with PBS, PCN, BMP2 peptide, and BPCN, highlighting structural differences. Panels B and C are bar graphs depicting bone defect area and CEA-ABC measurements, respectively, across the four treatments with significant differences marked by asterisks. Measurement scale is 1 millimeter.]FIGURE 4 | Alveolar bone repair in a rat periodontal defect model. (A) Micro-CT images of 3D reconstructions and buccopalatal sections of maxillary molars subjected to different treatments. The green lines represent the area of the bone defect and the distance between the ABC and the CEJ (scale bar = 1 mm). (B) Quantitative evaluation of the bone defect area. (C) Quantitative evaluation of the distance between the ABC and the CEJ. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
3.5 BPCNs promote tissue regeneration in vivo
To further investigate and evaluate guided periodontal tissue regeneration by BPCNs, the rats were sacrificed and subjected to histological staining. As shown in Figures 5A, E, H staining revealed that the PBS group exhibited dense connective tissue but lacked new bone formation. This observation suggested that without any additional treatment, the periodontal tissue regeneration of the rats was limited. In contrast, the other three groups displayed varying degrees of new bone formation, with a small amount of new bone observed in the PCN group. This finding was encouraging, indicating that PCNs have some regenerative potential, but the effect was relatively small. Moreover, the BMP-2 peptide group presented more new bone formation. The periodontal defects in the BPCN group were mostly filled by regenerated alveolar bone. As shown in Figure 5B, Masson staining was carried out to evaluate the collagenous matrix of the regenerated alveolar bone, as high-quality newly synthesized collagenous matrix is an important indicator for regenerated alveolar bone tissue and exhibits dark blue staining. Limited collagenous matrix staining was observed in the PBS group, whereas varying intensities of dark blue collagenous matrix staining were observed in the other three groups. Notably, the intensity of the dark blue staining closely corresponded to the amount of regenerated bone. H&E staining of the major organs (Figure 6) indicated that the BMP2 peptide, BPCN and PCN treatments did not significantly affect the major organs of SD rats.
[image: Four-panel histological comparison of periodontal tissues treated with PBS, PCN, BMP2 Peptide, and BPCN. Row A displays pink-stained tissue sections; Row B shows blue-stained sections. Each column highlights periodontal ligament (PDL), bone (AB), and root areas. Magnified images below each section emphasize tissue differences. Scale bars indicate 1 millimeter and 250 micrometers.]FIGURE 5 | Tissue repair in a rat periodontal defect model. (A) H&E staining of periodontal tissue. (B) Masson staining of periodontal tissue. The green lines represent the distance between the ABC and the CEJ.
[image: Illustration showing a two-part study. Part A depicts a timeline: a mouse is administered BPCN, PCN, BMP2, or PBS over six weeks, followed by organ collection and H&E staining. Part B presents histological images of heart, liver, spleen, lung, and kidney tissues under different treatments (BPCN, PCN, BMP2, and Control). Each organ's section displays variations in tissue structure across treatments.]FIGURE 6 | BPCNs exhibit excellent biocompatibility and biosafety in vivo. (A) Technical roadmap for visceral sampling in rats. (B) H&E staining of rat major organs (the heart, liver, spleen, lungs, and kidneys) after nanosheet treatment for 6 weeks. Scalebar = 200 μm.
3.6 BPCNs upregulate the expression of components of pathways related to tissue regeneration but downregulate the expression of components of proinflammatory pathways
We conducted RNA sequencing analysis of the periodontium of rats with periodontitis that were treated with BPCNs or PBS to elucidate the mechanisms underlying the therapeutic effects of BPCNs in periodontitis model rats. As shown in Figure 7A, in the periodontium of BPCN-treated and PBS-treated rats with periodontitis, we identified differentially expressed genes (DEGs) (adjusted p value ≤0.05 and absolute log2 (fold change) >1.5). To gain further insight, we conducted a GO term enrichment analysis of the DEGs on the basis of their involvement in biological processes. Compared with those in PBS-treated rats with periodontitis, the upregulated DEGs in the periodontium of BPCN-treated mice were enriched predominantly in terms such as the estrogen signaling pathway and MAP kinase activation (Figure 7B), whereas the downregulated DEGs were enriched in terms such as the leukocyte-mediated cytotoxicity pathway and cytokine signaling in the immune system (Figure 7C). Gene set enrichment analysis (GSEA) further confirmed activation of the identified pathways (Supplementary Figure S1).
[image: The image includes several panels analyzing gene expression and signaling pathways. Panel A shows a volcano plot identifying significant genes. Panels B and C display dot plots of pathway analyses, with sizes indicating gene counts and color showing significance. Panels D to G present heatmaps of gene expression in different signaling pathways like estrogen and MAP kinase, comparing PBS and BPCN treatments. Panels H and I depict network diagrams of transcription factors and gene interactions, highlighting complex relationships with color-coded nodes indicating transcription factor connections.]FIGURE 7 | BPCNs upregulate components of pathways related to tissue regeneration but downregulate components of proinflammatory pathways. (A) Volcano plots showing DEGs. (B) Gene Ontology (GO) functional analysis of upregulated DEGs in the periodontium of the BPCN-treated group compared with the PBS-treated group. (C) GO functional analysis of downregulated DEGs in the periodontium of the BPCN-treated group compared with the PBS-treated group. (D–G) Heatmaps of DEGs from the selected pathways in the periodontium of the BPCN-treated group compared with the PBS-treated group. *p < 0.05. (H, I) Analysis of transcription factors related to inflammatory genes.
Heatmaps of the DEGs within these enriched GO pathways revealed that DEGs associated with the estrogen signaling pathway and MAP kinase activation were upregulated in BPCN-treated rats with periodontitis compared to PBS-treated rats with periodontitis, whereas leukocyte-mediated cytotoxicity and cytokine signaling in the immune system were downregulated (Figures 7D–G). We conducted transcription factor analysis on the upregulated and downregulated genes and found that the downregulated genes correspond to transcription factors MAZ, KAT2A, and NFRF1, which are associated with inflammation, indicating that treatment can downregulate inflammation. At the same time, upregulated genes correspond to transcription factors MYB, HCFC1, and MAX, which are associated with tissue regeneration. In summary, BPCNs can promote periodontal defect repair by downregulating inflammation and promoting tissue regeneration (Figures 7H, I). Taken together, the findings from the GO term enrichment analysis suggest that BPCN treatment suppresses the immune and inflammatory response in rats with periodontitis.
4 DISCUSSION
Barrier membranes are critical in guided tissue regeneration (GTR) surgery (Sanz et al., 2020), as they prevent soft tissue invasion and allow time for tissue repair (Donos et al., 2023; Francisco et al., 2019). Our study demonstrated that BPCNs not only enhance cell adhesion and bone regeneration in vitro but also significantly improve periodontal tissue regeneration in vivo. RNA sequencing confirmed that BPCNs activate tissue regeneration pathways and reduce inflammation, making them promising for GTR surgery due to their ease of use and bone-inducing properties.
We employed nanomaterials and spin coating technology to fabricate collagen nanosheets specifically aimed at periodontal regeneration. While our previous work demonstrated that nanotechnology enabled the creation of thinner, more adhesive barrier membranes suitable for soft tissue defects (Fujie et al., 2009; Fu et al., 2023; Zhang Y. et al., 2024), it remains uncertain whether these nanosheets can fully address periodontal regeneration. Spin coating was selected for its simplicity, precision, and efficiency, facilitating rapid, large-scale production at a low cost (Xuan et al., 2020). Collagen, known for its excellent biocompatibility, promotes cell adhesion and proliferation, and can also serve as a carrier for bioactive peptides (Naomi et al., 2021; Sun et al., 2022; Xie et al., 2018; Cooperman and Michaeli, 1984; Calciolari et al., 2018; Niwa et al., 2012; Stoecklin-Wasmer et al., 2013). To enhance mechanical strength and performance, we integrated PCL as a backing layer, a material recognized for its biocompatibility and durability (Dwivedi et al., 2020; Hedvicakova et al., 2023). Our research confirmed that both PCL and collagen were non-toxic in SD rats, and their combination enhanced the overall functionality of the barrier membrane (Bezwada et al., 1995). The hydrophobicity of the PCL layer also supports controlled drug release, improves membrane stability within periodontal defects, and ensures an optimal degradation rate, making this combination promising for clinical applications (Dwivedi et al., 2020; Engelberg and Kohn, 1991; Gumusderelioglu et al., 2019).
Current clinical barrier membranes often lack bone-guiding capabilities, limiting their effectiveness in periodontal regeneration (Chen et al., 2021; Zhang Q. et al., 2024; Zhang et al., 2023). To address this, we aimed to enhance this function by incorporating BMP2 peptide, a potent osteogenic factor. The BMP2 peptide was chemically stabilized on the collagen layer, allowing for uniform distribution and prolonged bioactivity, which significantly improved osteogenic differentiation in BMSCs (Kim et al., 2013; Chen et al., 2021; Kim et al., 2018; Howard et al., 2022). In our study, BPCNs significantly accelerated bone regeneration in a rat model of periodontal defects. Micro-CT analysis confirmed that BPCNs markedly enhanced alveolar bone healing compared to control groups. Additionally, Masson’s trichrome staining revealed increased and organized collagen fiber regeneration, suggesting that BPCNs not only promoted bone healing but also supported soft tissue repair, accelerating the overall healing process. These findings demonstrate the significant therapeutic potential of BPCNs in treating periodontal defects. Their ability to promote both bone regeneration and soft tissue healing makes them a promising candidate for clinical applications in periodontal regeneration therapies.
We identified the mechanism by which BPCNs promote periodontal defect healing. In the BPCN treatment group, the estrogen and MAP kinase pathways were significantly upregulated. Estrogen inhibits osteoclast formation and promotes their apoptosis, reducing osteoclast numbers and bone resorption, while also stimulating osteoblast proliferation and differentiation, enhancing bone formation (Almeida et al., 2017). Additionally, MAP kinase pathway activation is crucial for osteoblast differentiation (Almeida et al., 2017; Xiao et al., 2002). Inflammation, particularly when excessive and prolonged, impairs periodontal tissue regeneration (Gruber, 2019). Our results showed that factors associated with leukocyte-mediated cytotoxicity and cytokine signaling were significantly downregulated in the BPCN group, suggesting that BPCNs reduce inflammation during tissue regeneration, thus creating a more favorable environment for healing.
According to the S3-level clinical guidelines for periodontitis treatment issued by the European Federation of Periodontology, the use of barrier membranes in regenerative therapy is strongly recommended, with the option to either incorporate or omit bone grafts (Sanz et al., 2020; Nibali et al., 2020). BPCNs offer an environment conducive to bone cell growth and attachment. They optimize the local microenvironment by releasing bone morphogenetic protein-2 (BMP-2) peptide, directly promoting bone cell differentiation and bone formation, and facilitating natural repair of bone tissue. In our study, a rat model of periodontal tissue defects with relatively small defect volumes was established, and good regenerative outcomes were obtained without the use of bone graft materials. Therefore, the use of periodontal regeneration surgery without bone graft materials is feasible in some cases. Yet, further preclinical studies and clinical trials are necessary to verify their ability to achieve better regenerative effects in various types of defects and complex cases.
In conclusion, our study successfully utilized spin coating to fabricate BMP2 peptide-incorporated BPCNs, demonstrating their effectiveness in promoting periodontal tissue regeneration. These findings support the potential of PCL-collagen nanosheets as practical, bone-regenerative materials for GTR, characterized by their ease of use and ability to enhance tissue repair.
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Introduction: Dental caries is the most common oral disease. In caries-affected dentin (CAD), excessive mineral loss, extensive collagen exposure and collapse, increased enzyme activity, and bacterial residues result in significantly lower resin bonding strength and durability compared to sound dentin (SD). Currently, there are no effective clinical strategies to enhance CAD bonding. Inspired by the excellent wet adhesion capability and collagen affinity of marine mussels, this study aimed to evaluate a mussel-inspired polymerizable monomer (catechol–Lys–methacrylate [CLM]) as a primer to improve CAD bonding performance.Methods: The interactions between CLM and collagen were analyzed via Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR). Microtensile bond strength, nanoleakage, in-situ zymography, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were used to assess the bond strength and interface stability. Furthermore, the antibacterial properties of CLM were evaluated using colony-forming units counts, live/dead bacterial staining, and bacterial morphology observation.Results: FTIR and NMR results showed that CLM was successfully grafted onto CAD collagen through its catechol groups, facilitating subsequent chemical bonding with resin. CLM increased the immediate CAD bond strength by approximately 30% and reduced immediate nanoleakage by approximately 24%, maintaining effectiveness after aging. Moreover, collagen chemical modification by CLM promoted collagen crosslinking, inhibited endogenous enzymatic activity, and conferred antibacterial properties, further enhancing bonding interface stability.Discussion: In summary, this study reports the application of a mussel-inspired monomer, CLM, in CAD bonding. During the wet bonding process, CLM not only improves collagen stability but also serves as a molecular bridge between inorganic resin and organic collagen, thereby enhancing both immediate and aged bonding performance. These findings showing promising clinical application potential.Keywords: dental adhesives, dental diseases, mussel, cross-linking reagents, collagen, antibacterial
1 INTRODUCTION
Dental caries, the most prevalent oral disease, affects over 2.5 billion people worldwide (Jain et al., 2024). The primary clinical approach to caries treatment involves mechanically removing infected dental tissue and restoring the tooth’s shape and function with resin materials (Cadenaro et al., 2023). However, according to the principles of modern minimally invasive dentistry, caries treatment should prioritize pulp preservation. This approach selectively removes carious tissue down to the softened dentin at the cavity floor while retaining part of the caries-affected dentin (CAD) for restorative treatment (Schwendicke et al., 2016). However, the bonding strength and durability of CAD are significantly lower than those of sound dentin (SD), making CAD bonding a persistent challenge in dental adhesion (Almahdy et al., 2015).
Poor CAD bonding performance mainly results from the collapse of the collagen network and excessive hydroxyapatite loss, hindering adhesive resin penetration and significantly reducing the bond strength (Donmez et al., 2019; Suppa et al., 2006). Increased enzyme activity in CAD leads to easier demineralized collagen degradation (Fialho et al., 2019; Mazzoni et al., 2015). Additionally, residual cariogenic bacteria within CAD thrive in the anaerobic environment after filling, increasing the risk of secondary caries (Mohammed et al., 2014). Previous research on improving CAD bonding mainly focused on collagen crosslinking or enzyme inhibition (Davila-Sanchez et al., 2020; Hass et al., 2021; Macedo et al., 2009); however, enzyme inhibition alone does not significantly enhance the CAD bond strength. Current commercial self-etch adhesive systems primarily bind chemically to hydroxyapatite; however, extensive hydroxyapatite loss in CAD diminishes these chemical bonding effects (Isolan et al., 2018). Despite the presence of abundant collagen in CAD, existing adhesives only mechanically interlock with collagen, and there are no stable chemical bonds (Mazzoni et al., 2015). Therefore, developing novel monomers capable of chemical bonding with collagen could significantly improve CAD bonding.
Marine mussels exhibit strong adhesion in wet environments due to adhesive proteins secreted by mussel foot glands. 3,4-dihydroxyphenylalanine (DOPA), the critical adhesive component (Li et al., 2020), displaces interfacial water and acts as an ideal bridging molecule through hydrogen, covalent, and electrostatic bonds between inorganic and organic phases (Xu et al., 2018; 2023). Dental adhesives face similar challenges to mussels, requiring durable adhesion in moist environments. Artificial DOPA derivatives like dopamine methacrylamide (DMA) have improved resin-dentin interfaces by inhibiting collagenase activity and promoting crosslinking (Li et al., 2021).
However, derivatives solely mimicking catechol structures differ from natural mussel proteins. Lysine (Lys) residues adjacent to catechol in mussel proteins synergistically achieve underwater adhesion (Maier et al., 2015; Rapp et al., 2016). DMA, mimicking only the catechol structure, overlooks this synergy, limiting effectiveness. To address these limitations, our group synthesized a novel monomer—catechol-lysine methacrylate (CLM)—which combines lysine’s water displacement capability with catechol’s chemical bonding to collagen (Hu et al., 2023). CLM also contains polymerizable methacrylate groups, enabling it to bridge collagen and resin effectively, potentially improving CAD bonding. This study aimed to evaluate CLM primer effectiveness in enhancing CAD bonding (Figure 1). We tested two hypotheses: The experimental CLM primer would not affect the following: 1) immediate and aged resin-CAD bond strength and nanoleakage; 2) endogenous enzymatic activity at the resin-CAD bonding interface.
[image: Flowchart illustrating the process and testing involved in CLM-mediated procedures. Sections include: (A) Tooth selection and sample preparation with CAD and SD methods; (B) Characterization of CLM-collagen bonding using FTIR and NMR; (C) Dentin bonding performance highlighted by adhesive application and composite bonding with various tests like thermocycling; (D) Antibacterial activity assessment involving colony forming units and biofilm observations; (E) Mechanism of CLM-mediated chemical bonding displaying chemical interactions and copolymerization with resin.]FIGURE 1 | Schematic illustration of the experimental procedure and the mechanism of catechol-lysine methacrylate (CLM)-mediated chemical bonding. (A) Tooth selection and sample preparation: Intact and carious third molars were selected to represent sound dentin (SD) and caries-affected dentin (CAD), respectively. Dentin surfaces were exposed by cutting at one-third of the occlusal dentin thickness. (B) Characterization of CLM-collagen bonding: Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) spectroscopy were used to characterize the interaction between CLM and collagen. (C) Dentin bonding performance: Microtensile bond strength (μTBS) tests, nanoleakage evaluation, in situ zymography, and sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) were used to evaluate the effect of the CLM primer on CAD bonding performance. (D) Antibacterial activity: Colony-forming unit (CFU) assays, plaque biofilm observations, and live/dead bacterial staining were used to evaluate the antibacterial activity of CLM. (E) The mechanism of CLM-mediated chemical bonding.
2 MATERIALS AND METHODS
2.1 Synthesis of CLM and preparation of the primer
CLM was synthesized using Fmoc-L-Lys (Boc), 2,3-Dihydroxybenzoic acid, and 2-Hydroxyethyl methacrylate as raw materials (Figure 2) following our previously reported method. To prepare the CLM primer, 5 mg of CLM was dissolved in 1 mL of deionized water, yielding a 5 mg/mL solution (Hu et al., 2023).
[image: Chemical structure diagram of dopamine. The diagram displays carbon, hydrogen, nitrogen, and oxygen atoms connected in a specific arrangement. The left side shows a benzene ring with two hydroxyl groups. A central amine group is connected to a carboxyl group and a side chain ending with a blue nitrogen atom.]FIGURE 2 | Molecular structure of CLM. Catechol groups are highlighted in red, lysine residues in yellow, and methacrylate groups in blue.
2.2 Sample preparation
This study was approved by the Ethics Committee of the 920th Hospital of the Joint Logistics Support Force of the Chinese People’s Liberation Army (2019-022-01). Freshly extracted intact or carious third molars were collected with informed consent from patients and stored in 5% chloramine T solution at 4°C, to be used within 1 month.
X-ray films were used to identify extracted teeth with caries located within the occlusal one-third dentin. The enamel was removed parallel to the occlusal plane using a slow-speed saw (SYJ-150, Shenyang Kejing, China) under running water, exposing the CAD. The CAD surface was polished with 600-grit silicon carbide paper to obtain a standardized smear layer. SD specimens were prepared similarly.
For bonding procedures, dentin surfaces in each group were etched for 15 s with 35% phosphoric acid gel (Bisco Inc., Schaumburg, IL, United States), rinsed for 30 s with deionized water, and excess water was gently removed using filter paper. The wet bonding technique was employed, with moisture visible but without pooling. The experimental group was treated with CLM primer for 60 s, while the control group received deionized water for 60 s. Excess liquid was again removed with filter paper. A dental adhesive (Single Bond 2, 3M, United States) was then applied for 20 s, thinned gently for 5 s with mild airflow to remove solvents, and light-cured for 20 s using an LED curing unit at a distance of approximately 1 mm (1,470 mW/cm2; EliparTM DeepCure-S, 3M, United States). Composite build-ups (Filtek Z250, 3M ESPE, United States) were placed incrementally at 1.0 mm thickness for each layer, using circumferential matrix bands (Palofent 360, Dentsply, United States). Bonded specimens from each group were divided into two subgroups—immediate (stored in distilled water for 24 h) and aged (subjected to thermocycling at 5°C for 1 min and 55°C for 1 min, for a total of 10,000 cycles).
2.3 Characterization of the CLM-collagen interaction
2.3.1 Fourier-transform infrared spectroscopy (FTIR)
CAD slices (approximately 1 mm thickness, n = 6) were prepared and etched with 35% phosphoric acid for 15 s, rinsed with deionized water for 30 s, and excess surface water was removed. Five specimens were treated with CLM primer for 60 s, while one specimen remained untreated as a control. Excess fluid was removed, and FTIR spectra were recorded using an attenuated total reflectance Fourier-transform infrared spectrometer (ATR-FTIR; Shimadzu FTIR-8400S, Japan). Spectra were collected within the range of 500–4,000 cm−1 at 4 cm−1 resolution for 24 scans to assess interactions between CLM and demineralized CAD (Tang et al., 2023).
2.3.2 Nuclear magnetic resonance (NMR)
Type I collagen powder (CLP-01, Koken Co. Ltd., Japan) was dissolved in a buffer solution containing 50 mM d4-acetic acid, 150 mM NaCl, 5 mM CaCl2, and 0.02% NaN3 (pD adjusted to 4.0 with NaOD). The collagen solution was diluted fourfold with buffer to reduce viscosity. The CLM monomer was added to the diluted collagen solution (final concentration 5 mg/mL). NMR experiments were performed using a 600 MHz spectrometer equipped with a cryogenic probe (Bruker BioSpin Corporation, Billerica, United States). Spectra were acquired with a scan rate of 220 Hz, a relaxation delay of 1 s, and a sampling number of 4,096 × 256 to characterize the interactions between CLM and collagen (Hiraishi et al., 2013).
2.4 Dentin bonding performance
2.4.1 Microtensile bond strength (μTBS)
A total of 30 M were randomly divided into groups (n = 5 per group). Resin-dentin beams (1 mm2 cross-sectional area, two beams per tooth, n = 10 beams/group) were sectioned using a slow-speed saw. μTBS testing was performed using a microtensile testing machine (EZ-TEST 500 N, Shimadzu Co., Japan) at a crosshead speed of 1 mm/min. The average μTBS values from four measurements per tooth were calculated (Tezvergil-Mutluay et al., 2010).
2.4.2 Nanoleakage evaluation
Bonded specimens from SD and CAD groups (immediate and aged; three teeth per subgroup, a total six specimens per group) were sectioned perpendicular to the bonding interface into approximately 1 mm thick slabs. The slabs were coated with hydrophobic nail polish except within 1 mm around the bonding interface, then immersed in 50 wt% ammoniacal silver nitrate solution in the dark for 24 h. After developing for 8 h and fixing for another 8 h, samples were wet-polished (600, 1,200, 2000-grit SiC paper), ultrasonically cleaned for 5 min, dried, sputter-coated with gold, and examined by field emission scanning electron microscopy (FE-SEM; Guoyi Quantum, Suzhou, China) at 10 kV in backscattered electron mode. Six randomly selected interface images (1,500× magnification) per slab were analyzed using ImageJ software to quantify silver nitrate penetration within the hybrid layer (Tjaderhane et al., 2013).
2.4.3 In-situ zymography of the bonding interface
Resin-dentin slabs were prepared as described; however, the adhesive was labeled with 0.1% rhodamine B isothiocyanate. Slabs were polished (600–2000 grit), ultrasonically cleaned, placed onto microscope slides, and coated with 50 μL collagenase activity indicator. Slides were incubated at 37°C in a humidified, dark environment for 48 h, rinsed with deionized water, and dried. Endogenous enzyme activity at the bonding interface was examined by confocal laser scanning microscopy (CLSM; Nikon A1, Nikon Corp., Tokyo, Japan) at 488/530 nm using a ×20 objective lens. Two random images per specimen (n = 6 images per group) were captured, and green fluorescence indicating enzyme activity was quantified using ImageJ software (Gu et al., 2018).
2.4.4 Collagen crosslinking analysis (SDS-PAGE)
Collagen crosslinking was assessed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). All solutions were stored at room temperature for 24 h before analysis. Experimental Groups: the marker group, non-crosslinked control group (Deionized water: 3.52 mg/mL collagen solution = 1:1), positive control group (5% glutaraldehyde [GD]), and CLM-treated group. Each group was mixed with 10 μL of SDS protein loading buffer, heated at 98°C for 10 min, and 10 μL of each sample was loaded into the gel. Electrophoresis was performed at 80 V for 30 min, followed by 100 V until the marker reached the bottom. After electrophoresis, gels were stained with Coomassie blue for 2 h, destained for 1 h, and analyzed (triplicate for each group) (Wu et al., 2019).
2.5 Antibacterial activity
2.5.1 Colony-forming units (CFU)
The antibacterial activity of CLM was evaluated against S. mutans (Streptococcus mutans; UA159, Yunnan Key Laboratory of Stomatology and Department of Dental Research). Streptococcus mutans was cultured anaerobically (85% N2, 5% CO2, 10% H2) at 37°C for 24 h. A bacterial suspension of 1 × 106 CFU/mL was prepared.
CLM was dissolved at 5 mg/mL, mixed in equal proportions with the bacterial suspension, and incubated with shaking for 24 h. One hundred microliters of the 10-fold diluted solution was plated onto brain heart infusion agar plates and cultured for 48 h, after which colony counts were recorded (n = 6) (Daabash et al., 2023).
2.5.2 Biofilm observation
Sterile glass coverslips placed in 6-well plates were inoculated with 1 mL of S. mutans suspension and CLM solution, incubated anaerobically at 37°C for 24 h to form biofilms, fixed with 2.5% glutaraldehyde (GD), dehydrated in ethanol gradients (75%–100%), air-dried, gold-sputtered, and examined using FE-SEM at ×20,000 magnification (n = 3) (Akram et al., 2022).
2.5.3 Live/dead bacterial staining
After biofilm formation, each well was treated with 500 μL of the LIVE/DEAD BacLight stain (L7012, Molecular Probes, Thermo Fisher Scientific). The specimens were incubated at room temperature in the dark for 15 min, rinsed with PBS, and observed by CLSM using a ×20 objective lens. Image analyses were performed using ImageJ software (NIH, Bethesda, MD, United States) (Cheng et al., 2012).
2.6 Statistical analysis
Data were analyzed using SPSS 20.0 software (IBM Corp., Armonk, NY, United States). The Shapiro–Wilk test and the modified Levene test were used to assess the normality and homogeneity of variance of individual datasets before applying parametric statistical methods. Data from μTBS, nanoleakage assessment and in-situ zymography were analyzed using the one-way analysis of variance, followed by the post hoc Bonferroni test for multiple comparisons. Data from CFU assays and live/dead bacterial staining were analyzed using independent samples t-tests. For all statistical analyses, the threshold for statistical significance was set at α = 0.05.
3 RESULTS
3.1 Characterization of CLM-Collagen binding
3.1.1 FTIR characterization
As shown in Figure 3, both CLM-treated and untreated CAD exhibited characteristic dentin collagen peaks, including amide A, amide B, amide I, amide II, and amide III. After CLM treatment, a blue shift was observed in the amide I (1,641 cm−1), amide II (1,540 cm−1), and amide III (1,238 cm−1) peaks of CAD. Additionally, the appearance of CLM-specific -OH (653 cm−1) and C=O (1,641 cm−1) peaks confirmed that CLM was successfully grafted onto the collagen surface.
[image: A three-line graph showing infrared spectra for CLM, CAD, and CAD-CLM with peaks labeled, covering 500 to 4000 cm⁻¹. Two insets magnify specific regions: 400–2000 cm⁻¹ insets display additional peak details.]FIGURE 3 | Infrared (FTIR) spectra showing interactions between CAD and CLM. The FTIR analysis demonstrated that CLM effectively bonded with CAD collagen.
3.1.2 NMR characterization
Figure 4A shows the 1H NMR spectrum of Type I collagen, and Figure 4B represents the 1H NMR spectrum after reacting Type I collagen with CLM. Compared with collagen alone, the reaction between CLM and collagen resulted in additional peaks: peaks at 6.7–7.5 ppm correspond to hydrogen atoms (a, b, c) on the benzene ring of CLM, and peaks at 5.4–6.1 ppm correspond to hydrogen atoms on the acrylic double bond (d). These findings confirm that CLM successfully bonded with collagen from CAD.
[image: Proton NMR spectra displays two spectra labeled A and B. Spectrum A has multiple peaks mostly in the range of 6 to 8 ppm. Spectrum B features a chemical structure of a compound with labeled hydrogen atoms a to f, corresponding to peaks in the spectrum. Peaks are seen from around 8 to 0.5 ppm, with specific lower and higher intensity regions.]FIGURE 4 | 1H NMR spectra of Type I collagen before and after interaction with CLM. (A) Type I collagen alone. (B) Type I collagen after interaction with CLM. NMR spectra showed characteristic peaks of catechol (6.7–7.5 ppm) and methacrylate groups (5.4–6.1 ppm) after interaction with collagen, confirming effective bonding between CLM and Type I collagen.
3.2 Dentin bonding performance
3.2.1 Microtensile bond strength (µTBS)
The strength of the resin-dentin bond is influenced by substrate type and aging conditions. µTBS results at immediate (24 h) and after aging by thermocycling are shown in Figure 5A. Immediately after bonding, the µTBS of the CAD group (16.4 ± 1.9 MPa) was significantly lower (by about 44%) compared to the SD group (29.3 ± 2.4 MPa, p < 0.001). Treatment with the CLM primer significantly improved the µTBS of the CAD-CLM group (21.5 ± 2.5 MPa) compared to the untreated CAD group (p < 0.001). After thermocycling, bond strengths decreased in all groups compared to immediate testing. The SD group decreased by approximately 40% (17.6 ± 1.8 MPa), the CAD group by 41% (9.7 ± 1.8 MPa), while the CAD-CLM group decreased by only about 13% (18.7 ± 1.6 MPa). After aging, the CAD group showed the lowest µTBS (p < 0.001). No significant difference was found between the CAD-CLM group and the aged SD group (p = 1.0).
[image: Bar graphs and microscopic images comparing micro tensile bond strength and nanoleakage percentage across three dental materials: SD, CAD, and CAD-CLM at 24 hours and after thermocycling. Graphs show higher bond strength and lower nanoleakage at 24 hours compared to thermocycling. Microscopic images illustrate structural differences between conditions.]FIGURE 5 | CLM treatment enhances CAD bonding performance. (A) Microtensile bond strength (μTBS) results for each group before and after thermocycling. CLM pretreatment significantly improved the strength of immediate and aged bonds to CAD. (B) Semiquantitative nanoleakage analyses before and after thermocycling. (C) Representative backscattered FE-SEM micrographs showing typical nanoleakage features (1,500×, Bar = 10 μm). Reduced nanoleakage in CLM-treated CAD indicates improved bonding integrity. All data are expressed as the mean ± standard deviation and were analyzed using the one-way ANOVA with post hoc Bonferroni tests. Different letters indicate statistically significant differences between groups (p < 0.05).
3.2.2 Nanoleakage evaluation
Nanoleakage was used to evaluate the sealing performance of the bonding interface (Figures 5B,C). Immediately after bonding, the SD group exhibited the lowest nanoleakage (20.4% ± 3.1%, p < 0.001), while the CAD group showed the highest (60.3% ± 4.2%, p < 0.001). The CAD-CLM group (38.5% ± 2.6%) had significantly reduced nanoleakage compared with the CAD group (p < 0.001). After thermocycling, nanoleakage increased in all groups compared with their immediate results (p < 0.001). After aging, the CAD group continued to show the highest nanoleakage (72.7% ± 3.4%, p < 0.001). The aged CAD-CLM group (54.2% ± 4.2%) had significantly lower nanoleakage than the aged CAD group (p < 0.001), similar to the immediate CAD results (p = 0.058).
3.2.3 In-situ zymography of the bonding interface
In the in-situ zymography profiling experiment (Figures 6A,B), the immediate CAD group exhibited the highest endogenous enzyme activity (81.0% ± 5.0%, p < 0.001). In contrast, enzyme activity was significantly lower in the CAD-CLM group (15.6% ± 2.2%) than in the SD (61.0% ± 3.2%) and CAD groups (p < 0.001).
[image: A series of images and graphs labeled with letters A, B, and C. Panel A shows three rows of microscopic images for conditions SD, CAD, and CAD-CLM, each with three columns labeled Megerd, Red, and Green. Panel B contains a bar graph comparing gelatinolytic activity percentages for SD, CAD, and CAD-CLM, with values annotated as a, b, and c. Panel C displays a gel electrophoresis result with markers and lanes labeled NC, GD, and CLM.]FIGURE 6 | CLM pretreatment reduces the risk of collagen degradation. (A) In situ zymography showing gelatinolytic activity in the dentin hybrid layer for each subgroup, observed via CLSM (20×, Bar = 50 μm). (B) Relative percentage of gelatinolytic activity within the hybrid layers. The results indicated that CLM significantly reduced endogenous enzymatic activity, thus mitigating enzymatic degradation risks at the bonding interface. (C) SDS-PAGE analysis of collagen modified by cross-linking. The CLM and positive control (GD) groups showed no detectable protein bands, confirming significant collagen cross-linking. In situ zymography data are presented as the mean ± standard deviation and were analyzed using the one-way ANOVA with post hoc Bonferroni tests. Columns labeled with different letters indicate statistically significant differences (p < 0.05).
3.2.4 SDS-PAGE collagen crosslinking evaluation
The collagen crosslinking effect of CLM was evaluated by SDS-PAGE (Figure 6C). In the uncross-linked control, multiple distinct collagen protein bands were observed, indicating fragmented collagen. In contrast, no collagen bands appeared in the positive control (GD) and CLM groups, suggesting effective collagen crosslinking in these samples.
3.3 Antibacterial performance
In the CFU assay (Figures 7A,B), bacterial counts were significantly lower in the CLM group (4.6 ± 0.4) than in the control group (9.1 ± 0.1, p < 0.001). SEM images revealed abundant (Figure 7C), structurally intact bacteria in the control group, while the CLM group exhibited fewer bacteria with noticeable morphological changes indicative of bacterial death, including swelling and membrane shrinkage. Three-dimensional live/dead staining images showed predominantly live bacteria (green) in the control group, whereas the CLM-treated group had predominantly dead bacteria (red). The dead/live bacterial ratio was significantly higher in the CLM group (3.04 ± 0.70) than in the control group (0.15 ± 0.06, p < 0.001; Figures 7D,E). These results confirm that CLM effectively inhibits the growth of S. mutans.
[image: A series of scientific images comparing bacterial growth and viability. Panel A shows agar plates with bacterial colonies labeled "Control" and "CLM" with fewer colonies in CLM. Panel B is a bar graph indicating a significant reduction in bacterial count in CLM compared to control. Panel C has two electron micrographs showing bacterial cells, with fewer and smaller cells in the CLM image. Panel D consists of fluorescence microscopy images, with live (green), dead (red), and merged views showing more dead cells in CLM. Panel E is a bar graph indicating a higher bacterial death ratio in CLM.]FIGURE 7 | Antibacterial activity of CLM. (A) CFU assay on a solid culture medium. (B) CFU counts of Streptococcus mutans after co-cultivation with CLM. CFU results demonstrated significant bacterial colony growth inhibition by CLM. (C) FE-SEM images of biofilms after CLM treatment (20,000×, Bar = 10 μm), showing bacterial cell swelling and membrane shrinkage indicative of cell death. (D) Representative 3D reconstructions of Streptococcus mutans biofilms (20×, Bar = 200 μm). (E) Dead/live bacteria ratio based on live/dead bacterial staining of biofilms. Results showed that CLM reduced overall bacterial numbers and significantly increased the ratio of dead bacteria, confirming strong antibacterial activity. Data in panels B and E are presented as the mean ± standard deviation and were analyzed using independent samples t-tests. Columns labeled with different letters indicate statistically significant differences (p < 0.05).
4 DISCUSSION
Biomodification has emerged as a promising biomimetic approach in dentistry, aiming to enhance the biochemical properties of dental substrates for both preventive and therapeutic applications (Fakhri et al., 2020; Wang et al., 2022). To the best of our knowledge, this study is the first to introduce a mussel-inspired monomer to improve CAD bonding performance. Our results demonstrated that immediate and aged µTBS significantly improved in the CAD-CLM group compared with untreated CAD (p < 0.001), and nanoleakage was significantly reduced (p < 0.001), thus rejecting the first null hypothesis.
In current adhesive systems, self-etch adhesives containing 10-MDP form a stable, low-solubility nanolayer at the bonding interface. The MDP-Ca salt bonding mechanism enhances bond strength and resists degradation, thereby improving dentin bonding durability (Fehrenbach et al., 2021). However, in CAD, reduced mineral density, exposed collagen fibers, and hydroxyapatite loss deprive 10-MDP of bonding sites, limiting its effectiveness. Consequently, etch-and-rinse adhesives achieve better immediate CAD bonding strength than self-etch adhesives (Ceballos et al., 2003). Although CAD has no mineral content, the abundant exposed collagen provides numerous -NH2 groups (Matos et al., 2022; Mazzoni et al., 2015), offering favorable targets for CLM chemical bonding. Infrared spectroscopy confirmed the presence of phenolic hydroxyl (-OH, 653 cm-1) and ester carbonyl (-C=O, 1,641 cm−1) groups on the CAD surface after CLM treatment. Additionally, 1H NMR spectra showed peaks at 6.7–7.5 ppm (benzene ring, a, b, c) and 5.4–6.1 ppm (acrylate group, d), confirming successful CLM-collagen binding. Furthermore, the blue shift of amide I–III, amide A and B bands indicated hydrogen bond interactions, while the ester carbonyl (-C=O) signals imply covalent bonding, consistent with previously established reaction mechanisms between CLM and collagen proteins. The lysine residues in the CLM molecule are designed to initially repel bound interfacial water, facilitating more effective contact and subsequent reactions between catechol groups and collagen (Rapp et al., 2016). Moreover, the chemical interaction between CLM and collagen involves a transition from weaker hydrogen bonds to stronger covalent bonds. Initially, catechol groups of CLM form hydrogen bonds with carbonyl or hydroxyl groups on collagen, assisting preliminary adsorption and positioning on the collagen surface. Subsequently, under neutral or slightly alkaline conditions, catechol groups are oxidized into quinones, serving as active electrophilic groups capable of undergoing Michael addition reactions or forming Schiff base linkages with the amino groups (-NH2) of collagen, resulting in stable covalent crosslinking (Hu et al., 2023). Thus, initial hydrogen-bonding interactions guide the approach and alignment of molecules, eventually leading to stable covalent cross-links and establishing a strong, durable connection between CLM and collagen structures.
Nanoleakage is widely used to evaluate the quality of the bonding interface (Tjaderhane et al., 2013). In CAD, the loss of minerals and the collapse of collagen networks hinder resin infiltration, resulting in a sparse and porous hybrid layer with more exposed collagen at the interface bottom (Fialho et al., 2019). Therefore, the CAD bonding interface tends to degrade faster than that of SD. According to our nanoleakage results, the immediate leakage rate in the CAD group was three times higher than in the SD group, consistent with the findings of previous studies (Breschi et al., 2018). As an intermediary agent, CLM strongly binds chemically to collagen and introduces methacrylate groups onto the collagen surface, enhancing its hydrophobicity. Moreover, the double bonds (-C=C) in the methacrylate groups likely reside at the periphery of collagen fibers, enabling free radical polymerization with resin monomers during bonding procedures. This promotes resin infiltration and copolymerization. In our previous study, it was demonstrated that 5 mg/mL CLM used as a primer did not significantly affect the polymerization conversion rate of the adhesive resin (Hu et al., 2023). Additionally, the oxidation of catechol groups in CLM typically occurs slowly in the absence of catalysts. Thus, CLM serves as a bridging structure, maintaining collagen integrity and increasing the chemical bond density at the collagen-resin interface, thereby enhancing hybrid layer polymerization and continuity. At low concentrations, CLM does not adversely affect the polymerization of the adhesive resin. Consequently, CLM reduces nanoleakage in CAD, maintaining a more structurally intact bonding interface.
Enzymatic collagen degradation is a primary cause of poor bonding durability. During caries formation, collagen fibers become exposed due to mineral loss, and microbial proteases, host-derived matrix metalloproteinases (MMPs), and cysteine cathepsins become progressively activated, degrading the collagen structure (Isolan et al., 2018; Tang et al., 2023). Thus, enzyme activity is significantly higher in CAD compared to SD, making CAD interfaces more susceptible to enzymatic degradation (Mazzoni et al., 2015; Vidal et al., 2014). In our in-situ zymography tests, CAD exhibited the highest endogenous enzyme activity, whereas CLM treatment significantly reduced enzyme activity at the CAD interface. SDS disrupts non-covalent interactions, leaving covalent bonds intact (Chen et al., 2011). In SDS-PAGE analyses, CLM and the positive control (glutaraldehyde, GD) covalently cross-linked collagen, increasing the molecular weight and preventing visible protein bands, thereby confirming CLM’s crosslinking ability.
CLM potentially reduces enzymatic degradation risks in CAD via two cooperative mechanisms: 1. Direct inhibition of enzyme activity: Catechol groups in CLM can form covalent bonds with lysine or histidine residues within the active sites of MMPs, effectively blocking catalytic functions. Additionally, catechol groups can chelate metal ions (Zn2+ or Ca2+), competitively inhibiting the catalytic center of MMPs (Chung et al., 2004). 2. Enhanced collagen stability through crosslinking: CLM-induced hydrogen and covalent bonding between collagen molecules leads to denser collagen structures, making substrate recognition by enzymes more challenging, thus enhancing resistance against enzymatic degradation (Nagase et al., 2008). These dual mechanisms improve collagen stability and mitigate degradation risks, supporting the rejection of the second hypothesis.
Compared to traditional collagen crosslinking agents like GD and proanthocyanidin (PA), CLM offers advantages in biocompatibility and reaction mechanisms. Although GD is an effective cross-linker capable of forming Schiff base cross-links with lysine residues in collagen, consequently improving dentin bonding durability, its ability to enhance the immediate bond strength remains controversial (Al-Ammar et al., 2009). Additionally, GD’s potential cytotoxicity restricts its clinical application (Frassetto et al., 2016). PA, a natural cross-linker with good biocompatibility, stabilizes collagen via hydrogen, ionic, and covalent bonds (Vidal et al., 2016). However, PA’s relatively large molecular weight necessitates longer reaction times (10–60 min) (Moreira et al., 2017). By contrast, CLM has dual reactive sites—the catechol group can form covalent bonds with collagen through phenolic condensation reactions, while the methacrylate group provides free radical polymerization points for resin bonding, bridging collagen and resin structures effectively (Hu et al., 2023). Consequently, CLM not only increases collagen crosslinking but also improves resin bonding, combining structural stability with multifunctionality, making it especially promising for complex CAD conditions.
During caries restoration, cariogenic bacteria often remain at the cavity floor and within dentinal tubules. Bacterial proliferation and acid production further activate proteases, increasing the secondary caries risk (Kim et al., 2020). Thus, antibacterial activity within the hybrid layer is essential (Gou et al., 2018). CLM demonstrated antibacterial properties, evaluated using S. mutans as a representative cariogenic bacterium. Although a single-species biofilm model is simpler than multi-species biofilms, it ensures consistent preliminary data. CFU counts and live/dead staining results indicated that CLM significantly inhibited S. mutans growth, increasing the proportion of dead bacteria. SEM analyses revealed reduced bacterial accumulation and bacteria exhibiting swollen and shriveled morphologies in the CLM group. The antibacterial effect of CLM is attributed to both catechol and lysine groups. Catechol chelates proteins (disrupting bacterial membranes) and generates reactive oxygen species, providing remote antibacterial activity. Positively charged lysine disrupts negatively charged bacterial membranes, delivering contact antibacterial action (Fu et al., 2021; Lan et al., 2021; Liu et al., 2019).
Nevertheless, this study has certain limitations as an in vitro investigation. Although μTBS is widely employed for evaluating mechanical properties, it is a static method that does not entirely replicate oral function. Furthermore, the use of a single bacterial species and the absence of long-term biological performance studies represent additional limitations. Future research should include long-term aging studies, comprehensive biocompatibility assessments, and optimal clinical strategy identification for CLM application to support potential clinical utilization.
5 CONCLUSION
The CLM primer effectively leverages the abundant collagen present in CAD, significantly enhancing both immediate and long-term bond strength. In future studies, aimed at deeper understanding of the structural characteristics of CAD—and strategically harnessing the chemical bonding potential of its key components—will offer a promising pathway for further enhancing bonding performance. This remains a central focus of our ongoing research.
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Purpose: To investigate the effect of different titanium dioxide nanoparticle (TN) concentrations on the color stability and surface properties of additively fabricated (AF) denture base resins after thermal cycling.



Methods: Two types of AF denture base resins, NextDent and ASIGA, were used to fabricate a total of 120 disc-shaped (10 × 2 mm) specimens (n = 10). The specimens of each resin were divided into 2 groups according to the concentration of titanium dioxide nanoparticles (1 wt.%, 2 wt.% TN) in addition to a control group of pure resin for each material. The specimens’ color change, hardness, and surface roughness (Ra) were tested after thermal cycling (5,000 cycles). Collected data was analyzed using ANOVA and post hoc Tukey's test (α = 0.05). The color change was referred to the National Bureau of Standards (NBS).



Results: The addition of TN resulted in significant color changes in NextDent, with unacceptable changes according to the NBS (8.84 for 1 wt.% TN and 8.28 for 2 wt.% TN). In contrast, ASIGA showed significantly less color change than NextDent, and the changes remained within clinically acceptable limits. For hardness, in comparison to the pure group, TN addition didn't show any significant change in terms of TN concentrations and material type (P > 0.05), and the highest hardness value was recorded with NextDent/2 wt.%TN (16.6 ± 9.0 VHN). TN addition significantly increased Ra in NextDent, which was concentration-dependent (p = 0.001), while AISGA showed no change in Ra with TN addition (p = 0.693).



Conclusion: Nanocomposite denture base resins containing TN increased the color change and surface roughness with no change in hardness. The effect of TN was material-dependent; therefore, resin material selection for nanocomposite preparation should be considered.
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1 Introduction

The use of 3D printing technology in denture fabrication has increased due to multiple factors, including the ease of fabrication with fewer clinical appointments, increased patient satisfaction, and low cost (1). However, additively fabricated (AF) dentures lack the mechanical strength of milled dentures (2). Some studies reported comparable mechanical properties of additively fabricated denture base resin (DBR) to heat polymerized polymethyl methacrylate (PMMA) (3, 4), while others found inferior properties (5–8). The flexural strength, impact strength, and hardness of AF resin were found to be less than that of milled and conventional resin (2, 5, 7). The manufacturing technique of AF resin in layers could be the reason for its weak mechanical properties due to the weak bond between the layers (2, 5). On the contrary, milled resin is fabricated from prepolymerized PMMA blocks, and conventional heat-cured resin is fabricated in one piece using a mold technique, resulting in higher strength.

Different factors affect the strength of AF resin and are classified as pre-printing, printing, and post-printing factors (9). Modification of the resin fluid by nanoparticle addition prior to printing was previously investigated (10, 11). The obtained nanocomposites had a promising mechanical antibacterial performance and were recommended for 3D printed DBR fabrications (11–13).

TiO2 nanoparticles (TN) are biocompatible and recommended to be added to conventional (14–16) and 3D-printed resins (17–20), aiming to improve the properties of nano-modified resins. Previous studies tested the effect of TN with different concentrations ranging from 0.5 to 30 wt% and showed enhanced properties with the addition of 1–2 wt%, while above 5 wt% TN, the modified resin was weakened (15). Alrahlah et al. (14) reported improved mechanical and antimicrobial properties of PMMA after adding 1, 2, and 3% wt TN. AlGhamdi et al. (17) found that the addition of 1% and 2% TN increased the flexural strength of 3D-printed DBR with different post-curing times. Also, C. albicans adhesion to 3D-printed DBR was decreased after TN addition, which proves the antimicrobial activities of nanocomposites (18, 20). Altarazi et al. (19) also examined 3D-printed resins with varying TN concentrations (0.10, 0.25, 0.50, and 0.75 weight percent) after being aged in artificial saliva. They noted significant improvement of mechanical and physical properties, including flexural properties, impact strength, hardness, and degree of conversion (19).

The nanoparticles are required to improve the mechanical performance of the resin and its surface properties without altering the resin color (11, 21). The denture base material should match the color of the underlying gingiva and resist color change for acceptable esthetics (22). The surface roughness of denture base material is critical to avoid microbial colonization and staining. Hardness is another important property that makes the denture resist surface indentation (2). Some studies (10, 17, 19) reported alteration of surface properties by adding nanoparticles to AF DBR. Gad et al. reported increased hardness of 3D printed resin with the addition of nano-silica (NS) particles, though the surface roughness was not changed (10).

Studies that tested the effect of TN on the surface properties of AF DBR are limited. Moreover, as far as the authors’ knowledge, no previous studies have tested the effect of TN addition on the color of AF DBR. Therefore, this study aimed to test the effect of TN on the surface roughness, hardness, and color of two types of AF DBR. The first study hypothesis stated that adding TN to AF DBRs’ would not change the resin's color. The second hypothesis was that TN would not change the AF DBRs’ hardness or surface roughness.



2 Materials and methods

Based on sample size calculation, a total of 120 3D-printed specimens were fabricated. A power analysis was conducted to establish the study's sample size. The parameters for this calculation included a power of 80%, a confidence interval of 95%, and a significance level of 0.05. As a result, the determined sample size for each group was 10.

The materials used, their specifications, and printing procedures are detailed in Table 1. Two 3D-printed resins, NextDent and ASIGA, were used for specimen printing. For nanocomposite preparation, TN (30 m2/g surface area and 80–100 nm average sizes) was added to each fluid resin in two concentrations (1 wt.% and 2 wt.%), while one group remained unmodified as a control group resulted in 120 printed specimens ((60/resin, 30/Ra and color, 30/hardness). Before adding TN, the fluid resin container was placed on the shaker (NextDent LC-3DMixer, B. V., Soesterberg, the Netherlands) and shaken for 1 h according to the manufacturer's instructions. TN was weighed using an electronic balance, then added to each resin container, thoroughly mixed using a magnetic stirrer for 30 min, aiming to achieve a homogenous distribution of TN within the resin fluid.


TABLE 1 Materials composition, specifications, and specimen printing parameters.

[image: Comparison table of materials' specifications and printing processes for NextDent and ASIGA. For NextDent: Brand is Denture 3D, compositions include methacrylic oligomers and others; uses titanium dioxide for nanocomposite; disc-shaped specimens; NextDent 5100 printer; DLP technology; 405 nm wavelength; 30-minute post-curing at 60°C. For ASIGA: Brand is DentaBASE, compositions include ethoxylated bisphenol A and others; similar nanocomposite method; ASIGA MAX printer; uses 385-405 nm wavelength; 20-minute post-curing with 4000 flashes.]

A disc-shaped (10 × 2 mm) specimen was designed using open-source AutoCAD software and was imported as a standard tessellation language (STL) file to two printers, NextDent and ASIGA. According to the manufacturer's recommendation, each container with nanocomposite mixture was shaken again for 1 h and then poured into the resin tank. This was followed by printing order with the following printing parameters: 50 µm printing layer thickness, and 90-degree printing orientation. After printing, the printed specimens were cleaned of unpolymerized resin remnants using 99.9% isopropyl alcohol. The additional polymerization in post-curing conditions was completed according to the manufacturer's recommendation (Table 1). After complete polymerization, all supporting structures were removed using a bur, followed by a conventional polishing technique. After support removal, the printed specimens were evaluated for voids, irregularities, or inappropriate dimensions, which were evaluated using a digital caliper. The approved specimens were polished conventionally, as described in the previous study with automated polishing machine (Metaserv 250 grinder-polisher; Buehler GmbH, Lake Bluff, IL, USA) using 1,200-grit sandpaper (MicroCut PSA; Buehler, IL, USA) for 5 min at 100 rpm in wet conditions (2) and detailed in Table 1. The specimens were maintained for 2 days in distilled water at 37°C before the thermal cycling ((Thermocycler, THE-1100/THE-1200, SD Mechatronik GMBH Miesbacher Str. 34 83,620 Feldkirchen- Westerham, Germany) for 5,000 cycles (where specimens immersed in water at 5°C and 55°C with a 30-second dwell time) to replicate six months of denture usage (23).

The CIE L*a*b* color space is commonly used to assess color changes in dental resins, with the 1976 CIE serving as an ISO/TR 28642:2016 standard reference (24). Color measurements were taken using a spectrophotometer (Color-Eye® 7000 A, X-Rite, Carlstadt, NJ, USA) operating in the visible spectrum (380–780 nm). The device was calibrated before each measurement using a white barium sulfate color round. The R reflection spectra of the samples were obtained with UVPROBE software version 2.21 (Shi-madzu Co., Kyoto, Japan). L*, a*, and b* were mathematically transformed using Color Analysis UV-2410PC, with all conversions performed under standard lighting conditions (CIE C). Then, the ΔEab formula was used to calculate the total color differences as described previously (25, 26). The National Bureau of Standards (NBS) was used as a reference for color change comparison and was calculated using the following equation: NBS = ΔEab × 0.92. A material is deemed aesthetically and clinically acceptable when NBS units fall within the range of 3.7 NBS units (25, 26). An NBS unit value exceeding 1 is detectable by the human eye. Differences greater than 3.7 NBS units are classified as a “mismatch” and are viewed as clinically unacceptable (25, 26).

The specimen's Vickers hardness (VH) was assessed with a hardness tester (HMV-2 Shimadzu Corp, Tokyo, Japan). A load of 50 g was applied for 15 s, and the average of three readings for each specimen was noted as the individual Vickers hardness (VH) (2).

A noncontact Profilometer (Contour GT-K 3D Optical Microscope, Bruker, Billerica, MA, USA) with 0.38 µm lateral resolution was used to measure each specimen's average surface roughness (Ra) in three randomly selected areas (27, 28).

The Shapiro–Wilk test indicated that the data followed a normal distribution. Therefore, parametric tests were utilized for inferential analysis. Two-way ANOVA was employed to examine the interaction effects of material type and NP concentration levels on the tested properties. To compare the mean differences among categorical variables with more than two categories, one-way ANOVA was conducted, followed by Tukey's post hoc test. A p-value of less than 0.05 was deemed statistically significant.



3 Results

Two-way ANOVA results for all tested properties are summarized in Table 2. The intercept showed significant differences for all tested properties (p < 0.001), while the combined effect of material type and TN concentration showed non-significant differences for all tested properties (P > 0.05).


TABLE 2 Two-way ANOVA results for all tested properties in terms of nanoparticles, concentrations, and material combinations.

[image: Table showing results of statistical analysis for tested properties: color change (ΔEab), hardness (VHN), and surface roughness (Ra, µm). It includes Type III sum of squares, degrees of freedom (Df), mean square, F-value, and P-value. Significant P-values at the 0.05 level are marked with an asterisk. The color change and surface roughness show statistical significance, while material interaction effect was not statistically significant in any property tested.]

The mean, SD, and significances of the color change between groups in relation to concentration are presented in Table 3. The color change was higher with NextDent (P < 0.001) than with ASIGA. The difference between the two tested concentrations on color change was not statistically significant. The color change values of NextDent groups were above 3.7 NBS, TN with NextDent at both concentrations 1 wt.% (8.84 NBS) and 2 wt.% (8.28 NBS), while for ASIGA, the NBS values were below 3.7 (Figure 1).


TABLE 3 Mean and SD of color change (ΔEab) of TN groups.

[image: Table comparing TN percentage and NBS values for NextDent and ASIGA materials at 1% and 2% concentrations. Significant differences are marked with an asterisk. P values indicate statistical significance. Values above 3.7 NBS units are deemed clinically unacceptable.]


[image: Bar graph titled "Color changes (ΔE_ab)" comparing color change in NextDent and ASIGA for 1% TN and 2% TN solutions. NextDent shows higher color changes above the clinically acceptable threshold (NBS=3.7), marked as clinically unacceptable. ASIGA's color changes are below the threshold and are clinically acceptable.]
FIGURE 1
Color change values and NBS reference.


Table 4 summarizes the mean, SD, and significance between groups concerned with the TN concentration's effect on the hardness of the tested resins. For NextDent, TN addition showed no significant difference in hardness (P = 0.735). Meanwhile, for ASIGA, 2 wt.%TN showed lower hardness than pure and 1 wt.%TN (p = 0.046). Compared to the material, there are no significant differences in hardness between NextDent and ASIGA with TN addition.


TABLE 4 Mean and SD of hardness and surface roughness of pure and TN-modified tested groups.

[image: Table comparing the hardness (VHN) and surface roughness (µm) of NextDent and ASIGA materials at different TN weight percentages (Pure, 1%, 2%). Hardness values for NextDent show a range of 14.58 to 16.6, and for ASIGA, 11.94 to 14.1, with significant differences marked. Surface roughness for NextDent ranges from 1.5 to 2.29 and for ASIGA from 1.3 to 1.57, with significant P values indicating a difference.]

Table 4 includes the mean, SD, and significance of the surface roughness between groups in relation to TN concentration. The Ra of NextDent specimens was increased by TN addition with both concentrations (P < 0.001). For ASIGA, the effect of concentration on Ra was not statistically significant. NextDent showed higher Ra than ASIGA in all tested groups.



4 Discussion

This study aimed to assess how adding TN affects the color change, hardness, and surface roughness of two commercially available 3D-printed resins following artificial aging through thermal cycling (5,000 cycles). The first study hypothesis is rejected, as the addition of TN to NextDent increased the color change at both concentrations above the clinically acceptable threshold. In contrast, the color change for ASIGA was considered acceptable. The hardness of both materials was not affected by TN addition except ASIGA at 2%TN, while the surface roughness of NextDent was increased at both TN concentrations. Accordingly, the second study hypothesis is partially accepted.

The denture base is subjected to hot and cold environments in the oral cavity and is continually exposed to moisture (23). This environment allows water sorption, impacting the DBR's strength (19). The amount of water sorption increased with temperature, so during the hot cycle, the amount increased, and the absorbed water acted as a plasticizer, which affected the strength of printed resin (29). In addition, the absorbed water may contain stains that directly affect DBRs’ color. Moreover, the accumulated water macule affects the translucency of DBR due to its ability to produce light refraction. Therefore, thermal cycling for all specimens was done for 5,000 cycles, simulating 6 months of clinical use (23).

TN is a biocompatible nanoparticle that is recommended to be added to PMMA DBRs, and it has shown some promising effects (15). Similarly, TN added to 3D-printed DBRs showed antifungal effect and improved the mechanical performance of 3D-printed nanocomposites (17–20). Altarazi et al. (19, 20) added low TN concentrations (0.10, 0.25, 0.50, and 0.75 wt.%) to 3D-printed resins. They found that incorporating a low percentage of TN increased the mechanical strength. At the same time, clusters are formed with increased TN concentration, decreasing the mechanical performance of 3D printed resins (19). Altarazi et al. (20) proved that 0.5 wt.%TN showed a profound reduction in C. albicans adhesion and recommended this nanocomposite for denture base fabrications with antifungal activity. Totu et al. (18) added high concentrations (0.2, 0.4, 0.6, 1, 2.5 wt.%) of TN and found that specimens containing 0.4, 1, and 2.5wt.%TN inhibited the growth of Candida on nanocomposite specimens surface. AlGhamdi et al. (17) added 1% and 2% TN and found increased flexural strength as TN increased. Due to the variation in concentrations used in previous studies, the high concentrations have more impact on strength, and high concentrations (1 wt.% and 2 wt.%) were selected in the present study. Although a few previous studies evaluated the effect of TN on the properties of 3D-printed DBRs, there is still a lack of studies investigating the effect of TN on color properties and related surface properties. Therefore, two concentrations of TN were added to two different 3D-printed resins.

The color change in this study was evaluated using CIE L*a*b*, which has been commonly used to evaluate the color change of dental resins (24–26). NBS values of ASIGA are within the clinically acceptable value, while NextDent showed an unacceptable value regardless of the TN concentration. This finding confirmed that the material type with TN addition affected the color change. The difference in material compositions might be the cause of this variation. Due to the lack of previous studies investigating the color of 3D-printed nanocomposites containing TN, the comparison with previous studies was difficult. However, TN-modified DBRs were used for comparisons. It was expected that the addition of TN would significantly affect the color of DBRs due to the opacity of TN, and its white color resulted in a whitish color of the nanocomposite (16). It was reported that the color change by TN addition is due to the difference between the resin and TN refractive indices, leading to increased opacity of the nanocomposite (30). The difference between TN and resin refractive indices is high; the alteration in color was related to material composition, regardless of whether TN was added. This may be attributed to the low concentrations used in the present study compared to previous studies, which used 2.5 wt.% and 3 wt.% (16, 31) up to 7 wt.% TN (32).

Regarding material compositions, NextDent is an ester-based polymer with more inorganic fillers and pigments added to the resin matrix, and all of these components are the reason for the color change of NextDent (unacceptable color). On the other side, ASIGA showed fewer color changes, and all values are within the clinically acceptable range. This finding recommends using ASIGA in the case of TN used for 3D-printed nanocomposites. ASIGA contains titanium dioxide particles, according to the manufacturer's claim, and it was expected that the effect of TN addition would increase the amount of TN per specimen. Finally, the effect was supposed to be more in ASIGA with TN addition. The presence of fillers and pigments affected the refraction and absorption of light during specimen testing (33). This also confirms that material composition has a role in color, regardless of the TN addition and concentrations. Khattar et al. (34) found similar results, examining the translucency of 3D-printed DBRs with and without zirconia (ZrO2) nanoparticles. They reported that the ASIGA group exhibited greater translucency compared to the NextDent group.

Hardness represents the material's resistance to abrasion. Material with high resistance is recommended for denture longevity; otherwise, more abrasion would increase roughness and stainability, which would deteriorate the denture esthetics (2). In the current study, the hardness was not affected by TN at both concentrations, and with both materials, except for 2 wt.% ASIGA; a significant decrease was observed. The unchanged hardness with TN addition to NextDent is in agreement with Al Ghamdi et al. (17) findings that tested the same TN concentrations (1 wt.% and 2 wt.%) as in this study but with different parameters. On the contrary, Altarazi et al. (19) reported that TN addition increases the hardness of 3D-printed resin. However, they tested a lower concentration of TN than was used in our study, which might be the cause of this variation. It was reported that adding more fillers to 3D-printed resin increases the viscosity, which could affect the printing and polymerization process (35, 36).

Additionally, the filler concentrations may affect the degree of monomer conversion, leading to a higher percentage of residual monomer, which inversely affects the strength of the printed object (19, 35, 37). In thermal cycling procedures, the residual monomer leaches out, allowing more water sorption, and the amount of absorbed water acts as a plasticizer that weakens the surface of materials. In the case of ASIGA 2 wt.%TN, the decrease in hardness may be due to the increased amount of TN nanoparticles per specimen, as the original material contains TiO2 within its composition. The increased TN amount form clusters and the agglomeration of these clusters on the specimens’ surface may be another explanation for the hardness decrease (17, 37). Moreover, these clusters inside the resin matrix act as stress concentration areas, deteriorating the material's internal structure (11).

The surface roughness of DBRs is one property that affects other properties, such as color stability and microbial adhesion (38). High roughness resulted in more microbial adhesion and biofilm formation and more adherence to stains and discoloration (38). Therefore, investigating the surface roughness of the introduced nanocomposite was the focus of the current work. According to its findings, the Ra of ASIGA didn't change with TN addition, while the TN addition increased the Ra of NextDent, and the increase was concentration-dependent (as the % increased, the Ra increased). The increase in Ra may be attributed to the presence of some TN clusters on the specimens’ surface (15, 16, 39). In disagreement, a previous study (16) reported that the Ra of PMMA was not affected by the addition of different concentrations (1 wt.% and 2.5 wt.%) of TN. Hence, they used a higher concentration than the present study. The difference in findings may be related to the difference in methodology and the double-layer technique used for PMMA denture base fabrication, which differed from the printed resin used in the present study.

The minimum clinically acceptable Ra threshold is 0.2 µm. Levels above this threshold lead to increased microbial adhesion (40). When comparing the Ra values of the present study, all values of unmodified and modified 3D-printed DBRs are above the minimum Ra clinically acceptable value. Gad et al. (5) reported higher surface roughness of 3D-printed resins after thermal cycling compared to PMMA and CAD-CAM denture base materials. They attributed this increase to the printing nature, layer-by-layer, and the stepwise effect between the two successive printed layers (5). Therefore, when TN is added to 3D-printed DBRs, other parameters should be considered to get a 3D-printed nanocomposite with appropriate properties (11). In addition, obtaining a smoother surface of the 3D-printed resin could be achieved by the specimens’ surface treatment, using different polishing techniques, and/or surface coating with Nano ceramic resin coatings.

From a clinical point of view, the addition of TN altered the color and hardness of NextDent, and ASIGA showed no significant change in the aforementioned properties. This may be due to the difference in the composition of the materials. The material type showed variations between the tested properties regardless of TN addition; therefore, material selection for reinforcement should be considered when TN is selected as an additive. However, further research is necessary to optimize the TN content for optimal color and surface properties while maintaining mechanical integrity.

Hence, thermal cycling is considered a strength point of this study. Limitations of the study are due to the absence of other intraoral factors, such as occlusal forces and oral flora, in the in vitro setting of this study. In addition to other limitations related to specimen configuration, disc-shaped instead of denture configurations, and a lack of specimen imaging to confirm TN dispersion. Therefore, future studies in conditions simulating the oral environments with real denture configurations are recommended, using scanning electron microscopy to detect TN distribution.



5 Conclusions

Within the study's limitations, the following can be concluded:

The effect of TN addition varied between the tested materials; it caused a significant color change in NextDent that exceeded acceptable values, increased its surface roughness, and did not change the hardness. At the same time, the color change of ASIGA was within the acceptable clinical threshold. The surface roughness remained unchanged, and the hardness decreased with 2% TN addition. The tested properties showed variations between NextDent and ASIGA, highlighting the influence of material type and/or printing technology on the properties of the nanocomposite.
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Introduction: Preheating the high-viscosity forms of bulk-fill resin composites is recommended to enhance their flow and adaptability. Nevertheless, the impact of preheating on their characteristics upon exposure to carbonated beverages remains unclear. This study aims to evaluate the effect of a Cola beverage on the properties of preheated and non-preheated high-viscosity bulk-fill composite resins in vitro.



Methods: Forty disc-shaped specimens were prepared from each of BEAUTIFIL-Bulk Restorative (BB) and Filtek One Bulk-fill (FOB) composite resin, then divided into two groups (n = 20), either preheated to 68°C for 15 min or kept at room temperature before polymerization, then specimens were immersed in Alkozay Cola beverage for 30 days (3 periods of 15 min/day). Color stability (ΔE00), surface gloss (GU) and Vickers Microhardness (VHN) were recorded before and after the Cola immersion. The data was analyzed with Two-way ANOVA, Three-way ANOVA and Tukey's HSD post hoc test using SPSS software at 95% significance level.



Results: The color change was significantly higher in BB than FOB in all groups (P < 0:001), FOB had a significant reduction in color change after preheating (P < 0.05) while BB had no significant change (P > 0.05). Preheating significantly increased the gloss of BB and reduced that of FOB (P < 0.001), however, Cola beverage significantly reduced the gloss of all the groups (P < 0.001). Preheating significantly increased the microhardness of both materials (P < 0.001), however, Cola beverage significantly reduced the microhardness of all the groups (P < 0.001).



Conclusion: Although the preheating of high-viscosity bulk-fill composites significantly improved their microhardness and improved the surface gloss of FOB, it did not protect both composites against the Cola drink attack. Preheated FOB showed improved color stability after the Cola immersion, but not to a clinically acceptable limit.
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1 Introduction

Conventional resin-based composites have been successfully used in the field of aesthetic restorative dentistry for many years, however, their limited depth of cure into small increments of 2 mm thickness is still considered a critical point that limits their performance, rendering the conventional incremental composite placement technique sensitive and time-consuming (1, 2). Recently, a novel category of resin-based composites, known as “bulk-fill” composites, has been introduced to the dental market aiming at reducing the cost and saving time (3). The distinctive feature of these novel materials is their ability to be cured in a single step and placed in bulks of 4 mm thickness, in contrast to the conventional incremental placement technique, without affecting the degree of conversion, polymerization shrinkage, or their adaptation to the cavity walls and margins (4).

Bulk-fill resin composites are available in two different viscosities which highly influence their application efficiency and cavity wall adaptation. Low-viscosity bulk-fill resin composites are flowable in consistency which enables their adaptation to the cavity floors even in deeper and less accessible areas, this reduced viscosity is associated with decreased filler loading which reduces their surface wear resistance, and therefore, these low-viscosity forms must be capped with a layer of conventional composite materials. on the other hand, high-viscosity bulk-fill resin composites are designed to be used without a capping layer, as they have higher filler loading and enhanced mechanical properties, the higher filler loading and higher viscosity of the material reduce their adaptability to the cavity walls and margins and creates difficulty in sculpting the surface layer (5) (6). Accordingly, preheating the composite resin before its application is currently gaining popularity among dental practitioners due to its potential to enhance the extrusion and flow of high-viscosity composites, as well as for its potential to reduce microleakage and marginal adaptation (7). It has been demonstrated that the polymerization process is optimized and the degree of conversion is increased by increasing the temperature before the polymerization (8, 9).

In addition to enhancing the sculpting and handling characteristics of bulk-fill composite resins, it is anticipated that these direct restorative materials exhibit good aesthetic qualities and durability (10). The consumed oral beverages remain a critical point that affects the oral health (11). Despite advancements in the organic matrix and particle size of composite resins, color stability and gloss retention remain a prevalent issue for both patients and dentists (12, 13). The exposure of bulk-fill composite resins to different beverages in the oral environment may lead to color alteration due to intrinsic or external causes as reported in previous studies (14, 15). Besides, acidic beverages with low pH are also known to degrade the matrix structure of resins (16). Previous studies showed the negative effect of acidic beverages on the surface hardness of bulk-fill composite resin, which reflects the ability of the material to resist abrasion during function. Consequently, the restoration's durability may be influenced by the factors that impact its hardness (17–19).

Despite the reported advantages of preheating the composite resin materials on enhanced degree of conversion and improved marginal adaptation due to reduced viscosity (8, 20, 21) there is insufficient data about the preheating effect on optical characteristics and surface hardness of highly viscous bulk-fill composites. Thus, the current investigation aims to explore the influence of preheating two highly viscous bulk-fill composite resins on their color stability, surface gloss and microhardness after immersion in a commercial carbonated beverage. The first null hypothesis states that there will be no difference between the two materials regarding the tested properties. The second null hypothesis is that there will be no difference between the two materials in preheated and non-preheated state, and the third null hypothesis states that there will be no difference in the tested properties after immersion in the carbonated beverage.



2 Materials and methods


2.1 Study design

This study was conducted following the approval of the Research and Ethics Committee Ref. No: RAKMHSU-REC-9-2023/24-UG. Two high-viscosity bulk-fill composite materials were utilized in the current study, BEAUTIFIL-Bulk Restorative (BB), Shofu Inc, Kyoto, Japan, and FiltekTM One Bulk-fill Restorative (FOB), 3M ESPE, St Paul, MN, USA. The details of each material are listed in (Table 1). Figure 1 illustrates the study's methodology.


TABLE 1 Material names, compositions and manufacturers of the study.

[image: Table comparing two dental restorative products: BEAUTIFIL-Bulk Restorative and Filtek One Bulk-fill. It includes brand name, depth of cure/shade, composition, manufacturer, and lot number. BEAUTIFIL uses Bis-GMA, UDMA, Bis-MPEPP, TEGDMA matrix, and S-PRG filler. Filtek uses AUDMA, AFM, UDMA, diurethane-DMA, and 1,12-dodecane-DMA matrix, with filler of ytterbium trifluoride, zirconia/silica. Manufacturers are Shofu Inc, Japan, and 3M ESPE, USA, with lot numbers 022259 and 9979066 respectively.]


[image: Flowchart showing the preparation and testing of bulk-fill composites. Not-preheated and preheated composites are formed into cylindrical specimens, incubated at 37 degrees Celsius for 24 hours, and immersed in cola for 30 days. Tests include color stability, surface gloss, and microhardness before and after cola immersion.]
FIGURE 1
The experimental study design.




2.2 Determination of the sample size

The sample size in the current study was calculated using the G*Power program v. 3.1.9.7 for Windows, based on four experimental groups. The power was set at 0.8, and the effect size was set to 0.4, as reported in previous studies (10, 22), with a 0.05 significance level. Accordingly, a minimum of 19 specimens per group was calculated and increased to 20 specimens per group to reduce sampling errors.



2.3 Fabrication of the specimens

A total of 80 disc-shaped specimens, 40 of each restorative material, were prepared. The specimens were fabricated utilizing a silicon mold (10 mm diameter & 2 mm thickness). The mold was positioned over a glass plate topped with a 10-mm wide polyester strip. After the application of each tested material within the mold, another similar polyester strip was delicately pressed with a glass plate over the specimen to eliminate excess material and attain a uniform smooth surface. Specimens were subjected to light curing for 20 s under the manufacturer's guidelines on top and bottom surfaces utilizing an LED curing light (Elipar™ DeepCure-L 3M ESPE, St Paul, USA) at an intensity of approximately 1,470 mW/cm2. The light intensity was frequently verified using the built-in radiometer to maintain a consistent light output. For the preheated specimens, a composite heater (AZDENT Dental Composite Heater, China) was used and its temperature was set at 68°C in which the composite syringes were kept for 15 min before use in each specimen fabrication. After polymerization, the specimens were incubated in distilled water at 37°C for 24 h to verify the completion of the polymerization process.



2.4 The grouping of the specimens

Specimens of each tested material were randomly divided into two groups (n = 20) according to their temperature before polymerization as follows:


	•Not pre-heated/Positive control group (NH): Specimens kept at room temperature (25 ± 1°C) and polymerized without preheating.

	•Preheated group (PH): Specimens were preheated to a temperature of (68 ± 1°C) before polymerization.





2.5 Carbonated beverage immersion of the specimens

The specimens were immersed in a carbonated Cola beverage, Alokozay Cola (Alkozay Cola Production Company, Kabul, Afganistan), pH 2.3, for 30 days of challenge, (3 periods of 15 min/day), at room temperature (25 ± 1°C), after each period of immersion, specimens were washed with distilled water, dried thoroughly and then re-immersed in the Cola beverage. Specimens were stored in an incubator after each immersion cycle in distilled water at 37°C. After 30 days, the specimens were finally washed in distilled water for 10 min and carefully dried before testing.



2.6 Testing of the specimens


2.6.1 Color stability test

The color stability was tested by recording the difference in color parameters recorded for each specimen initially (baseline) and after immersion in the Cola beverage, utilizing a spectrophotometer (VITA Easyshade® Advance 4.0, Vita Zahnfabrik, Bad Säckingen, Germany) according to CIELAB color space system described by the Commission Internationale de l'Eclairage. Following calibration of the apparatus to correspond with the manufacturer's guidelines, the 5 mm-diameter spectrophotometer probe was positioned in the middle of the specimens; the specimens were positioned on a white non-reflecting surface to reduce interference from the background and under D65 Illumination source of light. Color changes (ΔE00) of each sample were calculated according to the CIEDE2000 equation as follows (23):

ΔE00=[(ΔL′KLSL)2+(ΔC′KCSC)2+(ΔH′KHSH)2+RT(ΔC′KCSC)(ΔH′KHSH)1/2]

Where, ΔL΄, ΔC΄, and ΔH΄ color parameters correspond to the differences in Lightness, Chroma, and Hue, respectively. RT is the rotation function, SL, SC, and SH are weighting functions, KL, KC, and KH are experiment correction parameters. In this investigation, these parametric variables were adjusted to 1 as a default value (13). The color stability values were further evaluated based on the 50:50% perceptibility (0.80) and acceptability (1.8) thresholds reported by Paravina, et al. (24), and according to the ISO/TR 28642:2016 (25).



2.6.2 Surface gloss test

Gloss measurements were performed using Novo-Curve glossmeter (Rhopoint Instrumentation Ltd., UK) with a 60° light incidence and reflection angles following the International Organization for Standardization standard for medium gloss materials ISO 2813:2014 (26). Each specimen was placed over a 2 mm × 2 mm measuring window on the instrument, which was then covered with a black shield to prevent external light exposure during the measurement. The device was calibrated using a calibration plate supplied by the manufacturer before measuring each composite group. Gloss values were quantified in gloss units (GU). A completely non-reflective surface is ascribed to a value of zero (0 GU), whereas a highly polished surface with a refractive index of 1.567 reaches a value of 100 GU. For each specimen, three readings were recorded by rotating the specimen 120° angle and then averaged to obtain its gloss value as reported by Ardu, et al. (27) The gloss was evaluated before and after the Cola beverage immersion for all the specimen, the pre-immersion values of each specimen served as a negative control.



2.6.3 Microhardness test

Microhardness was assessed with a Vickers microhardness tester (FM-800, Future-Tech Corp. Japan), employing a 136° pyramidal diamond indenter to create a square indent on each specimen. The indenter was applied to each specimen's surface with a test force of 100 g, sustained for a designated dwell duration of 15 s. The dimensions of the indent were ascertained visually by measuring the two diagonals of the square indent using a 40× objective lens. The mean of the two diagonals was employed to compute the Vickers Microhardness Number (VHN) utilizing the subsequent formula:

VHN=1.854F/d2

Where F: represents the applied force in Newton, and d: denotes the mean length of the two diagonals of each indentation. Three indentations for each specimen were documented and subsequently averaged to yield the final result. The microhardness was measured before and following the immersion in the Cola beverage, the pre-immersion values of each specimen served as a negative control.




2.7 Statistical analysis

Means and standard deviations were calculated for each group. Data was statistically analyzed using the Statistical Program for Social Sciences (SPSS®, version 27, IBM, NY, USA). The data was normally distributed after performing the Kolmogorov–Smirnov and Shapiro–Wilk test. Color stability was analyzed using Two-way Analysis Of Variance ANOVA, while surface gloss and microhardness were analyzed using Three-way ANOVA to evaluate the interactions among the various groups, then multiple pairwise comparison procedures were conducted using Tukey's HSD post hoc test at 95% level of significance (p < 0.05).




3 Results


3.1 Color stability results

The means and standard deviations of the color stability results are presented in Figure 2. Two-way ANOVA revealed significant interaction within and among the tested groups, P < 0.001 as shown in Table 2. BB showed no significant difference in color change between NH and PH groups; ΔE00 = 15.2 ± 5.9 and 13.5 ± (4.9) respectively, P = 0.13. Both NH and PH groups of BB color change values were significantly higher than the FOB groups, P < 0.001. The color change in FOB was significantly lower in the PH group than in the NH group 4.1 ± 1.4 and 2.6 ± 0.6 respectively, P = 0.03. The color change in all the groups of both tested composites was beyond the clinically acceptable ΔE00 threshold (>1.8).


[image: Bar chart comparing the color change (\( \Delta E_{00} \)) of two dental restorative materials, Beautifil-Bulk Restorative and Filtek One Bulk-fill, in not pre-heated (blue) and pre-heated (red) conditions. Beautifil-Bulk shows higher \( \Delta E_{00} \) than Filtek One, with significant differences marked as \( p < 0.001 \) and \( p = 0.03 \).]
FIGURE 2
Bar chart showing the color stability (ΔE00) after Cola immersion of the tested materials, P ≤ 0.05 was considered significant.



TABLE 2 Two-way analysis of variance of the specimen's color stability after cola immersion (ΔE00) as affected by the composite type and the pre-polymerization temperature.

[image: ANOVA table showing sources of variation: corrected model, intercept, composite type, polymerization temperature, their interaction, error, total, and corrected total. Key values are Type III sum of squares, degrees of freedom, mean square, F statistic, and P-values. Significant results are marked with an asterisk, indicating significance at P ≤ 0.05. R Squared is 0.666 with an adjusted value of 0.652.]



3.2 Surface gloss results

Three-way ANOVA results revealed significant interaction within and among the tested groups, P < 0.001 as shown in Table 3. Means and standard deviations of the surface gloss results are presented in Table 4. Initially, the FOB-NH group showed significantly higher gloss values (125.8 ± 22.3) compared to the BB-NH group (58.3 ± 11.6), P < 0.001. However, the BB-PH groups had a significantly higher gloss value (112.3 ± 19.4) compared to the FOB-PH group (64.5 ± 6.3), P < 0.001. After immersion in the Cola beverage, all the groups showed a significant reduction in gloss compared to their initial readings, P < 0.001, the highest values were recorded for FOB-PH (34.8 ± 11.6) and BB-NH (34.4 ± 12) with no significant difference between both, P = 0.94, followed by FOB-NH (22.8 ± 3.7) and BB-PH (23.4 ± 16.2) with no significant difference between both as well, P = 0.89.


TABLE 3 Three-way analysis of variance of the specimen's surface gloss (GU) as affected by the composite type, the pre-polymerization temperature and the immersion in cola.

[image: ANOVA table displaying statistical results for various sources of variation such as composite type, temperature, and cola immersion. Each source lists values for Type III sum of squares, degrees of freedom, mean square, F-statistic, and P-value. Significant results are marked by asterisks, indicating P-values of 0.05 or less. The adjusted R-squared is 0.874.]


TABLE 4 The surface gloss (GU) means and standard deviations of the materials utilized in the current study.

[image: Table comparing materials at different temperatures, showing the effect of immersion on Beautifil-bulk restorative (BB) and Filtek one bulk-fill (FOB), with pre-heated and not pre-heated conditions. Data includes means and standard deviations before and after immersion. Letters denote statistically significant differences (p < 0.05); lowercases represent linear differences, uppercases represent columnar differences.]



3.3 Microhardness results

Three-way ANOVA revealed significant interaction within and among the tested groups (P < 0.001) as shown in Table 5. Means and standard deviations of the microhardness results are presented in Table 6. Comparing the effect of pre-polymerization temperature on BB: initially; the microhardness was significantly higher in PH group (53.2 ± 9.7) than NH group (40.1 ± 7.3), P = 0.001. The microhardness of the same material significantly reduced after immersion in the acidic beverage in both groups compared to their initial readings P < 0.001, to be (30.9 ± 8.5) for BB-NH group which was not significantly different from BB-PH group (26.1 ± 13.3), P = 0.23. The microhardness of FOB was significantly higher in all the groups than BB, P < 0.001. Comparing the effect of pre-polymerization temperature on FOB: initially the microhardness of FOB-PH group (68.5 ± 10.4) was significantly higher than NH group (51.8 ± 4.5), P = 0.001, however after immersion in the acidic beverage, both groups showed significant reduction in microhardness, P < 0.001, to be (44.9 ± 6.1) for FOB-PH, and (42.9 ± 8.3) for FOB-NH, with no significant difference between both groups, P = 0.63.


TABLE 5 Three-way analysis of variance of the specimen's Vickers microhardness (VHN) as affected by the composite type, the pre-polymerization temperature and the immersion in cola.

[image: ANOVA table showing effects of composite type, polymerization temperature, and cola immersion on results. Includes columns for Type III sum of squares, degrees of freedom, mean square, F value, and P value. Corrected model shows significant effects with various specific interactions. Total sum of squares is 357,256.305. R squared is 0.687, adjusted R squared is 0.673. Significance indicated at P ≤ 0.05.]


TABLE 6 The vickers microhardness (VHN) means and standard deviations of the materials utilized in the current study.

[image: Table comparing two materials, Beautifil bulk (BB) and Filtek one bulk fill (FOB), in not pre-heated and pre-heated conditions, before and after immersion. BB values: not pre-heated before immersion 40.1, after 30.9; pre-heated before immersion 53.2, after 26.1. FOB values: not pre-heated before immersion 51.8, after 42.9; pre-heated before immersion 68.5, after 44.9. Letters indicate statistically significant differences (p < 0.05), with lowercases representing linear differences and uppercases representing columnar differences.]




4 Discussion

The current in vitro study investigated the effect of a carbonated Cola beverage on the color stability, surface gloss and microhardness of two bulk-fill composite resins in preheated and non-preheated conditions before their polymerization. The first and third null hypotheses were rejected due to significant differences in the tested properties between the two resin composites and the impact of the carbonated beverage on all properties. The second null hypothesis was partially rejected, as preheating had no significant effect on the color change of BB.

The two investigated bulk-fill restorative materials in the current study were selected as they have different formulations both in their organic resin matrix and inorganic filler, they can be used in anterior and posterior restorations according to their manufacturer's claims. Beautifil-Bulk restorative is based on surface pre-reacted glass (S-PRG) fillers technology which imparts sustained fluoride release with an anti-plaque effect, this makes it beneficial for cases with high caries risk due to its ability to minimize secondary caries formation. Filtek One bulk-fill contains innovative monomers that reduce shrinkage and shrinkage stress, they also possess nano-ﬁller technology which provides superior aesthetic properties. Both composites also have different depth of cure levels, 4 and 5 mm respectively, thus they have a wide range of applications among dental practitioners.

Preheating of the bulk-fill composites was compared to room temperature polymerization in the current study since it became a popular technique and gained attention lately. The flow of composite polymers can be enhanced by increasing their temperature, as demonstrated by recent literature (7). Some of the potential advantages of composite preheating include enhanced marginal adaptation, better handling, and a higher degree of monomer conversion. A previous study by Kampanas (28) found that the average preheating temperature of bulk-fill composites which was considered safe and not harmful to the pulp tissues was between the range of 54°C and 68°C, thus, the preheating temperature in the current investigation was set to 68°C to maximize the benefits of the preheating technique.

Another critical factor to consider when preheating is the sufficient time to achieve optimal flow and enhance the properties of the restorative material. Previous studies that referenced the required time for material heating revealed a wide range of minimum and maximum times. Nevertheless, a clinical time of approximately 15 min is considered reasonable, as per the findings of Mohammadi, et al., and Karacan and Ozyurt (29, 30). Accordingly, 15 min of preheating time was considered in the current investigation.

It is crucial to ascertain whether the behaviour of the investigated materials has clinical implications and to consider its clinical acceptability during function. Therefore, the color stability results in the current study were statistically analyzed to assess the significant differences between groups, besides, it was further assessed based on the 50:50% acceptability threshold (AT) and the perceptibility threshold (PT) in CIEDE2000 which were 0.8 and 1.8, respectively, as reported by Paravina, et al. (31) and as aligned with ISO standards (25). The susceptibility of the composite resins to staining may be related to their hydrophilicity, the degree of conversion, as well as to the water sorption of the resin matrix (16, 32). Although the color change of both tested materials was beyond the 50/50% acceptability limit (>1.8), the color change of BB composite was significantly higher than FOB in both preheated in non-preheated states, this may be related to the difference in resin matrix composition between both materials. While both composites contain UDMA, which may reduce hydrophilicity and water absorption thus enhancing the color stability of composite resins, BB contains the more hydrophilic monomers Bis-GMA and TEGDMA, which are reported to increase the discoloration of composites by Ren, et al. (33), and Ozera, et al. (16). Moreover, BB is a bulk-fill form of giomer composites, representing a distinct category of bioactive resin-based materials capable of releasing fluoride as a preventive mechanism. However, the fluoride-release process may potentially create voids within the resin matrix, which in turn can reduce color stability due to enhanced pigment retention (34). Consequently, a more significant color shift with the exposure to the Cola beverage occurred in BB composite. The presence of these hydrophilic monomers and the bioactive characteristics also explain the current finding that preheating of composites was not able to stabilize the color of BB, this finding is in line with the study by Daneshpooy, et al, who found a significant color change of giomer composite after preheating in tea solution compared to microhybrid and nanohybrid composites (35). On the other hand, preheating of FOB in the current study improved it's the color stability after the Cola beverage attack, this is probably due to the presence of the unique additive fragmentation monomer (AFM), which increases the formation of cross-links between adjacent polymer chains, the preheating seems to improve the reactivity of this monomer and increase the degree of conversion which in turn improves the color stability by reducing the free monomer chains exposed to the colorant solution as reported in studies by Sousa, et al. (36) and Darabi, et al. (37). The current study result, however, is not in line with a study by Abdulmajeed, et al. (22) who reported in their study that preheating had no effect on stabilizing the color of the FOB composite, probably due to the strong staining potential of the coffee utilized in their study (13).

Surface gloss is an optical feature that is determined by the intensity of light reflection. The angle of incident light, the refractive index of the material components, and surface features are several elements that influence gloss (38). This study employed a 60° angle of incident light as per ISO 2813:2014 standards for medium gloss materials (26), rendering the gloss values contingent upon the surface topography and the material's refractive index. Irregular surface topography disperses light rather than reflecting it, hence diminishing the gloss value (39). There is no definitive threshold for gloss values of dental composites; however, it is advised to maintain a gloss value within the 40–60 GU range (40).

A recently published systematic review concluded that surface gloss is a reliable indicator for evaluating the effectiveness of finishing and polishing procedures on composite resin surfaces, as it directly correlates with surface roughness (41). Moreover, previous studies have demonstrated that the smoothest composite surfaces are obtained when polymerized against Mylar strips, without undergoing mechanical finishing (42, 43). In line with this evidence, the specimens in the current study were polymerized against polyester celluloid strips without additional finishing or polishing. This approach was intended to eliminate operator-dependent variability associated with polishing procedures, ensuring that gloss measurements reflect the intrinsic surface characteristics of the composite materials in their preheated and non-preheated states, thereby revealing their baseline performance without alterations induced by polishing. In the current study, both materials exhibited satisfactory gloss values before the immersion in Cola beverage, with FOB showing superior gloss compared to BB, this may be attributed to the difference in filler load as well as the filler size and distribution in both materials, FOB filler is composed of agglomerated and non-agglomerated nanosized filler with total volume of 58.4% which is less than the 74.5% SPG-R filler of BB. It was reported in previous studies by Alhassan, et al., and (44) that composites having a filler size between 5 and 20 nm are associated with an increase in gloss and light reflection, as these fillers are smaller than the visible light 400–800 nm wavelength. The high filler loading is also associated with less degree of conversion as suggested by Dionysopoulos, et al. (45) and Bucuta and Ilie (46), and this explains the improved gloss values of BB composites after preheating, which can be attributed to the improvement in the degree of conversion of the resin matrix secondary to its preheating. Although preheating reduced the gloss values of FOB, its gloss values remained clinically acceptable, this reduction may be related to stress build-up within the resin matrix secondary to the fastened polymerization rate after preheating as reported in Deb, et al. (21), and El-Korashy (47) studies, which may alter the bonding between the filler particles and resin matrix, thus changing the light reflection and subsequently reducing the surface gloss. On the Other hand, the gloss values reduced dramatically to be clinically unacceptable in all groups upon Cola exposure, which is in line with previous studies by Zovko, et al. (48) and Ozera, et al. (16). Such decrease in gloss is thought to be due to the presence of phosphoric acid in the composition of the Cola drink, which softens the organic matrix and thus leads to a change in light refraction and consequently a decrease in surface gloss.

The microhardness values in the current study was generally material dependent, the higher VHN recorded for FOB in all groups compared to BB is more likely related to the presence of the nano-sized filler particles which reduces the interstitial spaces, thus improving the surface hardness as reported in a study by Yap, et al. (49). The preheating showed a significant increase in microhardness of both tested composite resins in the current investigation compared to non-preheated groups without the acidic challenge, this finding is in line with previous studies (50–53). The degree of conversion of carbon double bonds in the composite resin matrix is often reflected in its hardness values, thus increased hardness following preheating is highly related to the improvement in the degree of conversion and therefore greater cross-linking in the monomer chains (54). According to Trujillo, et al. (55), and Daronch, et al. (56) the rate of monomer-to-polymer conversion can be enhanced by warming a composite resin at biologically compatible conditions. However, a significant reduction in microhardness values occurred in both materials after exposure to the Cola drink in the preheated and non-preheated state, the deterioration effect of acidic drinks on composites microhardness is in line with Borges, et al. (17), and Poggio, et al. (57), studies. This is more likely due to softening of the organic matrix by the action of phosphoric acid on of both composites, hence changing the bonding between the silane coupling agent and filler particles, however, the reduction in hardness was less in FOB, probably due to its harder zirconia filler content compared to the surface pre-reacted glass filler (SPG-R) in BB restorative composite. Besides, the inclusion of nanoclusters alongside nanoparticles in FOB filler diminishes the interstitial space, hence enhancing the physical properties and the surface hardness.

The findings of the current study are limited to the characteristics of in vitro studies, some oral environmental conditions were not included, such as the change in intraoral temperature, the effect of other beverages and the diluent effect of saliva. Future research should explore a broader range of preheating temperatures and investigate the effects of different beverages on composite materials. Additionally, further studies are recommended to assess other clinically relevant outcomes such as mechanical properties, and the long-term durability of preheated bulk-fill composites, particularly after thermal cycling and under clinical conditions.



5 Conclusions

Given the constraints of the present studies, it can be concluded that preheating improved the color stability of FOB and the gloss of BB, it also improved the microhardness of both bulk-fill composites. Conversely, exposure to Cola adversely affected all properties, resulting in clinically unacceptable color alterations.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

NF: Conceptualization, Formal analysis, Methodology, Writing – review & editing. AA: Investigation, Writing – original draft. OA: Investigation, Writing – original draft. OM: Conceptualization, Methodology, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The research presented in this article was conducted by the authors while they were affiliated with Ras Al-Khaimah Medical and Health Sciences University and Ajman University of Science and Technology. Research facilities and the tested materials were provided by these institutions.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

	1. Pizzolotto L, Moraes RR. Resin composites in posterior teeth: clinical performance and direct restorative techniques. Dent J. (2022) 10(12):222. doi: 10.3390/dj10120222
	2. Boaro LCC, Lopes DP, de Souza ASC, Nakano EL, Perez MDA, Pfeifer CS, et al. Clinical performance and chemical-physical properties of bulk-fill composite resin—a systematic review and meta-analysis. Dent Mater. (2019) 35(10):e249–64. doi: 10.1016/j.dental.2019.07.007
	3. Lima RBW, Troconis CCM, Moreno MBP, Murillo-Gómez F, De Goes MF. Depth of cure of bulk-fill resin composites: a systematic review. J Esthet Restor Dent. (2018) 30(6):492–501. doi: 10.1111/jerd.12394
	4. Floriani F, Jurado CA, Madhu N, Lackey MA, Azpiazu-Flores FX, Lopes GC. Color stability of bulk-fill flowable resin composites after artificial ageing. Dent J. (2024) 12(11):350. doi: 10.3390/dj12110350
	5. Jafarpour D, Ferooz R, Ferooz M, Bagheri R. Physical and mechanical properties of bulk-fill, conventional, and flowable resin composites stored dry and wet. Int J Dent. (2022) 2022:7946239. doi: 10.1155/2022/7946239
	6. Elshazly TM, Bourauel C, Sherief DI, El-Korashy DI. Evaluation of two resin composites having different matrix compositions. Dent J. (2020) 8(3):76. doi: 10.3390/dj8030076
	7. Lopes LCP, Terada RSS, Tsuzuki FM, Giannini M, Hirata R. Heating and preheating of dental restorative materials—a systematic review. Clin Oral Investig. (2020) 24:4225–35. doi: 10.1007/s00784-020-03637-2
	8. Tauböck TT, Tarle Z, Marovic D, Attin T. Pre-heating of high-viscosity bulk-fill resin composites: effects on shrinkage force and monomer conversion. J Dent. (2015) 43(11):1358–64. doi: 10.1016/j.jdent.2015.07.014
	9. Mundim FM, Garcia LdFR, Cruvinel DR, Lima FA, Bachmann L, Pires-de FdCP. Color stability, opacity, and degree of conversion of pre-heated composites. J Dent. (2011) 39:e25–9. doi: 10.1016/j.jdent.2010.12.001
	10. Shamszadeh S, Sheikh-Al-Eslamian SM, Hasani E, Abrandabadi AN, Panahandeh N. Color stability of the bulk-fill composite resins with different thickness in response to coffee/water immersion. Int J Dent. (2016) 2016:7186140. doi: 10.1155/2016/7186140
	11. Zupo R, Castellana F, De Nucci S, Dibello V, Lozupone M, Giannelli G, et al. Beverages consumption and oral health in the aging population: a systematic review. Front Nutr. (2021) 8:762383. doi: 10.3389/fnut.2021.762383
	12. Farghal NS, Awadalkreem F, Abouelhonoud NA, Khan RI. The gloss retention of esthetic restorations following simulated brushing with charcoal oral products: an in vitro study. J Contemp Dent Pract. (2024) 25(5):473–9. doi: 10.5005/jp-journals-10024-3692
	13. Farghal NS, Sheikh Debis MN, Abou Baker T, Mahmoud O. The influence of the new charcoal toothbrush and toothpaste on esthetic restoration properties. Int J Dent. (2024) 2024:4385524. doi: 10.1155/2024/4385524
	14. Silva M-F, Dias M-F, Lins-Filho P-C, Guimarães R-P. Color stability of bulk-fill composite restorations. J Clin Exp Dent. (2020) 12(11):e1086. doi: 10.4317/jced.57579
	15. Bilgili Can D, Özarslan M. Evaluation of color stability and microhardness of contemporary bulk-fill composite resins with different polymerization properties. J Esthet Restor Dent. (2022) 34(6):924–32. doi: 10.1111/jerd.12879
	16. Ozera EH, Pascon FM, Correr AB, Puppin-Rontani RM, Castilho A, Correr-Sobrinho L, et al. Color stability and gloss of esthetic restorative materials after chemical challenges. Braz Dent J. (2019) 30:52–7. doi: 10.1590/0103-6440201902263
	17. Borges MG, Soares CJ, Maia TS, Bicalho AA, Barbosa TP, Costa HL, et al. Effect of acidic drinks on shade matching, surface topography, and mechanical properties of conventional and bulk-fill composite resins. J Prosthet Dent. (2019) 121(5):868.e1–8. doi: 10.1016/j.prosdent.2019.02.006
	18. Baroudi K, Islam MS, Awadalkreem F, Hussain ZE, Shaheen C, Moreira PP, et al. Influence of acidic drinks and brushing on microhardness of restorative resin materials. Open Dent J. (2024) 18(1). doi: 10.2174/0118742106348736241010105828
	19. El-Sayed HY, Abdalla AI, El-Ebiary MA, El-Eraky M, Farghal NA. The effects of two bleaching agents on the physico-mechanical properties of three resin-based restorative materials. Int J Clin Dent. (2009):69.
	20. Theobaldo JD, Aguiar FHB, Pini NIP, Lima DANL, Liporoni PCS, Catelan A. Effect of preheating and light-curing unit on physicochemical properties of a bulk-fill composite. Clin Cosmet Investig Dent. (2017):39–43. doi: 10.2147/CCIDE.S130803
	21. Deb S, Di Silvio L, Mackler HE, Millar BJ. Pre-warming of dental composites. Dent Mater. (2011) 27(4):e51–9. doi: 10.1016/j.dental.2010.11.009
	22. Abdulmajeed A, Suliman A, Selivany B, Altitinchi A, Sulaiman T. Wear and color stability of preheated bulk-fill and conventional resin composites. Oper Dent. (2022) 47(5):585–92. doi: 10.2341/21-077-L
	23. Sharma G, Wu W, Dalal EN. The CIEDE2000 color-difference formula: implementation notes, supplementary test data, and mathematical observations. Color Res Appl. (2005) 30(1):21–30. doi: 10.1002/col.20070
	24. Paravina RD, Ghinea R, Herrera LJ, Bona AD, Igiel C, Linninger M, et al. Color difference thresholds in dentistry. J Esthet Restor Dent. (2015) 27:S1–9. doi: 10.1111/jerd.12149
	25. ISO/TR 28642. Dentistry-Guidance on Colour Measurement. Geneva: International Standards Organization (ISO) (2016) 2:1–10.
	26. ISO 2813:2014. Paints and Varnishes—determination of Gloss Value at 20°, 60° and 85°. Geneva: International Organization for Standardization (2014).
	27. Ardu S, Duc O, Krejci I, Bétrisey E, Di Bella E, Daher R. Gloss retention of direct composites and corresponding CAD/CAM composite blocks. Clin Exp Dent Res. (2022) 8(1):282–6. doi: 10.1002/cre2.505
	28. Nikolaos-Stefanos K. Resin composite pre-heating–a literature review of the laboratory results. Int J Oral Dent Health. (2018) 4(2):074. doi: 10.23937/2469-5734/1510074
	29. Mohammadi N, Jafari-Navimipour E, Kimyai S, Ajami A-A, Bahari M, Ansarin M, et al. Effect of pre-heating on the mechanical properties of silorane-based and methacrylate-based composites. J Clin Exp Dent. (2016) 8(4):e373. doi: 10.4317/jced.52807
	30. Karacan AO, Ozyurt P. Effect of preheated bulk-fill composite temperature on intrapulpal temperature increase in vitro. J Esthet Restor Dent. (2019) 31(6):583–8. doi: 10.1111/jerd.12503
	31. Paravina RD, Pérez MM, Ghinea R. Acceptability and perceptibility thresholds in dentistry: a comprehensive review of clinical and research applications. J Esthet Restor Dent. (2019) 31(2):103–12. doi: 10.1111/jerd.12465
	32. Farghal NS, Awadalkreem F, Dasnadi SP, Habush S, Hatab NA, Harhash A. Staining susceptibility and the effect of different stain removal techniques on the optical properties of injectable composite resins. Front Oral Health. (2025) 6:1556155. doi: 10.3389/froh.2025.1556155
	33. Ren Y-F, Feng L, Serban D, Malmstrom HS. Effects of common beverage colorants on color stability of dental composite resins: the utility of a thermocycling stain challenge model in vitro. J Dent. (2012) 40:e48–56. doi: 10.1016/j.jdent.2012.04.017
	34. Gonulol N, Ozer S, Sen Tunc E. Water sorption, solubility, and color stability of giomer restoratives. J Esthet Restor Dent. (2015) 27(5):300–6. doi: 10.1111/jerd.12119
	35. Daneshpooy M, Kimyai S, Sani RA. Effect of repeated preheating on color stability of three types of composite resins and a giomer: an in vitro study. J Dent Res Dent Clin Dent Prospects. (2024) 18(2):110. doi: 10.34172/joddd.41167
	36. Sousa SEP, da Costa ES, Borges BCD, de Assunção IV, dos Santos AJS. Staining resistance of preheated flowable composites to drinking pigmented beverages. Rev Port Estomatol Med Dent Cir Maxilofac. (2015) 56(4):221–5. doi: 10.1016/j.rpemd.2015.11.009
	37. Darabi F, Seyed-Monir A, Mihandoust S, Maleki D. The effect of preheating of composite resin on its color stability after immersion in tea and coffee solutions: an in vitro study. J Clin Exp Dent. (2019) 11(12):e1151. doi: 10.4317/jced.56438
	38. Amaya-Pajares SP, Koi K, Watanabe H, da Costa JB, Ferracane JL. Development and maintenance of surface gloss of dental composites after polishing and brushing: review of the literature. J Esthet Restor Dent. (2022) 34(1):15–41. doi: 10.1111/jerd.12875
	39. Kilinc H, Turgut S. Optical behaviors of esthetic CAD-CAM restorations after different surface finishing and polishing procedures and UV aging: an in vitro study. J Prosthet Dent. (2018) 120(1):107–13. doi: 10.1016/j.prosdent.2017.09.019
	40. da Costa JB, Ferracane JL, Amaya-Pajares S, Pfefferkorn F. Visually acceptable gloss threshold for resin composite and polishing systems. J Am Dent Assoc. (2021) 152(5):385–92. doi: 10.1016/j.adaj.2020.09.027
	41. de Melo T, Delgado A, Martins R, Lassila L, Garoushi S, Caldeira J, et al. Can specular gloss measurements predict the effectiveness of finishing/polishing protocols in dental polymers? A systematic review and linear mixed-effects prediction model. Oper Dent. (2022) 47(3):E131–51. doi: 10.2341/21-027-LIT
	42. Daud A, Gray G, Lynch CD, Wilson NH, Blum IR. A randomised controlled study on the use of finishing and polishing systems on different resin composites using 3D contact optical profilometry and scanning electron microscopy. J Dent. (2018) 71:25–30. doi: 10.1016/j.jdent.2018.01.008
	43. Daud A, Adams AJ, Shawkat A, Gray G, Wilson NH, Lynch CD, et al. Effects of toothbrushing on surface characteristics of microhybrid and nanofilled resin composites following different finishing and polishing procedures. J Dent. (2020) 99:103376. doi: 10.1016/j.jdent.2020.103376
	44. Alhassan M, Maawadh A, Labban N, Alnafaiy SM, Alotaibi HN, BinMahfooz AM. Effect of different surface treatments on the surface roughness and gloss of resin-modified CAD/CAM ceramics. Appl Sci. (2022) 12(23):11972. doi: 10.3390/app122311972
	45. Dionysopoulos D, Tolidis K, Gerasimou P. The effect of composition, temperature, and post-irradiation curing of bulk-fill resin composites on polymerization efficiency. Mater Res. (2016) 19(2):466–73. doi: 10.1590/1980-5373-MR-2015-0614
	46. Bucuta S, Ilie N. Light transmittance and micro-mechanical properties of bulk fill vs. conventional resin-based composites. Clin Oral Investig. (2014) 18:1991–2000. doi: 10.1007/s00784-013-1177-y
	47. El-Korashy DI. Post-gel shrinkage strain and degree of conversion of preheated resin composite cured using different regimens. Oper Dent. (2010) 35(2):172–9. doi: 10.2341/09-072-L
	48. Zovko R, Cvitanović S, Mabić M, Šarac Z, Ćorić A, Glavina D, et al. The effect of chemical degradation and polishing on the gloss of composite dental materials. Materials (Basel). (2023) 16(10):3727. doi: 10.3390/ma16103727
	49. Yap AU, Yap S, Teo C, Ng J. Comparison of surface finish of new aesthetic restorative materials. Oper Dent. (2004) 29(1):100–4.
	50. Lempel E, Őri Z, Szalma J, Lovász BV, Kiss A, Tóth Á, et al. Effect of exposure time and pre-heating on the conversion degree of conventional, bulk-fill, fiber-reinforced, and polyacid-modified resin composites. Dent Mater. (2019) 35(2):217–28. doi: 10.1016/j.dental.2018.11.017
	51. Elkaffass A-A, Eltoukhy R-I, Mahmoud S-H. Influence of preheating on mechanical and surface properties of nanofilled resin composites. J Clin Exp Dent. (2020) 12(5):e494. doi: 10.4317/jced.56469
	52. Degirmenci A, Can DB. Pre-heating effect on the microhardness and depth of cure of bulk-fill composite resins. Odovtos Int J Dent Sci. (2022) 24(1):99–112. doi: 10.15517/ijds.2021.47209
	53. Bilge K, Eskibağlar BK, Ipek I. Pre-heating effect on microhardness of different restorative materials. Int Dent J. (2024) 74:S35. doi: 10.1016/j.identj.2024.07.675
	54. Elkaffas AA, Eltoukhy RI, Elnegoly SA, Mahmoud SH. The effect of preheating resin composites on surface hardness: a systematic review and meta-analysis. Restor Dent Endod. (2019) 44(4). doi: 10.5395/rde.2019.44.e41
	55. Trujillo M, Newman SM, Stansbury JW. Use of near-IR to monitor the influence of external heating on dental composite photopolymerization. Dent Mater. (2004) 20(8):766–77. doi: 10.1016/j.dental.2004.02.003
	56. Daronch M, Rueggeberg FA, De Goes M, Giudici R. Polymerization kinetics of pre-heated composite. J Dent Res. (2006) 85(1):38–43. doi: 10.1177/154405910608500106
	57. Poggio C, Viola M, Mirando M, Chiesa M, Beltrami R, Colombo M. Microhardness of different esthetic restorative materials: evaluation and comparison after exposure to acidic drink. Dent Res J. (2018) 15(3):166. doi: 10.4103/1735-3327.231863












	
	TYPE Original Research

PUBLISHED 04 June 2025
DOI 10.3389/fdmed.2025.1575161






[image: image2]

The impact of Caralluma munbyana extracts on Streptococcus mutans biofilm formation

Turki Alshehri1, Israa Alkhalifah2, Areeb Alotaibi2, Alaa F. Alsulaiman3, Abdullah Al Madani4, Basil Almutairi5 and Abdulrahman A. Balhaddad6*

1Department of Substitutive Dental Sciences, College of Dentistry, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia

2College of Dentistry, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia

3Department of Dentistry, King Fahad Military Medical Complex, Dhahran, Saudi Arabia

4Dental Hospital, College of Dentistry, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia

5Department of Restorative Dentistry, Division of Operative Dentistry, King Saud University, Riyadh, Saudi Arabia

6Department of Restorative Dental Sciences, College of Dentistry, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia

EDITED BY
Konstantin Johannes Scholz, University of Freiburg, Germany

REVIEWED BY
Syed Wali Peeran, Jazan University, Saudi Arabia
Valentino Natoli, European University of Madrid, Spain

*CORRESPONDENCE Abdulrahman A. Balhaddad abalhaddad@iau.edu.sa

RECEIVED 11 February 2025
ACCEPTED 16 May 2025
PUBLISHED 04 June 2025

CITATION Alshehri T, Alkhalifah I, Alotaibi A, Alsulaiman AF, Al Madani A, Almutairi B and Balhaddad AA (2025) The impact of Caralluma munbyana extracts on Streptococcus mutans biofilm formation.
Front. Dent. Med. 6:1575161.
doi: 10.3389/fdmed.2025.1575161

COPYRIGHT © 2025 Alshehri, Alkhalifah, Alotaibi, Alsulaiman, Al Madani, Almutairi and Balhaddad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background/objectives: Caralluma plants have a wide range of anti-inflammatory and antimicrobial activities. This study aims to assess the antibacterial effect of water, methanol, and ethanol extracts of Caralluma munbyana against Streptococcus mutans biofilms.



Methods: Three extracts of C. munbyana were prepared using water, methanol, and ethanol. Multiple concentrations ranging between 2.93 and 93.75 mg/ml were achieved, alongside a control group with no extract, and incubated with an overnight culture of S. mutans. In the following day, the total absorbance was measured at 595 nm. Then, the biofilms were fixed and stained with 0.5% crystal violet to measure the biofilm absorbance at 490 nm. One-way ANOVA and Tukey's post-hoc tests were applied to identify which specific concentrations differed from the control.



Results: C. munbyana methanol and ethanol extracts significantly affected the total absorbance of S. mutans (P ≤ 0.001) at 46.87 and 93.75 mg/ml. For biofilm inhibition, C. munbyana water extract was effective (P ≤ 0.001) in reducing the biofilm growth at 23.44 (1.34 ± 0.08), 46.87 (1.31 ± 0.15), and 93.75 (1.04 ± 0.07) mg/ml when compared to the control (1.58 ± 0.11). More reduction was observed among methanol and ethanol extracts, as C. munbyana methanol extract significantly (P ≤ 0.001) inhibited the S. mutans biofilm growth at 23.44 (0.99 ± 0.15), 46.87 (0.12 ± 0.02), and 93.75 (0.09 ± 0.01) mg/ml. Similarly, C. munbyana ethanol extract's biofilm inhibition was observed at the concentrations of 23.44 (0.45 ± 0.12), 46.87 (0.10 ± 0.02), and 93.75 (0.09 ± 0.04) mg/ml.



Conclusion: These findings suggest that C. munbyana possesses antibacterial properties against S. mutans biofilms, particularly through its methanol and ethanol extracts.
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absorbance, biofilms, caralluma munbyana, caries, streptococcus mutans





1 Introduction

Dental caries stands out as one of the most prevalent oral diseases worldwide (1). It is defined as a chronic infectious disease caused by cariogenic bacteria that utilize available carbohydrates to produce acids, leading to the destruction of tooth structure (2). This multifactorial disease is affected by oral hygiene practice, consumed diet, and the cariogenicity of the oral microbes (3). Dental caries pathogenesis involves a complex interaction between several microbes with Streptococcus mutans (S. mutans) among the main key pathogens (3). The cariogenicity of S. mutans is related to many virulence factors, including the ability of this bacterium to adhere to the tooth structure, form a biofilm with other caries-related pathogens, produce lactic acid, and survive in a highly acidic environment (4).

S. mutans utilizes multiple necessary enzymes to cause dental caries. Among different enzymes, glycosyltransferase plays a critical role by enabling glucans synthesis from dietary sugars, which allows S. mutans to attach to the tooth surfaces and form biofilms (5). Fructosyltransferase is another enzyme that helps produce fructans, which aid as a reserve of energy for the microorganisms, supporting their survival and growth (6). Furthermore, S. mutans exert acidogenic enzymes to ferment carbohydrates and produce acid to demineralize the tooth structure (7, 8). Without proper intervention and the increased acidity at the biofilm-tooth interface, demineralization will occur due to the loss of calcium and phosphate minerals from tooth structure, which can subsequently lead to tooth cavitation (9).

Nowadays, several mechanical and chemical methods are available to control plaque accumulation and biofilm development, such as dentifrices, dental floss, and mouthwashes (10, 11). While using these oral hygiene products is critical and must not be neglected, there is a need to design other adjunctive approaches to control biofilm-triggered oral diseases. Throughout the ages of humanity, the utilization of herbal products as a form of medicine has been an integral part of human history (12). Natural resources of medicinal plants are rich in biological components that include antibacterial properties (13). Besides, the use of herbal products as medicine has potential implications for addressing the issue of bacterial resistance (14, 15), which is a growing concern in modern healthcare.

Several herbal and natural products have been extensively studied in recent years to control oral diseases (16), and a wide range of plants have demonstrated antimicrobial activity (17). For example, Carum copticum (18), Salvadora persica, and other herbs such as cloves, garlic, and liquorice (19) have been found effective against S. mutans. In addition, green tea, Aloe vera, sesame, Triphala and many other plant-derived compounds were found effective to control plaque accumulation and prevent the onset of gingivitis and aphthous stomatitis (20). Therefore, natural products can serve as alternative treatments to help prevent the formation of dental caries. One of the most recognized plants that demonstrated effective and promising results is Caralluma (21). Caralluma is a species of plant that belongs to the Asclepiadaceae family and is found in various regions, including Africa, Saudi Arabia, and India (21). Multiple studies addressed the pharmacological prominence of Caralluma in different medicinal applications, which include diabetes, cancer, muscle pain, and inflammation (22, 23). Besides, Caralluma has demonstrated significant anti-inflammatory action via the reduction of oxidative stress and the inhibition of pro-inflammatory cytokines and related mediators (24, 25).

Caralluma species have been also used as antimicrobial agents against different types of pathogens, mainly because of the presence of pregnane glycosides, stigmasterol, flavonoids, and other further constituents (26–28). In one study, 0.625, 0.313, and 0.156 mg/ml of Caralluma quadrangula extracts were found effective in inhibiting the biofilm growth of methicillin-resistant Staphylococcus aureus and multidrug-resistant Acinetobacter baumannii, in vitro and in vivo, using an animal model (29). Another study demonstrated the capability of Caralluma lasiantha extracts to reduce the growth of Staphylococcus aureus, Escherichia coli, Streptococcus Sp., Bacillus subtilis, Enterobacter aerogenes, and Klebsiella pneumoniae (30). The antifungal properties of Caralluma were also demonstrated in one investigation, as the Candida albicans growth was inhibited following exposure to different Caralluma europaea extracts (31). It has been suggested that the release of oxalic acid and propanoic acid from C. europaea disrupt the cell membrane and metabolic activities of C. albicans (31).

Given the existing evidence of the therapeutic and antibacterial properties of various Caralluma species, this study aims to explore the antibacterial effect of Caralluma munbyana for the first time as an alternative or adjunct natural therapeutic agent to control dental caries. We seek to investigate its potential to inhibit the growth of caries-related pathogens as a strategy to prevent dental caries. Specifically, this paper examines the inhibitory effect of C. munbyana against Streptococcus mutans in both total and biofilm growth, utilizing three different extracts: water, methanol, and ethanol. We hypothesize that the concentration of C. munbyana and the type of extract will significantly influence its antibacterial activities.



2 Materials and methods


2.1 Sample size calculation and study design

Prior studies (32–34) indicate that the standard deviation for absorbance measurements related to biofilm formation is approximately 0.15. Consequently, this study was designed to achieve 80% power to identify a significant difference at a 5% significance level. This involved conducting three repeated experiments with 3–4 samples each, leading to a total of 9–12 samples per group.

C. munbyana plants were collected from a local store in the Southern area of Saudi Arabia (Al Dunya Gardens Agricultural Inc., Al Namas, Saudi Arabia). Fifteen grams of the plant were grinded and placed in three different tubes containing distilled water, pure methanol, or pure ethanol, resulting in a final concentration of 375 mg/ml. This final concentration was the maximum to be achieved without having the plant floating from the selected extracts. The tubes were incubated for one week in 4°C refrigerator to allow the extraction of the chemical components of C. munbyana. Then, the distilled water, methanol, and ethanol extract of C. munbyana was diluted with brain-heart infusion (BHI) broth supplemented with 2 wt.% of sucrose to achieve different concentrations of 93.75, 46.875, 23.44, 11.72, 5.85, and 2.93 mg/ml. The original extracts were diluted to eliminate the possibility of antibacterial action caused by ethanol and methanol themselves. In addition, the selected concentrations were investigated to explore a wide range of concentrations, which was achieved in similar previous studies (32, 35, 36).



2.2 Effect of C. munbyana extracts on S. mutans growth

The methodology for this study is illustrated in Figure 1. S. mutans UA159 (ATCC 700610, American Type Culture Collection, Rockville, MD, USA) was grown in 5 ml of Brain Heart Infusion (BHI) and incubated overnight for 24 h. BHI is a nutrient-rich liquid medium that is commonly used for the growth of pathogens including bacteria and fungi. The main two components of BHI are brain extract and heart infusion, which provide essential growth factors and proteins. On the subsequent day, 190 µl of each concentration from each extract was added to the wells of a sterile 96-well flat-bottom microtiter plate. Then, 10 µl of the overnight S. mutans culture, approximately 10^6 colony-forming units (CFU)/ml, was introduced into each well. The plates were incubated for another 24 h. The total absorbance of the culture, including both planktonic cells and biofilms, was measured at 590 nm using a spectrophotometer (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) (32–34). Afterward, the planktonic cells were discarded, leaving only the attached biofilm. To fix the biofilm cells, 200 µl of 10% formaldehyde was added to each well and incubated for 30 min. The biofilms were rinsed three times with deionized water. Next, 200 µl of 0.5% crystal violet dye was added to stain the biofilm, followed by another three rinses with deionized water. To extract the crystal violet, 200 µl of 2-isopropanol was added and incubated for one hour. The biofilm formation was then quantified using the spectrophotometer at 490 nm (32–34). Two control groups were included in the study: negative control with only the overnight culture of S. mutans in BHI supplemented with 2% sucrose, and a sterility control group containing only BHI growth media to confirm the absence of microbial contamination. The minimum inhibitory concentration (MIC) and the minimum biofilm inhibitory concentration (MBIC) values were determined as the lowest concentration capable of inhibiting visible bacterial growth and biofilm growth, respectively, after incubation at 37°C for 24 h (37, 38).


[image: Diagram of an experimental procedure. Section (A) shows water, methanol, and ethanol extracts diluted in test tubes at ratios from one to three to one to ninety-six. Each extract is mixed with BHI broth and sucrose, then inoculated with S. mutans culture. The mixture is placed in a microplate and incubated for twenty-four hours. Section (B) details biofilm absorbance measurement. The biofilm is treated sequentially with formaldehyde, crystal violet, and isopropanol, followed by absorbance measurement at four hundred ninety nanometers and five hundred ninety-five nanometers.]
FIGURE 1
Schematic overview of study design. (A) S. mutans were grown overnight in 5 ml of brain-heart infusion (BHI) broth and then incubated with different concentrations of water, methanol, and ethanol extracts of C. munbyana for another 24 h. (B) On the following day, the total and biofilm absorbance were measured at 595 and 490 nm, respectively.




2.3 Statistical analysis

Data (means ± standard deviations) were presented as descriptive data representing a minimum of 3 biological replicates. Shapiro–Wilk test was used to examine the data normality. One-way ANOVA and Tukey tests were applied to compare the effects of C. munbyana extracts on S. mutans biofilm and total growth (Sigma Plot 12.0; SYSTAT). A p-value <0.05 was considered statistically significant.




3 Results

The results of this study indicate that Caralluma munbyana significantly affected the total absorbance of S. mutans in the methanol and ethanol extracts (P ≤ 0.05) at the concentrations of 23.44, 46.87, and 93.75 mg/ml (Figure 2). No effect was observed in total absorbance following the exposure to different concentrations of water extract, except a significant increase at the 2.93 mg/ml concentration. The minimum inhibitory concentrations (MIC) of the methanol and ethanol extracts was 46.875 mg/ml. In Figure 3, the antibiofilm effects of Caralluma munbyana can be observed in the three extracts. In Figure 3A, Caralluma munbyana water extract was found to be significantly effective (P ≤ 0.001) in reducing the biofilm growth at 23.44 (1.34 ± 0.08), 46.87 (1.31 ± 0.15), and 93.75 (1.04 ± 0.07) mg/ml when compared to the control (1.58 ± 0.11).


[image: Bar graphs labeled A, B, and C show absorbance at 595 nm for various dilutions of 375 mg/mL Caralluma munbyana in distilled water, methanol, and ethanol, respectively. Graph A shows higher absorbance for lower dilutions, indicated by an asterisk at 2.93 mg/mL. Graph B shows significant decreases in absorbance at higher dilutions, with asterisks at 46.875 and 93.75 mg/mL. Graph C also shows reduced absorbance at higher dilutions, with asterisks at 46.875 and 93.75 mg/mL.]
FIGURE 2
Effect of the Caralluma munbyana (A) water (B) methanol, and (C) ethanol extracts on Streptococcus mutans total growth. Each group consisted of 3 wells, and the experiment was repeated three times (n = 9). Asterisks indicate a significant difference compared to the control samples with no treatment.



[image: Bar charts showing the absorbance at 490 nm for different dilutions of 375 mg/mL of Caralluma munbyana in (A) distilled water, (B) methanol, and (C) ethanol. Each chart displays a control and six dilutions with varying absorbance levels, with significant changes marked by asterisks.]
FIGURE 3
Effect of the Caralluma munbyana (A) water (B) methanol, and (C) ethanol extracts on Streptococcus mutans biofilm formation. Each group consisted of 3 wells, and the experiment was repeated three times (n = 9). Asterisks indicate a significant difference compared to the control samples with no treatment.


When Caralluma munbyana methanol and ethanol extracts were assessed, the 23.44, 46.87, and 93.75 mg/ml significantly (P ≤ 0.001) reduced the biofilm growth. In Figure 3B, Caralluma munbyana methanol extract significantly (P ≤ 0.001) inhibited the S. mutans biofilm growth at 23.44 (0.99 ± 0.15), 46.87 (0.12 ± 0.02), and 93.75 (0.09 ± 0.01) mg/ml. Finally, when the Caralluma munbyana ethanol extract was assessed (Figure 3C), the biofilm inhibition was observed at the concentration of 23.44 (0.45 ± 0.12), 46.87 (0.10 ± 0.02), and 93.75 (0.09 ± 0.04) mg/ml, while the other concentrations were comparable to the control. The minimum biofilm inhibitory concentrations (MBIC) for the water extract was 93.75 mg/ml and 46.875 mg/ml for the methanol and ethanol extracts.



4 Discussion

Herbal medicines derived from natural sources to enhance the quality of life and achieve various health benefits have significantly increased globally (39). A diverse array of plant-derived preparations, including herbs, are employed for the prevention and treatment of diseases (12, 15). In this study, the hypothesis was accepted as the type of extract and the concentration were determinant factors in modulating the antibacterial activities of C. munbyana. Multiple Caralluma species have shown a wide spectrum of antibacterial activity against fungi, Gram-positive, and Gram-negative bacteria (29–31, 40, 41). Here, for the first time, we intended to explore the potential antibacterial properties of C. munbyana. In particular, we utilized C. munbyana to inhibit the growth of caries-related pathogens, S. mutans. This biofilm inhibition was achieved at different concentrations using three different extracts. It was found that methanol and ethanol extracts at high concentrations were associated with more bacterial growth inhibition, suggesting that both the extract type and its concentration are critical factors for achieving antimicrobial efficacy against S. mutans.

The ability of bacteria to form biofilms on both living and non-living surfaces contributes to chronic infections that can harm hard and soft tissues (42, 43). In dentistry, biofilm-triggered diseases contribute to the onset of two main global chronic diseases, dental caries and periodontal diseases (1, 44). As a result, designing approaches to control and limit the onset of bacterial biofilms is highly needed and presents an alternative strategy for combating bacterial infections to prevent and treat such diseases. Our findings illustrated that the antibacterial properties were improved when using methanol and ethanol extracts, which aligned with previous studies showing that alcoholic extracts are more potent than water extracts (32, 45). This is mainly due to the ability of methanol and ethanol to extract therapeutic chemicals more efficiently compared to distilled water.

Biofilms present a significant challenge in the fight against bacterial infections compared to planktonic bacteria due to their complex structure and behavior (43). Unlike planktonic bacteria, which exist as individual cells in a free-floating state, biofilms consist of communities of bacteria encased in a protective extracellular matrix (43). This matrix not only shields the bacteria from the immune system but also impedes the penetration of antibacterial agents, making treatment more difficult (46, 47). Furthermore, the bacteria within biofilms often exhibit altered metabolic rates, leading to increased resistance to antibiotics that would otherwise be effective against their planktonic counterparts. This resilience is compounded by the presence of diverse bacterial species within a biofilm, which can exchange genetic material, including resistance traits, further complicating treatment efforts (46, 47). Consequently, infections associated with biofilms are often persistent and harder to eradicate, necessitating the development of specialized strategies to target these resilient communities (8).

In this study, we found that the 93.75, 46.875, and 23.44 mg/ml of water, methanol, and ethanol extracts significantly inhibited biofilm growth, with the greatest inhibition observed at the concentrations of 46.875 and 93.75 mg/ml of the methanol and ethanol extracts. Notably, the only concentration that inhibited the biofilm growth of S. mutans without compromising total bacterial growth was 23.44 mg/ml of the ethanol extract. This suggests that this specific concentration and extract can prevent biofilm attachment without killing the targeted bacteria. Such an effect could be advantageous, as it allows for the prevention of biofilm development while preserving commensal and planktonic microorganisms, thereby maintaining a balanced microbial community in the oral cavity. However, this does not mean that the other concentrations with bactericidal effects are unimportant; they may still be useful for different clinical applications.

Methanol and ethanol extracts of plants are often more antibacterial than water extracts because many antibacterial compounds, such as phenolics, flavonoids, and alkaloids, are more soluble in organic solvents like methanol and ethanol than in water (32, 48, 49). This higher solubility allows for better extraction of these active compounds. In addition, methanol and ethanol are less polar than water, which enables them to extract a broader range of phytochemicals, including those that might not dissolve well in water (32, 48, 49). This can enhance the overall antibacterial activity of the extract. In this study, methanol and ethanol extracts demonstrated more antibiofilm action against S. mutans compared to the water extract, suggesting that alcoholic extracts are more effective in extracting the bioactive compounds of C. munbyana.

The superior properties of Caralluma primarily arise from the presence of pregnane glycosides, stigmasterol, flavonoids, and other constituents, which enhance its antimicrobial activities and play a crucial role in inhibiting bacterial biofilms (29). The mechanisms of action of these compounds have been studied to a limited extent; however, it is believed that they may interfere with nucleic acid synthesis and disrupt cell membrane function (50, 51). Our findings agree with previous papers showing that Caralluma species have antimicrobial properties (26–28). Moreover, C. quadrangula extracts at low concentrations significantly inhibited the biofilm growth of methicillin-resistant S. aureus and multidrug-resistant A. baumannii, in vitro and in vivo, using an animal model (29). The antifungal properties of Caralluma were also investigated. In one study, C. europaea extracts was found effective to inhibit the growth of C. albicans, mainly by the release of oxalic acid and propanoic acid (31). Moreover, Caralluma species were found effective against oral pathogens. C. lasiantha extracts were found effective to reduce the growth of S. aureus and Streptococcus Sp. (30). In another study, Caralluma indica extract significantly inhabited the biofilm growth of S. aureus and C. albicans (52). It was suggested that bioactive compounds, such as 1-nonadecene, n-hexadecanoic acid, tetradecane, 1-heptadecene, and dibutyl phthalate, can be released and contribute to the antimicrobial activities of C. indica.

In this study, the impact of Caralluma against caries-related pathogens has been demonstrated for the first time. The results obtained here may imply that the antibiofilm properties of C. munbyana may play an important role in preventing dental plaque formation. In terms of clinical practice, daily use of oral hygiene products, such as toothpaste, is essential for maintaining oral health. Multiple manufacturers and multinational companies have included herbal ingredients in their oral hygiene products (53). Therefore, Caralluma species and their chemical ingredients could be incorporated into oral dentifrice as a strategy to prevent plaque accumulation and biofilm formation.

In addition, Caralluma extracts could be incorporated into mouthwashes as a strategy to prevent the growth of pathogenic bacteria causing caries and periodontal diseases. Such an approach could be an alternative option to limit the use of alcohol-containing mouthwashes, which have been linked to soft tissue irritation and oral cancer (54). Caralluma species could be used to reduce soft tissue irritation due to the presence of flavonoids. Caralluma adscendens exhibited antifungal activity against C. albicans in rat skin, and the prepared cold cream in the same study showed good stability and permeability without any signs of irritation (55). Consequently, customizing oral lubricants and creams from such plants will help reduce oral gingival inflammation and could be used as a potential approach to prevent denture stomatitis among denture wearers. More recently, postbiotics have been introduced as a strategy ton control different oral diseases (56). Integrating different Caralluma species with postbiotics could deliver a synergetic and effective approach to control different oral diseases.

Finally, oral health care providers need to exercise caution when interpreting the data from this study, as it has some limitations. First, the study focused solely on one type of Caralluma, C. munbyana. There are numerous species within the Caralluma genus, each potentially possessing different phytochemical profiles and antibacterial properties. Exploring additional species could yield valuable insights into their respective antibacterial activities and their suitability for oral health applications. Second, this study exclusively examined the antibacterial effects of C. munbyana against Streptococcus mutans. While S. mutans is a significant contributor to dental caries, other pathogens in the oral microbiome also play critical roles in oral health. Future research should investigate the effects of C. munbyana against a broader range of dental pathogens, more preferably multi-species biofilms, to provide a more comprehensive understanding of its antibacterial potential. Finally, this study did not account for varying environmental conditions that could affect the antibacterial efficacy of C. munbyana. Factors such as pH, temperature, and the presence of other microorganisms can significantly influence the outcomes of antibacterial studies. To validate the results and assess the applicability of C. munbyana in dental care, more clinically relevant studies are necessary. Utilizing clinical translation models will help to determine the effectiveness of C. munbyana in actual oral environments and its potential for integration into clinical practice. Future studies may employ Gas chromatography-mass spectrometry (GC-MS) and high-performance liquid chromatography (HPLC) to identify the specific compounds released from C. munbyana within the investigated extracts. Future research should aim to replicate findings under diverse environmental conditions utilizing clinical translation models to better understand the practical applications of C. munbyana. Additionally, conducting toxicity assays in future studies is crucial to assessing the safety of the plant for potential therapeutic use.



5 Conclusion

This study demonstrates that C. munbyana exhibits significant antibacterial activity against S. mutans, particularly through its methanol and ethanol extracts. The results indicate that these extracts effectively reduce the total absorbance of S. mutans, with statistically significant differences observed at high concentrations, highlighting their potential as powerful antimicrobial agents. Notably, while the water extract showed no significant impact on total absorbance, it did reduce biofilm growth at certain concentrations, suggesting that it may still play a role in modulating bacterial colonization in oral environments. These findings reinforce the potential of C. munbyana as an effective agent in managing oral biofilms, which are critical in the development of dental caries and other oral health issues. The varying efficacy of the different extracts also points to the importance of extraction methods in maximizing the antibacterial properties of natural compounds. Future research should explore the mechanisms behind these effects and investigate the potential for developing C. munbyana extracts into practical applications for oral health care.
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Human gingival fibroblasts (HGEs)

Main outcome of cytotoxicity/
biocompatibility assays
No statistical effects compared to control group.

Pourhajibagher t al.

19

Cytotoxicity: MTT assay

Human gingival fibroblasts (HGEs)

No statistical effects compared to control group.

Liang et al. (20)

Cytotoxicity: MTT assay
Biocompatibility/hemocompatibility:
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‘Human immortalized liver cell line
(L0-2)
Rat red blood cells (RBCs)

No statistical effects compared to control group up to 100 pg/ml.

Yang et al. (21)
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Stem cells from human exfoliated
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No statistical effects compared to control group up to 50 pg/ml.

Huetal. 22)
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Materials/temperature Not pre-heated (NH)

Pre-heated (PH

Beautifil bulk (BB) Before immersion Afier immersion Before immersion Afier immersion
401+ (73" 309+ (85 53229 261 (133)*
Filtek one bulk fill (FOB) 518 (45" 429:83)" 68.5= (104)™ 449 (6.)™
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Source
Corrected model

Type Ill sum of squares
24,957.296°

Mean square
3,565.328

P- value

Intercept

320,945.434

320,945.434

8340255

8,340.255

Composite type

1,822,635

1,822.635

Cola immersion

11,798.882

11,798.882

Composite type x polymerization temperature

265277

265277

Composite type x cola immersion

36.119

36.119

Polymerization temperature x Cola immersion

2670119

2,670.119

Composite type x polymerization temperature x cola immersion

24010

24010

Error

11,353.575

74.695

357,256,305

36310.871

'R Squared = 0,687 (adjusted R Squared = 0.673).
+Significant at P < 0.05.
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Materials/temperature Not pre-heated (NH) Pre-heated (PH)

Beautifil-bulk restorative (BB) Before immersion After immersion Before immersion | After immersion
583+ (116)* 3445120 1123+ (194)% 234+ (162)
Filtek one bulk-fill (FOB) 1258 + (22.3)™ 228+ (3.7)% 645+ (6.3)™ 348+ (11.6)%
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Source Type |ll sum of squares Mean square

Corrected model 221,920.094" 7 31,702.871 158318 0.000"

Intercept 567,440,041 1 567,440,041 2,833.687 0.000"

Composite type 941.870 1 941.870 4704 0,032
izati 101761 1 101761 0508 0477

Cola immersion 150,638.802 1 150,638.802 752.261 0.000

Composite type x polymerization temperature 21330542 1 21,330,542 106,521 0.000*

Composite type x cola immersion 988.036 1 988.036 4934 0028

Polymerization temperature x cola immersion 170982 1 170982 0854 0357

Composite type x polymerization temperature x cola immersion 47,748.100 1 47,748.100 238.445 0,000

Error 30437685 152 200248

Total 819,797.820 160

Corrected total 252,357.779 159

'R Squared = 0.879 (adjusted R Squared =0.874).
*Significant at P < 0.05.
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Source
Corrected model

Type Il sum of squares
2,280.564*

Mean square

Intercept

5908203

Composite type

2,185.095

Polymerization temperature

89.253

Composite type x polymerization temperature

6216

Error

1,146.263

Total

9,335.030

Corrected total

3426827

'R Squared = 0.6 (adjusted R Squared =0.652).
*Significant at P < 0.05.
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Brand name

Depth of cure,

shade

Composition

Manufacturer

BEAUTIFIL Bulk Restorative. 4mm, A2 Matrix: Bis-GMA, UDMA, Bis-MPEPP, TEGDMA Shofu Inc, Kyoto, Japan 022259
(BB) Filler (w9%/v%): 87/74.5

SPRG filler based on fluoroboroaluminosilicate glass
Filtek™ One 5mm, A2 Matrix: AUDMA, AFM, UDMA, diurethane-DMA, and 1, 3M ESPE, St Paul, MN, | 9979066
Bulk-fill. (FOB) 12-dodecane- DMA usa

Filler (w3/v%): 76.5/58.4
ytterbium trifluoride, zirconia/Silica

Abbrcviatons: AFM, addiive frsgmentaton monomen, AUDMA, stomatic urethane dimethacrylats DMA, dimethacylte is-GMA, bispherl A glycidl methactylats UDMA, urthan

Bis-MPEPP, 2,2-bi

apanier THGDMA, trlsthvis phvcal liriathiirrlate vwith, WlEhE pircainam vib. valire pescenten
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EIEET

PRF preparation

protocol

Type of
incorporation

The effect of
adding PRF to
biomaterial

Ref.

Ex vivo | Mucograft’, Bio-Gide", | Liquid-PRF (10 mL, 600 rpm, = Mucograft” + PREvs. | Impregnated No PRF penetration into | Al-Maawi et al.
Mucoderm”, 44 x g for 8 min) Bio-Gide” + PRF vs. the membrane: (2019)
Collprotect’, BEGO® vs. Collprotect™+ PRE - BEGO" + PRE

vs. BEGO" + PRF Partial penetration into

the membrane:

Bio-Gide” + PRF;

Mucoderm” + PRF;

Collprotect™+ PRF.

Total penetration:

Mucograft” + PRE
Mucomaix” matrix 1-PRF (10 mL, 700 rpm, 60x g, | Material + PRF Impregnated Loose collagen fibrils | Udeabor et al.
(collagen and elastin) 3 min) lead to PRF penetration = (2020)

through the material

‘matrix

Invitro | Parasorb fleece HD" Liquid-PRF (10 mL, 600 rpm, | Collagen matrix + impregnated Mechanical properties: | Herrera-Vizcaino
(equine-derived collagen | 44xg, 8 min) PRE vs. Compressed 1 Liquid absorption etal. (2020)
matrix) collagen matrix + PRF capacity of the matrix

when compressed;
In vitro:
1 Prolonged cytokine
release;
1 Increase in
proinflammatory
cytokine release;
Mucoderm” (collagen | PRF membrane (10 mL, Materials with PRE | Membranes pressed 1 Angiogenesis Blatt et al. (2020)
matrix), Jason” (porcine | 1,200 rpm, 177x g, § min), Vs. together = Growth factor release
pericardium), pressed with “PRF Box”, cut | Materials without PRE then just PRF
Collprotect” (collagen and pressed with “PRF Box”
matrix)
Collagen matrixes - PRE membrane (1,200 rpm for | Materials with PRE | Membranes pressed Bio-Gide” and Symbios: | Sebastian et al.
Bio-Gide” and Symbios® | 8 min, 177 g), pressed with = Vs. together Vessels per mm? (2022)
“PRF Box " Materials without PRF = Vessel branching
Vs. PRE points per mm?
Mucoderm” (collagen A-PRF (2 mL, 1,500 rpm, Membranes with Impregnated Mucoderm®: Hoda et al. (2021)
matrix), alloderm (cell- | 14 min) A-PRE = Osteoblast adhesion
free human dermal Vs. membranes = Fibroblast adhesion
‘matrix), three collagen without A-PRF Alloderm:
membrane 1 Osteoblast adhesion
= Fibroblast adhesion
Three collagen:
1 Osteoblast adhesion
TFibroblast adhesion
Mucoderm” (collagen | L-PRF (10 mL, 400x g, Enamel matrix Impregnated with the | T HUVEC proliferation | Park et al. (2018)
‘matrix) 12 min). The clot was derivative PRF-conditioned when compared to
incubated with a serum-free | Vs. media. native membrane
medium at 37°C. After 24 h, the | Mucoderm with PRE 1 HUVEC Migration
medium with PRE exudate was | Vs. Mucoderm = HUVEC attachment
collected. between Enamel matrix
derivative
And PRF
Invivo | Gelatin gel 25mL, 3,000 rpm, 10 min. Gelatin gel vs. Gelatin | incorporated 1 Skin defect recovery | Suzuki etal. (2013)
PRE was cut and stirred usinga | gel with PRF time
magnetic sirrer (37C, 700 rpm, = Granulation tissue
24 h. After the gel was thickness
precipitated by centri-fugation
(4C, 12,500 rpm, 10 min)
Gelatin nanoparticles I-PRF (7 mL Gelatine nanoparticles | Mixed with repetitive | Mechanical properties: | Mu et al. (2020)
700 rpm for 3 min) Vs. Gelatine extrusion 1 Gel strength
nanoparticles with 1 Self-healing properties
PRE vs. PRF before solidification
1 Compressive modulus
In vivo:
1 Bone volume in sinus
augmentation model
1 Number of trabecular
bone
1 Mature laminar bone
1 prolonged growth
factor release
1 Number, density, and
diameter of blood
vessels
1 Gel solidification time
1 Bone resorption
Gelatin nanoparticles 1-PRF (700 rpm, 3 min) 1.Control group (no | Mixed with repetitive | Mechanical properties: | Yuan et al. (2021)
grafting material) extrusion 1 Yield stress when
2. DBBM group. lower PRE
3. DBBM + i-PRF concentration
group. In vitro:
4. GNPs group. 1 Whole blood clotting
5. GNPs + i-PRF time compared to
group. DBBM, but = to GNPs
In vivo:
T Bone density
TEarly osteogenesis
TEarly angiogenesis
1 Higher osteoclast
activity than GNP, but
lower activity than
DBBM
Clinical | HEALIGUIDE Bio- I-PRF (10 mL, 700 rpm, 3 min) ~ Membrane with PRE | Impregnated = Plague index Patra et al. (2022)
studies | resorbable membrane vs, Gingival index

(collagen membrane)

Membrane with saline

robing pocket depth
1 Recession depth
1 Recession width
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Studies incorporating PRF into composites with ceramic materials

In | Scaffold - PCL, HA
vitro

Scaffold - NaHA, poly-(D,
L-lactic acid-co-glycolic
acid), lyophilized PRF

Tetracalcium phosphate
(TTCP), gelatin,
O-Phospho-l-Serine
(OPLS), Lyophilized PRE

Scaffold - Eggshel HA,
collagen, Polylactic
Acid-Polyglycolic
Acid, PRF

In | Sticky bone - Collaginated
vivo | bone graft with and
deprotenized bone graft

Sticky bone - Mineralized
collagen

Sticky bone - Multi-walled
carbon nanotube, HA

Hydrogel - Gelatin,
Carbonated HA, A-PRF

Hydrogel - Gelatin,
Carbonated HA, A-PRF

Scaffold - PCL, gelatin,
chitosan, poly (y-glutamic
acid), HA

Scaffold - magnesium
phosphate, strontium

I-PRF (700rpm, 3 min)

Lyophilized PRF (400xg,

10 min). PRE clot was frozen
at=80°C for 30min before being
freeze-dried overnight at ~51°C.

Lyophilized PRF (3,000 rpm,
10 min). The clot was stored
at-80°C for freezing, The frozen
PRF underwent overnight
Iyophilization at ~51°C.

PR (3,000 rpm, 10 min or
2,700 rpm 12 min)

PRF (3,000 rpm, 10 min)

PRF (1,300 rpm, 14 min)

PRF (400 x g, 12 min)

A-PRF (1,500 rpm, 14 min).
‘The fibrin clot was then pressed
with a PRF processing box for
10 min, as the extracted
supernatant was used for
‘material preparation.

A-PRF (1,500 rpm, 14 min) The
fibrin clot was pressed with a
PRE processing box for 10 min,
the extracted supernatant was
used for material preparation.

PR (3,000 rpm, 10 min)

Decellularized PR (3,500 rpm,
15 min).

PRE immersed in tris buffer and
subjected to 5 freeze-thaw
cycles. After, PRF is immersed
in 0.25% trypsin/0.01% EDTA,
treated with 20 ng/mL Dnase I
and 20 ng/mL Rase A for 16 h,
and rinsed with PBS.

Studies incorporating PRF into polymer-polymer composites

Control vs. PCL vs. PCL-HA
vs. PCL-HA + PRF

Impregnated

HA/PLGA vs. HA/PLGA/Gel
vs. HA/PLGA + PRF

Impregnated

TTCP/OPLC vs. TTCP/
OPLC/gelatin vs. TTCP/
OPLC/PRE vs. TTCP/OPLC/
gelatin/PRF

Incorporated

HAp-egg shell/ PLGA, vs.
HAp-egg shell/PLGA +
collagen vs. HAp-egg shell/
PLGA + PRE vs. HAp-egg
shell/ PLGA + PRF +
collagen

Impregnated

Collaginated bone graft with
+PRE vs. collaginated bone
graft vs. deprotenized bone
graft + PRF vs. deprotenized
bone graft

Mixing

Material vs. material + PRE | Mixing

Control vs. PRF vs. material
vs. Material +PRF

Mixing

Control vs. material vs.
material +PRF

Control vs. material vs.
material +PRF

Incorporated

Control vs. chitosan/poly (y-
glutamic acid)/
hydroxyapatite vs. chitosan/
poly (y-glutamic acid) vs.
chitosan/poly (y-glutamic
acid)/hydroxyapatite + PRE

Incorporated

MgP vs. MgP + Strontium vs. | Coated

MgP + Strontium + DPRF

Incorporated

Mechanical properties:
T Hydrophilicity

In vitro:

1 MC3T3-El cell
viability

1 MC3T3-El cell
proliferation

T Osteocyte
differentiation

= Osteogenic
differentiation (PCL/
HA = PCL/HA/PRF)

In vitro:
T MG63 cell viability
T MG63 cell adhesion

Mechanical properties:
1 Ultimate
compressive strength
1 Degradation speed
in vitro

In vitro:

1 Early dental follicle
stem cell proliferation
1 Dental follicle stem
cell adhesion

1 Cell mineralization
in vitro

1 Osteogenic
differentiation

In vitro:
T Human periodontal
ligament fibroblasts
viability

1 Human periodontal
ligament fibroblasts
adhesion

In vivo:

1 Residual bone graft
1 New bone formation
|Osteogenic
differentiation in vivo

In vivo:
TFaster new bone
formation

1 Bone % volume
| Residual graft
material

In vivo:

= New bone formation
| Residual graft
material

In vivo:
T OPG expression

1 Tooth position
stability after
orthodontic appliance
removal

1 RANKL expression

In vivo:
1 Osteoblast activity
| Osteoclast activity
1 Tooth relapse after
orthodontic appliance
removal

In vitro:
1 Human dental pulp
stem cell viability

1 Human dental pulp
stem cell viability
osteogenic
differentiation

In vivo:

1 Tissue mineralization
TOsteoblast activity

1 New alveolar bone
formation

Mechanical properties:
= Ultimate
compressive strength
In vivo:

1 Percentage of new
bone formation

1 New bone formation
time

Beiranvand
etal. (2022)

Zheng et al.
(2015)

Anthraper et al.
(2024)

Espitia-Quiroz
etal. (2022)

Peker et al.
(2016)

Zhang et al.
(20232)

Bastami et al.
(2022)

Alhasyimi et al.

(2017)

Alhasyimi et al.
(2018)

Zhang et al.
(2019a)

Tarif et al.
(2023)

In | Hydrogel - methacrylated
vitro | collagen + methacrylated
chitosan + PRFe

Core-shell fiber scaffold -
PCL, chitosan, L-PRF

Electrospun nanofibers -
polyvinyl alcohol, sodium
alginate, lyophilized PRE

Membrane - Collagen,
chitosan, lyophilized
A-PRE

Lyophilized PRF (400xg,

A-PRF (1,500 rpm, 14 min)
Samples homogenized, stored
for 20 h at 4°C, stirred at

150 rpm, 37°C, 4 h. The
obtained mixture centrifuged at
3500 g for 10 min.

L-PRF (2,700 rpm, 12 min)

10 min)

Lyophilized A-PRF (1,500 rpm,
14 min)

ChitMA/ColMA vs. ChitMA/
ColMA + PRF

Incorporated

PCL vs. PCL/CS vs. PCL/
CS/PRF

Incorporation in
‘manufacturing

PVA/SA vs. PVA/SA/PRE | Incorporated

TCP vs. collagen vs. chitosan/
colagen vs. chitosan/
collagen/PRE

Incorporatied

Mechanical properties:
1 Degradation rate

in vitro

1 Young's modulus

| Hydrogel shrinkage
1 Pore size

| Porosity

In vitro:

T SCAP cell migration
T SCAP viability

T SCAP odontic
differentiation

Mechanical properties:
1 Porosity

T Hydrophilicity

1 Degradation speed
Dulbecco’s Phosphate-
Buffered Saline

1 Tensile strength

1 Elastic modulus

| Fiber diameter

1 Swelling ratio

In vitro:

1 MG-63 cell viability
1 MG-63 osteogenic
differentiation

T MG-63 cell
mineralization

Mechanical properties:
1 Pore diameter

In vitro:

T MEC3T3-E1 cells
viability

T MEC3T3-E1
osteogenic
differentiation

Mechanical properties:
1 Young’s modulus

| Degradation rate

In vitro:

1 BMSCs viability

1 BMSCs osteogenic
differentiation

Noohi et al.
(2023)

Rastegar et al.
(2021)

Nie et al. (2020)

Ansarizadeh
et al. (2019)

In | Scaffold -chitosan, gelatin,
vivo = L-PRF

L-PRF (400 x g, 10 min)

Chitosan/Gelatin/PRF vs.
Chitosan/gelatin vs. control

Incorporation in
‘manufacturing

Mechanical properties:
1 Pore size

T Water uptake

| Compression
modulus

In vitro:

1 BMSCs proliferation
1 BMSCs Adhesion

T BMSCs migration

1 Cell mineralization
1 Osteogenic
differentiation

In vivo:

1 Faster new bone
formation in vivo

1 Angiogenesis in vivo

Chi etal. (2019)
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In
vitro

In
vivo

Bioink

composition

Chitosan, HA,
L-PRF powder

Sodium alginate,
‘methyl-cellulose, I-PRF

BCP/PVA/PRE

L-PRF, alginate, gelatin

I
L-PRF (400 x g, 10 min). Fresh = CH/HA vs. 0.5% PRF/CH/HA

PRF preparation
protocol

PRF was frozen in —-80°C
overnight and lyophilized
for 24 h

1-PRF (700 rpm, 3 min)

L-PRF (400 g, 10 min)

I-PRF (700 rpm, 3 min)

Type of

incorporation

Incorporated
vs. 1% PRF/CH/HA vs.
2.5% PRF/CH/HA

Sodium alginate/
methylcellulose/I-PRE vs.
Sodium alginate/methyl-
cellulose/phosphate buffer
saline

Incorporated

Printed BCP/PVA/PRF vs.
non-printed BCP/PVA/PRF
vs. printed BCP/PVA vs. non-
printed BCP/PVA

Incorporated

Alginate/gelatin vs. Alginate/
gelatin/10% PRF vs. Alginate/
gelatin/30% PRE vs. Alginate/
gelatin/50% PRE

Incorporated

The effect of
adding PRF to
3D ink

Mechanical properties:
T Viscosity of bio-ink
= Morphology

| Compression modulus
1 Faster scaffold
degradation time

= Hydrophilicity

= Porosity
Compression modulus
In vitro:

T MC3T3-E1 cell
proliferation

In vitro:
1 1929 and Sa0S-2 cell
viability
1 Blood vesscls growing
in length and thickness

Mechanical properties:
1 Surface roughness of
the scaffold

1 Hydrophilicity

1 Compressive modulus
In vitro:

= BMSCs viability

1 BMSCs seeding density
TBMSC adhesion

1 BMSCs proliferation
1 BMSCs osteogenic
differentiation

In vivo:

1 Faster new bone
formation in vivo

1 Faster scaffold
degradation time in vivo
1 Callus formation

Mechanical properties:
1 Sol-gel critical
temperature

1 Surface roughness of
the scaffold

= Degradation in vitro
1 Bioink viscosity

| Compression modulus
In vitro:

1 Growth factors release
time

= Human gingival
fibroblast viability

1 Human gingival
fibroblast proliferation
T ECM production

In vivo:

1 Angiogenesis

1T Host tissue infiltration
into scaffolds

Ref.

Sui et al.
(2023)

Grandjean
et al. (2024)

Song et al.
(2018)

Yietal.
(2022)
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Clinical
study

NovaBone putty (calcium  Choukroun’s PRE Control vs. Mixed 1 Defect fill Agrawal et al.
phosphosilicate particulate)  (Protocol not specified) | Material vs. = Alveolar crest level (2017)
Material + PRE = Gingival index

= Pocket Depth

= Clinical attachment level

= Gingival recession
Perioglas (calcium-silicate L-PRF (10 mL, 3,000 rpm, | Materia vs. Mixed T Radiological defect fill saravanan
bioactive glass) 10 min) Material + PRF 1 Probing pocket depth etal. (2019)

NovaBone putty (calcium
phosphosilicate particulate)

L-PRF (10 mL, 3,000 rpm,
10 min)

Materia vs. Mixed
Material + PRF

T Clinical attachment level

= Plaque index
= Gingival index

= Probing pocket depth

= Relative attachment level
= Radiographic defect depth

Vibhor et al.
(2021)
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In
vivo

Materials

PRF preparation Type of incorporation
protocol (min)

The effect of adding

PRF to biomaterial

Zinc oxide 3 mL, 3,000 rpm, 10 PRE vs. PR + Zine oxide nanoparticles 1 Healing score in early time points | Zalama et al.
nanoparticles ZnONPs vs. control | injected into PRE clot = Brinding callus score (PRF vs. | (2021)

PRE + ZnONPs)
Zinc oxide 4'mL, 3,000 rpm, 402x g 10 PRE vs. PRE + Zine oxide nanoparticles 1 Recreation of the marrow cavity | Zalama et al.
nanoparticles ZnONPs vs. control | injected into PRF clot 1 New bone density (2022)

1 Defect bridging by bicortical
callus

TBone remodeling score

| Defect size
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Materials  PRF preparation Type of Effect of PRF and
protocol incorporation biomaterial
combinations
In | Silver L-PRE (10mL, 2,700 rpm, PRE vs. PRE + silver Nanoparticles added to the | T Antimicrobial activity Khorshidi
vitro | nanoparticles | 12 min) nanoparticles blood before centrifugation | T Tensile strength et al. (2018)
1 Stiffness
1 Toughness
Silver L-PRE (10mL, 2,700 rpm, PRE vs. PRE + silver Nanoparticles added to the | | Biofilm formation with higher = Haddadi
nanoparticles | 12 min) nanoparticles blood before centrifugation | silver nanoparticle et al. (2018)
concentration
Gold A-PRE + (300 rpm, 8 min) PRE vs. PRE + AuNP Nanoparticles added to the T hMSCs cytotoxicity with Ghaznavi
nanoparticles blood before centrifugation | higher AuNP concentration et al. (2019)
T Alkaline phosphatase activity
In | Silver 3mL, 3,000 rpm, 10 min. A clot | Control vs. AgNP vs. PRE | Not mentioned 1 Bone healing time Salih et al.
vivo | nanoparticles | was pressed to make a ‘membrane vs. AgNP + (2018)

membrane

PRE membrane
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Materials

PRF preparation

protocol

Type of
incorporation

The effect of
adding PRF to
biomaterial

Ex | PCL scffolds, 1-PRF (10mL, 700rpm (60x | I-PRE/PCL/CaP Impregnated 1 Total protein content on  Fernandez-Medina
vivo | calcium phosphate | g, 3min)) Vs. PLASMA/PCL/ the surface etal. (2023)
coating CaP vs. I-PRE/PCL 1 Adsorption of low-to-
medium molecular weight
proteins from i-PRF
In OsteoporeTM (PCL | 10 mL, High-RCF protocol | PCL + PRE high- | Impregnated 1 Growth factor release from | Al-Maavi et al.
Vitro | mesh) (710x g), low-RCF protocol | RCF PCL + PRF low-RCF (2021)
(44x g) Vs. 1 Growth factor release in
PCL + low-RCF OB cell culture, from PCL +
Vs. PCL PRE low-RCF
1 pOB attachment on
scaffolds (17 with PCL + PR
low-RCF)
TAlkaline phosphatase
activity with PCL + PRE
low-RCF
In PCL 3D printed 10 mL, 3,000 rpm, 1,670x g, | PCL vs. PCL + PRF | Scaffold added to the blood | = Mineralization volume in | Chen et al. (2021)
Vivo | scaffolds 10 min vs. PRE vs. Control | before centrifugation the defect (PCL vs. PCL +

(empty defect)

PRF)
= Area of connective tissue
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Materials.

PRF preparation
protocol

Groups

Type of
incorporation

Effect of PRF and biomaterial
combinations

Inviro

v

Randomied lvcl Studics

BSM gramis:
Maxgaf’, maseso,

Cerbone’.

BoO”

BSM gramis:
Maxgaf’, masrso,
Cerbone’,

Bioos”

BCP parices: 40% BTCP,
Py

BCP parices: 0% BTCP,

s

BioOs", parices

Nano-hydrosyapatit,denin
cips

Nano-hydrosyaputie,denin
cips
PTCP parices

PTCP parices

BCP parices

Nano-hydrenyapaie

Deminesaed feze-dried

bone allogeat parics

Maxrsorb (40% TP, 60%

HA) purices

BCP granues (30% TGP,
oA

Staumann’” bone cramic
0% BTCP, 6% HA)
parices

Ao (BCP: 40% BTCP,
Py

Powdertype tooth
bomaeisl

Bovine HA granules

Parices:autogenous
materl, Bio-oss’ pTCP

Powder-ype tooth
bomaeiat

PTCP parices
Mineralsed plsmatic mateix

VP, BCP aloplast

o0 granies

Deprotenized porcine bone
mineal, collgen membrane

Hydromyapaie, alendronste

BioOs” purides

BioOs” parices

Calcom sl TCP

BTCP parices

BioOs” purides

BoOw” purides

Hydrosyapait, nano-
[m——

Boneceramc™ paricles (0%
HA 4% pTCP)

PTCP parices:

prce

Frredrid bone allogat

PR membrane (10 L.,
1200 pm for 8 i) and
Jiqid PRE (protacd
speifed)

PR membrane (10 L.
1200 pm or 8 i) and
liqid PRE (protocl ot
specifed)

Chouksoun PR (protcol no-
speifed)

10 mL. 3000 . 12 i
Clot s presed 0 make o
membrane snd mincol

7005 .8 min. Glass tbes for
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10mL. 3000 pm 10 min
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Not Specifd
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ATRE, 1500 rpm, 1 min

10, 3000 . 10 min

LPRE (1008 5,12 min)
Pressed it the membrane
and minced

3000 . 300,10 min

2500 rpm, 10 min

SOl PRE (1500 1961 .
10 min)

Liqud PRE (2700

3 min)
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PRE (2700 pm. 12 min), PR
(10 1900 rpm, S min; 2
1500 pm. 15 i)

ACPRE (1300 pm, 2008 .
i)

Matrishs vs. Materisls ith
PRE
Ve me

Materishs vs. Materisls
with PR

Materisl v, PRE vs. Mterish
“PRE
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Materisl+ PRE with colsgen
membrane s Matel + PRE

e sl + PRE v
TP + bR

PREve
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Matersl v, Mterl + PRE

Materisl v Mteril + PRE

HA s, Nano HA vs. Nano-
HA Y PRE

PRE
Materisl v, Materil + PRE

Control v PRE v,
Materisl v, Mterl + PRE

p——
Materisl + PR vs Materil
e

Contol v PRE v,
Matersl v Materl + PRE
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mixed
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Missd
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Missd
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Tested property Material

Elastic modulus (GPa)

3,579.9 (399.6)*

Post-curing duration

60 min
3,726.1 (436.2)"

3,928.8 (509.7)"

P-value

NDs 025% 32395 (894)™ 3,563.9 (202.1)° 36032 (153.5)" <0.001*
05% 33329 (115.1) 3,338.2 (88.6)" 3392.2 (185" 0411
P-value 0.013* 0.017* 0.003*
PURE 0% 35799 (3996)* 37261 (436.2) 39288 (509.7) 0239
SNPs 025% 3,539.9 (307.7)** 3,875.4 (2429) 39781 (355.7)° 0007
0.5% 3,951.7 (255.8)™F 3,984.7 (400.0) 3,929.4 (3342) 0934
P-value 0.016 0.307 0.952
ASIGA PURE 0% 3,511.0 (1325 3,641.3 (2209)** 3,5857 (156.6)" 0262
NDs 025% 2,5538 (1397)*4 2,8835 (135.9)™* 2,963.7 (138.3)* <0.001*
0.5% 2,923.4 (264.4)° 29952 (3157)° 30604 (321.7)° 0603
P-value <0.001 <0001 <0.001
PURE 0% 35110 (1325)* 36413 (220.9) 3,585.7 (156.6)* 0.262
SNPs 025% 3,412.8 (332.5)% 3,590.8 (290.8) 3,761.1 (287.9)% 0.503
0.5% 2,883.5 (135.9)* 3,5283 (376.5)"° 3,050.4 (171.1)>4% <0.001*
Povalue <0.001" 0708 <0.001

The same lowercase letter in each row for each material denotes a significant difference between the pairs.
The same uppercase letter in each column for each material denotes a significant difference between the pairs
*Statistically significant at the 0.05 level of significance.





OPS/images/froh-05-1449833/froh-05-1449833-g003.jpg
10

Composite remnant Index (CRI)

mScore0 mScorel mScore2 Score3





OPS/images/fdmed-06-1544474/fdmed-06-1544474-t004.jpg
Intercept

Sum of squares
4,359,864,896.038

Mean square
4,359,864,896.038

53,927.543

Time

3,820948.982

1,910,474.491

23.631

C

98,568.824

98,568.824

1219

NP type

19,204,536.785

9,602,268.392

118771

Material type

14,065,695.128

14,065,695.128

Timexconcentration

640,874.059

320,437.029

TimexNP type

342,706.642

85,676.660

Timexmaterial type

283,629.385

141,814.693

ConcentrationxNP type

521,772,556

260,886.278

Concentrationxmaterial type

202,360.583

202,360.583

NP typexmaterial type

2,376,122518

1,188,061.259

TimexconcentrationxNP type

821,704.862

205,426.216

“TimexNPsxmaterial type

494,571.412

123,642,853

Concentrationx NP typexmaterial type

3,130071.150

1,565,035.575

‘Timexconcentrationxmaterial type
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146,789.031

‘TimexconcentrationxNP typexmaterial type

469,626.832

117,406.708

26,194,336.957
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4,432,826,000.773

+Statistically significant at the 0.05 level of significance.
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Group (n=20)
Control

Surface treatment
No treatment.

Black, supercoarse grinding

One skilled investigator used a diamond bur (Jota diamond bur, Switzerland) with one grit size: supercoarse and subjected each
specimen to five strokes in the same direction at the center of the surface.

Carbide

Carbide bur was used for applying five strokes for each specimen in the same direction at the center of the surface.

Sandblasting

Specimens were sandblasted (50 mg alumina particles) for 10 s at a distance of 10 mm using a Wassermann Dental-Machine,
CEMAT-NT3, GMBH, Hamburg, Germany, with a propulsion pressure of 0.55 MPa. Specimens were rinsed for 30's with a
constant stream of water before being dried with compressed air.

Non-thermal plasma treatment

Piezobrush (PZ4) relyon was used, Piezobrush (PZ4) is a compact plasma handheld device intended for use in laboratories, pre-
development and assembly of small series. The Piezoelectric Direct Discharge (PDD®) technology is used to generate cold

active plasma at a temperature below 50 °C. In order to increase the surface energy with high efficiency, and reduce germs and
odors Plasma is used.

Module standard was used distance: 5 mm, Time: 30 s, Power: 80% from the manual.

ErCrYSGG laser (Waterlase Express;
Biolase, Irvine, USA)

Tip used: $75/750 pm tips/Tip diameter: 0.6 mm (6 mm long)
Wavelength: 2,780 nm

power: 2.75 W, energy: 185-190 m]

frequency: 25 Hz

(H) short pulse (60 s

air/fluid cooling: 60% air and 40% water

time of irradiation: 30 s

Distance: 5 mm
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Tested property Material 5 Post-curing duration

60 min

Flexural strength (MPa) NextDent PURE 0% 723 (2.8) 799 (2.6) 852 (26) <0.001
NDs 0.25% 789 (7.0 89.1 2.6 993 (07) <0.001"
0.5% sL1 28" 927 (5% 1026 (33) <0.001"

Pvalue 0001 <0001 <0.001
PURE 0% 723 (28) 799 (26) 852 (26) <0.001
SNPs 0.25% 112.8 (41" 1157 (76)" 1263 (6.1)* <0.001
0.5% 107.7 (52)* 107.9 (74)* 1219 (5.4)* <0.001*

Povalue <0001 <0001 <0.001
ASIGA PURE 0% 733 27" 811 24" 873 (32) <0.001"
NDs 0.25% 747 3.0 831 (@7 907 24)* <0.001%
0.5% 792 2.8) 855 (1.8)" 927 26 <0.001"

P-value <0.001 0019 0001
PURE 0% 733 (2.7) 811 (2.4) 87.3 (32) <0.001*
SNPs. 0.25% 90.2 (3.7) 109.4 (6.4) 119.8 (4.1) <0.001*
0.5% 83.9 (2.3) 92.7 (34) 101.2 (3.8) <0.001*

Prvalue <0.001" <0001 <0.001

The same lowercase leter in each row for each material denotes an insignificant difference between the pairs.
The same uppercase letter in each column for each material denotes an insignificant difference between the pairs.
wShatletically slenthicant it a 0.05 Jovel oF dgniicasice.
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P value

Thermal cycling Surface treatment
No treatment | Alumina-blasting | Carbide bur | Diamond bur Plasma Er:YAG laser
7.32+1.03* 1093 = 2.56° 7.85+2.1% 743+33° 1099 3.1°
TC 5.98+0.90" 915329 557307 561+ 443" 969 356" 8.68+203° 0004
P value 0007 008 0,002 0.005" 0.63 0042

TC, thermocycling; NTC, no thermocycling.
“Significant difference p < 0.05.
abThe same small letters per raw indicated insignificant pairwise between groups P> 0.05.
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Intercept
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Time
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C
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NP type

48,792272

24,396.136

1,550.468

Material type

4265258
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271073

Timexconcentration

102.542

51271

3258

TimexNP type

410,061

102515

6515

Timexmaterial type

142285

71.143

4521

ConcentrationxNP type
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1,340,482
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Concentrationxmaterial type

165527

165527

10520

NP typexmaterial type

4508649

2254324

143271
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163613
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2.600

‘TimexNP typexmaterial type

908.477

227.119

14434
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331217
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10525
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121169
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3850
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29.708
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Error
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15735

Total
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+Statistically significant at the 0.05 level of significance.
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Film thickness Sealer type 1 136533 1,365.33 851 0.019
DMAHDM 1 3,745.33 3,745.33 2334 0.001
Sealer typex DMAHDM 1 363 363 226 0171
Residual 8 1284 1605
Total 11 6,757.67 614.33

Flow Sealer type 1 70.08 70.08 560.67 <0.001
DMAHDM 1 6533 6533 52267 <0.001
Sealer typex DMAHDM 1 075 075 6 004
Residual 8 1 0.12
Total 1 13717 1247

Contact angle Sealer type 1 11,08188 11,0818 2,248.97 <0.001
DMAHDM 1 2,130.41 2,130.41 43235 <0.001
Sealer type x DMAHDM 1 9556 9556 19.39 <0.001
Residual 2 137.97 492
Total 31 13,445.83 433.73

Solubility Sealer type 1 7149 7149 15.10 0.001
DMAHDM 1 497 497 105 0321
Sealer typex DMAHDM 1 119 119 0253 0622
Residual 16 75.76 4.73
Total 19 153.42 8.07

Antibiofilm reduction | Sealer type 1 0 0 0 <0.001
DMAHDM 1 197.27 197.27 36,938.00 <0.001
Sealer typex DMAHDM 1 0 0 0 <0.001
Residual 4 013 0005
Total 27 197.39 731

Bold values indicate significant difference (P < 0.05).
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Brand name Material Code Composition Manufacturer

1. The composite restorative materials

Filiek™ Z350XT | Nanofilled composite | FUR | Matrix: Bis- GMA, UDMA, Bis-EMA 6, and small quantities of 3M ESPE, St. Paul, MN, | 10229114,
Universal restorative material TEGDMA.
Restorative. shade: A2 Filler: 78.5% Non-agglomerated nanoparticles of silica 20 nm size and

nano-agglomerates formed of zirconium/silica particles ranging from 0.6

to L4pm.
Beautifil Flow Plus | Nanofilled injectable | BEP | Organic matrix: 10%-20% Bis GMA, TEGDMA, Bis MPEPP, Shofu Inc, Kyoto, Japan. 082263.
X. Fo0. giomer, shade: A2 polymerization initiator, pigments, others.

Filler: 50%-60% S-PRG fillers based on aluminofluoroborosilicate glass,
ALO3. Filler size: 0.8 um.

G-anial® Universal | Nanofilled injectable | GUI | Matrix: UDMA, bis EMA, methacrylate monomers, photoinitiator, UV- | GC Corp,, USA. 230519A.
Injectable. composite, shade: A2 light absorber, pigments.

Filler: Barium (Ba) glass, Silicon dioxide (5i02).
Filler %: (wt%/vol%) 69/50. Wt%: 69%, size:150 nm

II. The stain-removing methods

Super-Snap®Buff | Polishing discs. Synthetic felt-coated polishing disks Shofu Inc, Kyoto, Japan. | PN 0536.
Disk.

DirectDia Paste. | Polishing paste. 20% diamond particles in grain size 2-4 ym. Shofu Inc, Kyoto, Japan. | 0123234
Opalescence® Boost | (office bleaching 40% hydrogen peroxide, potassium nitrate, and fluoride. Ultradent Products Inc., BVDSY.
PF 40%. South Jordan, UT.

Bis-GMA, bisphenol a-glycidyl methacrylates UDMA, urethane dimethacrylate; Bis-EMA, bisphenol A ethoxylated dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; Bis-MPEPP,
bisphenol A polyethylene glycol polypropane diol dimethacrylate; S-PRG, surface pre-reacted glass; A1203, aluminum oxide; Ba, barium; Si02, silicon dioxide; wt%, weight percent; vol%,
volume percent; um, micrometer; Nm, nanometer.





OPS/images/froh-06-1556155/froh-06-1556155-t002.jpg
Material/
groups

Filtek 7350 XT
(FUR).

Group 1
control

262 (26

Group 2
polished

192 38"

Group 3
bleached

160 (16)*

Group 4
bleached &
polished
143 (16

Beautifil Flow
Plus X (BEP).

161 (1L)™

112 (1.9)*

103 (L™

103 23)"

G-aenial
Universal
Injectable
(GUI).

156 (24)™

124 (43)®

118 2.6

10.4 (26"

Different letters within columns and lines indicate statistically significant  differences
(p<003). Lowercases represent

linear ~ differences, while

uppercases  represent





OPS/images/froh-06-1556155/froh-06-1556155-t003.jpg
Material/groups Baseline

Group 1 Group 2 Group 3

Group 4 bleached &

control polished bleached polished
Filtek Z350XT (FUR). 517 (6.6)** 528 (112" 316 57 503 (11.9)* 223 (1L.)*
Beautifil Flow Plus X (BEP). 511 (1224 497 94" 179 37)* 478 (8 19 23"
G-aenial universal injectable 524 (9.6)™ 514 (9.7 15.4 (15)* 50 (8.3)* 239 (73
(GuI).

St ot ol s wied T Rillcabs asilenanliy sl Olisraces. (5 < 00, Toenrcse Teprant N difleraiions wills poarcus st sl Hificanes





OPS/images/froh-06-1556155/MathJax.js
/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
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Surface treatment 3D printed PC
material

Hydrofluoric acid (HFA) 3D-HFA (1 =20)

etching

Milled PC
material
M-HFA (n1=20)

Phosphoric acid (PA) 3D-PA (n=20)
etching

M-PA (n=20)






OPS/images/fdmed-05-1494484/fdmed-05-1494484-t002.jpg
Material

Manufacturer

DETAX GmbH,
Ettlingen, Germany

Ref no./Lot
no.
04063/251210

Composition

Monomers and oligomers/polymers encapped with a
(me'.h ) acrylate group;
<5% of modified silicic acids;
Isopropylidenediphenol peg 2 dimethacrylate
(45-<60%);
7,7,9 (or 7,9,9)-trimethyl-4,13-dioxo-3,14-dioxa-
5,12-diaza- hexadecane-1,16-diyl bismethacrylate
(30-<35%);
1,6-hexanediol dimethacrilate (1-<5%)
2-hydroxyethyl methacrylate (1-<5%)
Diphenyl (2,4,6-trimethylbenzoyl) phosphine
oxide (1-<5%)—Hydroxy propyl methacrylate
(1-<5%)
Phenyl bis (2,4,6-trimethylbenzoyl)-phosphine
oxide (<1%) Ceramic micro-filler (lower content)

Technology

DLP 3D printing

Indication

‘Temporary crowns and bridges
and implant- supported
restorations

Telio CAD

Ivoclar Vivadent, Schaan,
Liechtenstein

686310/ YBBITX

99.5 wt.% PMMA, no fillers, pigment (<1 wt.%)

Milling

Temporary crowns and bridges
and implant- supported
restorations
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Description
No adhesive left on the cylinder

Less than 50% of adhesive left on the cylinder

More than 50% of adhesive left on the cylinder

100% of adhesive left on the cylinder with a distinct impression
of the bracket mesh
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Provisional material Surface treatment Load SBS SBS

(N) (MPa) (MPa)
Mean + (SD) Mean + (SD)* | Min—Max

3D-printed Hydrofluoric Acid Eiching 15102 (31.75) 78.86-221.05 1259+ (264) 6.58-18.44
(3D-HFA)
Phosphoric Acid Etching 93.25 % (10.01) 70.00-107.56 7.77 £(0.83) 5.84-8.97
(3D-PA)

Milled Hydrofluoric Acid Eiching 7181 (7.14) 5924-86.45 598+(0.59)° 494721
(M-HFA)
Phosphoric Acid Eiching 67.92+(7.90) 51.81-83.36 5.66 % (0.65)" 432695
(M-PA)

No statistcally significant difference for groups with the same superscript letter (a).
*Tukey HSD test showed no statistically significant difference for groups with the same superscript letter.
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Frontiers in
Dental Medicine

Explores how dental health and disease impacts
overall health

Aninterdisciplinary journal that investigates how
dental, oral and craniofacial health and diseases
are understood in the context of the whole body.
Its goal is to improve oral and overall health
outcomes for all communities.

Discover the latest
Research Topics

Frontiers

Avenue do Trbunal-Fédéral 34
1005 Lausanne, Switzerland
fontersinorg

Contactus
+41(0)215101700
frontersn ro/about/contact
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AH plus root canal sealer (DentSply Sirona, New York City, NY, USA)

5% DMAHDM + AH plus root canal sealer (DentSply Sirona, New York
City, NY, USA)

BC sealer TotalFill (FKG, Le Crét-du-Locle Switzerland)

5% DMAHDM + BC sealer TotalFill (FKG, Le Crét-du-Locle
Switzerland)
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Orientation Curing time ASIGA NextDent
Premolar Molar Premolar Molar Overall
0-Degree 30 min 1918510123 | 223.76+4525" 258.39 £ 7026 217.3127806" | 20199 +32.86° 20637 + 3947
60 min 206.79 +44.72° 217.95 £ 45.67" 2121142413 212.74 + 83.20° 227.17 £ 46.18" 22359 +32.38"
90 min 219.65+97.52 2113226629 | 2150779110 | 21215%7155' | 243.03+4162° 24902+ 4292
120 min 193.84 47172 16210+ 5224 15310 6135 21251+3399° | 21842+4L11° 216622552
45 Degree 30 min 207.05 = 60.28" 219788551 | 217465778 | 15046=2600° | 161.22+3086" 154.88 = 18.22°
60 min 202.03=91.79° 216046827 | 22363=6176" | 17865-6191° | 15897 +39.38" 16822 = 39.58°
90 min 209.88 = 8115 2153:4948" | 228683723 | 1071222484 | 15759 5653" 13710 = 38.58"
120 min 209.95 +76.13° 208.96 = 39.89" 21594 +36.62 173.99 = 44.43° 200.65 +67.17° 193.90 + 37.97*
90-degree 30 min 17433+ 32.80° 180.67 = 35.67° 178.83+2488° | 197.50 6055 17088+3261° | 185144307
60 min 17220+ 38.34° 198.65 = 3533" 185.56 +32.57° 15553 + 45.45° 135.17 +2235° 146.29 + 33.83°
90 min 17419+ 40.21° 23136662 | 201.47=5102° | 106201673 | 136842393 1221741823
120 min 20139 =59.70° 29006518 | 21448=6137° | 2321729536 | 213.95+5149" 2454 6321°

S il Do i i ekt diliiicn babwai proast v aoliann. The duilicaics e wl d B 08
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Material

ASIGA Asiga
DentaTOOTH (ASIGA,
Erfurt, Germany)

Specifications/parameters

NextDent C&B (CB) NextDent,
Soesterberg, Netherlands

Brand name

Methacrylate-based
Microhybrid composite
resin

Microfilled hybrid methacrylic
acid ester-based resin >60% wt
methacrylic oligomer (UDMA,
EGDMA), 15%-25% wt HEMA

Composition

ASIGA MAX™

Next Dent 5,100

Printer

LED-based Digital Light
Processing (DLP)

Digital Light Processing (DLP)

Printing
technology

50 pm

50 pm

layer thickness.

0-, 45-, 90-degree

0-, 45-, 90-degree

Printing
orientations

Asiga Flash, Wavelength:
405 nm

LC-D Print Box, Wavelength:
405 nm

Post-curing
machine

30, 60, 90, and 120 min

30, 60, 90, and 120 min

Post-curing
time

60°C

60°C

Post-curing
Temperature






OPS/images/froh-05-1491984/froh-05-1491984-t002.jpg
Orientation Curing time NextDent
Premolar Overall Premolar Molar Overall
0-Degree 30 min 14520 % 53.50° 12219 2184 116.44 £ 55.59° 11754 1436 10327 13.39° 10839 £12.37°
60 min 14727 %1272 11375+ 1611° 11860 £ 1137 12521£2210° 11847 £19.93° 12094 = 19.88°
90 min 16681+ 66.72" 130.19 35.02° 143,65 + 46,04 13496 £3115° 13094 £ 30.58" 13260 + 28.40°
120 min 14753 + 46,94 10858 £ 3051 12394 %6061 11617 £ 18.66" 107.17 +24.76" 11037 19.69°
45 Degree 30 min 17833 = 52.08° 147.11227.23° 15751 = 24.89° 129.05 +32.16" 119.05 26,02 12283+ 25.83°
60 min 18078 = 81.40° 168.05 = 38.56" 177.17 £ 48.34° 135543415 12129 +18.46" 12654 = 2038
90 min 20422 £6739° 15111 = 26.40° 189.83 = 33.89 116.19 £30.63" 14204 = 49.98° 13351 39.26°
120 min 205.50 + 63.09° 130.27 +18.95" 157.94 +31.14" 122.28 +27.05" 111.25+ 827" 12523 +1241°
90-degree 30 min 158.73 % 42,95 16894 +19.27° 15879+ 18.02° 12328 £18.54° 11597 £16.57° 11859+ 15.97°
60 min 168.03 = 60.94" 189.99 = 53.59° 19536 =53.31 139.61 =2451° 11474 = 22.89* 123,65 = 20.18°
90 min 16101 = 42,05 199.46 + 84.71° 189.51 = 68.13 114.04 £ 1225 12085+ 19.44° 11853 = 1383
120 min 155.10 = 4017 182.06 % 62.39° 17421 £ 4921° 11290 £ 26.00° 12441 £17.92° 14637+ 28.37
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Tested
properties

Hardness (VHN)

EICEIN

NextDent

TN wt.% (mean + SD) P
value
Pure 1% 2%

1458 (37) | 165 (37) | 166 (90)

ASIGA

141 43)° | 141 (43)° | 1194 (3.4) | 0.046"

P value

0275

Surface
roughness (um)

NextDent

15 (024) | 187 04) | 229 03) | o001~

ASIGA

157 (027) | 133 (0.4) | 14 (03) | 0693

P value

0.001%

“The same small letter per raw indicates non-significant differences between groups.
%< 0,08 slenificant differsnce.
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Materials TN % (mean + SD, P value

NBS 2%
961(126) | 8. 90 (1L0) | 8. 0255
ASIGA | 3208 | 294 | 3108 | 285 | o0s»
P value | peooorr | | p<oo0rr

For NBS, values above 3.7 NBS units are rated a “mismatch” and considered
dinically unacceptable.
*p < 0.05 significant difference.
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Tested properties

Source

F-value

Type |ll sum of Squares

Mean square

P-value

AE,, Intercept 1,609.225 1 1,609.225 1,979.609 <0.001*
Material *TN % 1.736 ;- 1.736 2.135 0.147
Error 87.793 108 813
Total 2,545.717 120

Hardness (VHN) Intercept 33,468.804 1 33,468.804 1,567.291 <0.001"
‘material * TN % 283.423 1 283.423 13272 0346
Error 2,306.292 108 21355
Total 37,084,646 120

Surface roughness (Ra, um) Intercept 220841 1 20841 2,517.650 <0.001*
material * TN % 022 1 022 245 0.621
Error 9473 108 088
Total 246.783 120

*Statistical significance at 0.05 level of significance.
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Materials’ specifications
and printing process
Brand name

Compositions

Denture 3D + NextDent B.

NextDent

oesterberg, The Netherlands
Methacrylic oligomers, methacrylate monomer
Bisacylphosphine oxide (BAPO)

Phenyl bis (2,4,6-trimethylbenzoyl)-phosphine oxide
Inorganic filler

Pigments

DentaBASE ASIGA, Erfurt, Germany

Ethoxylated bisphenol A dimethacrylate 7,7.9 (or 7.9,9)-trimethyl-
4,13-dioxo-3,14dioxa-5,12-diazahexadecane-

1,16-diylbis 2
dioxide Diphenyl (2,4,6-
oxideTitanium dioxide

Silicon

imethylbenzoyl)-phosphine

Nanocomposite

Titanium dioxide nanoparticles (Sigma-Aldrich, Co., St Louis, MO, USA) was added separately by 1% and 2% to each resin forming
nanocomposite followed by shaking vigorously to confirm TN distribution within the resin fluid

Specimens dimension

Disc-shape (10 x 2 mm)

Printer

NextDent 5,100, NextDent B.V., Soesterberg, The Netherlands

ASIGA MAX™, ASIGA, Erfurt, Germany

Printing technology

DLP

Wavelength

405 nm

385-405 nm

Post-curing machine

LC-D Print Box, NextDent B.V., Soesterberg, The Netherlands

ASIGA Flash, ASIGA, Erfurt, Germany

Post-curing time

30 min

20 min delivered [4,000 flashes (2 x 2,000 flashes each side)

Post-curing temperature

60°C
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Parameters Gp1 (control) Gp2

Mean =D 19890 231+99 218+10.1
Median (min—max) | 182 (94-464) | 214 (108-50.1) | 20.2 (62-512)
Mode of failure (%) | A:55.6/M: 444 | A:55.6/M: 444 | A: 55.6/M: 444
m (95% CI) 27 21-34) 29(22-36) | 25(20-32)
0 (95% CI) 222(19.6-25.1) | 23.8 (21.1-26.7) | 252 (22.0-28.7)
r 0.8589 0.8961 0.9396

No statistically significant differences were found using Kruskal-Walls test (p=0.235).
Gp1: the adhesive layer was applied according to the manufacturer’s instructions (control).
Gp2: two coats of adhesive coats were applied according to the manufacturer’s instructions
without light curing between the layers. Gp3: two coats of adhesive coats were applied
according to the manufacturer’s instructions, and light curing was performed between the
adhesive layers. SD, standard deviation; min., minimum value; max., maximum value; m,
Weibull modulus; 95% CI: 95% confidence interval; o, characteristic strength; r’,
correlation index; A, adhesive failure; M, mixed failure. Cohesive failure was excluded
because it did not represent an adhesive interface failure.
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;
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Material Component Percentage (%)
Tetric N-bond universal Bis- GMA 25%-50%
vivapen Ethanol 10%-25%
HEMA 10%-25%
Phosphonic acid acrylate 10%-25%
UDMA 225% <10%
TPO <2.5%
Tetric N-ceram bulk fill Bis-GMA 3%<10%
UDMA 3%<10%
Ytterbium trifluoride 3%<10%
Bis- EMA 3% <10%
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Author/ Sample | Age, type Lesion Follow Outcome Blinding Adverse effect &
region, date size of severity up assessment dropout (%)
dentition methods
Abbas et al/Iraq, | 40 Children | 5-7, Primary Unknown 2103 Unknown & (5%)
2019 (20) Dentition Weeks- 6
Months
Abdellatif et al/ | 90 Children | 3-8, Primary ICDAS 45& 6 | 6-12 Visual-Tactile Black Staining & (41.1%)
Saudi Arabia, 2021 Dentition Months Inspection &
@1 Radiographs
Abdellatif et al/ | 220 Children | < 4, Primary | Moderate (ICDAS | 6 Months | Visual-Tactile Participants, Black Staining and 7 events of
Egypt, 2023 (22) (1606 | Dentition 3/4) & Advanced Inspection outcome examiner, | gum blenching & (9.5%)
Lesions) (ICDAS 5/6) and biostatistician
Al-Nerabieah et al./ | 119 Children | 3-5, Primary Nyvad Criteria | 3 Weeks-6 | Visual-Tactile Participants, Black Staining & (0%)
Syria, 2020 (23) | (244 surfaces) | Dentition (Unknown level) | Months Inspection investigators, and
data analyst
Al Nerabieah et al/ | 63 Children | 3-5, Primary | Advanced (ICDAS | 3 Weeks- 3 | Visual Tactile Participants, parents | Black Staining & (0%)
Syria, 2020 (24) (164 teeth) | Dentition 5) and 6 Inspection and biostatistician
Months
Aly et al/Egypt, 36 Adults | 18-50, Class I Deep Caries | 3-6 Months | Visual-Tactile Participants, Black Staining & (0%)
2023 (19) Permanent (Unknown Criteria Inspection & biostatistician,
Dentition i outcome assessor
Azuoru et al./ 240 Children | 3-10, Primary ICDAS5& 6 | 2 Weeks- 1 | Visual Tactile Unknown Black Staining & (2.5%)
Nigeria, 2021 (1) Dentition and 3 Inspection
Months

Cleary et al/USA, | 98 Children | 2-10, Primary ICDAS5& 6 | 3-6-12 Visual-Tactile Black Staining & (30%)
2022 (25) (98 teeth) | Dentition Months Inspection &

Duangthip et al/ | 304 Children | 3-4, Primary | Advanced Lesions | 6-12-18 | Visual-Tactile Outcome examiner | Black Staining & (9%)
China, 2016 (16) (1670 | Dentition (ICDAS 5/6) | Months Inspection
Lesions)
Duangthip et al/ | 371 Children | 3-4, Primary | Moderate (ICDAS | 6-12-18- | Visual-Tactile Participants, parents, | Black Staining & (17%)
China, 2018 (17) (2526 | Dentition 3/4) & Advanced | 24-30 Inspection teachers, providers,
Lesions) (ICDAS 5/6) | Months outcome examiner
Gao et al./China, 1070 | 3-4, Primary Unknown 6-12-18- | Visual Tactile Participants, parents, | Black Staining & (17.7%)
2020 (26) Children | Dentition Inspection and examiner

Mabangkhru et al./ | 302 Children Cavitated Visual Tactile Outcome examiner | Black Staining & (12.9%)
Thailand, 2020 (27) | (2.249 i (Unknown Inspection
Lesions) Criteria)
Milgrom et al./ 66 Children | 2-6, Primary | Cavitated (Nyvad | 14 to 21 Visual Tactile Participants, 8 events of diarthea and
USA, 2018 (25) Dentition criteria level 3-6) | Days Inspection operator, and stomachache & (3%)
examiners
Phonghanyudh 290 Children | 1-3, Primary ICDAS2 (non- | 6-12-18 | Visual-Tactile Outcome examiner | Black Staining & (15.8%)
et al/Thailand, (2,249 Dentition Cavitated) & Months. Inspection
2022 (29) Lesions) ICDAS3
(Cavitated)
Prakash et al./ 34 Children | 6-9, Primary | Advanced (ICDAS | 6-12 Visual-Tactile Outcome examiners | Black Staining & (Unknown%)
India, 2022 (30) (68 teeth) 5) Months Inspection & and data analyst
Radiographs
Quritum et al/ 360 Children i ICDAS 3 or higher | 6-12 Visual-Tactile No Black Staining and gum
Egypt, 2024 (31) (1,853 tit Months Inspection blenching/pain & (4.7%)
lesions)
Sirivichayakul 190 children | 4-6, Primary | Non-Cavitated & | 6-12-18 | Radiograph Participants, parents, | Unknown & (17.4%)
et al/Thailand, (2,685 | Dentition Cavitated caries | Months Examination and examiner
2023 (15) surfaces) (Unknown
Criteria)
Tirupathi etal/ | 50 Children | 6-10, Primary | Mount and Hume | 1-3-6-12 | Visual Tactile Participants, Black Staining that faded away
India, 2019 (32) | 159 (Lesions/ | Dentition Classification of | Months Inspection operator, and after 6 months & (7.5%)
teeth) caries (Codes 1,2,3) examiner
Volld et al/Brazil, 68 Children | 2-5, Primary ICDAS 5& 6 3-6-12 Visual-Tactile ‘Outcome assessor Black Staining and 20 events of
2019 (18) (118 teeth) | Dentition Months Inspection burning, bad taste, pain, mouth
injury, dissatisfaction with
appearance, skin/mouth

& (22%)
Zheng et al./China, | 688 Children | 3-4, Primary Unknown Participants, parents, | Unknown (76%)
2023 (14) Dentition and examiner
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Author, year
Abbas et al,, 2019 (20)

38% SDF (1 315%

Comparator/s

Placebo (1 2.6%

Abdellatif et al, 2021 (21)

38% SDF (Bi-Annual): 99%

Glass Tonomer Cement: 94%

Abdellatif et al, 2023 (22)

38% SDF (1 Application): 73.2%

Bi-Annual 38% SDF +5% NaF (1 Application): 77.7%

Al-Nerabieah et al., 2020 (23)

38% SDF (1 Application): 79.5%

Nano Silver Fluoride (1 Application): 67.2%

Al-Nerabieah et al, 2020 (24)

38% SDF (1 Application): 79%

Nano Silver Fluoride + Green Tea Extract (1 Application): 67.4%

Aly et al, 2023 (19)

38% SDF (1 Application): 91.7%

5% Nano Silver Fluoride (1 Application): 100% Control (Composite Restoration): 83.3%

Azuoru et al,, 2021 (1)

38% SDF (1 949%

Glass lonomer Cement: 50.9%

Cleary et al, 2022 (25)

38% SDF (Bi-Annual): 25% (No failure)

Restorative Treatment (Different Materials): 93% (No failure)

Duangthip et al, 2016 (16)

30% SDF (Annual): 40%
30% SDF (3 Weekly Appli 35%

5% NaF (3 Weekly Applications): 27%

Duangthip et al, 2018 (17)

30% SDF (Annual):
- ICDAS 3/4 Lesions: 45%
- ICDAS 5/6 Lesions: 48%

30% SDF (3 Weekly Applications):
ICDAS 3/4 Lesions: 44%
- ICDAS 5/6 Lesions: 33%

5% NaF (3 Weekly Applications):
- ICDAS 3/4 Lesions: 51%
- ICDAS 5/6 Lesions: 34%

Gao et al, 2020 (26)

38% SDF (Bi-Annual): 68.9%

25% Silver Nitrate + 5% NaF (Bi-Annual): 70.6%

Mabangkhru et al., 2020 (27)

38% SDF (Bi-Annual): 35.7%

5% NaF (Bi-Annual): 209%

Milgrom et al,, 2018 (25)

38% SDF (1 Application): 51.7%

Placebo (1 Application): 2.9%

Phonghanyudh et al, 2022 (29)

38% SDF (Bi-Annual): 59.1%

5% NaF (Bi-Annual): 588%

Prakash et al, 2022 (30)

38% SDF (Bi-Annual): 77.4%

5% NaF (Bi-Annual): 419%

Quritum et al., 2024 (31)

38% SDF (Bi-Annual):
- Individual Level: 35.6%
- Surface Level: 56.3%

Nano Silver Fluoride (1 Application):
- Individual Level: 58.3%
- Surface Level: 71.3%

Tirupathi et al., 2019 (32)

38% SDF (1 Application): 71%

5% Novel Nano Silver Fluoride (1 Application): 7%

Volld et al,, 2019 (18)

30% SDF (1 Application): 89%

Glass Ionomer Cement: 96%
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0Odds Ratio
M-H, Random, 95% CI

Experimental  Control 0dds Ratio
Study or Subgroup _ Events _ Total Events Total Weight M-H, Random, 95% CI
20.2.3 SDF versus ART(GIC)
Azuoru et al, 2022 12 118 59 116 22.3% 18.03[7.34, 44.28]
Subtotal (95% CI) 118 116 22.3%  18.03[7.34,44.28]
Total events. 12 59
Heterogeneity: Not applicable
Test for overall effect Z= 6.31 (P < 0.00001)
20.2.4 SDF versus NSF
Alyetal, 2023 11 12 12 12 161% 0.31(0.01,831)
Quritum et al, 2024 64 180 105 180 22.8% 0.39(0.26, 0.60]
Subtotal (95% CI) 1 192 38.9% 0.39[0.26, 0.60]
Total events 75 17
Heterogeneity: Tau?= 0.00; Chi*= 0.02, df= 1 (P = 0.88); F= 0%
Testfor overall effect: 4.35 (P < 0.0001)
20.2.5 SDF versus Placebo
Abbas etal, 2019 6 19 119 192% 8.31[0.88,77.57]
Milgrom et al, 2019 15 29 135 196% 3643(4.38,30281)
Subtotal (95% CI) 48 54 388%  18.10[3.89,84.15]
Total events il 2
Heterogeneity: Tau*= 0.00; Chi*= 0.89, df=1 (P=0.34), F= 0%
Test for overall effect: Z= 3.69 (P = 0.0002)
Total (95% CI) 358 362 100.0% 3.86 [0.34, 43.96]
Total events. 208 78
Heterogeneity: Tau®= 6.71; Chi*= 77.72, df= 4 (P < 0.00001); F= 95%
Test for overall effect: 08 (P=0.28)

Test for subaroun diﬁsrenées: Chi*= 7223, df= 2 (P < 0.00001). F= 87.2%
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Experimental Control 0dds Ratio 0dds Ratio
Study or Subgroup Events Total Events Total Weight M.H, Random, 95% CI M-H, Random, 95% CI
20.1.1 SDF versus ART(GIC)
Abdellatif et al, 2021 81 82 80 8 80% 5.06(0.58, 44.30)
Volli et al, 2019 54 61 43 45 124% 0.36(0.07,1.82)
Subtotal (95% ClI) 143 130 20.5% 1.22[0.09, 16.34]
Total events 135 123
Heterogeneity: Tau?= 2.58, Chi*= 3.70, df= 1 (P = 0.05); F=73%
Testfor overall effect Z=0.15 (P = 0.88)
20.1.2 SDF versus NSF
Al-Nerabieah et al, 2020a 97 122 92 122 311% 1.27(0.69,2.31) A
AkNerabieah et al, 2020b 64 81 56 83 286% 1.82(0.90, 367) ——
Subtotal (95% Cl) 203 205 59.7% 1.47[0.93,2.33] @
Total events 161 148
Heterogeneity: Tau = 0.00; Chi*= 0.58, df = 1 (P = 0.45); F= 0%
Testfor overall effect Z=1.66 (P = 0.10)
20.1.3 SDF versus NAF
Prakash et al, 2023 24 31 13 31 189% 4.75(1.57,14.31) Y
Subtotal (95% CI) 31 31 199%  475(157,1431] B
Total events 24 13
Heterogeneity: Not applicable
Testfor overall effect Z= 2.77 (P = 0.006)
Total (95% Cl) 317 366 100.0% 1.74[0.88, 3.46] SO
Total events 320 284

7111 df=4(P=007), F=54% Tor

Test for subaroun differences: Chi*= 3.76. df= 2 (P = 0.15). F= 46.8%
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Experimental ~ Control 0dds Ratio 0dds Ratio

Study or Subgroup Events Total Events Total Weight M-H,Random, 95% CI -H, Random, 95% CI
20.3.3 SDF versus NSF
Qurturn etal, 2024 57972 628 881 334%  052(043,063) *
Subtotal (95% CI) m 881 334% 052[043,0.63) ¢
Total events 547 628
Heterogeneity: Not applicable
Testfor overall effect Z= 6,66 (P <0.00001)
20.3.4 SOF versus NAF
Mabangkhrua etal, 2020 342957 199 950 333%  210(1.71,259) *
Phonghampudhetal, 202 473 801 489 832 3%  101[083,123 *
Subtotal (95% CI) 1758 1783 66.6% 146[0.71,2.98] -
Total events 815 688
Heterogeneity. Tau?= 0.26; Chi*= 25.42, df=1 (P <0.00001); F= 96%
Testfor overall eflect Z=1.03 (P = 0.30)
Total (95% CI) 2730 2664 100.0% 1.03[047,2.27)
Total events 1362 1316
Heterogeneity: Tau? = 0.48; Chi*= 94.93, df= 2 (P <0.00001); F= 98% 4001 0:1 i 50 100:
Testforoverll efect Z= 008 (= 094 Favours [experimental] Favours [control
Testfor subaroun diflerences: Chi*= 7.45. df= 1 (P = 0.006). F = 86.6%
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5 Anticipated absolute effects (95% CI)
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Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result
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