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            Abstract
          
        

        
          This study aimed to analyze the eluted components of syringe-type bis-acryl composites and to evaluate the effect of removing the oxygen-inhibited layer on cytotoxicity. Four different bis-acryl provisional composite materials-Protemp 4 (PT), Structur 2 SC (ST), Luxatemp Automix Plus (LT), and Hexa-Temp (HT)-were evaluated. Gas chromatography/mass spectrometry was used to analyze the composite eluate after 24 h of immersion in methanol. An agar overlay test and a live/dead assay were performed on the polymerized disc-shaped specimens after 24 h. To evaluate the effect of removing the oxygen-inhibited layer, samples were prepared with a surface oxygen-inhibited layer. The surface oxygen-inhibited layer of the disc-shaped specimens was removed with alcohol only (subgroup A) or with polishing and alcohol (subgroup PA), and their cytotoxicities were compared with those of “as received” (subgroup N) specimens using the WST-1 assay. Statistical significance was assessed using analyses of variance, followed by Bonferroni multiple comparison tests (α=0.05). Different components were detected by gas chromatography/mass spectrometry analysis among the groups. The agar overlay assay confirmed severe cytotoxicity in HT, LT, and ST groups, whereas PT showed moderate cytotoxicity. The effect of removing the oxygen-inhibited layer on cell viability was significantly higher in PA than in N in all composite groups. In HT and ST, the cell viability was significantly higher in PA than in A. Syringe-type bis-acryl composites for provisional restorations may elute various components into the oral cavity, which may cause cytotoxicity in adjacent structures. The cytotoxicity of the materials is reduced by the removal of the oxygen-inhibited layer.

        

        
          
            초록
          
        

        
          본 연구의 목적은 시린지 형태의 비스아크릴 기반 임시치관용 자가중합형 복합레진의 용출물을 분석하고, 산소중합억제층 제거 방법이 세포독성에 미치는 영향을 평가하고자 하였다. 평가를 위해 시판 중인 네 가지 임시치관용 비스아크릴 복합레진을 비교 분석하였다. 실험에는Protemp 4(PT), Structur 2 SC(ST), Luxatemp Automix Plus(LT)과 Hexa-Temp(HT)를 사용하였다. 원반형 레진 시편을 제작하여 메탄올에서 24시간 용출 후, 기체 크로마토그래피/질량 분석법(GC/MS)을 사용하여 용출물을 분석하였다. 동일하게 제작된 원반형 시편으로 세포독성을 평가하기 위해 한천중층시험법과 live/dead assay를 사용하였다. 산소중합억제층 제거 영향을 평가하기 위해 산소중합억제층을 재현한 원반형 시편을 제작하였다. 표면 처리 방법에 따라 세 개의 하위집단인, 처리하지 않은 대조군(N), 산소중합억제층을 알코올로 문질러 제거한 군(A), 표면 연마 후 알코올로 문질러 제거한 군(PA)으로 나누었다. 세포독성은 시편을 배지에 용출하여WST-1으로 평가하였다. 통계분석을 위해 소프트웨어를 사용하였으며, 등분산과 정규성 검정 후, ANOVA와 Bonferroni 사후분석법으로 통계적 유의성을 평가하였다(α=0.05). GC/MS 분석 결과, 실험군에 따라 서로 다른 구성성분이 용출되었다. 한천중층시험법 결과, 세포독성은 HT, LT, ST에서 심한독성, PT에서는 중등도의 독성이 나타났다. 산소중합억제층 제거에 의한 세포생존은 모든 레진에서 N에 비해 PA 가 유의하게 높았으며, HT와 ST는 A에 비해 PA에서 유의하게 높았다. 시린지 형태의 임시치관용 자가중합형 복합레진은 구성성분에 따라 구강 내 세포독성에 영향을 줄 수 있는 다양한 용출물이 구강 내로 용출될 수 있으며, 임시치관 재료의 독성은 산소중합억제층 제거하는 방법에 따라 감소할 수 있다.
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      Introduction
      For successful permanent restorations, properly fabricated provisional restorations are crucial. The provisional restoration should remain satisfactory for chewing, occlusion, pronunciation, and esthetics for at least a few days to several months before the final restoration is delivered (1, 2).

      Acrylic resin is the most popular conventional provisional material and is mostly used in the form of a powder mixed with liquid. The main components are polymethyl methacrylate (PMMA) and methyl methacrylate (MMA) (2, 3). The limitations of this material include void entrapment, characteristic heat generation, and shrinkage that occur during the polymerization process, which might affect the pulp integrity and quality of the provisional restorations (3, 4).

      A bis-acryl composite is another type of provisional material with less heat generation and shrinkage during polymerization (5, 6). It is used with auto-mix dispensers, making it convenient with fewer voids (7). Bis-acryl composites are considered more accurate and durable, particularly when the span of the restoration increases (8, 9).

      As the provisional material remains in direct contact with intraoral structures, concerns regarding the leaching of residual components into the oral cavity are frequently raised. Bisphenol A-glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA), triethylene glycol dimethacrylate (TEGDMA), and bisphenol A (BPA) reportedly cause DNA double-strand breakage, increased inflammatory cytokine and enzyme activities, and potential acute systemic toxicity (10-12). Therefore, the provisional material should not be cytotoxic or affect the integrity of the dentin-pulp complex and periodontal tissues.

      To reduce the possible cytotoxicity, the removal of the remaining unpolymerized material at the surface is recommended (13, 14). An oxygen-inhibited layer is known to reduce the degree of monomer conversion and cell viability (15). However, studies on the cytotoxicity of bis-acryl composites after using different removal methods for the oxygen-inhibited layer are lacking.

      This study aimed to analyze the eluted components of syringe-type bis-acryl composites and to evaluate the effect of oxygen-inhibited layer removal on cytotoxicity so as to gain insights into the relationship between eluted monomers and potential cytotoxicity. The null hypothesis is as follows: there are no differences in component elution among the composites, in cytotoxicity among the composites, and in cytotoxicity among the oxygen-inhibited layer removal methods.

    

    

  
    
      Materials and Methods
      
        1. Composite sample preparation
        Four different bis-acryl provisional composite materials-Protemp 4 (PT), Structur 2 SC (ST), Luxatemp Automix Plus (LT), and Hexa-Temp (HT)-were used in this study (Table 1).

        
          Table 1. 
				
          

          
            Materials used in this study
          
          

        

        
          
            
              	Materials (Code)
              	Major Components
              	Manufacturer (Lot no.)
            

          
          
            	Protemp 4
(PT)
            	Bis-GMA (bisphenol A glycidyl methacrylate)
DMA (dimethacrylate)
Zirconia
Fumed silica
Silane
Pigments
            	3M ESPE, 
Minnesota
USA
(6693648)
          

          
            	Structur2 SC
(ST)
            	Bis-GMA (bisphenol A glycidyl methacrylate)
DMA (dimethacrylate)
BHT (butylated hydroxytoluene)
BPO (benzoyl peroxide)
Amine
Glass particles
Pigments
            	Voco, 
Cuxhaven
Germany
(2121378)
          

          
            	Hexa-Temp
(HT)
            	Bis-EMA (bisphenol A ethoxylated dimethacrylate)
UDMA (urethane dimethacrylate)
TEGDMA (triethylene glycol dimethacrylate)
GDMA (glycerol dimethacrylate)
Inhibitor: BHT (butylated hydroxy toluene)
Stabilizer: BTA (Benzotriazole)
Initiator: BPO (benzoyl peroxide)
Initiator: Amine
Silica
Silanized glass
TiO2 (titanium dioxide)
Pigments
            	Spident, 
Incheon
Korea
(H2A21005)
          

          
            	Luxatemp
Automix Plus
(LT)
            	UDMA (urethane diacrylate)
aromatic diacrylate
GMA (glycidyl methacrylate)
Additives
Stabilizer
Silica
Glass filler
Pigments
            	DMG, 
Hamburg
Germany
(231673)
          

        

        

        For the eluted component analysis, agar overlay assay, and live/dead Assay, the composites were filled in a Teflon® mold (10 mm in diameter and 2 mm in height), and the surface was covered with a Mylar® strip to prevent the formation of the inhibition layer. After 10 min of setting time, the specimens were removed from the mold and used for the experiments, following the manufacturers’ instructions.

        For evaluating the effect of removal of the oxygen-inhibited layer, the composites were filled in a Teflon® mold (10 mm in diameter and 2 mm in height), and the surface remained uncovered for the oxygen-inhibited layer to form. The specimens were divided into three N, A, and PA subgroups according to the surface-finishing method. The specimens of subgroup N (as-received) were compared with those of subgroup A (the surface layer was wiped off with an alcohol sponge) and subgroup PA (the surface was polished and wiped with an alcohol sponge). For subgroup A, the surface was wiped with a 70% ethyl alcohol-dampened sponge (Meditop, Seoul, Korea) until the surface gloss disappeared. For subgroup PA, the surface was serially polished using silicon carbide abrasive papers with grit sizes of 320, 600, 800, 1200, and 2,400 (MECATECH 250 SPC; Perci, Grenoble, France), and the surface was subsequently wiped with a 70% ethyl alcohol-dampened sponge (Meditop).

      

      
        2. Gas chromatography/mass spectrometry
        The disc-shaped specimens were immersed in 99.9% methanol (Sigma-Aldrich, St. Louis, MO, USA) and eluted for 24 h at 37 ℃ in a brown glass vial (3cm2/mL). To qualitatively evaluate the eluates, a Trace Ultra GC Ultra gas chromatograph (GC) linked to a triple quadrupole mass spectrometer (MS; TSQ 8000; Thermo Fisher Scientific, Madison, WI, USA) was used in the splitless mode. The compounds were separated using a GC column, with geometry parameters of 60 m length, 0.25 mm diameter, and 0.25 μm film thickness, at a stationary phase with a split ratio of 1:10 and helium flowing at a constant rate of 1 mL/min. The GC oven was heated isothermally at 50 ℃ for 2 min, heated to 280 ℃ (25 ℃/min), which was maintained for 5 min, and then cooled to 250 ℃. With an electron ionization source temperature of 240 ℃, the MS was set to the full scan mode, and data were recorded (mass-to-charge ratio, m/z 50-600) at 70 eV. For qualitative analysis, the relevant compounds were identified by comparing their retention times and mass spectra with their corresponding reference standards and the National Institute of Standards and Technology (NIST) library database.

      

      
        3. Cell culture
        A human gingival fibroblast cell line (HGF-1; ATCC CRL-2014) was cultured in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) containing 1% penicillin (Gibco, Life Technologies, Grand Island, NY, USA), 1% streptomycin (Gibco), and 10% fetal bovine serum (FBS; Gibco), at 37 ℃ in a humidified chamber with 5% CO2.

      

      
        4. Cytotoxicity evaluation
        For the agar overlay assay, HGF-1 cells were seeded in 100 mm-diameter cell culture dishes and incubated to the confluency of 80% at 37 ℃ in 5% CO2. The medium was replaced with 10 mL of freshly prepared agar medium containing DMEM, 10% FBS, and 1.5% agarose mixture.	A total of 10 mL of 0.02% neutral red solution (Sigma) in phosphate-buffered saline (PBS; Lonza, Morristown, NJ, USA) was added, and the cells were incubated for 20 min at 37 ℃. Excess dye was then removed, and the PT, ST, HT, and LT specimens were placed on the agar surface, along with a negative control (NC) and positive control (PC). A latex glove was used as the PC, and a cover glass was used as the NC. The dishes were incubated for 24 h at 37 ℃ in 5% CO2 and examined under a stereomicroscope (KI-2000F; Korea Lab Tech, Seong Nam, Gyeonggido, Korea). The decolorized zones and cell lysis were evaluated according to the International Organization for Standardization (ISO) 7405:2018 (Tables 2 and 3) (13).

        
          Table 2. 
				
          

          
            Definition of zone and lysis index values (ISO 7405:2018)
          
          

        

        
          
            
              	Index
              	Score
              	Description
            

          
          
            	Zone index
            	0
            	No detectable zone around or under the sample
          

          
            	1
            	Zone limited to the area under the sample
          

          
            	2
            	Zone not over 5 mm in extension from the sample
          

          
            	3
            	Zone not over 10 mm in extension from the sample
          

          
            	4
            	Zone over 10 mm in extension from the sample
          

          
            	5
            	Zone involving entire plate
          

          
            	Lysis index
            	0
            	No observable lysis
          

          
            	1
            	Up to 20% of zone lysed
          

          
            	2
            	20-40% of zone lysed
          

          
            	3
            	40-60% of zone lysed
          

          
            	4
            	60-80% of zone lysed
          

          
            	5
            	Over 80% lysed within the zone
          

        

        

        
          Table 3. 
				
          

          
            Cell response (ISO 7405:2018)
          
          

        

        
          
            
              	Scale
              	Cell response
              	Cytotoxicity Interpretation
            

          
          
            	0
            	0
            	None
          

          
            	1
            	1
            	Mild
          

          
            	2
            	2 to 3
            	Moderate
          

          
            	3
            	4 to 5
            	Severe
          

        

        

        For the live/dead assay, HGF-1 cells were seeded in a 35-mm confocal dish (SPL) at a concentration of 2×104 cells/well and incubated for 24 h. The cells were then treated with 1 mL of eluates prepared in DMEM for 24 h at 37 ℃. After incubation, the cells were stained using the LIVE/DEADTM Viability kit (Invitrogen, Waltham, MA,	USA) for 30 min and observed under a digital inverted fluorescence microscope (DS-Ri2; Nikon, Tokyo, Japan).	Live cells emitted green fluorescence, whereas dead cells emitted red fluorescence.

      

      
        5. WST-1 assay for N, A, and P subgroups
        For Water-Soluble Tetrazolium-1 (WST-1) assay, the specimens of N, A, and PA were placed in a 24-well plate (SPL) with 1 mL of DMEM and stored at 37 ℃.	After 24 h of storage, the HGF-1 cells were seeded on the composite surface at a concentration of 2×104 cells/mL and incubated for 24 h. The EZ-Cytox Cell Viability Assay Kit (DoGenBio, Seoul, Korea) was used according to the manufacturer’s instructions. Optical density (OD) was measured at 450 nm using a microplate reader (Allsheng AMR-100; Hangzhou, Zhejiang, China). The cell viability percentage is expressed as the ratio of the OD of the experimental groups to that of the cell culture dish.

      

      
        6. Statistical analysis
        After the normality test and equal variance test of each data point, statistical analysis was performed with an analysis of variance followed by a Bonferroni multiple comparison test. Data were analyzed at a significance level of 0.05 using GraphPad Prism 9.0.0 (GraphPad Software Inc., San Diego, CA, USA).

      

    

    

  
    
      Results
      
        1. GC/MS analysis of composite eluates
        Representative GC/MS chromatograms of the substances from each composite eluate are depicted in Figure 1 and Table 4. Methylbenzene, butylated hydroxytoluene (BHT), and N,N-dibutylphenethylamine (N, N-DMPEA) were the three main components of PT. p-Cymene, benzoic acid (BA), tributyl acetyl citrate (ATBC), and p-Tolyldiethanolamine (DEPT) were detected in ST.	TEGDMA, DEPT, Tinuvin P (TINP), and GDMA were the main components detected in HT. Hydroxyethyl methacrylate (HEMA), TEGDMA, camphorquinone (CQ), and 2-hydroxy-4-methacryloxybenzophenone were mainly detected in LT.

        
          
          

          Figure 1. 
				
          

          
            GC/MS analysis. Quantitative analysis of the composites.
          
          

          

        

        
          Table 4. 
				
          

          
            Main components identified by GC/MS
          
          

        

        
          
            
              	Chemical Compound
              	Function
              	Molecular
Formula
              	Molecular
Weight
              	Area (%)
            

            
              	
              	PT
              	ST
              	HT
              	LT
            

          
          
            	Methylbenzene
            	-
            	C7H8
            	92.14
            	6.35
            	44.63
            	0.78
            	15.02
            	-
          

          
            	Hydroxyethyl methacrylate
(HEMA)
            	monomer
            	C6H10O3
            	130.14
            	10.02
            	-
            	-
            	-
            	5.31
          

          
            	4-Isopropyltoluene
            	additives
            	C10H14
            	134.22
            	10.35
            	-
            	27.12
            	-
            	-
          

          
            	Methyl benzoate (MeBA)
            	-
            	C8H8O2
            	136.15
            	11.48
            	-
            	2.23
            	2.77
            	-
          

          
            	Cyclomethicone 5
            	additives
            	C10H30O5Si5
            	370.77
            	11.69
            	4.59
            	0.73
            	1.09
            	0.59
          

          
            	Benzoic acid (BA)
            	-
            	C7H6O2
            	116.21
            	12.4
            	-
            	6.01
            	2.22
            	-
          

          
            	Cyclomethicone 6
            	additives
            	C12H36O6Si6
            	444.92
            	14.15
            	2.55
            	0.56
            	0.76
            	0.31
          

          
            	camphorquinone (CQ)
            	photoinitiator
            	C10H14O2
            	166.22
            	14.7
            	-
            	-
            	-
            	12.88
          

          
            	BHT
            	UV-inhibitor
            	C15H24O
            	220.35
            	17.15
            	1.69
            	-
            	-
            	-
          

          
            	GDMA
            	monomer
            	C11H16O5
            	228.24
            	17.72
            	-
            	-
            	2.35
            	-
          

          
            	N, N-Dibutylphenethylamine
(N, N-DMPEA)
            	additives
            	C16H27N
            	233.39
            	18.81
            	23.85
            	-
            	-
            	-
          

          
            	p-Tolyldiethanolamine (DEPT)
            	polymerization
accelerator
            	C11H17NO2
            	195.26
            	20.67
            	-
            	13.99
            	23.12
            	-
          

          
            	TEGDMA
            	monomer
            	C14H22O6
            	286.32
            	21.19
            	-
            	-
            	6.38
            	24.59
          

          
            	Tinuvin P (TINP)
            	additives
            	C13H11N3O
            	225.25
            	23.06
            	-
            	1.84
            	39.74
            	-
          

          
            	2-Hydroxy-4-methoxy
benzophenone (HMBP)
            	UV-stabilizer
            	C14H12O3
            	228.24
            	23.24
            	-
            	-
            	-
            	27.58
          

          
            	Tributyl acetyl citrate (ATBC)
            	plasticizer
            	C20H34O8
            	402.5
            	24.71
            	-
            	21.48
            	-
            	-
          

        

        

      

      
        2. Cytotoxicity evaluation with agar overlay and live/dead assays
        In the agar overlay assay, all the groups showed decolorization of the composite specimens (Table 5). PT scored a lower lysis index than HT, LT, and ST. Severe cytotoxicity was confirmed in ST, LT, and HT, whereas PT showed moderate cytotoxicity.

        
          Table 5. 
				
          

          
            Results of the agar overlay assay
          
          

        

        
        

        The live/dead staining assay results, after 24 h of composite extract treatment, are presented in Figure 2.	PT, LT, and HT showed a higher density of live cells than ST.

        
          
          

          Figure 2. 
				
          

          
            Representative fluorescence microscopic images of the live/dead assay.
          
          

          

        

      

      
        3. Cell viability of N, A, and P subgroups
        The cells directly seeded on the materials showed a more significant decrease in cell viability than those seeded on the culture dish (Figure 3). A significant difference was observed between N and PA in all the groups. PT-PA (45.05±9.29) and ST-PA (38.25±8.03) showed a significantly higher cell viability than PT-N (34.74±3.73, p=0.0131) and ST-N (26.08±2.45, p=0.0025), respectively.	Similarly, HT-PA (51.87±14.34) and LT-PA (26.31±4.77) showed a significantly higher cell viability than HT-N (37.73±4.49, p=0.0004) and LT-N (15.93±1.42, p=0.0121), respectively. In ST and HT, subgroup PA increased significantly more than subgroup A (p=0.0048 and p=0.0071, respectively).

        
          
          

          Figure 3. 
				
          

          
            Cell viability evaluation. The subgroup PA showed higher cell viability compared with subgroup N in all composites. The percentages of live cells in each group are presented as the means and standard errors. (*p<0.05, **p<0.01, ***p<0.001)
          
          

          

        

      

    

    

  
    
      Discussion
      Based on the GC/MS analysis results, the main components that were detected were different in the four bis-acryl composites. The agar overlay assay showed moderate-to-severe cytotoxicity. After removal of the oxygen-inhibited layer, the cell viability increased, especially in the polished and alcohol-combined group.	Therefore, the three null hypotheses are rejected.

      In terms of the eluted component analysis, this study focused on the components with low molecular weight (m/z 35–800), which are more readily released in the oral cavity than high-molecular-weight monomers, contributing to the structural stability of the polymerized composites. Among the major components of dental composites, the monomers contribute to fibroblast cytotoxicity in the order of Bis-GMA, UDMA, TEGDMA, and HEMA (16, 17). The GC/MS analysis used in this study was able to detect HEMA, TEGDMA, and BPA.

      For the monomers, no trace of UDMA was detected in PT, similar to the result of a previous HPLC analysis (18). Meanwhile, HEMA, a product of the reaction of methanol and UDMA during high-temperature (280 ℃) vaporization in the GC process, was detected in HT and LT (19). HEMA is a monomer known to induce cytotoxicity by inducing oxygen stress, genotoxicity, and apoptosis (20). Because HEMA was not listed as a main component of HT and LT, we assume that HEMA is a breakdown product of UDMA (Table 1). TEGDMA was detected in HT and LT, and this low molecular weight co-monomer is reported to induce dose-dependent and time-related apoptosis (21). We assume that this unpolymerized monomer was released, resulting in increased cytotoxicity.	BPA, a trace component of Bis-GMA, was not detected in any of the tested composites.

      Among the mainly detected additive elements, BA and methyl benzoate (MeBA), which are the decomposition products of benzoyl peroxide (BPO) in methanol, were detected in ST and HT (22). BPO was used as the initiator in both ST and HT (Table 1). BPO is known to have a genotoxic effect that contributes to cytotoxicity (23, 24).	In ST, in addition to other components, DEPT and ATBC were detected. ATBC is a phthalate substitute used to increase the flexibility and durability of materials. It is generally considered safe; however, concerns regarding ovarian toxicity at low doses exist (25). In LT, a photosensitizer CQ was detected, CQ is reported to increase produce reactive oxygen species when leached (26).

      The surface-finishing method of bis-acryl composites varies. As saving time is crucial in clinical situations, ethanol is recommended to wipe-off the polymerized surface so as to minimize the need for an additional working step in some products (27). In the alcohol-wiped-off group (subgroup A), the cell viability was not affected compared with the untreated group (subgroup N). Based on a previous study, the oxygen-inhibiting layer may have remained on the composite surface even after removal with ethanol (28). In subgroup N, specimens with an inhibition layer remained on the upper surface, and the cell viability was below 70%, which is generally recommended by ISO 10993-5:2009. This reduced cell viability is due to an exaggerated level of component release from the unpolymerized surface (29). The considerable removal of the oxygen-inhibited layer positively affects cell viability, as in other composite materials, by reducing possible eluates (15, 30, 31).

      Regarding the multiple factors influencing the release and toxicity of components, the determination of the exact amount of toxic components in a clinical situation is difficult. The magnitude of the released component will differ according to the solvent used. Furthermore, under physiological conditions, different components can be released by protein binding, and dilution or decomposition of the components owing to salivary function is inevitable (32). In future studies, extended chemical analysis is recommended to evaluate the main components in relation to the surface oxygen inhibition layer. Additionally, possibilities remain for the elution of high molecular weight monomers, as since the degree of conversion of the bis-acryl composites ranged from 40–60% (33, 34).

    

    

  
    
      Conclusions
      Syringe-type bis-acryl composites for provisional restorations may elute various components into the oral cavity, which may cause cytotoxicity in adjacent structures.	The removal of the oxygen-inhibited layer by a polishing combined with an alcohol sponge wipe-off method reduced the cytotoxicity of the bis-acryl composite materials.
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