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Abstract

Objective—For the past several decades, the resins used in dental restorations have been plagued 

with numerous problems, including their implication in biofilm formation and secondary caries. 

The need for alternative resins is critical, and evaluation of biofilm formation on these resins is 

essential. The aim of this study was to evaluate in vitro biofilm formation on the surface of novel 

copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC)-based resins and composites.

Methods—CuAAC-based resins/composites made from varying azide monomers and different 

copper concentrations were compared with BisGMA-TEGDMA resins/composites that served as 

the control. Biofilms were formed using a mono-species model containing a luciferase-expressing 

strain of Streptococcus mutans. Luciferase activity was measured and the number of viable 

bacteria was enumerated on biofilms associated with each resin and composite.

Results—A significant reduction (p < 0.05) in luciferase activity, and the number of viable 

bacteria recovered from biofilms on CuAAC-based resins and composites was observed in 

comparison to biofilms associated with the BisGMA-TEGDMA controls.

Significance—CuAAC-based resins do still allow for the formation of biofilms; however, the 

statistically significant reduction of growth that was associated with the CuAAC resin may 

enhance the longevity of restorations that incorporate CuAAC-based materials.
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1. Introduction

The oral cavity is a complex environment where over 700 bacterial species have been 

detected in the oral common microbiota [1–4]. Within this diverse community of bacteria 

found in the mouth, Streptococcus mutans, due to its acidogenic nature and its ability to 

form biofilms on tooth surfaces, is one of the primary species associated with human dental 

caries and secondary caries formation [5, 6]. Recent studies have also indicated that 

numerous other oral bacteria, most notably those that are acid producing, work together to 

form polymicrobial biofilms that ultimately initiate and further develop tooth decay [7–10]. 

In fact, Lactobacillus acidophilus, another commonly found oral acid-producing bacterium, 

has been found in high numbers in both superficial and deep dental caries [11, 12], and its 

ability to form biofilms on tooth surfaces is enhanced by the presence of S. mutans, 

augmenting the ability to cause carious lesions [13, 14].

More than 100 million dental restorations are performed each year and over 50% of these 

restorations utilize resin-based composites over amalgams [15–17]. Resin-based composites 

have many benefits over amalgams, including improved aesthetics, adhesive strength, and 

filling capability [16–18]. However, resin-based restoratives frequently have limited 

longevity due to restoration failure, commonly caused by degradation or fracture of the 

restoration directly or by failure due to secondary caries formation at the margins around the 

restoration [17, 19–21]. Nearly all resin-based composite restoratives are methacrylate-based 

and consist of a comonomer mixture comprised from components such as 2,2-bis [4-(2-

hydroxy-3-methacryloxypropoxy) phenyl] propane (BisGMA) and triethylene glycol 

dimethacrylate (TEGDMA) [18, 22] or related monomers. The functional integrity of these 

methacrylate restoratives relies on the polymerization of resin monomers, and their limited 

conversion leads not only deterioration of the restorative, but also to release of these 

monomers into the surrounding tissues [17, 18, 23, 24]. Additionally, numerous studies have 

demonstrated sensitivity of these restorations in general, and these methacrylate monomers 

specifically, to hydrolysis by salivary and bacterial esterases found in the oral cavity, 

resulting in biodegradation by-products (BBPs) [25–31]. The biodegradation of these 

restorations increases bacterial leakage between resin-dentin interfaces, leading to further 

damage to the tooth [32]. Additionally, residual monomers released from resin restorations 

and resulting BBPs, such as methacrylic acid (MA), bishydroxypropoxyphenyl-propane 

(Bis-HPPP), and triethylene glycol (TEG), have been thoroughly investigated and implicated 

in adverse manifestations in the host. In particular, these effects include disruption of 

immune function [33–37], cytotoxicity [38–41], microbiota shifts [42], and accelerated 

formation of biofilms [43–46].

Due to the various pitfalls associated with the currently used methacrylate-based composites, 

the development of new, longer-lasting polymers for dental restoration is of utmost 

importance and could have a significant positive impact on global oral health. Since bacterial 

accumulation and biofilms have been implicated in the deterioration of the current BisGMA-

TEGDMA based composites, novel resins that have structural stability and also limit 

bacterial prevalence are desirable to prolong the longevity of dental resins. Recently, novel 

resins have been developed that specifically have antibacterial properties to resist biofilm 

formation and incorporate antimicrobial monomers such as novel quaternary ammonium 
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methacrylates [47–49], methacryloxylethylcetyl dimethyl ammonium chloride [50], and 12-

methacryloyloxydodecylpyridinium bromide (MDPB) [51–54]. Additional strategies have 

also included the inclusion of alternative antimicrobial agents such as fluoride [49, 55, 56], 

silver nanoparticles [57–60], and chlorhexidine [61–63], to name a few. While providing 

additional benefits over the currently used resin-based composite systems, many of the 

approaches listed above continue to rely on the existing methacrylate system and, as such, 

have been plagued with similar challenges.

Recently, the development and analysis of novel visible light-initiated copper-catalyzed 

azide-alkyne cycloaddition (CuAAC)-based resins that possess superior mechanical 

properties, significantly reduced shrinkage stress and suitable polymerization kinetics as 

compared to BisGMA-based polymers [64–70]. However, the ability of these resins to 

promote or restrict bacterial growth has not been evaluated. Therefore, the aim of this study 

was to evaluate in vitro biofilm formation on the surface of novel copper (I)-catalyzed azide-

alkyne cycloaddition (CuAAC)-based resins.

2. Materials/Methods

1,3-Bis(isocyanatomethyl)cyclohexane, 1,3-Bis(2-isocyanatopropan-2-yl)benzene, 4,4-

methylenebis(cyclohexyl isocyanate), 4,4′-methylenebis(phenyl isocyanate), dibutyltin 

dilaurate, tetrahydrofuran, 6-chloro-1-hexanol, sodium azide, 1,1,1-

tris(hydroxymethyl)propane, propargyl bromide, propargyl alcohol, 3-(triethoxysilyl)propyl 

isocyanate, copper(II) chloride, N,N,N′, N′, N ″-pentamethyldiethylenetriamine 

(PMDETA), camphorquinone (CQ), toluene, and acetonitrile were used as received from 

Sigma Aldrich. Propylamine, sodium hydroxide, dimethyl sulfoxide, dimethylformamide, 

methanol, and sodium sulfate were used as received from Fisher Scientific. The BisGMA/

TEGDMA (70/30) comonomer mixture was used as donated from ESSTECH. Schott glass 

(mean particle size of 0.4 µm) with both untreated surface and surface treated with γ–

methacryloxypropyltrimethoxysilane were used as received from ESSTECH. Syntheses of 

the azide monomers (AZ-1, AZ-2, AZ-3, AZ-4) and the alkyne monomer and alkyne 

silanization on glass microparticle (0.4 µm) were performed according to previously 

reported procedures [64, 66]. All synthetic procedures along with NMR predictions and 

particle functionalization are provided in the Supporting Information. Structures for 

BisGMA and TEGDMA monomers used for methacrylate polymerization, the various azide 

monomers (AZ-1, AZ-2, AZ-3, AZ-4) and the alkyne monomer used for CuAAC 

polymerizations, as well as the copper catalyst CuCl2[PMDETA] and photoinitiator CQ used 

in this study are shown in Fig. 1. Azides were synthesized according to the azide safety rules 

and handled with appropriate precaution when working with monomers, resins, and 

polymers in small quantities [71].

2.1 Preparation of BisGMA-TEGDMA and CuAAC resin and composite samples

2.1.1 BisGMA-TEGDMA and CuAAC resin formulation—A BisGMA:TEGDMA 

(70:30 weight ratio) mixture with 2 weight percentage of CQ was prepared by physical 

mixing. Stoichiometric mixtures of a diazide, trialkyne (a mole ratio of 1:1 to N3:alkyne), 

with different mole percentage of CuCl2[PMDETA] per functionality and 2 mole percentage 
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of CQ were prepared, and methanol was added to homogenize the mixture and later 

removed in vacuo.

2.1.2 BisGMA-TEGDMA and CuAAC composite formulation—A BisGMA-

TEGDMA (70:30 weight ratio) mixture with 2-weight percentage of CQ was prepared by 

physical mixing. 60-weight percentage of methacrylated microfillers (Schott, 0.4 µm) were 

added to the resin mixture and blended in a speedmixer (DAC 150 FVZ, Flakteck) to ensure 

uniform dispersion of the fillers. Stoichiometric mixtures of the AZ-2 diazide, trialkyne (a 

mole ratio of 1:1 to N3:alkyne), with 2 mole percentage of CuCl2[PMDETA] per 

functionality and 2 mole percentage of CQ were prepared. Methanol was added to 

homogenize the mixture and later removed in vacuo. 60-weight percentage of alkyne-

functionalized microfillers (Schott, 0.4 µm) were added to the resin mixture and blended in a 

speedmixer (DAC 150 FVZ, Flakteck) to ensure uniform dispersion of fillers.

2.1.3 Photo-curing and thermal treatment—A round disc-shaped HDPP (high density 

polypropylene) mold (7mm in diameter and 1mm in thickness) was glued on a glass slide, 

which was previously treated with Rain-x (TM of Illinois Tool Works Inc.). Each resin/

composite mixture was poured into the mold, and the top surface was covered with a glass 

slide. Each sample was irradiated from the top with 300 mW/cm2 of 455 nm light for 5–10 

min and post-cured in the oven at 70 °C overnight. The sample was removed from the mold 

and further post-cured at 100 °C for 5 h to ensure the maximum degree of polymerization. 

This step was performed in order to eliminate any potential extractables/leachables that 

might otherwise influence the biofilm formation. It should be noted that a high-temperature 

post-curing protocol was utilized in the study, which is not intended to represent a practical 

approach for clinical implementation; however, the greater extent of polymerization can 

minimize potential extractables/leachables and substantially reduce free monomers/

oligomers during the biofilm formation. In this manner, the biofilm formation should 

primarily be influenced by the surfaces rather than any residual, extractable monomers. An 

FT-IR spectrometer was utilized to monitor the functional group conversion of each system 

(6250-6096 cm−1 for methacrylate and 6538-6455 cm−1 for alkyne) before 

photopolymerization and after thermal treatment to verify quantitative conversion (see Fig. 

S1) of each functional group.

2.1.4 Surface roughness of resins and composites—A stylus profiler (Veeco 

Dektak 6M) was utilized to measure 1D surface features of four different formulations 

(CuAAC AZ-2 resin, CuAAC AZ-2 composite, BisGMA-TEGDMA resin, and BisGMA-

TEGDMA composite). The tip (radius of 12.5 µm) was scanned across both top and bottom 

surfaces of each disc (7mm in diameter and 1mm in thickness) with a scan resolution of 

0.513µm/sample. From the 1D surface feature of each formulation (see Fig. S2), smooth 

surfaces with less than 2% variation on the surface height were observed in all of 

formulations tested, indicating the influence of surface roughness on biofilm formation is 

likely to be negligible. However, it should be noted that while one side has a smooth surface, 

the other side of each disc has a mildly rough surface presumably due to contraction from 

volumetric shrinkage or small bubble formations. To avoid this effect, the smoother surface 

of each disc was utilized in biofilm formation.
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2.2 Bacterial growth conditions

A marker-less firefly luciferase expressing derivative of S. mutans UA159 in which 

luciferase expression is under the control of the lactate dehydrogenase promoter (ldh) [72], 

referred to as S. mutans firefly herein, was grown either on Brain Heart Infusion (BHI) agar 

(BBL; Becton Dickenson, Cockeysville, MD, USA), in BHI broth, or in BHI broth 

supplemented with 1% sucrose at 37°C with 5% CO2.

2.3 In vitro biofilm formation

To evaluate biofilm formation on novel CuAAC-based resins, biofilms were formed using a 

monospecies biofilm model containing S. mutans firefly. Briefly, BisGMA-TEGDMA and 

CuAAC-based resin discs (n=12 discs for each sample and control) were sterilized in 70% 

alcohol containing 0.5% triclosan for 30 min. Following sterilization, discs were rinsed in 

sterile saline and BHI broth prior to being used as a substrate for biofilm formation. In vitro 
monospecies S. mutans firefly biofilms were formed on novel and control resin discs 

similarly to that previously described [73]. Briefly, S. mutans firefly was grown in BHI broth 

overnight at 37°C with 5% CO2. Following incubation, the optical density at 600 nm 

(OD600) was measured, and cultures were diluted to an optical density OD600 = 0.05 into 

fresh BHI broth supplemented with 1% sucrose. Resin discs were transferred to sterile 24-

well plates (Fisher Scientific, USA), 1 mL of the bacterial dilution was added to each well, 

and the plates were incubated with static conditions at 37°C with 5% CO2 for 24 hours to 

allow for mature biofilm formation. No bacteria added controls were also prepared where 

only BHI + 1% sucrose were added to the wells containing discs.

2.4 Quantification of bioluminescence by biofilm-associated S. mutans

To quantify the amount of viable bacteria attached to each resin disc, a non-disruptive 

luciferase assay was performed as previously described with modifications [73, 74]. Briefly, 

resin discs were rinsed to remove unattached planktonic bacteria and were transferred to 

sterile 24-well opaque white plates (Fisher Scientific, USA). To replenish ATP for luciferase 

activity measurement, discs were incubated in 1 mL BHI + 1% sucrose for 1 hour at 37°C 

with 5% CO2. Following incubation, 2 mM D-Luciferin substrate (Fisher Scientific, USA) 

suspended in 0.1 M citrate buffer (pH 6.0) was added, and bioluminescence was measured at 

2-min intervals for up to 10 min using a luminometer (FilterMax F5, Molecular Devices, 

USA). Statistical analysis was performed using a Student’s t-test and ANOVA.

2.5 Quantification of viable bacteria released from biofilms

Following the measurement of bioluminescence on the discs, the number of viable bacteria 

on each disc was determined through disruption and subsequent plating. Briefly, each resin 

disc was transferred to a microcentrifuge tube containing 1 mL saline, and biofilm removal 

was facilitated through sonication, using a waterbath sonicator (Ultrasonic Bath 1.9L, Fisher 

Scientific, USA), for 10 min followed by agitation by vortexing for 3 min. An aliquot of the 

resulting bacterial suspension was diluted and plated in triplicate on BHI agar. The number 

of viable bacteria was determined by counting colonies. Statistical analysis was performed 

using a Student’s t-test and ANOVA.
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3. Results

The bioluminescence and viable count analysis of bacteria associated with biofilms grown 

on CuAAC-based resins showed a significant reduction when compared to that quantified 

for the BisGMA-TEGDMA control resin discs. Fig. 2A displays the production of luciferase 

activity by S. mutans by non-disrupted biofilms associated with CuAAC-based resin discs 

and BisGMA-TEGDMA resin discs. Luciferase activity was measured at 2-min intervals, 

but only the 6-min interval is shown due to it having the highest bioluminescence emission. 

Bioluminescence analysis showed at least a 4-fold reduction in the metabolic activity of S. 
mutans associated with all forms of CuAAC.

Following the measurement of luciferase activity, biofilms associated with CuAAC-based 

and BisGMA-TEGDMA resins were disrupted via sonication and agitation; the number of 

viable bacteria was determined. Fig. 2B shows the number of viable cells (cfu/mL) released 

from each novel resin and control discs. The results reveal a statistically significant 

reduction (p <0.05) where between a 1–2-log reduction was observed in the number of 

viable bacteria released from CuAAC-based resins in comparison to BisGMA-TEGDMA.

In addition to evaluating the resins for biofilm formation, we also measured luciferase 

activity and the number of viable bacteria associated with biofilms that formed on CuAAC-

based composites. For this measurement, a formulation containing the AZ-2 diazide (Fig. 1), 

trialkyne (a mole ratio of 1:1 to N3:alkyne), with 2 mole percentage of CuCl2[PMDETA] per 

functionality and 2 mole percentage of CQ was used over the other CuAAC formulations 

because its formulation has ease of preparation, mixing, and kinetics for composite 

preparation in addition to having superior mechanical properties (data not shown). Both 

luciferase activity and the number of viable bacteria quantified showed a statistically 

significant reduction for biofilms grown on CuAAC-based composites in comparison to 

BisGMA-TEGDMA composites. There was over a 5-fold reduction in bioluminescence 

measured from CuAAC-based composite-associated biofilms (Fig. 3A) in comparison to 

biofilms grown on BisGMA-TEGDMA composites. Similarly, nearly a 2-log reduction was 

observed in the number of viable cells released from biofilms grown on CuAAC-based 

composites (Fig. 3B).

4. Discussion

For this study, we evaluated the ability of a monospecies biofilm to form on novel CuAAC-

based resins. S. mutans is readily used as a model organism to evaluate dental restorative 

materials, particularly their antibacterial effects. Recently, Esteban Florez et al [73] reported 

a non-disruptive evaluation of S. mutans biofilm formation on resin-based composites and 

showed correlation between luciferase activity and viable bacteria recovered from biofilms 

on the composites. In this study, we used a similar approach and utilized a marker-less 

luciferase expressing strain of S. mutans (S. mutans firefly) [72] to investigate antibacterial 

effects of novel CuAAC resin and resin-based composites. In both non-disruptive and 

disruptive assays, we showed a reduction in the bioburden in biofilms associated with 

CuAAC-based materials. While this study used a mono-species biofilm model, initial studies 

were performed using a defined multi-species biofilm assay similar to that described by 
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Arthur et al [75] in which oral bacteria including Streptococcus mutans, Streptococcus 
sanguinis, Streptcococcus salivarius, and Lactobacillus casei were utilized. The results were 

comparable to that observed using the single-species biofilm assay; a statistically significant 

reduction in bioburden was observed (Fig. S3). Further evaluation of the effect of CuAAC 

materials on biofilm formation in the oral cavity is needed. To better simulate the oral 

environment, a dental plaque microcosm biofilm model will be utilized in future 

experiments; a similar plaque microcosm model was previously used to evaluate the effect of 

dental adhesives on biofilm formation [76]. Alternatively, future evaluation of S. mutans 
biofilm formation on CuAAC dental materials will be performed in a CDC biofilm reactor, 

using the widely accepted standardized protocol [77].

The antimicrobial nature of copper is well known. While an essential trace element in living 

organisms, found in more than 30 types of proteins, copper ions can also be fairly toxic 

through the generation of reactive hydroxyl radicals and through the depletion of sulfhydryls 

within cells [78, 79]. Numerous studies investigating the antimicrobial activity of copper 

have shown that bacteria, yeasts, and viruses are killed through contact with copper and 

copper alloy surfaces, showing nearly complete killing of all microbes present upon contact; 

however, copper surfaces are most effective as an antimicrobial when having between 50–

75% copper content [80–83]. In this study, we showed between a 1–2 log reduction that was 

slightly dose dependent with an increased amount of copper added, observing the most 

bacterial reduction in biofilms formed on CuAAC resins containing 4% copper chloride 

(CuCl2). While we observed a reduction of bacterial prevalence with increased CuCl2, resins 

containing 4% or greater CuCl2 are challenging to prepare and photo-cure, which makes the 

possibility of further increasing the Cu2+ content impossible. Additionally, too high of a 

Cu2+ and its possible dissociation could result in harmful effects to the host. 

Biocompatibility analysis was performed on the described CuAAC-based resins and 

CuAAC-based composites to ensure that there is low cytotoxicity of these materials and no 

toxic effects were observed (data not shown). A similar study investigating the effects of 

≥100 ppm silver nanoparticles (AgNPs) showed a 2.3-log reduction in S. mutans biofilm 

bioburden and any amount of AgNPs greater than 10 ppm showed a significant cytotoxic 

effect on fibroblasts; the authors concluded that the anti-biofilm activity of AgNPs would be 

effective [84]. While the biological relevance of the 1–2 log reduction of bioburden observed 

on the CuAAC-based dental materials requires further investigation, scanning electron 

microscopy of biofilms formed on CuAAC-based materials and BisGMA-TEGDMA 

controls showed a distinct difference in the appearance of the structure of the biofilms 

formed on the CuAAC-based materials. In specific, while confluent growth was observed on 

both the CuAAC materials and the controls, a distinct reduction or complete lack of 

microcolony formation was observed on the CuAAC-based materials (data not shown). 

Further evaluation of the live-dead percentage, thickness, and general effect of CuAAC 

materials on the biofilm is necessary.

Alternatively, while the dental materials described herein utilize CuCl2, the incorporation of 

copper nanoparticles in dental resins is also a probable and valid solution for reducing 

bioburden on dental materials; various studies have shown the use of copper nanoparticles is 

highly effective against S. mutans at lower amounts [85, 86]. The incorporation of copper 

nanoparticles into these CuAAC resins is outside of the scope of the current study. While the 
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CuAAC described herein possess minimal bactericidal activity, with the increased 

mechanical properties of the CuAAC resin over the currently used BisGMA-TEGDMA [64–

66], in conjunction with a reduction in biofilm formation, these resins represent a viable 

replacement for currently used dental restorative materials. Because it is unknown if this 

bactericidal effect of CuAAC is a prolonged effect, future evaluations will measure 

bioburden after prolonged exposure to CuAAC-based composites and will additionally 

investigate the effect that biofilm formation has on the various composite formulations.

5. Conclusions

Oral biofilms have been implicated in the failure of currently used dental materials; 

therefore, a dental material having improved mechanical performance and a reduction in 

biofilm formation may enhance the longevity of dental restoratives. In this study, we noted a 

statistically significant reduction in S. mutans biofilm bioburden on CuAAC resins and 

CuAAC-based microfilled composites, which in combination with CuAAC-based materials’ 

superior mechanical properties and significantly reduced shrinkage stress in comparison to 

BisGMA-based polymers [64–66], makes CuAAC-based resins a promising alternative.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Biofilm formation on the surface of CuAAC-based resins and composites was 

assessed.

• A significant reduction in biofilm bioburden was observed on CuAAC-based 

materials.

• Longevity of dental restorations that contain CuAAC-based materials may be 

enhanced.
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Fig. 1. 
BisGMA and TEGDMA monomers used for methacrylate polymerization. Various 

structures of azide monomers, AZ-1, AZ-2, AZ-3, AZ-4, and alkyne monomer used for 

CuAAC polymerization. Copper catalyst CuCl2[PMDETA], photoinitiator CQ, and glass 

microparticle functionalized with methacrylates or alkynes are shown.
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Fig. 2. 
Evaluation of bioburden on BisGMA-TEGDMA and novel CuAAC-based resins having 

varying Azide monomers and differing concentrations of CuCl2 in AZ-2 containing resins. 

Non-disruptive analysis of biofilm bioburden using luciferase measurements (A) indicated a 

statistically significant reduction (p <0.05) in the luminescence observed on the novel 

CuAAC-based discs compared to BisGMA-TEGDMA-based resins (n=12 discs), suggesting 

a reduction in the bioburden associated with the biofilms grown on the CuAAC resin-based 

discs. Disruptive analysis of biofilms (B) from BisGMA-TEGDMA and CuAAC resin-based 

discs (n=12) indicated a significant reduction (p <0.05) in the number of bacteria recovered 
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from biofilms on each novel resin when compared to biofilms associated with the BisGMA-

TEGDMA.
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Fig. 3. 
Evaluation of bioburden on novel CuAAC-based and BisGMA-TEGDMA-based composites 

using non-disruptive (A) and disruptive analyses (B). Nondisruptive luciferase analysis (A) 

of S. mutans firefly biofilm grown on CuAAC 60% composite discs (containing AZ-2 

diazide, trialkyne (a mole ratio of 1:1 to N3:alkyne), with 2 mole percentage of 

CuCl2[PMDETA] per functionality, 2 mole percentage of CQ and 60-weight percentage of 

alkyne-functionalized microfillers (Schott, 0.4 µm)) and on BisGMA-TEGDMA 60% 

composite discs (n=12) (containing BisGMA-TEGDMA (70:30 weight ratio) with 2-weight 

percentage of CQ having 60-weight percentage of methacrylated microfillers (Schott, 0.4 
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µm)) indicated a statistically significant reduction (p >0.05) in luminescence, indicating a 

reduced bioburden on CuAAC composite discs. Disruptive analysis (B) of CuAAC 60% 

composite discs and BisGMA-TEGDMA 60% composite discs also showed a significant 

reduction (p <0.05), having nearly a 2-log reduction in bioburden on CuAAC based 

composites.
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