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ABSTRACT 

 

Title of Dissertation: Novel Bioactive Low-shrinkage-stress Nanocomposite with 

Antibacterial and Remineralization Properties and Thermal-cycling and 

Aging Resistance. 

Hanan Kamal Filemban, BDS, MS, Doctor of Philosophy, 2022. 

Dissertation Directed by: Huakun Xu, Ph.D., MS, Professor, Director, Biomaterials 

and Tissue Engineering Division, Department of Advanced Oral Sciences and 

Therapeutics, University of Maryland School of Dentistry, Baltimore, MD, USA and 

Dr. Michael D. Weir, Ph.D., Assistant Professor and Lab Manager, Biomaterials and 

Tissue Engineering Division, Department of Advanced Oral Sciences and 

Therapeutics, University of Maryland School of Dentistry, Baltimore, MD, USA. 

Committee Members: Huakun Xu, MS, Ph.D.; Michael D. Weir, Ph.D.; Abraham 

Schneider, DDS, PhD; Mary Anne Melo D.D.S, M.Sc., Ph.D.; Jirun Sun, MS, Ph.D. 

Dental composites continue to be the material of choice in daily dental practice for 

several reasons, including their good mechanical properties, conservative cavity design, 

and superior esthetics.  However, the longevity of current resin composite restorations 

ranges only 5-10 years. Recurrent caries and tooth fracture are the most common types 

of failure during the first 6 years of clinical service. These failures are often caused by 

the polymerization shrinkage stress of the dental composite materials. Thus, there is an 

increased need to develop a new generation of bioactive dental composite with the 



 

  

ability to reduce polymerization shrinkage stress, long-term antibacterial, 

remineralization abilities, and excellent mechanical properties. Therefore, this 

dissertation aims to develop a new bioactive low-shrinkage-stress dental composite 

containing dimethylaminohexadecyl methacrylate (DMAHDM) and nanoparticles of 

amorphous calcium phosphate (NACP) which could be a promising approach to 

increase the chances of success of composite restorations and strengthen tooth 

structures. First, we found that the new bioactive low-shrinkage-stress resin composite 

significantly reduced the polymerization shrinkage stress, without compromising their 

mechanical properties. Increasing the DMAHDM mass fraction increased the 

antibacterial effect in a dose-dependent manner. Next, we investigated the low-

shrinkage-stress composite mechanical stability and antibacterial durability in thermal 

cycling for 20,000 cycles, equivalent to two years of clinical life. We found that the 

bioactive low-shrinkage-stress composite possessed good mechanical properties that 

matched commercial composite both before and after thermal cycling. The new 

composite had potent antibacterial activity, which was maintained and did not decrease 

after thermal cycling. Lastly, we further examined the mechanical and antibacterial 

durability of a bioactive low-shrinkage-stress after 50,000 and 100,000 thermal cycles 

which corresponds to 5 and 10 years respectively of in vivo function. We found that the 

bioactive low-shrinkage-stress composite maintained its antibacterial potency after 

thermal cycling, indicating long-term antibacterial durability. In addition, it possessed 

good mechanical properties that were comparable to commercial composite both before 



 

  

and after thermal cycling. The triple benefits of antibacterial, remineralization, and 

lower shrinkage stress have a great potential to inhibit recurrent caries and increase 

restoration longevity. 
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1 

CHAPTER ONE: INTRODUCTION 
 

Background 

Dental caries is a complex disease involving dietary sugars, bacterial metabolism, 

demineralization, and organic degradation [1]. Acid-producing bacteria in oral biofilms 

metabolize carbohydrates in our diet and produce organic acids [2]. These organic acids 

attack the mineral phase of the enamel surfaces and gradually penetrate deeper into the 

dentin surface causing early white spot lesions and eventually cavitation [3]. In 2017, 

World Health Organization (WHO) published a report about the relation of dental 

caries and sugar [4]. They indicate that 5-10% health care budget is consumed to treat 

caries [4]. Additionally, it is one of the primary causes of pediatric hospitalization in 

various high-income countries [5]. Therefore, dental caries is considered to be one of 

the main issues facing the society.  

Caries treatment options are tailored to the type of lesion (initial, moderate, or 

extensive) as well as the level of activity [1]. Initial caries can be treated without 

surgical intervention using preventive and remineralization strategies such as plaque 

control, dietary advice, and the application of fluoride [6]. However, once the caries 

lesion reached an advanced stage and the surface integrity of the tooth is lost, restorative 

treatment to restore the missing tooth structure will be the only option [7]. Previously, 

amalgam restoration was the most used restorative material for posterior restorations 

[8], however, in recent decades, composite restorations have become an alternative for 

restoring carious teeth, overtaking amalgam as the material of choice [8]. 

Approximately 92.6% of small- and moderate-sized cavities are restored with 

composite restorations [3,8]. This increase in popularity is due to their aesthetic 

appearance, absence of mercury, biocompatibility, and bond to tooth structure [9].  
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Composite restoration consists of three major components: the organic resin 

matrix, inorganic filler, and the coupling agent [10]. The organic matrix consists of base 

monomers, photoinitiators, pigments, and stabilizers [11]. Dental base monomers 

consist of Bisphenol A glycidyl methacrylate (BisGMA) or urethane dimethacrylate 

(UDMA) and low viscosity triethylene glycol dimethacrylate (TEGDMA) are often as 

a diluent monomer to enhance the material’s handling properties (Figure 1) [12]. The 

inorganic fillers are primarily made from silicon derivatives and include glass, quartz, 

pyrogenic silicon dioxide, colloidal silica, and coupling agent, which is commonly 

silane [13]. This coupling agent is frequently employed to link the inorganic filler to 

the organic resin polymer and improves the mechanical characteristics of the weaker 

resin polymer matrix [14]. Currently, dental composites have had an exciting 

advancement in resin formulation, filler modification, and curing methodology [15]. 

Although composite restorations have a high success rate, the annual failure rates of 

posterior composites were reported to be 1.8% after five years and 2.4% after ten years 

of service [16]. In the United States, almost 200 million dental restorations are placed 

each year, with 50% of all dental restorations failing within 10 years [16]. Several 

clinical studies indicate that composite restorations showed a decreased lifespan and 

increased failure rate due to secondary caries, restoration degradation, and fracture 

[17,18]. 
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Figure 1. Chemical structure of TEGDMA, UDMA and, BisGMA monomer 

Properties of composite restoration that increase susceptibility to secondary 

caries  

Several problems associated with dental resin composites result in the development of 

secondary caries including: 

 

1. Polymerization shrinkage stress 

Polymerization shrinkage of resin composite is caused by the conversion of the 

monomer molecules into polymer structure through the replacement of van der waals 

spaces with covalent bonds, leading to reduced free volume [19]. The magnitude of 

volumetric shrinkage exhibited by composite restoration range between 1% to 6%

depending on the resin formulation and curing condition [19]. This phenomenon can 

lead to internal stresses and stresses at the margins of the restoration [20]. 

Consequently, in the area where the polymerization shrinkage stress is higher than the 

bond strength of the composite to the dental substrate, a gap will form, increasing the 

risk of post-operative sensitivity and recurrent caries [21]. A prior study demonstrated 

that demineralization and secondary caries could result from a gap of 70 μm between 
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the restoration and tooth interface [22]. Moreover, when the bonding strength is 

adequate to resist the stress then localized failure such as cusp deflection occurs with 

possible post-operative hypersensitivity or tooth fracture [23]. These physical changes 

associated with shrinkage stresses would consequently reduce the longevity of 

composite restoration [24]. Therefore, there is a strong need to develop composites with 

the ability to reduce polymerization shrinkage stress. 

 

2. Current dental composite lacks the antibacterial properties  

Oral biofilm formation and deposition on the tooth or restorative materials have been 

identified as virulence components in a range of oral infectious disorders, including 

dental caries, periodontal, and endodontic infections [25]. When compared to other 

restorative materials like amalgams and glass ionomer cements, the current dental 

composites lack antibacterial characteristics and tend to produce thicker biofilms and 

cause more secondary caries [26]. Furthermore, as the surface roughness of dental 

composites increases over time, the degree of bacterial colonization increases [24,25]. 

These two limitations, when combined with the gap that is created at the tooth-

restoration interface as a result of the composite polymerization shrinkage stress, as 

well as the cyclic mechanical and thermal loading of the oral environment, make the 

restoration's margin an ideal place for bacterial colonization [28].  As a result, 

innovative materials that limit and control bacterial adhesion and/or microorganism 

propagation are in high demand.  
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3. Degradation of dental composite restoration 

Dental composite restoration is challenged by different dynamic conditions in the oral 

cavity, such as masticatory forces, acidic, enzymatic, fluctuations in humidity and 

temperature, as well as pH changes in saliva [29]. These challenges affect the chemical 

structure, physical properties, or esthetic appearance of restorative materials, and thus 

affect their clinical performance [30].  

Methacrylate-based resins are the most popular contemporary resin used to 

formulate dental composite restoration [31]. They employ BisGMA as a base monomer 

and the low-viscosity TEGDMA as a diluent monomer to enhance the material’s 

handling properties [32]. The widespread usage of BisGMA/TEGDMA-based 

composite is due to its good mechanical performance and dentin-matching color 

property [33]. However, the BisGMA/TEGDMA-based composite materials have less 

than ideal long-term durability [12]. These failures are linked to the hydrolysis-prone 

ester functional groups in the BisGMA/TEGDMA  monomers, particularly when they 

are exposed to salivary esterase enzymes and cariogenic bacteria [34]. In a recent 

investigation, composite samples incubated with esterase enzyme showed more 

degradation than samples incubated without the enzyme, as measured by a higher mean 

of material loss [34]. In addition, the degradation of the matrix will also affect the 

composite's microstructure by developing pores or holes that would permit the escape 

of degradation products, residual monomers, and oligomers [11]. Several investigations 

indicated that several resins-associated by-products have been shown to enhance the 

growth of several microorganisms involved in caries lesions such as Streptococcus 

mutans (S. mutans) and Streptococcus sobrinus [29]. Therefore, the combined 

durability and toxicity concerns necessitate the development of BisGMA/TEGDMA-

free, longer-lasting dental composite. 
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Additionally, the polymer matrix of the dental composite is not the only 

component that is subject to hydrolytic breakdown; the saline coupling agent is also 

vulnerable to chemical attack [19]. The organic silicon compounds known as 3-

methacryloxypropyltrimethoxysilane are one of the most used coupling agents in dental 

composite (3MPS) (Figure 2) [13]. This silane coupling agent has an amphiphilic nature 

and carries two different types of functional groups [31]. One is a silicon functional 

group (siloxane bond) that can react with the active sites of the inorganic fillers, and 

the other is an organic functional group (methacrylate) that offers adherence to the 

polymer matrix by polymerization [35]. In a humid environment, the siloxane bond, 

and the methacrylate ester bond both have a tendency to break down over time, 

accelerating the deterioration of dental composite [20]. Therefore, it is essential to 

develop new non-methacrylate monomers with improved long-term performance and 

to update the chemistry of the existing monomer formulations. 

 

 

 

 

 

 

 

 

 

Figure 2. Mechanism of hydrolysis processes of 3-MPS 
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Current modalities to reduce current composite restoration limitation 

 

1. Modalities to reduce polymerization shrinkage 

Generally, there are two main mechanisms to reduce polymerization shrinkage and its 

resultant stress (Figure 3) [36]. Mechanisms under the clinician’s control [37]. For 

instance, a sandwich technique with glass-ionomer cement, incremental filling 

techniques, soft start or pulse delay curing, and the use of low viscosity flowable resin 

composites have been advocated [37]. However, these techniques increase the number 

of clinical steps and have also been questioned by some investigators [28]. The second 

mechanism is related to the properties and characteristics of resin composites [12]. 

Investigations showed that the selection of the monomers and the underlying 

polymerization mechanism strongly influence the rate of polymerization, control 

sample handling characteristics, and ultimately, the performance of the restoratives 

[38]. For instance, a recent study showed that higher TEGDMA/BisGMA ratios in the 

composite formula resulted in higher contraction stress values due to increased 

volumetric shrinkage [37]. Additionally, the hydrophilic ethylene oxide group in 

TEGDMA monomer will further increase water absorption and hydrolysis, which will 

further damage the durability of the composite restoration [34]. Therefore, the 

substitution of TEGDEMA by thiol-ene system has been extensively studied. For 

example,  a previous study used a thiol-ene system to reduce polymerization stress from 

2.8 MPa in a BisGMA/TEGDMA composite to 0.30 MPa [39]. However, it had a low 

mechanical property [39]. Another group investigated the substitution of TEGDMA 

with tricyclo decanedimethanol dacrylate (SR833s) and isobornyl acrylate (IBOA) 

[40]. The results showed a stress reduction; however, the degree of conversion was also 
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decreased [40]. In addition, to lessen the shrinkage stress on the resin matrix, copper 

was also included in resin composites [41]. A previous study showed that Photoinitiated 

copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) polymerization 

demonstrates a significant lower shrinkage stress compared to conventional BisGMA-

based methacrylate polymerization [41]. 

 

 

 

 

 

 

 

 

 

Figure 3. Strategies to Reduce Polymerization Shrinkage Stress 
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More recently, a unique low shrinkage stress resin was developed using 

urethane dimethacrylate (UDMA) and hydrolytically stable, ether-based triethylene 

glycol divinylbenzyl ether (TEG-DVBE) copolymers (Figure 4) [12]. This combination 

of UDMA and TEG-DVBE has a slow polymerization rate, resulting in a delayed gel 

point [12]. Lower contraction stress accumulation at the resin interface and more stress 

relaxation were made possible by the UDMA/TEG-DVBE system's extended time to 

polymerize and reach rigidity [42]. Additionally, compared to the commonly utilized 

ester-containing BisGMA/TEGDMA monomers, the ether-based (TEG-DVBE) 

monomer exhibits greater resistance to esterase and hydrolytic degradation in oral 

settings [38]. Therefore, the development of a low shrinkage stress monomer could be 

beneficial to create a dental composite with lower stress at the tooth-restoration 

interface, which could help to enhance the longevity of the dental restoration by 

reducing recurrent caries, postoperative sensitivity, and interfacial debonding [9,43]. 

 

 

 

 

 

 

 

 
Figure 4.Chemical structure of UDMA and TEG-DVBE monomer 
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2. Treatment modalities to reduced secondary caries 

Dental resin composite containing calcium phosphate (CaP) filler particles 

demonstrated a practical approach for tooth hard tissue remineralization and preventing 

secondary caries [44]. Remineralization can be affected by the limited bioavailability 

of calcium and phosphate; therefore, new resin-based materials containing CaP 

particles to ensure the constant release of calcium and phosphate have been created 

[22]. However, conventional CaP composite restoration material had relatively 

insufficient mechanical properties and limited release of Calcium (Ca2+) and phosphate 

(PO₄³⁻) ions that last for a short time [45]. Through the application of nanotechnology, 

nanoparticles of amorphous calcium phosphate (NACP) were synthesized with a mean 

particle size of 116 nm (Figure 5) [46]. Previous studies incorporating smart NACP 

into composites and dental adhesives have shown continuous Ca and P ion release into 

the surrounding environment that was similar to conventional CaP composite with 

improved mechanical properties [22,45]. In human in situ analysis, dental composite 

containing NACP particles showed four times mineral regeneration in tooth structure 

compared to commercial fluoride-releasing resin-based materials [46]. In another 

investigation, composite materials containing NACP remineralized artificial enamel 

lesions were three times higher than composite materials without NACP in a cyclic 

demineralization/remineralization regimen [22,47].  

 

 

Figure 5. Transmission electron microscopy (TEM) of 

NACP synthesized via spray-drying technique and 

collected using an electrostatic precipitator 
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Another method to combat dental caries involved the incorporation of 

antimicrobial agents into resin composites [48]. Quaternary ammonium methacrylates 

(QAMs) are a class of cationic compounds with a broad spectrum of antimicrobial 

effects and are widely incorporated in dental material [49]. The antibacterial 

mechanism of QAMs is identified as contact-inhibition (Figure 6) [49]. The quaternary 

amine N+ of QAMs can disrupt the bacterial membrane, change the ratio of essential 

ions (such as Na+, K+, Mg2+, and Ca2+), and induce cytoplasmic leakage when it directly 

binds and interacts with the negatively charged bacterial cell membrane [50]. Previous 

study indicated that the antibacterial effectiveness of QAMs has been linked to alkyl 

chain length [49]. For short-length QAMs; the antimicrobial activity relies only on a 

positively charged ammonium group [49]. On the other hand, long-chained quaternary 

ammonium compounds have two antibacterial mechanisms: first, the electrical 

imbalance due to the positively charged quaternary amine N+; and second, the increased 

hydrophobicity when the alkyl chain length of QAMs increases thereby enhancing its 

ability to physically penetrate the bacterial cell membrane [49,51]. Various 

compositions of QAMs have been synthesized and incorporated into resin-based 

material [51]. A bonding agent contained 12- methacryloyloxydodecylpyridinium 

bromide (MDPB) was effective to eradicate residual bacteria from the dentinal tubules 

of the cavity preparation [52]. Several other antibacterial formulations, such as 

quaternary ammonium polyethylenimine (QPEI), methacryloxylethyl cetyl dimethyl 

ammonium chloride (DMAE-CB), and quaternary ammonium dimethacrylate 

(QADM), were included into dental composites and bonding agents to reduce biofilm 

development [52,53]. Recently, dental composite contained dimethylaminohexadecyl 

methacrylate (DMAHDM) with chain length 16 exhibited excellent long-term 

antimicrobial activities [54]. According to a prior study, adding 3% DMAHDM to 
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composite resin significantly reduced the lactic acid production and decreased the S. 

mutans biofilm counts by four orders of magnitude in comparison to the commercial 

control [45]. Subsequently, intensive research has been conducted on the antibacterial 

potency of DMAHDM monomer [54]. 

 

 

 

 

 

 

Figure 6. The antibacterial mechanism of DMAHDM 

In addition, one of the main criteria for an ideal antibacterial agent is to maintain 

its antibacterial benefit and not decrease over time [53,55]. As opposed to release-based 

biomaterials, QAMs are covalently bonded within the resin matrix, leading to long-

term antibacterial effects [53]. For example, Imazato et al. incorporated antibacterial 

monomer 12- MDPB into a dental composite and showed strong antibacterial even 

effects after 3 months of immersion in water [56]. The antibacterial activity of QADM 

and the nanoparticles of silver (NAg) containing composite was not decreased even 

after 1 year of water-aging [57]. A copolymer coating composed of both MDPB and 2-

methacryloyloxyethyl phosphorylcholine (MPC) effectively inhibited biofilm 

formation after 28 days of immersion in distilled water [58]. DMAHDM incorporated 

into a resin composite exhibited excellent long-term antimicrobial properties [47,59]. 

In addition, a composite containing DMAHDM with NACP was able to sustain the 

antibacterial performance after one year of water aging [59].  
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Combining the above modalities will have great potential to inhibit recurrent 

caries and increase restoration longevity [45,60]. Recently, the use of UDMA and 

TEGDVBE monomers to develop a low-shrinkage-stress resin composite achieved low 

polymerization stress, adequate mechanical strength, and a strong antibacterial effect 

[61]. However, the antibacterial mass fraction was limited to a single mass fraction of 

3% DMAHDM [62]. In addition, to date, there has been no other reports on the 

mechanical stability and the long-term antibacterial potency of the triple benefit of low-

shrinkage-stress, antibacterial and remineralizing nanocomposite after thermal cycling. 
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Specific Aims 

Specific Aim 1: Systematically investigate the effect of DMAHDM mass fraction in a 

low-shrinkage-stress nanocomposite and determine the optimal mechanical and anti-

biofilm properties to develop multifunctional nanocomposite.  

Specific Aim 2: Evaluate the mechanical stability and the sustainability of the 

antibacterial effect of the triple benefit low shrinkage-stress, antibacterial and 

remineralizing nanocomposite against salivary biofilm model before and after thermal 

cycling. 

 

Central Hypothesis 

The triple strategy of incorporating DMAHDM with its contact-killing effect, NACP 

for its high Ca and P ion release into a low-shrinkage-stress resin matrix would produce 

a novel bioactive composite with margin-protection, potent and long lasting 

antibacterial, and remineralization capabilities to protect tooth structures, without 

significantly impacting the composite's mechanical and chemo-physical characteristic.
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CHAPTER TWO: Novel low-shrinkage-stress bioactive 

nanocomposite with anti-biofilm and remineralization capabilities to 

inhibit caries1 

 

Chapter abstract  

Background/purpose: A common reason for dental composite restoration failure is 

recurrent caries at the margins.   Our objectives were to: (1) develop a novel low-

shrinkage-stress, antibacterial and remineralizing resin composite; (2) evaluate the 

effects of dimethylaminohexadecyl methacrylate (DMAHDM) on mechanical 

properties, biofilm inhibition, calcium (Ca) and phosphate (P) ion release, degree of 

conversion, and shrinkage stress on the new low-shrinkage-stress resin composite for 

the first time. 

Material and methods: The resin consisted of urethane dimethacrylate (UDMA) 

and triethylene glycol divinylbenzyl ether (TEG-DVBE) with high resistance to 

salivary hydrolytic degradation. Composites were made with 0% - 8% of DMAHDM 

for antibacterial activity, and 20% of nanoparticles of amorphous calcium phosphate 

(NACP) for remineralization. Mechanical properties and Streptococcus mutans biofilm 

 
1 Filemban H, Bhadila G Wang X, Melo MAS, Arola DD, Tay FR, Oates TW, Weir MD, Sun J, 

Xu HHK. Novel low-shrinkage-stress bioactive nanocomposite with anti-biofilm and 

remineralization capabilities to inhibit caries. Journal of Dental Sciences. 2021; 17:811-821. 

(Published) 

 



 

 

 

16 

growth on composites were assessed. Ca and P ion releases, degree of conversion and 

shrinkage stress were evaluated. 

Results: Adding 2-5% DMAHDM and 20% NACP into the low-shrinkage-

stress composite did not compromise the mechanical properties (p > 0.05). The 

incorporation of DMAHDM greatly reduced Streptococcus mutans biofilm colony-

forming units by 2-5 log and lactic acid production by 7 folds, compared to a 

commercial composite (p < 0.05). Adding 5% DMAHDM did not compromise the Ca 

and P ion release. The low-shrinkage-stress composite maintained a high degree of 

conversion of approximately 70%, while reducing the shrinkage stress by 37%, 

compared to a commercial control (p < 0.05).  

  Conclusion: The bioactive low-shrinkage-stress composite reduced the 

polymerization shrinkage stress, without compromising other properties. Increasing the 

DMAHDM content increased the antibacterial effect in a dose-dependent manner. 

2.1. Introduction 

Dental caries is one of the most prevalent diseases worldwide. According to the World 

Health Organization (WHO) reports, 5-10% of the entire health care budget is spent on 

treating dental caries [4]. In some high-income countries, dental caries is among the 

main reasons for children’s hospitalization [4]. Therefore, dental caries is a major 

challenge facing the entire society. Dental caries is a multifactorial disease that involves 

an interaction between acidogenic bacterial, dietary carbohydrates glycolysis, and 

demineralization of dental hard tissues. If this process is not reversed by the natural 

presence of calcium and phosphate ions in saliva, cavitation occurs and restorative 

treatment becomes necessary [1]. 
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Methacrylate-based resin composites continue to be the material of choice in 

daily dental practice for several reasons, including their good mechanical properties, 

conservative cavity design, and superior esthetics [63]. However, the longevity of resin 

composite restorations ranges only 5-10 years [24]. Recurrent caries and tooth fracture 

are the most common types of failure during the first 6 years of clinical service [24]. 

These failures are often caused by the polymerization shrinkage of the methacrylate 

resin-based dental restorative materials [36]. This polymerization shrinkage can lead to 

interfacial debonding, post-operative sensitivity, and recurrent caries [64]. 

To address this problem, several strategies have been proposed to reduce the 

shrinkage stress. These methods include changing the monomer chemistry, for 

example, step growth thiolene resin system [65], epoxy resin system [66], and silorane 

resin system [67]. Recent studies tested a modification of the resin composite filler by 

using epoxy oligomers or using polymeric nanogels fillers to alleviate the shrinkage 

stress [68,69]. These studies focused on reducing the shrinkage stress without 

influencing the material bioactivity. Recently, a unique low shrinkage resin was 

developed using urethane dimethacrylate (UDMA) and hydrolytically stable, ether-

based triethylene glycol divinylbenzyl ether (TEG-DVBE) copolymers. This resin 

system has a unique polymerization kinetics that include a slower polymerization rate 

results in a delayed gel point. The longer time taken by the UDMA/TEG-DVBE 

composite to reach rigidity allowed easier stress relaxation and prevented excessive 

contraction stress accumulation [70]. In addition, the urethane group in UDMA can 

reduce the material degradation by improving the resistance to salivary hydrolysis [38]. 

TEG-DVBE is the diluent monomer with a proven stability against hydrolytic 

challenges and estrade degradation [38]. 
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Previous antibacterial monomers with various compositions of quaternary 

ammonium methacrylates (QAMs) were co-polymerized into dental materials and 

achieved a long-term antibacterial effect [52]. A bonding agent contained 12-

methacryloyloxydodecylpyridinium bromide (MDPB) was effective to eradicate 

residual bacteria from the dentinal tubules of the cavity preparation [56]. Also, several 

other antibacterial formulations were incorporated in dental resin composites and 

bonding agents, including quaternary ammonium polyethylenimine (QPEI), 

methacryloxylethyl cetyl dimethyl ammonium chloride (DMAE-CB), and quaternary 

ammonium dimethacrylate (QADM) to reduce biofilm growth [56,71,72]. Recently, 

dental resin composite contained dimethylaminohexadecyl methacrylate (DMAHDM) 

exhibited excellent long-term antimicrobial activities [60]. 

Several previous studies suggested that increasing the mass fraction of QAM 

will increase its antibacterial function [73]. For instance, increasing the mass fraction 

of DMAHDM from 0.75% to 3% in a traditional resin system increased the 

antibacterial potency [74]. In a different report, a greater antibiofilm effect was 

obtained when increasing the DMAHDM concentration from 3% to  5% [51]. These 

studies indicated the dose-dependent effect of DMAHDM when used with a traditional 

resin system [51,74]. 

However, to date, there has been no report investigating the effect of different 

mass fractions of DMAHDM in a low-shrinkage-stress resin composite. Therefore, the 

present study aimed to systematically determine the effects of DMAHDM mass fraction 

in a low-shrinkage-stress resin composite for the first time. 

To further enhance the bioactivity of this low-shrinkage-stress resin composite, 

nanoparticles of amorphous calcium phosphate (NACP) were incorporated. Previous 

studies showed that calcium (Ca) and phosphate (P) ion release was not affected by the 
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addition of 3% DMAHDM into the same low-shrinkage-stress resin composite [61,62]. 

In addition, using NACP, enamel remineralization was achieved under a biofilm-

induced demineralization treatment [61]. To date, there has been no report evaluating 

the effect of DMAHDM mass fraction in a low-shrinkage-stress NACP-containing 

resin composite.  

Accordingly, the objectives of this study were to systematically investigate the 

effect of DMAHDM mass fraction in a low-shrinkage-stress resin composite and 

determine the optimal mechanical and anti-biofilm properties. The following 

hypotheses were tested: (1) incorporating different mass fractions of DMAHMD into a 

low-shrinkage-stress NACP-containing resin composite will not adversely affect the 

mechanical properties; (2) biofilm growth, acid production, and metabolic activity on 

the low-shrinkage-stress resin composite will monotonically decrease with increasing 

the DMAHDM mass fraction; (3) incorporating different mass fractions of DMAHMD 

into a low-shrinkage-stress NACP-containing resin composite will not negatively affect 

the ion release rate; and (4) the new resin composite would lower the polymerization 

shrinkage stress without compromising the degree of conversion. 

 

2.2. Material and methods 

2.2.1. Fabrication of resin composite containing dimethylaminohexadecyl 

methacrylate and nanoparticles of amorphous calcium phosphate 

The low-shrinkage-stress resin consisted of 55.8% UDMA (Esstech, Essington, PA, 

USA) and 44.2% of TEG-DVBE (all mass %), following previous studies [61,62]. This 

resin is denoted as “UV” resin. Briefly, TEG-DVBE was synthesized through dropwise 

addition of TEG in dimethylformamide (DMF) to a stirred suspension of NaH at 0 – 

4oC under an argon atmosphere for 30 min. After continuous stirring for 2 h, 4-
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vinylbenzyl chloride in DMF was added dropwise for 30 min, and the reaction mixture 

was stirred at room temperature for 18 hr. Then, the reaction mixture was quenched by 

a slow add-on of a saturated NH4Cl aqueous solution. The resultant solution was 

diluted with distilled water and extracted with ethyl acetate. The solvent was removed 

under reduced pressure producing a pale-yellow oil [75]. The resin was photoactivated 

using 0.2 wt% camphorquinone (CQ, Aldrich, Saint Louis, MO, USA) and 0.8 wt% of 

4-N, N-dimethylaminobenzoate (4EDMAB; Aldrich). The details of the synthesis and 

characterization of the monomers were explained in detail in a previous report [70]. 

DMAHDM was synthesized via a modified Menschutkin reaction as described 

in a previous study [76]. DMAHDM was added to the UV resin at a final mass fraction 

of 0%, 2%, 3%, 4%, 5%, 6% and 8% into the final resin composite. 

NACP with a mean particle size of 116 nm was synthesized via a spray-drying 

technique, as described previously [77]. The 20% NACP filler mass fraction was 

selected and added into the UV resin to maintain good mechanical properties of the 

resin composite and release a high level for  Ca and P ions for remineralization [61]. In 

addition, silanized barium boroaluminosilicate glass particles with a median size of 

1.4 μm (Caulk/Dentsply, Milford, DE, USA) were used as co-filler to provide 

mechanical reinforcement to the resin composite. The total fillers in the resin composite 

were 65%, including 20% NACP and 45% glass. To produce a cohesive resin 

composite paste, a Speed-Mixer (DAC 150.1, FlackTek, Landrum, SC, USA) was used. 

In addition, Heliomolar (Ivoclar, Ontario, Canada) containing 66.7 wt% of nano- fillers 

of silica and ytterbium-trifluoride was used as a commercial comparative control. It 

was chosen in our study because of its fluoride releasing ability, following previous 

studies [51,61]. The following nine composites were tested: 
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1. Heliomolar commercial control resin composite (denoted as “Commercial 

control”); 

2. Experimental control resin composite: 35% UV + 65% glass (denoted as “UV 

control”); 

3. 35% UV + 0% DMAHDM + 20% NACP + 45% glass (denoted as 

“0%DMAHDM+NACP”); 

4. 33% UV + 2% DMAHDM + 20% NACP + 45% glass (denoted as 

“2%DMAHDM+NACP”); 

5. 32% UV + 3% DMAHDM + 20% NACP + 45% glass (denoted as 

“3%DMAHDM+NACP”); 

6. 31% UV + 4% DMAHDM + 20% NACP + 45% glass (denoted as 

“4%DMAHDM+NACP”); 

7. 30% UV + 5% DMAHDM + 20% NACP + 45% glass (denoted as 

“5%DMAHDM+NACP”); 

8. 29% UV + 6% DMAHDM + 20% NACP + 45% glass (denoted as 

“6%DMAHDM+NACP”); 

9. 27% UV + 8% DMAHDM + 20% NACP + 45% glass (denoted as 

“8%DMAHDM+NACP”). 

 

2.2.2. Flexural strength and elastic modulus 

A stainless-steel mold of 2 × 2 × 25 mm3 was used to fabricate the resin composite 

specimens for mechanical testing [62]. Mylar strips were used on both sides. Samples 

were cured using (Labolight, DUO, GC, Tokyo, Japan) for 1 min [62]. The specimens 

were detached and stored dry at 37 °C for 24 h. Flexural strength and elastic modulus 

(n = 6) were measured using a three-point flexural test with a 10 mm span at a 
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crosshead-speed of 1 mm/min on a computer-controlled Universal Testing Machine 

(5500R, MTS, Cary, NC, USA) [77,78]. Flexural strength was calculated using the 

following formula: S = 3PmaxL/(2bh2), where Pmax is the maximum fracture load, L is 

the span, b is specimen width and h is thickness. Elastic modulus was calculated using 

the following formula: E = (P/d) (L3/(4bh3)), where load P divided by displacement d 

is the slope in the linear elastic region of the load-displacement curve [77]. 

The flexural and elastic test results showed that the addition of DMAHDM in 

the mass fractions of 2%, 3%, 4 %, and 5% had strengths within the recommendation 

of the ISO standards [78]. The two resin composites with 6% and 8% DMAHDM were 

excluded because their strengths were below the ISO standards [78]. Therefore, the 

following seven resin composites were used in subsequent experiments: Commercial 

control; UV control; 0%DMAHDM+NACP; 2%DMAHDM+NACP; 

3%DMAHDM+NACP; 4%DMAHDM+NACP; and 5%DMAHDM+NACP. 

 

2.2.3. Hardness of resin composites 

The hardness of the resin composites was measured using Vickers indentation (HMV 

II; Shimadzu Corporation, Kyoto, Japan) at an indentation load of 50 g and a dwell time 

of 15 s [61]. The results represented the average of four repetitive measurements for 

each of three resin composite bars, with a total of 12 indents per resin composite. 

 

2.2.4. Resin composite samples for biofilm testing 

Resin composite disks with a diameter of 9 mm and thickness of 2 mm were light-cured 

using (Labolight) for 1 min on each side [62]. To remove the initial burst of uncured 

monomer, the cured disks were immersed in distilled water and magnetically stirred at 

100 rpm for 1 h following previous studies [79]. The disks (n = 6) for each group were 



 

 

 

23 

then sterilized with ethylene oxide (Anprolene AN 74i, Andersen, Haw River, NC, 

USA) and degassed for 7 days, following the manufacturer’s instructions. 

 

2.2.5.  Bacteria inoculation and biofilm formation  

The use of bacterial species was approved by the University of Maryland Institutional 

Review Board. Streptococcus mutans (S. mutans) (UA159) was selected as it is one of 

the most commonly-associated organisms in dental caries [80]. For all the biofilm 

assays, S. mutans was cultured overnight in brain heart infusion broth (BHI, Difco, 

Sparks, MD, USA) at 37 °C with 5% CO2 [62]. The inoculum was adjusted using a 

spectrophotometer (Genesys 10S, Thermo Scientific, Waltham, MA, USA) to 10
7 

colony-forming unit counts CFU/mL based on the standard curve of OD600 nm versus 

the CFU/mL graph.[81] The culture medium (BHI) with 2% sucrose (wt/vol) was 

distributed into each well of 24-well plates and incubated for 24 h. After 24 h of culture, 

the resin composite disks were transferred to a new 24-well, filled with fresh medium 

with sucrose, and incubated for another 24 h. This totaled 48 h of culture, which was 

previously shown to be sufficient to form relatively mature biofilms on resin composite 

disks [60]. 

 

2.2.6. Biofilm colony-forming units counts 

The 2-day biofilms on resin composite disks were harvested in phosphate buffered 

saline (PBS) by scraping and sonication/vortexing (FS-30, Fisher, Pittsburg, PA, USA) 

[61]. The suspensions were serially diluted and spread on BHI agar plates. After 48 h 

of incubation at 37 °C in 5% CO2, the colony number was counted and the biofilm 

colony-forming units (CFU) counts were determined [60]. 
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2.2.7. Lactic acid production by biofilms 

The 2-day biofilms on resin composite disks were immersed in buffered peptone water 

(BPW, Sigma-Aldrich) supplemented with 0.2% sucrose and incubated at 37 °C in 5% 

CO2 for 3 h [51]. The lactate concentrations in BPW were determined using a lactate 

dehydrogenase enzymatic method by measuring OD340nm using a microplate reader 

(SpectraMax) as previously described [79]. 

 

2.2.8.  Metabolic activity of biofilms 

Metabolic activity of biofilms was measured by a 3-[4,5-dimethylthiazol-2-yl]-2,5- 

diphenyltetrazolium bromide (MTT) assay [22]. MTT is a colorimetric assay that 

measures the enzymatic reduction of a yellow tetrazole to formazan [22]. The resin 

composite disks were transferred to a new 24-well plate filled with 1 mL of MTT dye 

(0.5 mg/mL MTT in PBS) and then incubated at 37 °C in 5% CO2 [22]. After 1 h, the 

disks were transferred into a new 24-well plate with 1 mL dimethyl sulfoxide (DMSO) 

in each well and incubated at room temperature for 20 min to dissolve the formazan 

crystals. Then, 200 μL of the DMSO solution was obtained from each specimen and 

transferred to a 96-well plate, and the absorbance was measured at 540 nm by a 

microplate reader (SpectraMax) [22]. A higher absorbance is correlated to a higher 

formazan concentration, which indicates a greater metabolic activity in the biofilm on 

the disk [22]. 

 

2.2.9. Measurement of calcium and phosphate ion release 

To measure the effect of adding DMAHDM on the ion release, two groups were tested: 

0% DMAHDM+NACP resin composite and 5%DMAHDM+NACP resin composite. 

The solution was prepared using a sodium chloride (NaCl) solution (133 mmol/L) 
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buffered to pH = 4 with 50 mmol/L lactic acid [79]. Three specimens of approximately 

2 × 2 × 12 mm3 were immersed in 50 mL of the solution to yield a specimen 

volume/solution of 2.9 mm3/mL, similar to that in a previous study [79]. The 

concentrations of Ca and P ions released from the specimens were measured at 1, 3, 5, 

7, 14, 21, 28, and 35 days [61]. At each time, aliquots of 0.5 mL were removed and 

replaced by the fresh solution. The aliquots (n = 4) were analyzed for Ca and P ions 

using a spectrophotometric method (SpectraMax M5, Molecular Devices, Sunnyvale, 

CA, USA) with known standards and calibration curves, following a previous study 

[79]. 

 

2.2.10. Polymerization shrinkage stress and degree of conversion 

Heliomolar was not included in the polymerization stress and degree of conversion 

measurement because it yielded a low degree of conversion, which made Heliomolar 

resin composite unsuitable for comparison [61]. Therefore, to have a baseline in 

evaluating the polymerization stress and degree of conversion of the low-shrinkage-

stress resin composite, a traditional resin composite, consisting of bisphenol A glycidyl 

dimethacrylate (BisGMA, Esstech) and triethylene glycol dimethacrylate (TEGDMA, 

Esstech), were mixed at a mass ratio of 1:1 (referred to as BT resin). BT resin was 

included as a comparative resin composite control. The following six groups were 

tested for the polymerization stress and degree of conversion: 

1) Experimental control resin composite: 35% BT + 65% glass  

(denoted as “BT control”); 

2) 35% BT + 0% DMAHDM + 20% NACP + 45% glass  

(denoted as “BT+0%DMAHDM+NACP”); 

3) 30% BT + 5% DMAHDM + 20% NACP + 45% glass  
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(denoted as “BT+5%DMAHDM+NACP”); 

4) Experimental control resin composite: 35% UV + 65% glass  

(denoted as “UV control”); 

5) 35% UV + 0% DMAHDM + 20% NACP + 45% glass  

(denoted as “UV+0%DMAHDM+NACP”); 

6) 30% UV + 5% DMAHDM + 20% NACP + 45% glass 

(denoted as “UV+5%DMAHDM+NACP”). 

The polymerization shrinkage stress of each resin composite paste was 

measured using a cantilever beam-based tensometer [82]. The setup consisted of the 

tensometer with a built-in high-speed NIR spectrometer,[83] which permits 

simultaneous monitoring of the real-time double-bond conversion in transmission. An 

uncured, disk-shaped specimen (2 mm in height and 2.5 mm in diameter) of each resin 

composite paste (n = 3) was placed between two flat methacrylate-silane-treated quartz 

rods [83]. 

A curing light (LZ1-10DB0, LED Engin High Pow-der LEDs, Mouser 

Electronics, Mansfield, TX; 60 s irradiation, 1000 mW/cm2 intensity) was used [83]. 

The calculation for the polymerization shrinkage stress was done using the beam 

formula [83]: Ϭ = F/A= 6δEI / πr2a2 (3l−a), where σ is the polymerization shrinkage 

stress, F is the force exerted by the sample shrinkage, A is the cross-sectional area, r is 

the radius of the sample, δ is the beam deflection at the free end, E is Young's modulus, 

I is the moment of inertia of the beam, and l and a are the length of the beam and the 

distance between the sample position and the clamped edge of the beam, respectively 

[82]. 

The double-bond (6165 cm−1) conversion was measured by guiding the NIR 

signal through the specimen’s sides using optical fiber cables (1 mm in diameter) [83]. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/position
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The degree of conversion was calculated [84]: Degree of conversion (%) = 100 × (1 – 

Areapolymer /Areamonomer), in which the Areamonomer is the peak area of the sample before 

the beginning of irradiation, while Areapolymer is the peak area of the sample at each time 

point during the polymerization process. For 5 minutes, the concomitant 

polymerization stress/degree of conversion was continuously recorded [83].  

 

2.2.11. Statistical analysis 

All statistical analyses were performed using SPSS, version 25.0 (SPSS, Chicago, IL, 

USA). One-way ANOVA with Tukey’s multiple comparison tests were performed to 

detect significant differences between groups. T-test was performed for the Ca and P 

ion release. Results were considered statistically significant at a p-value of less than 

0.05.  Dissimilar letters indicate values that are significantly different from each other 

(p < 0.05).
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2.3. Results 

2.3.1. Flexural strength and elastic modulus 

The flexural strengths and modulus of elasticity of the resin composites are plotted in 

Figure 7 (Mean ± sd; n = 6): (A) Flexural strength, and (B) elastic modulus. The resin 

composites containing 2%, 3%, 4%, and 5% DMAHDM with 20% NACP had flexural 

strengths comparable to commercial control. The UV control had the highest flexural 

strength (p < 0.05). These results demonstrate that increasing the DMAHDM 

concentration up to 5% DMAHDM compared to the commercial resin composite did 

not significantly reduce the flexural strength of the resin composite (p > 0.05). 

The elastic modulus values of the resin composites varied between 5 GPa and 

9 GPa. The incorporation of 2% or 3% DMAHDM and 20% NACP resulted in higher 

elastic modulus values when compared to UV control resin composite (p < 0.05). 

However, the incorporation of 4% and 5% DMAHDM with 20% NACP resulted in 

comparable elastic modulus values to the commercial control (p > 0.05). 
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Figure 7. Mechanical properties of resin composites: (A) Flexural strength and (B) elastic 

modulus  

 

2.3.2. Hardness of resin composites 

The resin composite hardness data are presented in Figure 8 (mean ± SD; n = 3). The 

hardness values ranged between 0.25 GPa and 0.37 GPa. In general, there was an 

increase in hardness with increasing the mass fraction of DMAHDM. The highest 

hardness was observed in the 5%DMAHDM+NACP resin composite. Both UV control 

and 0% DMAHDM+NACP had the lowest hardness. 
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Figure 8. Hardness of resin composites 

 

2.3.3. Biofilm colony-forming units counts 

The CFU results of the S. mutans biofilm are shown in Figure 9 (mean ± SD; n = 6). 

The biofilm CFU reduction was 5 to 5.5 log by the 4%DMAHDM+NACP resin 

composite, compared to the commercial control (p < 0.05). The greatest CFU reduction 

was observed in the 5%DMAHDM+NACP group, with 7 to 7.5 log reduction, 

compared to UV control (p < 0.05). The incorporation of 2% or 3% DMAHDM in resin 

composites significantly reduced the CFU count for S. mutans compared to the UV 

control (p < 0.05). However, in the 0%DMAHDM+NACP group, S. mutans CFU were 

comparable to the UV control (p > 0.05). These results showed that increasing 

DMAHDM concentration from 2%, 3%, 4% to 5% demonstrated a monotonically 

increased antibacterial potency. 



 

 

 

31 

 

 

 

 

 

 

 

 
 

Figure 9. The CFU counts of biofilms on resin composite disks 

 

2.3.4. Lactic acid production by biofilms 

Lactic acid production on the resin composite disks is plotted in Figure 10 (mean ± SD; 

n = 6). The amount of acid productions of biofilms on the commercial control and the 

UV control group were comparable (p > 0.5). In contrast, the lactic acid production of 

biofilms was substantially reduced by increasing the DMAHDM mass fraction in the 

low-shrinkage-stress resin composite (p < 0.05). 
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Figure 10. Lactic Acid production by biofilms on resin composites 

 

2.3.5. Metabolic activity of biofilms 

The MTT metabolic activity of biofilms on resin composites is illustrated in Figure 11 

(mean ± SD; n = 6). The metabolic activity of commercial control resembled that of the 

UV control (p > 0.05). A great decrease in biofilm metabolic activity was observed 

with increasing the DMAHDM mass fraction in the low-shrinkage-stress resin 

composite (p < 0.05). 
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Figure 11. Metabolic activity of biofilm MTT 

 

2.3.6. Measurement of Calcium and phosphate ion release 

The release of Ca and P ions from the composites is plotted in Figure 12: (A) Ca ions 

and (B) P ions (mean ± SD; n = 4). After one month of ion release, 

5%DMAHDM+NACP resin composite had Ca ion release of 4.50 ± 0.81 mmol/L, 

comparable to the Ca ion released by 0%DMAHDM+NACP resin composite 5.34 ± 

0.054 mmol/L (p > 0.05). Therefore, the incorporation of 5% DMAHDM to the 

remineralizing low-shrinkage stress resin composite did not compromise the ion release 

ability (p > 0.05). The P ion release showed a similar trend.  
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Figure 12. Calcium (Ca) and phosphate (P) ion release from resin composites 
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2.3.7. Polymerization shrinkage stress and degree of conversion 

The degree of conversion is presented in Figure 13 (n = 3).  Overall, all the groups 

showed a gradual increase in the degree of conversion with polymerization time, 

followed by a plateau. The BT control resin composite had the lowest degree of 

conversion (69%). The UV groups showed a delayed arrival to the peak, compared to 

BT. At 5 minutes of starting the photo-curing, the UV resin composite with 5% 

DMAHDM reached a degree of conversion of approximability ≈ 70%, while the 

UV+0%DMAHDM+NACP resin composite reached 77% degree of conversion (p < 

0.05). 

 

 

 

 

 

 

 

 

 

 

Figure 13. The degree of conversion vs. polymerization time 
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The polymerization shrinkage stress vs. polymerization time is plotted in Figure 14 (n 

= 3).  Higher polymerization shrinkage stress was recorded for BT resin composite 

groups, compared to UV groups (p < 0.05). In addition, UV groups displayed a delayed 

development of polymerization stress. The BT+5%DMAHDM+NACP resin composite 

had a polymerization shrinkage stress of 1.69 ± 0.08 MPa. The 

UV+5%DMAHDM+NACP resin composite had a polymerization shrinkage stress of 

1.05 ± 0.12 MP. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. The polymerization shrinkage stress vs. polymerization time
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2.4. Discussion 

 

The present study systematically investigated the effects of DMAHMD mass fraction 

in a low-shrinkage-stress and remineralizing NACP resin composite for the first time. 

“The first hypothesis was partially accepted as the incorporation of no more than 5% 

DMAHDM and NACP into the low-shrinkage-stress resin composite did adversely 

affect the mechanical properties. However, the further hypotheses were proven that the 

S. mutans biofilm growth was reduced, Lactic acid production and metabolic activity 

monotonically decreased as DMAHDM mass fraction increased.” Moreover, the new 

low-shrinkage-stress resin composite containing the 5% DMAHDM and NACP 

provided high levels of Ca and P ion releases for remineralization. Additionally, the 

5%DMAHDM+NACP resin composite significantly reduced the shrinkage stress by 

37% when compared to a traditional resin composite, without compromising the degree 

of conversion (≈ 70%). 

In the past decades, extensive improvements in the mechanical properties, 

esthetic of the resin composite restoration have been achieved. However, volumetric 

shrinkage and subsequent shrinkage stress arising during the polymerization reaction 

are still major drawbacks [36]. Polymerization shrinkage stresses can affect the 

integrity of the tooth structure and can compromise the tooth-resin composite interface, 

leading to gap formation and recurrent caries [85]. Therefore, it would be highly 

desirable to develop a low-shrinkage-stress resin composite to increase the survival rate 

of the restoration and minimize the stresses on the tooth structure. A previous study 

used a thiol-ene system to reduce polymerization stress from 2.8 MPa in a 



 

 38 

BisGMA/TEGDMA resin composite to 0.30 MPa [39]. However, it had a low 

mechanical property [39]. Another group investigated the substitution of TEGDMA 

with tricyclo decanedimethanol dacrylate (SR833s) and isobornyl acrylate (IBOA) 

[40]. The results showed a stress reduction; however, the degree of conversion was also 

decreased [40]. In addition, a meta-analysis revealed that the 12-month follow-up 

assessment of the marginal retention of a silorane-based resin composite was not 

significantly better than traditional methacrylate’s-based composite resins [16]. 

Recently, the use of UDMA and TEGDVBE monomers to develop a low-shrinkage-

stress resin composite achieved low polymerization stress, adequate mechanical 

strength, and strong antibacterial effect [61]. However, the antibacterial mass fraction 

was limited to a single mass fraction of 3% DMAHDM [62].  

In the present study, we systematically investigated the effects of DMAHDM 

mass fraction from 0% to 8% in the low-shrinkage-stress resin composite. This 

experimental design enabled the determination of the maximum amount of antibacterial 

monomer that can be added to this low-shrinkage-stress resin composite without 

compromising its mechanical and physical properties. The present study showed that 

increasing the DMAHDM mass fraction to above 5% led to a viscous resin and a less 

cohesive resin composite paste. The flexural strength and elastic modulus for the 6% 

or 8% DMAHDM groups were less than the ISO recommendations [78]. Therefore, we 

focused on the DMAHDM mass fractions of 2% to 5%. These formulations achieved 

good flexural strength and modulus of elasticity similar to the commercial resin 

composite. This can be attributed to the small particle size of NACP that leaves room 

for the reinforcement of glass fillers (45%). In addition, comparable mechanical 

properties were obtained between BT and UV resin composites containing 3% or 5% 

DMAHDM in addition to 20% NACP [51]. Meanwhile, the novel low-shrinkage-stress 
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resin composite substantially reduced the polymerization shrinkage stress 37 % lower 

than that of the BT resin composite.  

Furthermore, all study groups showed clinically acceptable hardness values of 

between 0.25 GPa to 0.37 GPa [86]. Indeed, the hardness of the new low-shrinkage-

stress resin composite with DMAHDM and NACP are comparable to commercial 

dental resin composites such as Tetric N-Ceram with a hardness of 0.33 GPa and IPS 

Empress Direct with a hardness of 0.29 GPa [87]. 

Dental resin composites lack antibacterial properties and tend to accumulate 

more plaque than amalgam restorations [26]. This accumulation can contribute to 

cariogenic bacterial attachment, hydrolytic enzyme production, material degradation, 

and recurrent caries [88]. Therefore, efforts were made to change the concept of dental 

treatment from drill and fill to a smart bioactive material that can interact with the oral 

environment [2]. Different antibacterial agents were used, including chlorhexidine. A 

short-term antibacterial effect was observed with the addition of chlorhexidine in a low-

shrinkage-stress resin composite [89]. Nanoparticles such as silver and zinc oxide were 

also added to dental materials as antibacterial fillers [7]. However, the mechanical 

properties of the material were compromised due to the loss of a large amount of the 

agent in a short period of time, leading to increased surface porosity [7]. To overcome 

this critical drawback, copolymerized quaternary ammonium methacrylates were used 

to covalently bond to dental resins, leading to long-term antibacterial effects [51]. 

DMAHDM has presented a potent effect on the reduction and modulation of 

cariogenic species [54]. Studies have shown that increasing the mass fraction of 

DMAHDM in BisGMA/TEGDMA resin-based composite would increase its 

antibacterial function [51,73]. The suppression of the biofilm with increased 

DMAHDM mass fraction can be attributed to increasing its charge density. Increasing 
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the positive charge of DMAHDM helps to interact with more of the negatively charged 

bacterial membrane, which can lead to disruption of the membrane functions, essential 

ions unbalance (i.e., K+, Na+, Ca2+, and Mg2+), followed by bacterium lysis [54]. 

Therefore, the different resin composite formulations with different mass fractions of 

DMAHDM could be used according to the clinical needs of the patient. For example, 

in a young patient with normal salivary flow and stronger chewing forces, resin 

composite with 2% or 3% DMADHM + 20 % NACP will have an adequate 

antibacterial effect ranging between 2 to 4 logs of reduction in S. mutans biofilm growth 

and flexural strength that varies between 89-96 MPa. In older individuals with impaired 

physical performance, low salivary flow, and weaker muscle function, resin composites 

with 4% or 5% mass fraction of DMAHDM + 20% NACP with 4-5 logs reduction in 

S. mutans biofilm growth and acceptable mechanical strength around 86 MPa will be 

of a better choice. 

NACP particles were added to the low-shrinkage-stress antibacterial resin 

composite to make the resin composite a smart material that can interact with the oral 

environment [77]. This NACP resin composite rapidly raises the pH and modifies the 

microenvironment around the dental plaque [90]. In this study, the ion release data 

showed a similar ion release reported in previous studies using the same resin system 

with 3%DMAHDM+20%NACP [61,62]. Therefore, the 5%DMAHM+20%NACP 

resin composite, developed in this study, is also expected to continue the ion release for 

90 days with close value to the previous report [61,62]. Another potential advantage of  

NACP containing resin composite, that it has a Ca and P recharge capability to prolong 

the ion release [22]. A previous study conducted 12 recharge cycles, each recharged 

cycle was followed by 14 days of continuous ion release without further recharge [79]. 
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Therefore, it would be highly desirable for future studies to consider the low-shrinkage-

stress resin composite to have the potential to be rechargeable for a longer ion release. 

The polymerization degree of conversion is an important property that 

determines the physical and biological properties and clinical longevity of dental resin 

composites [91]. Previous reports indicate that most dimethacrylate monomers in 

dental materials have a degree of conversion that ranges from 55% to 75% [92]. The 

present study achieved relatively high degrees of conversion, ranging from 69% to 76% 

for the BT resin composite, and from ≈ 70% to 77% for the UV resin composite. In 

general, UV groups showed a delayed arrival to the peak, compared to BT groups. For 

the UV control resin composite, the degree of conversion reached 72%. However, with 

the addition of 20% NACP, the polymerization rate accelerated and reached 77%. This 

trend was consistent with a previous study, which speculated that the small particle size 

of NACP could surround its surface by a thin layer of resin. This thin surface of resin 

likely enabled more light penetration during curing, and thus increased the degree of 

conversion [60]. However, with the addition of 5% DMAHDM to the resin composite, 

we noticed a lower rate of conversion. This decrease could be related to the presence 

of DMAHDM covering NACP particles and slightly decreasing the light penetration 

during the curing. Future investigations are needed to fully understand the mechanism 

behind the degree of conversion in the new resin composite. 

Optimizing the resin composite marginal seal is a key factor for the longevity 

of the restoration [10,17]. Previous studies showed a relation between polymerization 

shrinkage stress and sealing ability [37]. Therefore, it is practically important to 

demonstrate that using low-shrinkage-stress UV resin composite helped to reduce the 

polymerization shrinkage stress 37 % lower than the BT resin composite. 

Consequently, the low-shrinkage-stress resin composite can maintain a good marginal 
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seal. Even with the addition of NACP particles and a 5% DMAHDM monomer, the 

shrinkage stress reduction was maintained at 1.05 MPa for UV compared to 1.69 MPa 

for BT resin composite. This can be related to the difference in the polymerization rate 

achieved by both resins [70]. The longer the polymerization rate taken by the UV resin 

composite to reach rigidity allowed easier stress relaxation and prevented excessive 

contraction stress accumulation [38]. Furthermore, a previous study showed a direct 

relationship between the polymerization stress and microleakage in class V cavities 

restored with three different commercial resin composites [93]. Another study showed 

that using one layer of unfilled resin will reduce the stress between 13 and 24% [94]. 

However, when the unfilled resin composite layer was added, the material radiolucency 

affected the radiographic diagnosis, and the fluidity of the material affecting its 

handling and application [93]. It is valuable to know that our low-shrinkage-stress resin 

composite will be beneficial in reducing the clinical steps when restoring class V 

restorations by using only one type of resin composite. In addition, this low-shrinkage-

stress resin composite has an antibacterial property that will help suppress acidogenic 

bacteria, as well as with NACP particles that can neutralize the acids and remineralize 

the lesions to protect the tooth structures. 

 In summary, in the present study, we developed a bioactive low-shrinkage-

stress NACP-containing resin composite and systematically investigated the effects of 

DMAHDM mass fraction for the first time. The incorporation of NACP and 2% to 5% 

DMAHDM into the low-shrinkage-stress resin composite did not adversely affect the 

mechanical properties. The resin composites had a dose-dependent reduction in the S. 

mutans biofilm with increasing mass fraction of DMAHDM from 2% to 5%. Biofilm 

CFU counts were reduced by 2 to 5 orders of magnitude, compared to commercial resin 

composite. Ca and P ion releases were not compromised with increasing mass fractions 
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of DMAHDM in the low-shrinkage-stress composite. The 5%DMAHDM+NACP 

composite maintained a high conversion (≈ 70%) and reduced the polymerization 

shrinkage stress by 37%, compared to a traditional composite. Therefore, the low-

shrinkage-stress composite with antibacterial and remineralizing properties is 

promising to overcome secondary caries and increase the restoration longevity. Further 

studies are needed to investigate the antibacterial effects and mechanical properties of 

the low-shrinkage-stress resin composite in long-term experiments. In addition, future 

study is warranted to compare the mechanical properties of this new low-shrinkage-

stress resin composite against commercial bulk-fill nano-hybrid resin composites and 

other low-shrinkage resin composites available on the market which do not possess 

antibacterial or remineralizing capabilities. Further studies are also needed to 

investigate the degradation-resistant and low-shrinking UV monomer in a wide range 

of applications, including composites, bonding agents, sealants and cements to lower 

the shrinkage stresses and increase the longevity. 
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CHAPTER THREE: Effects of thermal cycling on mechanical and 

antibacterial durability of bioactive low-shrinkage-stress 

nanocomposite2 

 

Chapter abstract 

           Objectives: Recent studies developed low-shrinkage-stress composite with 

remineralizing and antibacterial properties to combat secondary caries and increase 

restoration longevity. However, their long-term durability in thermal cycling is unclear. 

The objectives of this study were to develop an antibacterial, remineralizing and low-

shrinkage-stress composite, and to investigate its durability in thermal cycling for 

20,000 cycles, equivalent to two years of clinical life. 

           Methods: The resin consisted of urethane dimethacrylate (UDMA) and 

triethylene glycol divinylbenzyl ether (TEG-DVBE). Composites were made with 5% 

dimethylaminohexadecyl methacrylate (DMAHDM) and 20% of nanoparticles of 

amorphous calcium phosphate (NACP). Composites were thermal cycled at 5 °C and 

55 °C for 20,000 cycles. A human salivary biofilm model was used to evaluate 

antibiofilm activity before and after thermal cycling. 

Results: After 20,000 cycles, the flexural strength of bioactive low-shrinkage-

stress composite matched commercial control with no antibacterial activity (p > 0.05). 

Surface roughness was clinically acceptable at less than 0.2 μm. UV+NACP+DMAHD

 
2 Filemban H, Bhadila G Wang X, Melo MAS, Hack GD, Tay FR, Oates TW, Weir MD, Sun J, 

Xu HHK. Effects of thermal cycling on mechanical and antibacterial durability of bioactive low-

shrinkage-stress nanocomposite. J Dent. 2022 Jul 8; 124:104218. (Published) 
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composite reduced the total microorganisms, total streptococci, and mutans 

streptococci by 2 to 5 logs, compared to commercial composite. Biofilm lactic acid 

production was reduced by 11 folds. The antibacterial performance was maintained 

after thermal cycling, with no decrease after 20,000 cycles.  

Conclusions: Bioactive low-shrinkage-stress composite possessed good 

mechanical properties that matched commercial composite both before and after 

thermal cycling. The new composite had potent antibacterial activity, which was 

maintained and did not decrease after thermal cycling. 

Clinical significance: The new bioactive low-shrinkage-stress composite could 

reduce polymerization shrinkage stress and release calcium and phosphate ions, with 

good mechanical properties and strong antibacterial function that were durable after 

thermal cycling. These properties indicate great potential for inhibiting recurrent caries 

and increasing the restoration longevity. 

 

3.1.  Introduction 

Dental composite restorations are an important part of the modern restorative 

armamentarium [10]. Approximately 92.6% of small- and moderate-sized cavities are 

restored with composite [3,8]. This increased use has been correlated to more patients 

demanding esthetic restorations and dentists shifting toward minimally invasive cavity 

preparations [8,95].  Nevertheless, clinical studies indicate that composite restorations 

showed a decreased lifespan and increased failure rate due to secondary caries, 

restoration degradation, and fracture [17,18]. These failures are often caused by two 

main elements. First, polymerization shrinkage can lead to interfacial debonding, post-

operative sensitivity, and recurrent caries [36,96,97]. Second, resin composites tend to 
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accumulate more biofilms and plaque, undergo degradation, thus reducing their 

longevity [98,99].  

Therefore, efforts were made to develop bioactive composites with the ability 

to reduce polymerization shrinkage stress, maintain mechanical performance, and 

possessing long-term antibacterial effects at the tooth-restoration interface 

[36,56,71,100]. In our previous study, we designed a new composite using 5% 

dimethylaminohexadecyl methacrylate (DMAHDM) and 20% amorphous calcium 

phosphate nanoparticles (NACP) in a unique low-shrinkage-stress resin [101]. This 

formula reduced the polymerization shrinkage stress by 37%, compared to a traditional 

composite using bisphenol A glycidyl dimethacrylate (BisGMA) and triethylene glycol 

dimethacrylate (TEGDMA) [101].  

In addition, the new low-shrinkage-stress composite achieved high levels of 

calcium (Ca) and phosphate (P) ion release, with adequate mechanical properties and 

satisfactory degree of conversion [101]. Furthermore, the new low-shrinkage-stress 

composite decreased the Streptococcus mutans (S. mutans) biofilm colony-forming 

units (CFU) by 5 orders magnitude, and substantially reduced the biofilm lactic acid 

production, compared to control composite [101].  

Thermal cycling is experienced daily by restorative materials during the 

consumption of food and beverages [102]. According to ISO 11405 recommendations, 

the use of 500 thermal cycles between 5 °C and 55 °C is suitable to simulate short-term 

aging of dental materials [16]. However, the number of thermal cycles varies between 

previous studies [102–104]. For instance, a study found that approximately 83% of the 

reviewed studies were conducted with thermal cycles in the range of 10,000 cycles, 

which is equivalent to one year of in vivo function [103]. Based on this information, a 

previous study compared thermal cycles including 10,000 and 20,000 cycles, which 
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was equivalent to 1- and 2-years in vivo function [105]. Other previous studies focused 

on short-term effects of up to 3 months of immersion [47,75]. There has been no report 

investigating the impact of thermal cycling on the new bioactive low-shrinkage-stress 

composite.  

Furthermore, previous studies developed antibacterial composites to prevent 

recurrent caries [48,71,106] . Previous reports incorporated quaternary ammonium 

methacrylates (QAMs) into dental materials [18,53]. A composite containing 12-

methacryloyloxydodecylpyridinium bromide (MDPB) showed strong antibacterial 

effects after 3 months of immersion in water [56]. Quaternary ammonium 

polyethylenimine (QAS-PEI) nanoparticles were incorporated in composite, achieving 

a strong antibacterial effect against S. mutans [71]. A copolymer coating composed of 

both MDPB and 2-methacryloyloxyethyl phosphorylcholine (MPC) effectively 

inhibited biofilm formation after 28 days of immersion in distilled water [58]. 

Composites with DMAHDM exhibited excellent long-term antimicrobial activities 

[47,59,75]. In addition, to enhance the bioactivity of the composite, NACP were 

synthesized with a mean particle size of 116 nm [79]. In a human in situ analysis, 

composite containing NACP showed four times more mineral regeneration, than a 

commercial fluoride-releasing restoration [7]. In another study, the composite 

containing DMAHDM and NACP was able to sustain the antibacterial performance 

after one year of aging [59].  

The present study used a resin with reduced polymerization shrinkage stress and 

an satisfactory degree of conversion [38,75,101]. This formula was developed using 

urethane dimethacrylate (UDMA) and hydrolytically stable, ether-based triethylene 

glycol divinylbenzyl ether (TEG-DVBE) copolymers [38]. UDMA was used as a base 

monomer in this system [38]. TEG-DVBE is the diluent monomer with proven stability 
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against hydrolytic challenges and esterase degradation [38]. Previous studies on 

bioactive low-shrinkage-stress composites did not use thermal cycling to simulate the 

temperature changes in the oral cavity. 

Therefore, the objectives of this study were to develop a bioactive low-

shrinkage-stress composite with antibacterial and remineralizing properties, and to 

investigate its durability in thermal cycling for 20,000 cycles for the first time. It was 

hypothesized that: (1) After long-term thermal cycling, the low-shrinkage-stress 

composite would match the mechanical properties of commercial control composite 

with no antibacterial nor low-shrinkage-stress properties; (2) The low-shrinkage-stress 

composite hardness would not decrease in thermal cycling; (3) Thermal cycling will 

not adversely affect the surface roughness of the composite; (4) The antibacterial effect 

of the low-shrinkage-stress composite would not decrease in thermal cycling, thereby 

providing long-term antibacterial activity. 

 

3.2. Material and methods  

3.2.1.    Fabrication of composite containing DMAHDM and NACP 

The low-shrinkage-stress resin consisted of 55.8% UDMA (Esstech, Essington, PA, 

USA) (all mass%, unless specified otherwise) and 44.2% of TEG-DVBE, following 

previous studies [38,101]. This resin is denoted as “UV” resin. The resin was 

photoactivated using 0.2% camphorquinone (CQ, Millipore Sigma, Burlington MA, 

USA) and 0.8% of 4-N, N-dimethylaminobenzoate (4EDMAB; Millipore Sigma). The 

details of the synthesis and characterization of the monomers were explained in detail 

in a previous report [38].  
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DMAHDM was synthesized via a modified Menschutkin reaction as described 

in a previous study [76]. DMAHDM was added to the UV resin, at a mass fraction of 

5% in the final composite.  

NACP with a mean particle size of 116 nm was synthesized via a spray-drying 

technique, as described previously [77]. The 20% NACP filler mass fraction was 

selected and added into the UV resin to maintain good mechanical properties of the 

composite and release a high level for Ca and P ions for remineralization [61]. In 

addition, silanized barium boroaluminosilicate glass particles with a median size of 

1.4 μm (Dentsply Sirona, Milford, DE, USA) were used as co-filler to provide 

mechanical reinforcement to the composite. The total fillers in the composite were 

65%, including 20% NACP and 45% glass. To produce a cohesive composite paste, a 

Speed-Mixer (DAC 150.1, FlackTek, Landrum, SC, USA) was used. A commercial 

composite Heliomolar (Ivoclar, Ontario, Canada) was chosen as a comparative control 

because it had ion release and therefore would be a fair and reasonable comparison with 

our bioactive materials. This selection based on earlier studies [22,107]. According to 

the manufacturer, Heliomolar contained 66.7% of nano-fillers of silica and ytterbium-

trifluoride with particle sizes of 40 to 200 nm. The following four composites were 

tested: 

1. Heliomolar commercial control composite (denoted as “Heliomolar”); 

2. Experimental control composite: 35% UV + 65% glass (denoted as “UV 

control”); 

3. 35% UV + 0% DMAHDM + 20% NACP + 45% glass (denoted as 

UV+NACP”); 

4. 30% UV + 5% DMAHDM + 20% NACP + 45% glass (denoted as 

UV+NACP+DMAHDM”). 
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3.2.2.   Thermal cycling 

Each specimen (bars or disks) was placed in an automatic thermal cycling unit 

(Thermocycling - 250L, Odeme Dental Research, SC, Brazil) and was transferred 

between thermostatically controlled 5 °C and 55 °C water baths [104]. The two 

temperatures were chosen to approximate the minimum and maximum temperatures 

found in the oral cavity [108]. The immersion or dwell time in each bath was 30 seconds 

(s) with an interval of 3-5 s (transfer time) [109]. Thermal cycling was tested for 20,000 

cycles, which, based on a previous study, was equivalent to approximately 2 years of 

in vivo service life [102]. 

 

3.2.3   Flexural strength and elastic modulus 

A stainless-steel mold of 2 × 2 × 25 mm3 was used to fabricate the composite specimens 

for mechanical testing [62]. Mylar strips were used on both sides. Samples were cured 

using (Labolight, DUO, GC, Tokyo, Japan) for 1 min [62].  The specimens were 

detached and stored wet at 37 °C for 24 h. Flexural strength and elastic modulus (n = 

6) were measured using a three-point flexural test with a 10 mm span at a crosshead-

speed of 1 mm/min on a computer-controlled Universal Testing Machine (Insight 1, 

MTS, Eden Prairie MN, USA) [77,78]. Flexural strength was calculated using the 

following formula: S = 3PmaxL/(2bh2), where Pmax is the maximum fracture load, L is 

the span, b is specimen width and h is thickness. Elastic modulus was calculated using 

the following formula: E = (P/d) (L3/(4bh3)), where load P divided by displacement d 

is the slope in the linear elastic region of the load-displacement curve [77].  
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3.2.4    Hardness of composites 

The hardness of the composites was measured using Vickers indentation (HMV II; 

Shimadzu Corporation, Kyoto, Japan) at an indentation load of 50 g and a dwell time 

of 15 s [61]. The results represented the average of four repetitive measurements for 

each of three composite bars, with a total of 12 indents per composite. 

 

3.2.5    Composite surface roughness  

Composite bars with approximately 2 × 2 × 25 mm3 dimensions were used for surface 

roughness assessments (n = 4). Composite bars were fabricated using a customized 

mold and cured (Labolight) for 1 min per side [79]. The average surface roughness (Ra, 

μm) parameter was measured using a surface roughness tester (Surftest SJ-310; 

Mitutoyo America, Aurora, IL, USA). At a sustained speed of 0.5 mm/s, a force of 4 

mN, a 0.25-mm cutoff value, and 1.5-mm tracing length, each sample was traversed by 

5 μm stylus tip radius [59].  

 

3.2.6.   Composite samples for biofilm testing 

Composite disks with a diameter of 9 mm and thickness of 2 mm were light-cured using 

(Labolight) for 1 min on each side [62]. To remove the initial burst of uncured 

monomer, the cured disks were immersed in distilled water and magnetically stirred at 

100 rpm for 1 h following previous studies [79]. The disks for each group were then 

sterilized with ethylene oxide (Anprolene AN 74i, Andersen Products, Haw River, NC, 

USA) and degassed for 7 days, following the manufacturer’s instructions.  
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 3.2.7.    Assessment of antibacterial properties using saliva biofilm model  

Saliva collection was conducted following the Declaration of Helsinki, and the 

Institutional Review Board approved the protocol at the University of Maryland (IRB 

#: HP-00050407) [47]. An equal amount of saliva was collected from ten healthy 

caries-free donors. Donors were instructed not to brush their teeth 24 h preceding 

collection and not to eat or drink 2 h preceding the collection. Next, the collected saliva 

was mixed with glycerol to be diluted to 70%. Then the diluted saliva was stored at −80 

°C until use [51].  

For all biofilm experiments, McBain artificial saliva growth medium was used. 

McBain medium contained 2.5 g/L Type II mucin (porcine, gastric, Millipore Sigma), 

2.0 g/L bacteriological peptone (Becton Dickinson, Sparks, MD, USA), 2.0 g/L 

tryptone (Becton Dickinson), 0.35 g/L NaCl, 1.0 g/L yeast extract (Fisher Scientific), 

0.2 g/L potassium chloride (Millipore Sigma), 0.1 g/L cysteine hydrochloride 

(Millipore Sigma), 0.2 g/L calcium chloride (Millipore Sigma) [51]. The pH was 

adjusted to 7 and then autoclaved. After cooling the medium, 0.0002 g/L vitamin K1, 

0.001 g/L hemin were added [51]. In addition to the McBain, a 0.2% sucrose solution 

and the saliva solution was used as an inoculum at a ratio of 1:50 for all biofilm tests 

[51]. Afterward, 1.5 mL of the medium was placed in each well of a 24-well plate 

containing a composite specimen from each group. Specimen were incubated for 8 h in 

5% CO2 at 37 °C to allow bacterial growth on the samples [51]. The same procedure 

was repeated for 16 h without saliva. After 16 h, the samples were moved to a new 24-

well plate, which contained fresh medium and sucrose, and was incubated for 24 h. 

Composites were exposed to bacterial culture for a total of 48 h, which resulted in 

reasonably mature dental plaque microcosm biofilms on composites [22,51]. Next, the 
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samples were transferred to perform the live/dead assay, CFU, and lactic acid 

production. 

 

3.2.8.  Live/ dead staining of biofilms 

Composite disks subjected to 48-hour biofilms were used for the live/dead staining 

assay [45]. The disks were washed three times with phosphate-buffered saline (PBS) to 

remove the planktonic bacteria, and then they were stained with the BacLight live/dead 

kit (Molecular Probes, Eugene, OR, USA) following the manufacturer's instructions 

[51]. A mixture of 1:1 ratio of SYTO9 and propidium iodide was pipetted on each 

sample for 15 min [51]. The green fluorescence indicated that the presence of live 

bacteria with intact membranes stained with SYTO9. Bacteria with compromised cell 

membranes were stained with propidium iodide to radiate a red fluorescence [51]. Five 

images of each stained disk were collected using an inverted epifluorescence 

microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA).  

 

3.2.9.  Biofilm colony forming units (CFU) count 

 After the 48-hour biofilms incubation, the disks covered with biofilm were transferred 

to a vial filled with 1 mL of PBS. The vial was vortexed for 5 s  then sonicated for 15 

min to harvest the biofilm [51,79]. The suspensions of bacteria were dropped on the 

agar plates after serial dilutions. The agar plates were incubated at 37 °C and 5% CO2 

for 48 h [51]. The bacterial colonies relied on counting the colonies and multiplied by 

the dilution factor [51]. The agar plates used were: 

I. TSA: Tryptic soy blood agar (TSA, Becton Dickinson) with defibrinated sheep 

blood to evaluate the total microorganisms' biofilm growth.  
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II. MSA: Mitis salivarius agar (MSA, Becton Dickinson) culture plates having 

15% sucrose to evaluate the biofilm growth of total Streptococci.  

III. MSB: Mitis salivarius agar having 15% sucrose, with 0.2 units of bacitracin 

per mL to quantify the biofilm growth of mutans streptococci.  

 

3.2.10.  Lactic acid production by biofilms  

The 48-hour biofilms on composite disks were immersed in buffered peptone water 

(BPW, Millipore Sigma) supplemented with 0.2% sucrose and incubated at 37 °C in 

5% CO2 for 3 h [23,38]. The lactate concentrations in BPW were determined using a 

lactate dehydrogenase enzymatic method by measuring OD340nm using a microplate 

reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) as previously 

described [79]. 

 

3.2.11.   Statistical analysis 

All statistical analyses were performed using SPSS, version 25.0 (SPSS, Chicago, IL, 

USA). One-way and Two-way analyses of variance ANOVA with Tukey’s multiple 

comparison tests were performed to detect significant differences between groups. 

Results were considered statistically significant at a p-value of less than 0.05. 

Dissimilar letters indicate values that are significantly different from each other (p < 

0.05).
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3.3 Results 

 

The mechanical properties of composites before and after thermal cycling are presented 

in Figure 15. In Figure 15 A, in all the eight composite groups (mean ± SD; n = 6), 

there was a substantial decrease in the flexural strength values after 20,000 thermal 

cycles (p < 0.05). However, the flexural strength of the UV+NACP+DMAHDM 

matched those of the Heliomolar commercial control composite that had no 

antibacterial capabilities (p > 0.05). Additionally, after 20,000 thermal cycles, the UV 

control had the highest flexural strength when compared to the Heliomolar (p < 0.05).  

In contrast, in Figure 15 B, in all eight composites groups, there was an increase in the 

elastic modulus after 20,000 thermal cycles (p < 0.05). The increase in modulus from 

0 cycle to 20,000 thermal cycles was relatively small for the Heliomolar composite, as 

well as for UV+NACP composite (p > 0.05). 
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Figure 15. Mechanical properties of composites: (A) Flexural strength and (B) Elastic 

modulus 

 

Figure 16 represents the composite hardness data (mean ± SD; n = 3). All the 

hardness values of the composite significantly increased upon thermal cycling when 

compared to the baseline (p < 0.05). After 20,000 thermal cycles, there was no 

significant difference in the hardness values between UV composites (p > 0.05). 
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Figure 16. Hardness of composites 

 

Figure 17 shows the results for the surface roughness evaluation (mean ± SD; n 

= 4). All the UV groups showed significantly higher surface roughness values upon 

thermal cycling when compared to baseline (p < 0.05). However, there was no 

significant difference in the surface roughness values before and after thermal cycling 

for the Heliomolar group (p > 0.05). 

 

 

 

 

 

 

 

 

Figure 17. The average roughness values for composites 



 

 58 

 

Figure 18 shows representative live/dead images of 48-hour biofilms on the 

different composites (mean ± SD; n = 3). The Heliomolar, UV control composite, and 

the UV+NACP composite were primarily covered with live bacteria (green). In 

contrast, the UV+NACP+DMAHDM group had a potent antibacterial response, 

yielding many dead bacteria (red). These results indicate that the antibacterial activity 

of DMAHDM was durable and not lost during thermal cycling. 

 

 

 

 

 

 

 

 

 

 

Figure 18. Representative live/dead images of 48-hour biofilms on composites disks 
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Figure 19 represents the CFU counts for 48-hour biofilms on composites 

surface (mean ± SD; n = 6): (A) Total microorganisms (TSA); (B) total streptococci 

(MSA) and (C) mutans streptococci (MSB). All the three CFU counts on 

UV+NACP+DMAHDM composites were significantly reduced compared to the UV 

control (p < 0.05). One notable exception with the UV+NACP+DMAHDM group, after 

thermal cycling there was about a 1.5 log difference in reduction on total streptococci. 

Overall compared to other groups, the UV+NACP+DMAHDM substantially decreased 

biofilm growth before and after thermal cycling, which indicates the durability of its 

antibiofilm function even after thermal cycling. 
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Figure 19. The CFU counts of 48-hour biofilms on composite disks. (A) total 

microorganisms, (B) total streptococci, and (C) mutans streptococci 

 

Figure 20. plots the lactic acid production on the composites (mean ± SD; n = 6). 

The amount of acid production of biofilms on the Heliomolar, the UV control, and 

UV+NACP groups were comparable (p > 0.05). In contrast, the lactic acid 
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production of biofilms was substantially reduced by the addition of 5% DMAHDM 

in the UV composite resin (p < 0.05). Thermal cycling the UV+NACP+DMAHDM 

composite for 20,000 cycles did not decrease its antibacterial function, compared 

to that at 0 cycle (p > 0.05). 

 

 

 

 

 

 

 

 

Figure 20. Lactic acid production of 48-hour biofilms on composites disks 

 

3.4 Discussion 

 

The present study investigated the impact of thermal cycling on mechanical and 

antibacterial durability of a bioactive low-shrinkage-stress nanocomposite for the first 

time. The first and second hypotheses were validated that after 20,000 thermal cycles, 

the flexural strength of bioactive low-shrinkage-stress composite matched those of 

commercial control with neither antibacterial activity nor low-shrinkage-stress 

properties. Furthermore, the bioactive low-shrinkage-stress composite's surface 

hardness was within clinically acceptable limits. The third hypothesis was rejected as 

the bioactive low-shrinkage-stress composite showed a higher surface roughness value 

compared to the commercial composite, but still within clinically acceptable roughness 
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values. Finally, the fourth hypothesis was proven as the antibacterial performance was 

maintained in thermal cycling, with no decrease after 20,000 thermal cycles. 

Dental material research has been focusing on developing a low-shrinkage-

stress composite to increase the durability of the composite bond to the tooth structure 

and reduce recurrent caries [36,97,100,110]. Recently, a low-shrinkage-stress 

composite was developed using UDMA and hydrolytically stable, TEG-DVBE 

copolymers [38]. This composite formula outperforms the traditional composites based 

on BisGMA/TEGDMA with respect to mechanical strength and polymerization 

shrinkage stress [38]. Furthermore, in our previous study, NACP remineralization 

particles and a 5% DMAHDM antibacterial monomer were incorporated in the low-

shrinkage-stress composite to enhance its bioactivity [101]. Even with this addition, the 

shrinkage stress reduction was maintained at 1.05 MPa for UDMA/ TEG-DVBE (UV) 

compared to 1.69 MPa for BisGMA/TEGDMA composite [101]. This difference can 

be related to the polymerization rate achieved by both resins [14]. The slower 

polymerization rate of the UV resin to reach rigidity allowed stress relaxation to occur 

and prevented excessive contraction stress accumulation [38].  

Additionally, the bioactive low-shrinkage-stress composite had the ability to 

release high levels of Ca and P ions for remineralization of the tooth structures [101]. 

Furthermore, the bioactive low-shrinkage-stress composite greatly reduced the S. 

mutans biofilm growth and acid production, compared to a commercial control 

composite [101].  

The triple benefits of antibacterial, remineralization, and low-shrinkage-stress 

formula have been intensively investigated and demonstrated potent anticaries 

outcomes and reduced the polymerization shrinkage stress with no impact on the 

mechanical or physical properties [62,75,101]. However, the longevity of bioactive 
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low-shrinkage-stress dental composites is challenged by different factors in the oral 

cavity, such as acidic, enzymatic, and thermal changes [111,112]. These challenges can 

lead to degradation of the dental composite and a reduction in its mechanical properties 

[59]. Different periods of water storage, artificial saliva, and thermal cycling are 

commonly used to simulate the aging process of dental composite in vitro [59,99,104]. 

However, those previous studies did not investigate the impact of thermal cycling on 

bioactive low-shrinkage-stress composite, and whether its antibacterial effects or the 

mechanical properties will be affected by the temperature changes. 

Thermal cycling is defined as the in vitro procedure that involves subjecting 

dental materials to temperature extremes similar to those found in the oral cavity [113]. 

The difference in thermal expansion between the resin matrix and the filler particles 

will cause internal strains within the material [14,114]. For example, glass and ceramic 

fillers have a thermal coefficient of expansion of 8 to 12 × 10-6 / °C, while acrylic resin 

has a thermal coefficient of expansion of 76 × 10-6 / °C [115]. During thermal cycling, 

the filler particle expands less than the resin matrix upon heating [116]. Also, during 

cooling, the resin matrix shrinks more than the filler [116]. As a result, cyclic tensile 

and compressive stresses will be developed inside the composite [116]. These thermal 

stresses together with the presence of water and other fluid, may degrade the filler-

matrix interface and lead to stress corrosion of the filler [102,112]. Therefore, previous 

reports indicated that restoration’s resistance to thermal cycling is an important point 

to consider when evaluating a new material [103,113]. 

In the present study, after 20,000 thermal cycles, all tested groups showed 

reduction in their flexural strengths. However, the UV control and UV+NACP showed 

higher flexural strength values than the Heliomolar and UV+NACP+DMAHDM 

groups. This can be attributed to the use of hydrolytically stable ether based-monomer 
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(TEG-DVBE) in the present study. This allowed the reduction of ≈ 50% of the 

hydrolyzable ester group in the resin system [32]. In addition, the small particle size of 

NACP leaves room for the reinforcement of silanized glass fillers [22]. Our findings 

are similar to the previous study, where the flexural strength of the NACP containing 

composite was higher than the Heliomolar commercial control even after thermal 

cycling for 105 cycles [104]. However, after 20,000 thermal cycles the 

UV+NACP+DMAHDM composite showed lower flexural strength values than the 

other UV groups.  This reduction can be attributed to the presence of hydrophilic ester 

group in DMAHDM, which allowed a significant amount of water sorption and 

plasticization of the composite [59]. While the UV+NACP+DMAHDM group showed 

flexural strength reduction comparable to the Heliomolar commercial control group, it 

might be suitable to limit the use of these groups in a low-stress area inside the oral 

cavity, such as class V cavity preparation. Moreover, the bioactive low-shrinkage-stress 

composite has an antibacterial property that will help suppress acidogenic bacteria, as 

well as NACP particles that can neutralize the acids and remineralize the tooth 

structures. Furthermore, future research is needed to investigate the mechanical 

behavior of the bioactive low-shrinkage-stress composite in comparison to 

commercially available bulk-fill composites and other low-shrinkage composites 

currently on the market. 

In addition to mechanical properties, surface microhardness is a key element to 

consider when choosing restorative materials [117]. The present results indicated that 

all study groups exhibited a significant increase in the hardness values after 20,000 

thermal cycles.  The increase in hardness may be due to heating during thermal cycle 

at 55 C. The elevated temperature may have aided the post-curing process, causing the 

surface to polymerize further, thus increasing the hardness [102]. These findings are 
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consistent with those of Pieniak et al., who showed an increase in hardness of a 

composite Kalore after 20,000 thermal cycles [105]. Indeed, the hardness of the low-

shrinkage-stress composite with DMAHDM and NACP is comparable to commercial 

dental composites such as Tetric N-Ceram with a hardness of 0.33 GPa and IPS 

Empress Direct with a hardness of 0.29 GPa [87].  

Composite surface roughness has a significant impact on both the esthetic 

quality and the longevity of the restorations [102,118,119]. Furthermore, composite 

with high roughness values and irregularities is associated with substantial plaque 

retention, leading to gingival and periodontal inflammation [27,98]. Thus, it was 

imperative to evaluate the surface roughness of the bioactive low-shrinkage-stress 

composite before and after thermal cycling. In this study, all the groups showed 

clinically acceptable roughness values of less than 0.2 μm, which indicates the ability 

of all groups to maintain surface topography and resist biofilm accumulation [51]. The 

resin matrix composition and filler particles properties are essential factors to determine 

physical characteristics as well as the surface roughness of composite restorations [51]. 

The results of this study showed that after thermal cycling the UV+NACP and 

UV+NACP+DMAHDM showed higher surface roughness values compared with other 

tested groups. This can be related to the release of the bioactive NACP fillers from the 

resin matrix causing microscopic changes that could alter the material’s smoothness 

over time [120]. In addition, the presence of hydrophilic ester group in DMAHDM 

helps to attract more water to the resin matrix causing plasticization of the resin matrix 

and/or degradation of the matrix-filler interface [59]. These findings are in accordance 

with the study of Balhaddad et al, who reported BisGMA/TEGDMA composite resin 

with the addition of both NACP and DMAHDM had a higher average surface 
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roughness value than Heliomolar commercial control. However, in the aforementioned 

study, the aging of the sample was performed under a chewing simulator [59].  

One of the main criteria for an ideal antibacterial agent is to maintain its 

antibacterial benefit and not to decrease over time [53,55]. QAMs are a class of cationic 

compounds with a broad spectrum of antimicrobial effects and are widely incorporated 

in dental material [18]. Compared to release-based biomaterials, QAMs are covalently 

bonded within the resin matrix, leading to long-term antibacterial effects [53]. For 

instance, the composite formulation containing composite containing MDPB had 

strong antibacterial activity after 3 months of water-aging [25]. In addition, composite 

containing DMAHDM with NACP was able to sustain the antibacterial performance 

after one year of water aging [59]. The present study showed that after 20,000 thermal 

cycles the antibacterial potency of a bioactive low-shrinkage-stress composite is still as 

strong as it was at 1 day. This sustained reduction in biofilm and acid production will 

help minimize tooth structure demineralization. Also, the addition of the NACP 

particles may promote remineralization. 

In the present study, different antibacterial assays were performed to determine 

the influence of thermal cycling on the antibacterial potency of a bioactive low-

shrinkage-stress composite. The CFU assay was used to evaluate biofilm viability, 

while the 2D live/dead images were used to visualize live/dead bacteria on the 

composite top surface. In addition to these well-established techniques, the application 

of confocal laser scanning (CLSM) was also recently used to evaluate the incorporation 

of 3% DMAHDM + 20% NACP in a low-shrinkage-stress composite [47]. The author 

used the 3D reconstruction of CLSM images to identify the distribution of live/dead 

bacteria throughout the biofilm thickness [47]. The low-shrinkage-stress composite 

with 3% DMAHDM + 20% NACP had thinner biofilm accumulation [47]. This biofilm 
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had considerably more bacteria with compromised membrane emitting red 

fluorescence [47]. However, the low-shrinkage-stress control group had mostly live 

bacteria with intact membranes emitting green fluorescence [47]. Therefore, the 

UV+NACP+DMAHDM composite, developed in this study, is also expected to show 

an enhanced antibacterial trend similar to the stronger antibiofilm effect seen when 

tested by lactic acid and CFU assays. Our future studies should investigate the 

antibacterial potency of the low-shrinkage-stress composite containing 5% DMAHDM 

+ 20% NACP using 3D morphological images, including CLSM, scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM). 

In a recent study, the UV resin system with 3% DMAHDM and 20% NACP 

achieved a potent bacterial reduction for total microorganism, total streptococci, and 

mutants streptococci -  ranging between 2-3 logs after 3 months of aging in acidic 

solution [47]. In the present study, using the same UV resin system with 5% DMAHDM 

and 20% NACP, an enhanced bacterial reduction ranging between 2-5 logs was 

observed. In addition, the antibacterial effect of the DMAHDM in the low-shrinkage-

stress composite did not decrease after thermal cycling, thus providing long-term 

antibacterial activity. These results indicate that DMAHDM was copolymerized with 

the UV resin matrix by forming a covalent bond with the polymer network, and 

therefore, was not leached out or lost over time [15,40]. In addition, the suppression of 

the biofilm with increased DMAHDM mass fraction can be attributed to increasing its 

charge density [57]. Increasing the positive charge of DMAHDM helps to interact with 

more of the negatively charged bacterial membrane, which can lead to disruption of the 

membrane functions, causing essential ions imbalance (i.e., K+, Na+, Ca2+, and Mg2+), 

followed by bacterium lysis [56,58]. 
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Acid production by microbial metabolism is a crucial element in teeth 

demineralization [59]. In this study, the UV+NACP+DMAHDM greatly reduced the 

biofilm acid production compared to those with no DMAHDM and the commercial 

control composite. Also, no significant difference was noted in the lactic acid reduction 

for the UV+NACP+DMAHDM group before and after thermal cycling. Those results 

were confirmed in the live/dead images of 48-hour biofilms grown on composite disks. 

Future studies should investigate the antibacterial performance of this low-shrinkage-

stress composite using quantitative assessment such as confocal images analysis. 

            Another approach to combat demineralization of tooth structure and prevent 

recurrent caries is to incorporate NACP particles in the low-shrinkage-stress composite 

[32,37]. Previous studies showed incorporating 20% NACP into the low-shrinkage-

stress composite had a high level of Ca and P ion releases and regenerated enamel 

minerals lost due to the bacterial acidic attack [60]. Another advantage of NACP-

containing composites is that they have the ability to recharge Ca and P to prolong ion 

release [32]. In a prior study, 12 recharge cycles were performed, with each recharge 

cycle being followed by 14 days of continuous ion release with no additional recharge 

[26]. As a result, future studies should evaluate if the bioactive low-shrinkage-stress 

composite has the potential to be rechargeable for prolonged ion release. 

Our findings demonstrate that the bioactive low-shrinkage-stress composite was 

well copolymerized with DMAHDM. As a result, the composite maintained a strong 

antibacterial action, which showed no significant loss in thermal cycling. On the other 

hand, the bioactive low-shrinkage-stress composite possessed lower flexural strength 

than the UV control and UV+NACP but matched the commercial composite both 

before and after thermal cycling. The present study focused on the impact of thermal 

cycling on bioactive low-shrinkage-stress composite’s mechanical and antibacterial 
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performance, without considering other environmental factors. For example, in a 

clinical situation,  composites are subjected to saliva, food, mouthwashes, bleaching 

products, and mechanical actions of chewing and brushing [35]. Therefore, complex 

aging protocols are needed to evaluate the clinical performance of the new bioactive 

low-shrinkage-stress composite.  
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CHAPTER FOUR: Effects of long-term thermal cycling on 

mechanical and antibacterial durability of novel bioactive low-

shrinkage-stress dental nanocomposite3 

 

Chapter abstract 

Recent studies investigated the short-term durability of the bioactive low-shrinkage-

stress after thermal cycling. However, subjecting the low-shrinkage-stress composite 

to longer-term thermal cycling and evaluating its durability is more clinically relevant. 

Therefore, the objectives of this study were to investigate the impact of a long-term 

thermal cycling period on the low-shrinkage-stress mechanical and antibacterial 

stability. The resin consisted of urethane dimethacrylate (UDMA) and triethylene 

glycol divinylbenzyl ether (TEG-DVBE). 20% of nanoparticles of amorphous calcium 

phosphate (NACP) and 5% dimethylaminohexadecyl methacrylate (DMAHDM) were 

incorporated in the dental composite formula. Composites experienced 50,000 and 

100,000 thermal cycles at 5 °C and 55 °C. To evaluate the antibiofilm effectiveness 

before and after thermal cycling, a human salivary biofilm model was employed. The 

bioactive low-shrinkage-stress composite's flexural strength was considerably lower 

than baseline after 50,000 and 100,000 thermal cycles (p < 0.05), but it matched a 

commercial control with no antibacterial activity (p > 0.05). All the UV groups 

experienced a substantial increase in surface roughness following thermal cycling 

 
3 Filemban H, Wang X, Melo MAS, Fay GG, Homayounfar N, Tay FR, Oates TW, Weir MD, Sun 

J, Xu HHK. The effects of long-term thermal cycling on mechanical and antibacterial durability of 

bioactive low-shrinkage-stress nanocomposite. (To be submitted) 
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compared to baseline (p < 0.05). However, surface roughness was within the clinically 

acceptable level. UV+NACP+DMAHDM composite showed a strong antibiofilm 

function, reducing biofilm CFU by 2 to 5 logs, compared to commercial control (p < 

0.05). Biofilm lactic acid production was also substantially reduced, compared to 

control composite (p < 0.05). In conclusion, the triple benefit bioactive low-shrinkage-

stress composite maintained its antibacterial potency after thermal cycling, 

demonstrating long-term antibacterial durability. It possessed good mechanical 

properties that were comparable to commercial composite both before and after thermal 

cycling. These properties offer a promising approach for preventing recurrent caries at 

the restoration margins and increasing the longevity of the restoration.  

 

4.1. Introduction 

The field of dental composite restorative research has evolved significantly over the 

last decades [95]. Currently, we are witnessing an exciting advancement in resin 

formulation, filler modification, and curing methodology [12,96,100,124]. Despite the 

hundreds of composite restorations placed every year, clinical results showed that 

composite restoration exhibited several shortcomings that adversely influence their 

long-term performance [8,24,125]. One of the major shortcomings of composite 

restoration is the polymerization shrinkage stress and its consequence of marginal 

microleakage [19,93,126]. A previous study showed a direct relationship between the 

polymerization stress and microleakage in class V cavities restored with three different 

commercial composites [93]. In addition, another study showed that the presence of a 

70 μm gap in the restoration and tooth interface could lead to demineralization and 

caries formation [22]. Furthermore, current dental composites lack antibacterial 

properties and tend to accumulate more plaque than amalgam restorations [25,71,111]. 
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Ultimately, these shortcomings represent the driving force for our research to develop 

bioactive composites with the ability to reduce polymerization shrinkage stress, 

maintain adequate mechanical performance, and possess long-term antibacterial effects 

at the tooth-restoration interface. 

In our previous study, a unique low-shrinkage-stress resin was used to formulate 

a new composite containing 5% dimethylaminohexadecyl methacrylate (DMAHDM) 

and 20% amorphous calcium phosphate nanoparticles (NACP) [101]. This formula 

shows a promising result by reducing the polymerization stress to 1.5 MPa, compared 

to 1.69 MPa for a traditional composite using bisphenol A glycidyl dimethacrylate 

(BisGMA) and triethylene glycol dimethacrylate (TEGDMA) [101]. Additionally, 

NACP were incorporated into the low-shrinkage-stress composite achieving high levels 

of calcium (Ca) and phosphate (P) ion release, without compromising the mechanical 

properties and degree of conversion [101].  

Recently, the impact of thermal cycling on the mechanical durability and 

antibacterial potency of the low-shrinkage-stress composite has been investigated 

[127]. The flexural strength of the bioactive low-shrinkage-stress composite matched 

those of commercial control after 20,000 thermal cycles, which is equivalent to two 

years of in vivo function [127]. In addition, surface hardness and roughness for the 

bioactive low-shrinkage-stress composite were within the clinically acceptable levels 

[127]. The antibacterial performance was maintained in thermal cycling, with no 

decrease after 20,000 thermal cycles [127]. However, the new low-shrinkage-stress 

composites intended for clinical application and the expectation for their survival 

should match or exceed the current composite materials. A previous clinical trial found 

that the survival rate for dental composite is 91.7% at 5 years and 82.25% at 10 years 
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[125]. Therefore, in this study 50,000 and 100,000 thermal cycles, equivalent to 5 and 

10 years of in vivo function were selected.   

Incorporating antibacterial and bioactive remineralization agents into resinous 

materials has been the subject of numerous trials [25,25,124,128]. Previous studies 

incorporated antibacterial monomers such as quaternary ammonium methacrylates 

(QAMs) into dental material, achieving strong antibacterial activities [71,129]. For 

example, Imazato et al. incorporated antibacterial monomer 12-

methacryloyloxydodecylpyridinium bromide (MDPB) into dental composite and 

showed strong antibacterial effects after 3 months of immersion in water [56]. The 

antibacterial activity of the dimethylaminododecyl methacrylate (DMADDM) and 

nanoparticles of silver (NAg) containing bonding agent was not decreased after 6 

months of water-aging [57]. An MDPB-containg composite effectively inhibited the 

progression of artificial secondary caries after 15 days of an in vitro cariogenic 

challenge [130]. Resin composites containing DMAHDM demonstrated strong long-

term antibacterial action [47,59]. A recent study found that the antibacterial 

effectiveness of DMAHDM and NACP-containing composite was still present after 

three months of acidic immersion [61]. To date, only a short-term study investigated 

the impact of thermal cycling on antibacterial properties of low-shrinkage-stress 

containing both DMAHDM and NACP particles has been conducted [127]. In this 

study, a longer-term evaluation of the impact of 50,000 and 100,000 thermal cycling 

on low-shrinkage-stress composite was evaluated.   

One of the major inherited drawbacks of methacrylate-based resin composites 

is polymerization shrinkage stress [126]. These stresses can cause restoration 

debonding, interfacial microcracks, and gaps [93]. Therefore, efforts were made to 

develop novel monomers that reduce shrinkage stresses while still maintaining all the 
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other desirable material properties [12,67,93]. For example, in this study, we used a 

resin matrix with reduced polymerization shrinkage stress and satisfactory mechanical 

properties [38,75,101]. This formula consists of hydrolytically stable, ether-based 

triethylene glycol divinylbenzyl ether (TEG-DVBE) copolymers and high molecular 

weight urethane dimethacrylate (UDMA) [12]. The urethane group in UDMA can 

reduce the material degradation by improving the resistance to salivary hydrolysis [38]. 

TEG-DVBE is an ether-based diluent monomer with proven stability against hydrolytic 

challenges and estrade degradation [38]. Recently, the effect of hydrothermal variation 

on the bioactive low-shrinkage-stress nanocomposite achieved an adequate mechanical 

strength, and strong antibacterial effect [127]. However, the thermal cycling number 

was to a limit of 20,000 cycles.  

Consequently, the objectives of this study were to further investigate the 

durability of the bioactive low-shrinkage-stress composite after prolonged thermal 

cycling. It was hypothesized that: (1) The low-shrinkage-stress composite would 

possess similar mechanical properties to those of a commercial control composite after 

long-term thermal cycling; (2) The low-shrinkage-stress composite hardness would not 

decrease in thermal cycling; (3) Thermal cycling will not adversely affect the surface 

roughness of the composite and (4) The antibacterial effect of the low-shrinkage-stress 

composite would not decrease in thermal cycling, thereby providing long-lasting 

antibacterial activity.  
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4.2. Materials and methods  

4.2.1.    Fabrication of low-shrinkage-stress composite containing DMAHDM and 

NACP 

The low-shrinkage-stress resin consisted of 55.8% UDMA (Esstech, Essington, PA, 

USA) and 44.2% of TEG-DVBE (all mass %), following previous studies [38,101]. 

This resin is referred to as “UV” resin. 0.2% camphorquinone (CQ, Millipore Sigma, 

Burlington MA, USA) and 0.8% of 4-N, N-dimethylaminobenzoate (4EDMAB; 

Millipore Sigma) were added as photoinitiators. The details of the synthesis and 

characterization of the monomers were explained in detail in a previous report [38]. 

DMAHDM was synthesized via the modified Menschutkin reaction, as described in a 

previous study [76]. DMAHDM was added to the UV resin at a mass fraction of 5% of 

the final composite formulation. 

NACP with a mean particle size of 116 nm was synthesized via the spray-drying 

technique, as described previously [77]. The 20% NACP filler mass fraction was 

selected and added to the UV resin to maintain the mechanical properties of the 

composite and to release a high level of Ca and P for tooth remineralization [61]. 

Silanized barium boroaluminosilicate glass particles with a median size of 1.4 μm 

(Dentsply Sirona, Milford, DE, USA) were used as a co-filler to provide mechanical 

reinforcement to the composite. The final composite contained 65% total fillers, 

including 20% NACP and 45% glass. To produce a cohesive composite paste, a Speed-

Mixer (DAC 150.1, FlackTek, Landrum, SC, USA) was used. A commercial composite 

Heliomolar (Ivoclar, Ontario, Canada) was used as the comparative control. According 

to the manufacturer, Heliomolar contains 66.7% nano-fillers of silica and ytterbium-

trifluoride with particle sizes ranging between 40 and 200 nm. The four composites 

listed below were examined: 
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• Heliomolar as the commercial control composite (denoted as “Commercial 

control”); 

• Experimental control composite: 35% UV + 65% glass (denoted as “UV 

control”); 

• 35% UV + 0% DMAHDM + 20% NACP + 45% glass (denoted as 

UV+NACP”); 

• 30% UV + 5% DMAHDM + 20% NACP + 45% glass (denoted as 

UV+NACP+DMAHDM”). 

 

4.2.2. Thermal cycling 

Each specimen (bars or disks) was placed into an automatic thermal cycling unit 

(Thermocycling 250L, Odeme Dental Research, SC, Brazil) and was transferred 

between thermostatically controlled 5 °C and 55 °C water baths [104]. The two 

temperatures were chosen to approximate the minimum and maximum temperatures 

found in the oral cavity [108]. The immersion or dwell time in each bath was 30 seconds 

(s) with an interval of 3-5 s (transfer time) [109]. The immersion or dwell time in each 

bath was 30 seconds (s) with an interval of 3-5 s (transfer time) [109]. After baseline 

measurements for antibacterial inhibition, hardness, and roughness parameters, the 

samples were thermally cycled in distilled water for 50,000 and 100,000 cycles, which, 

based on a previous study, was equivalent to approximately 5 and 10 years of in vivo 

service life [102]. 

 

4.2.3.   Flexural strength and elastic modulus 

A stainless-steel mold of 2 × 2 × 25 mm3 was used to fabricate the composite specimens 

for the mechanical testing [62]. Mylar strips were used on both sides. Samples were 
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cured using (Labolight, DUO, GC, Tokyo, Japan) for 1 min [62]. The specimens were 

detached and stored wet at 37 °C for 24 h. Flexural strength and elastic modulus (n = 

6) were measured using a three-point flexural test with a 10 mm span at a crosshead-

speed of 1 mm/min on a computer-controlled Universal Testing Machine (Insight 1, 

MTS, Eden Prairie MN, USA) [77,78]. The following formula was used to calculate 

the flexural: S = 3PmaxL/(2bh2), where Pmax is the maximum fracture load, L is the span, 

b is specimen width and h is thickness. Elastic modulus was calculated using the 

following formula: E = (P/d) (L3/(4bh3)), where load P divided by displacement d is 

the slope in the linear elastic region of the load-displacement curve [77].  

 

4.2.4. Hardness of composites 

Surface hardness of the composites was measured using Vickers indentation (HMV II; 

Shimadzu Corporation, Kyoto, Japan) at an indentation load of 50 g and a dwell time 

of 15 s [61]. The present results represent the average of four repetitive measurements 

for each of three composite bars, with a total of 12 indents per composite. 

 

4.2.5. Composite surface roughness  

Composite bars, with approximately 2 × 2 × 25 mm3 dimensions, were employed (n = 

4). Composite bars were fabricated using a customized mold and cured (Labolight) for 

1 min per side [45]. The average surface roughness (Ra, μm) parameter was measured 

using a surface roughness tester (Surftest SJ-310; Mitutoyo America, Aurora, IL, USA). 

At a sustained speed of 0.5 mm/s, a force of 4 mN, a 0.25-mm cutoff value, and 1.5-

mm tracing length, each sample was traversed by 5 μm stylus tip radius [59].  
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4.2.6. Composite samples for biofilm testing 

Composite disks with a diameter of 9 mm and thickness of 2 mm were light-cured using 

(Labolight) for 1 min on each side [62]. In accordance with previous research' 

recommendations, the cured disks were submerged in distilled water and magnetically 

stirred at 100 rpm for 1h to eliminate the initial burst of uncured monomer [79]. The 

disks for each group were then sterilized with ethylene oxide (Anprolene AN 74i, 

Andersen Products, Haw River, NC, USA) and degassed for 7 days, following the 

manufacturer’s instructions.  

 

 4.2.7. Assessment of antibacterial properties using saliva biofilm model  

Saliva collection was conducted following the Declaration of Helsinki, and the 

Institutional Review Board approved the protocol at the University of Maryland 

Baltimore by the Institutional Review Board (IRB #: HP-00050407) [47]. Saliva was 

collected from ten healthy adult donors, following a previous study [51]. The donors 

had natural dentition without active caries or periodontal diseases, and without the use 

of antibiotics within the last 3 months. Donors were instructed not to brush their teeth 

for 24 h preceding the collection and not to eat or drink for 2 h preceding the collection. 

Next, the collected saliva was mixed with glycerol to be diluted to 70%. Then the 

diluted saliva was stored at −80 °C until use [51]. 

For all biofilm experiments, McBain artificial saliva growth medium was used. 

McBain medium contains 2.5 g/L Type II mucin (porcine, gastric, Millipore Sigma), 

2.0 g/L bacteriological peptone (Becton Dickinson, Sparks, MD, USA), 2.0 g/L 

tryptone (Becton Dickinson), 0.35 g/L NaCl, 1.0 g/L yeast extract (Fisher Scientific), 

0.2 g/L potassium chloride (Millipore Sigma), 0.1 g/L cysteine hydrochloride 

(Millipore Sigma), 0.2 g/L calcium chloride (Millipore Sigma) [51]. The pH of the 
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medium was adjusted to 7 and then autoclaved. After cooling the medium, 0.0002 g/L 

vitamin K1, and 0.001 g/L hemin were added [51]. In addition to the McBain growth 

medium, a 0.2% sucrose solution and the saliva solution was used as an inoculum at a 

ratio of 1:50 for all biofilm tests [51]. Afterward, 1.5 mL of the medium was placed in 

each well of a 24-well plate containing a composite specimen from each group. 

Specimens were incubated for 8 h in 5% CO2 at 37 °C to allow bacterial growth on the 

samples [51]. The same procedure was repeated for 16 h without the use of saliva. After 

16 h, the samples were moved to a new 24-well plate, which contained fresh medium 

and sucrose, and was incubated for 24 h. The biofilm studies were carried out after a 

total of 48 hours of incubation to allow the creation of a mature dental plaque 

microcosm biofilms on the composites [22,51]. Next, the samples were transferred to 

perform the live/dead assay, CFU, and lactic acid production. 

 

4.2.8. Live/ dead staining of biofilms 

Composite disks subjected to the 48-hour biofilms were used for the live/dead staining 

assay [131]. The disks were washed three times with phosphate-buffered saline (PBS) 

to remove the planktonic bacteria, and then the disks were stained with the BacLight 

live/dead kit (Molecular Probes, Eugene, OR, USA) following the manufacturer's 

instructions [51]. A mixture of 1:1 ratio of SYTO9 and propidium iodide was pipetted 

on each sample for 15 min [51]. The undamaged membranes were stained with SYTO9 

to reveal the presence of living bacteria through green fluorescence. Bacteria with 

compromised cell membranes were stained with propidium iodide to radiate a red 

fluorescence [51]. Five images of each stained disk were collected using an inverted 

epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA).  
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4.2.9. Biofilm colony forming units (CFU) count 

 After the 48-hour biofilms incubation, the disks covered with biofilm were transferred 

to a vial filled with 1 mL of PBS. To harvest the biofilm, the vial was vortexed for 5 s 

and then sonicated for 15 min [51,79]. After successive dilutions, the bacterial 

suspensions were dropped onto the agar plates. Then, the agar plates were incubated at 

37 °C and 5% CO2 for 48 h [51].  The bacterial colonies relied on counting the colonies 

and multiplying by the dilution factor [51]. The agar plates used were:  

TSA: Tryptic soy blood agar (TSA, Becton Dickinson) with defibrinated sheep blood 

to evaluate the total microorganisms' biofilm growth.  

• MSA: Mitis salivarius agar (MSA, Becton Dickinson) culture plates having 

15% sucrose to evaluate the biofilm growth of total Streptococci.  

• MSB: Mitis salivarius agar having 15% sucrose, with 0.2 units of bacitracin 

per mL to quantify the biofilm growth of mutans streptococci. All agar plates 

were made in accordance with the manufacturer's instructions (Sigma-

Aldrich). 

 

4.2.10. Lactic acid production by biofilms  

The 48-hour biofilms on composite disks were immersed in buffered peptone water 

(BPW, Millipore Sigma) supplemented with 0.2% sucrose and incubated at 37 °C in 

5% CO2 for 3 h [59]. After 3 h, the lactate concentrations in BPW were determined 

using a lactate dehydrogenase enzymatic method by measuring OD340nm using a 

microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) as 

previously described [79]. 
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4.2.11. Statistical analysis 

All statistical analyses were performed using SPSS, version 25.0 (SPSS, Chicago, IL, 

USA). One-way and Two-way analyses of variance ANOVA with Tukey’s multiple 

comparison tests were performed to detect significant differences between the various 

groups. Results were considered statistically significant at a p-value of less than 0.05. 

Dissimilar letters indicate values that are significantly different from each other (p < 

0.05). 

 

4.3. Results 

 

The mechanical properties of composites before and after thermal cycling are presented 

in Figure 21. In Figure 1(A), the flexural strength of the UV+NACP and 

UV+NACP+DMAHDM composite matched those of the commercial control 

composite which had no antibacterial capabilities (p > 0.05). In figure 2(B), the 

increase in elastic modulus from 50,000 cycles to 100,000 thermal cycles was relatively 

small for the commercial control composites, as well as for all the UV groups (p > 

0.05). 
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Figure 21. Mechanical properties of composites: (A) Flexural strength and (B) Elastic 

modulus 

 

Figure 22. represents the composite hardness data (mean ± SD; n = 3). All the 

hardness values of the composites increased upon thermal cycling when compared to 

the baseline (p < 0.05). However, in all composite groups, thermal cycling for 50,000 

and 100,000 cycles did not cause a significant increase in hardness values (p > 0.05).  
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Figure 22. Hardness of composites 

 

Figure 23 shows the results for the surface roughness evaluation (mean ± SD; n 

= 4). The UV+NACP and UV+NACP+DMAHDM composite groups showed 

significantly higher surface roughness values after thermal cycling when compared to 

baseline (p < 0.05). However, all of the groups showed clinically acceptable roughness 

values of less than 0.2 μm. 

 

 

 

 

 

 

 

 

Figure 23. The average roughness values for composites 
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Figure 24 shows representative live/dead images of 48-hour biofilms on the 

different composites (mean ± SD; n = 3). The commercial control, the UV control, and 

the UV+NACP composites were primarily covered with live bacteria (green). In 

contrast, a minimal load of viable bacteria was observed over the 

UV+NACP+DMAHDM group. No noticeable difference was found between 0, 50,000, 

and 100,000 thermal cycles. These results indicate that the antibacterial activity of 

DMAHDM was durable and not lost during thermal cycling. 
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Figure 24. Representative live/dead images of 48-hour biofilms on composites disks 
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Figure 25 represents the CFU counts for the 48-hour biofilms on composites 

surfaces (mean ± SD; n = 6): (A) Total microorganisms (TSA); (B) total streptococci 

(MSA) and (C) mutans streptococci (MSB). The commercial control, UV control 

composites, and UV+NACP composites had similar values (p > 0.05). However, all 

three CFU counts on UV+NACP+DMAHDM composites were significantly reduced 

compared to the commercial composite (p < 0.05). The UV+NACP+DMAHDM group 

had one significant exception: there were approximately 2 log differences in the 

reduction of total streptococci after 50,000 and 100,000 thermal cycling. 
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Figure 25. The CFU counts of 48-hour biofilms on composite disks. (A) total microorganisms, (B) total 

streptococci, and (C) mutans streptococci 
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Figure 26 plots the lactic acid production on the composites (mean ± SD; n = 6). 

The addition of 5% DMAHDM into the UV composite substantially reduced the 

biofilm’s lactic acid production, compared to the UV control (p < 0.05). In addition, 

thermal cycling of the UV+NACP+DMAHDM composite up to 100,000 cycles did not 

decrease its antibacterial function, when compared to that at 0 cycle (p > 0.05). 

 

 

 

 

 

 

 

 

 

Figure 26. Lactic acid production of 48-hour biofilms on composites disks 

 

4.4. Discussion 

 

The present study investigated the impact of 50,000, and 100,000 thermal cycles, 

equivalent to 5, and 10 years respectively of in vivo function on mechanical and 

antibacterial durability of a bioactive low-shrinkage-stress composite for the first time. 

After the thermal cycles were performed, the flexural strength of the bioactive low-

shrinkage-stress composite matched that of a commercial control that has neither 

antibacterial activity nor low-shrinkage-stress features, proving the first hypothesis. 

The second hypothesis was validated as well as the surface hardness of the bioactive 
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low-shrinkage-stress composite was not decreased after long-term thermal cycling. The 

third hypothesis was rejected since the bioactive low-shrinkage-stress composite had a 

higher surface roughness value compared to the commercial composite but was still 

within clinically acceptable roughness limits. Finally, the fourth hypothesis was 

supported by the fact that antibacterial activity was retained during long-term thermal 

cycling.  

To provide a long-lasting antibacterial effect, QAMs are a class of cationic 

compounds with a broad spectrum of antimicrobial properties were synthesized and 

widely incorporated into dental restorative materials [18]. In comparison to release-

based biomaterials, QAMs are covalently bonded within the resin matrix, thus attaining 

long-term antibacterial effects [53]. A previous study has shown that a composite 

containing quaternary ammonium polyethyleneimine (QPEI) nanoparticles maintain a 

strong antibacterial effect even after 1 month of water aging [18]. In addition, in a recent 

study, a bioactive composite containing DMAHDM and NACP was able to sustain its 

antibacterial performance after one year of water aging [59]. According to earlier 

findings, DMAHDM copolymerized effectively with the bioactive low-shrinkage-

stress composite, and this was confirmed by the long-lasting antibacterial effect that 

was retained after 20,000 thermal cycles [127]. 

A bioactive low-shrinkage-stress composite with remineralizing capability 

represents a promising technique for combating recurrent caries [77]. According to our 

previous study, 20% NACP added to low-shrinkage-stress resin resulted in significant 

Ca and P ion release without degrading the mechanical qualities [101]. Additionally, it 

has been previously shown that the release of Ca and P ions from the NACP changes 

the microenvironment around dental plaque and rapidly raises pH [120].  
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The high Ca and P ion release of NACP in a low-shrinkage-stress resin matrix 

combined with DMAHDM and its contact-killing impact would lead to a promising 

new development in the dental field. The durability of bioactive low-shrinkage-stress 

dental composites is determined by a variety of oral conditions, such as masticatory 

pressures, acidic, enzymatic, variable humidity and temperature, as well as pH changes 

in saliva [30,116,132]. Researchers use several in vitro aging techniques such as water 

storage, thermal cycling, occlusal loading, and exposure to microbial biofilm, to 

simulate the oral condition [132]. Thermal cycling is commonly used to simulate 

thermal changes that occur in the oral cavity during eating, drinking, and breathing 

[108,133]. During thermal cycling, the temperature variations will generate thermal 

stress leading to microcracks in the matrix or failure at the filler/matrix interface [120]. 

Furthermore, exposure to water may result in a hydrolytic breakdown of the filler's 

silane coating or matrix swelling [134]. Evaluation of the mechanical properties of the 

dental composite after thermal cycling was the main focus of many previous 

investigations [109,135]. However, with the immersion of immobilizing antibacterial 

agents in dental composites, studies were also examining the long-term antibacterial 

function after aging with different aging solutions [47,136,137]. In a recent study, the 

bioactive low-shrinkage-stress composite containing 3% DMAHDM and 20% NACP 

maintained a strong antibacterial action, which showed no significant loss after 3 

months of immersion in an acidic solution [47]. Furthermore, the bioactive low-

shrinkage-stress composite performed favorably well when testing the mechanical 

properties after 20,000 thermal cycles [127]. In the present study, we further 

investigated the mechanical and antibacterial durability of a bioactive low-shrinkage-

stress after 50,000 and 100,000 thermal cycles which corresponds to 5 and 10 years 

respectively of in vivo function.  
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Long-term flexural strength measurements are crucial for composite 

restoration, as it describes the durability of the material [10,24]. Our results showed 

that the baseline flexural strength values of all four composites tested were higher than 

the suggested ISO value [78]. However, after prolonged thermal cycling, all tested 

groups showed a reduction in their flexural strengths. Additionally, the trend in the 

decrease varied among the composite groups. Similar results were presented in a 

previous study that investigated the mechanical durability of the low-shrinkage-stress 

composite after 20,000 thermal cycles [127]. Where the flexural strength of UV+NACP 

was 75 MPa, while the UV+NACP+DMAHDM had a flexural strength of 59 MPa both 

measurements were done after 20,000 thermal cycles. The present study showed that 

the flexural strength reduction continued for both groups the UV+NACP composite 

with 68 MPa and UV+NACP+DMAHDM composite with 56 MPa after the 50,000 

thermal cycles. This continuous decrease in strength for both groups could be related 

to two reasons. First, the release of the bioactive NACP fillers from the resin matrix 

causes microscopic changes that could be attributed to inferior mechanical properties 

[102]. Another possible explanation is due to the presence of a hydrophilic ester group 

in DMAHDM, which allowed a significant amount of water sorption and plasticization 

of the composite. This would likely lead to a reduction in the flexural strength of 

UV+NACP and UV+NACP+DMAHDM compared to UV control. On the other hand, 

the flexural strength values achieved between 50,000 and 1000,000 cycles remained at 

a similar level. While the UV+NACP+DMAHDM group showed flexural strength 

values comparable to the commercial control group, it might be advisable to limit the 

use of these groups in a low-stress area inside the oral cavity. Also, it might be used as 

a cavity liner instead of a final restoration in high-stress areas. A previous study 

compared the flexural strength of four commercially available composites after 15,000, 
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30,000, and 45,000 thermal cycles [133]. The authors found that 45,000 thermal cycles 

significantly decreased the flexural strength for all the composites which ranged 

between 51 MPa and 68 MPa, with the highest flexural strength for the BisGMA, 

ethoxylated bisphenol-A dimethacrylate (BisEMA), and TEGDMA based composite 

called GrandioSo [133]. These previous results were lower than the flexural results 

achieved in the present study, where the strength of the UV composites after 100,000 

thermal cycles ranged between 56 MPa and 85 MPa with the highest flexural strength 

evidenced for the UV control. These results indicate the stability of the UV resin 

composite in a moist environment in contrast to a BisGMA, BisEMA, and TEGDMA-

based composite.  

The hardness of a composite is the quality of the material that resists the 

degradation forces and helps to improve the function of the restoration [138]. In the 

present study, all study groups showed clinically acceptable hardness values of between 

0.20 GPa to 0.37 GPa [86]. In addition, an increase in the hardness value was observed 

after inducing thermal fluctuation in all the composite groups. Heat penetration through 

the material could lead to re-polymerization and enhance its surface hardness [102]. 

These results are in line with the results obtained by Souze et al., who recorded an 

increase in the hardness of the composite material called Sinfony when subjected to 

5,000 thermal cycles [139]. In addition, after thermal cycling, the Heliomolar 

composite showed statistically the highest surface hardness when compared with the 

other tested materials (p < 0.05). This can be related to the difference in the filler 

particle type, size, and hardness between commercial control Heliomolar and UV 

experimental groups.  

The physical properties of composite restorations, including surface roughness, 

are largely determined by the filler particle qualities and resin matrix composition [51]. 
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Overall, all the groups in this experiment showed clinically acceptable roughness 

values of less than 0.2 μm, demonstrating each group's capacity to maintain surface 

topography and prevent the growth of biofilm [51]. However, a previous report 

indicated that the incorporation of NACP particles and DMAHDM monomer affected 

the surface roughness of the material [59]. For instance, a previous study found that 

after 20,000 thermal cycles, the UV+NACP and UV+NACP+DMAHDM groups 

showed higher surface roughness values than the other examined groups [127]. Using 

an identical composite formulation, our results showed that thermal cycling up to 

100,000 cycles enhances the surface roughness of the UV+NACP and 

UV+NACP+DMAHDM groups in comparison to the baseline. Therefore, the results 

of the present investigation confirm the hypotheses of the earlier work, which proposed 

that the release of the bioactive NACP fillers from the resin matrix causes microscopic 

alterations that may modify the smoothness of the material over time [120]. 

Nevertheless, in a clinical case, the surface of composite material is subjected to several 

factors including salivary esterase, tooth brushing, and occlusal forces that may alter 

its roughness value [102]. In order to assess the clinical performance of the new 

bioactive low-shrinkage-stress composite, complicated aging protocols are required.  

The DMAHDM antibacterial agent is covalently bonded within the resin matrix 

leading to long-term antibacterial effects [75]. Herein, the bioactive low-shrinkage-

stress composite achieved long-term antibacterial capability by substantially reducing 

biofilm CFU and lactic acid production even after 0, 50,000, and 100,000 thermal 

cycles. This strong reduction in biofilm and acid production will help minimize tooth 

structure demineralization. Additionally, the NACP particles might encourage 

remineralization.  
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 Our  results  showed  that  compared  to  the  UV  control,  all 

the UV+NACP+DMAHDM groups promoted a notable reduction in salivary biofilms. 

An earlier investigation found that even after 3 months of aging in acidic solution, low-

shrinkage-stress composite containing 3% DMAHDM exhibited potent bacterial 

decrease for total microorganisms, total streptococci, and mutant streptococci ranging 

between 2-3 logs [75]. However, in the present study when the DMAHDM mass 

fraction was increased in the UV resin to 5%, an additional 2-5 logs of bacterial 

inhibition were observed. In addition, a previous study indicated that the antibacterial 

effect of the DMAHDM in the low-shrinkage-stress composite did not decrease after 

20,000 thermal cycling, thus providing long-term antibacterial activity [127]. To ensure 

that DMAHDM copolymerized monomer in UV resin will not lose its antibacterial 

capability and collapse over time. The present study further challenged the low-

shrinkage-stress composite by applying additional thermal cycling periods. Herein, the 

UV+DMAHDM+NACP composite achieved long-term antibacterial capability by 

substantially reducing the saliva biofilm CFU counts compared to the commercial 

control. There was one notable exception noticed with the UV+NACP+DMAHDM 

group, where there was about a 2-log difference in the reduction of total streptococci in 

the thermal cycle samples. This discrepancy can be explained by the physical changes 

in the composite caused by thermal cycling, which increased surface roughness, 

allowing more total streptococci to adhere to the surface more efficiently than the 

smooth baseline samples [59]. Despite the slightly reduced efficiency, our findings 

show that DMAHDM was copolymerized with the UV resin matrix by creating a 

covalent bond with the polymer network and was not leached away or lost over time. 
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In this study, the low-shrinkage-stress containing 5% DMAHDM composite 

significantly reduced the lactic acid production compared to the commercial control 

composite. In addition, the antibacterial performance of the DMAHDM group was 

comparable before and after 0, 50,000, and 100,000 thermal cycles. Our findings are 

comparable to the findings of a previous study suggesting that 3% DMAHDM 

crosslinked well with the low-shrinkage-stress resin and maintained its antibacterial 

effect after 3 months of aging in an acidic solution [47]. More research is needed to 

assess the antibacterial activity of the bioactive low-shrinkage-stress composite against 

microcosm biofilms produced from the saliva of high-caries-risk children, which more 

closely resembles in vivo microbial communities and ecosystem diversity.  

An earlier investigation revealed a direct connection between the 

polymerization stress and microleakage in class V cavities resorted with three different 

commercial composites [93]. In comparison to the available commercial composites, 

the bioactive low-shrinkage-stress composite containing 5% DMAHDM and 20% 

NACP would be the restoration of choice involving cervical lesions, with the following 

advantages: the UV resin would minimize the polymerization shrinkage stress around 

the restoration margins and achieve a better marginal adaptation. This type of marginal 

adaptation would help to extend the life of dental restorations by eliminating secondary 

caries and the micro-penetration of oral bacteria [140]. Additionally, the DMAHDM 

would aid to prevent local biofilm formation and plaque buildup, while the NACP 

would help to remineralize lesions and neutralize acids [141]. Also, in the present study, 

the bioactive low-shrinkage-stress composite possessed a potent antibacterial effect and 

adequate mechanical stability even after long-term thermal cycling. All the above-

described properties would ensure long-term clinical survival of the bioactive low-

shrinkage-stress composite in the oral cavity. Therefore, it would be highly desirable 
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for future studies to consider the UV resin as a potential monomer to be used in a wide 

range of applications including bonding agents, flowable composite, sealants, and 

cements to lower the shrinkage stresses.  

The present study focused on the impact of thermal cycling on a bioactive low-

shrinkage-stress composite’s mechanical and antibacterial performance, without 

considering other environmental factors. For instance, salivary flow, oral cleanliness 

habits, exposure to carbohydrates often, and interactions between oral species. 

Therefore, the use of translational (animal & intraoral in situ) models to challenge these 

restorations inside the oral cavity is required.  
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CHAPTER FIVE: Summary and Conclusions 

 

Recurrent dental caries around composite restorations is a major reason for dental 

restoration failures. In addition, polymerization shrinkage stress, masticatory force 

overtime, as well as bacterial acid attack, can lead to marginal failure and decrease the 

durability of the restoration. In this dissertation, we developed dental nanocomposites 

with triple benefits: low-shrinkage-stress, antibacterial and remineralizing composite. 

The durable antibacterial and adequate mechanical properties of this bioactive low-

shrinkage-stress composite would be useful for the future development of dental 

restorations to protect the bonded interface, overcome secondary caries, and increase 

the restoration longevity. The major contributions of this dissertation (chapters two, 

three, and four) are summarized in the following paragraphs.  

   Recently, the use of UV monomers to develop a low-shrinkage-stress resin 

composite achieved low polymerization stress, adequate mechanical strength, and a 

strong antibacterial effect. However, the antibacterial mass fraction was limited to a 

single mass fraction of 3% DMAHDM. Therefore, in chapter two we systematically 

investigated the effect of DMAHDM mass fraction in a low-shrinkage-stress resin 

composite and determine the optimal mechanical and anti-biofilm properties for the 

first time. We found that the incorporation of 20% NACP and 2% to 5% DMAHDM 

into the low-shrinkage-stress resin composite did not adversely affect the mechanical 

properties. The resin composites had a dose-dependent reduction in the S. mutans 

biofilm with increasing mass fraction of DMAHDM from 2% to 5%. Additionally, Ca 

and P ion releases were not compromised with increasing mass fractions of DMAHDM 

in the low-shrinkage-stress composite. The 5% DMAHDM and 20% NACP composite 

maintained a high conversion (70%) and reduced the polymerization shrinkage stress 



 

 98 

by 37%, compared to a traditional composite. We speculated that the bioactive low-

shrinkage-stress composite had a slower polymerization rate resulting in a delayed gel 

point when compared to the traditional composite. The longer the polymerization rate 

taken by the UV resin composite to reach rigidity allowed easier stress relaxation and 

prevented excessive contraction stress accumulation. Therefore, in order to prevent 

secondary caries and promote tooth remineralization, a triple benefit low-shrinkage-

stress composite with antibacterial and remineralizing capabilities appears promising.  

However, once the bioactive low-shrinkage-stress composite is exposed to the 

oral environment for a long period of time, several environmental factors may affect 

the durability of the composite material. These environmental factors include diet, 

chewing habits, salivary enzymes, and temperature fluctuation. Additionally, aging and 

the breakdown of bioactive components may cause the bioactivity of the low-

shrinkage-stress composites to deteriorate. Consequently, in chapters three and four a 

long-term evaluation of our bioactive low-shrinkage-stress composite after several 

periods of thermal cycling was conducted to monitor the long-term performance of our 

formulations. Thermal cycling is defined as the in vitro procedure that involves 

subjecting dental materials to temperature extremes similar to those found in the oral 

cavity. The disparity in thermal expansion between the resin matrix and the filler 

particles will cause internal stress within the material. When combined with water and 

other fluids, these thermal stresses have the potential to damage the filler-matrix 

interface and cause the filler to corrode under stress. Previous research used various 

numbers of thermal cycles. For example, a study indicated that approximately 83% of 

the reviewed studies were conducted with thermal cycles in the range of 10,000 cycles, 

which is equivalent to one year of in vivo function. Based on these findings, a prior 

study compared thermal cycles including 10,000 and 20,000 cycles, which was 
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equivalent to 1- and 2-years in vivo function. In a recent study, the bioactive low-

shrinkage-stress composite containing 3% DMAHDM and 20% NACP maintained a 

strong antibacterial action, which showed no significant loss after 3 months of 

immersion in an acidic solution. There has been no report investigating the impact of 

thermal cycling on the bioactive low-shrinkage-stress composite. Therefore, in chapter 

three, we investigated the mechanical and antibacterial durability of a bioactive low-

shrinkage-stress after 20,000 thermal cycles which correspond to 2 years of in vivo 

function.   

Our data showed that the flexural strength of the bioactive low-shrinkage-stress 

composite matched those of a commercial control composite both before and after 

thermal cycling. Moreover, the bioactive low-shrinkage-stress composite has an 

antibacterial property that will help suppress acidogenic bacteria, as well as NACP 

particles that can neutralize the acids and remineralize the tooth structures. In addition, 

the antibacterial results of the bioactive low-shrinkage-stress composite indicated a 

substantial reduction of the salivary biofilm viability, CFUs, and lactic acid production, 

even after 20,000 thermal cycles, thus providing long-term antibacterial activity. These 

results indicated that DMAHDM was copolymerized with the low-shrinkage-stress 

resin matrix by forming a covalent bond with the polymer network, and therefore, was 

not leached out or lost over time. In addition, the suppression of the biofilm growth 

with increased DMAHDM mass fraction can be attributed to increasing its charge 

density. Increasing the positive charge of DMAHDM helps to interact with more of the 

negatively charged bacterial membrane, which can lead to disruption of the membrane 

functions, causing essential ions imbalance and followed by bacterium lysis. The 

bioactive low-shrinkage-stress composite possessed good mechanical properties that 

matched commercial composite both before and after thermal cycling. The potent 
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antibacterial activity of the new low-shrinkage-stress composite was maintained and 

did not decrease after thermal cycling.  

In chapter four, we attempted to further investigated the mechanical and 

antibacterial durability of a bioactive low-shrinkage-stress after 50,000 and 100,000 

thermal cycles which correspond to 5 and 10 years respectively of in vivo function. 

Baseline flexural strength values for the four investigated composites were higher than 

the advised ISO standard. However, after prolonged thermal cycling, all tested groups 

showed a reduction in their flexural strengths. After 50,000 thermal cycles, the 

bioactive low-shrinkage-stress composites revealed a significant loss in strength. 

Followed by a minimal decrease after the 100,000 thermal cycles with mechanical 

properties matching those of commercial control composites at 50,000 and 100,000 

thermal cycles. Furthermore, compared to the commercial control, the bioactive low-

shrinkage-stress composite reduced total microorganisms, total streptococci, and 

mutans streptococci after lengthy thermal cycling.  In addition, the two-dimensional 

live/dead images demonstrated more dead bacteria on DMAHDM-containing low-

shrinkage-stress composite even after thermal cycling. Chapters three and four 

provided the evidence necessary to draw the conclusion that the bioactive low-

shrinkage-stress composite retained its antibacterial effectiveness even after thermal 

cycling, demonstrating long-term antibacterial durability.  

In addition, this formulation possessed good mechanical properties that were 

comparable to commercial composite both before and after thermal cycling.   

This triple benefit composite with durable antibacterial, remineralization, and 

low-shrinkage-stress properties can be used for various clinical scenarios. Including 

patients suffering from xerostomia, in which their saliva's buffering capacity is 

compromised and the person's risk for secondary caries would rise because of decreased 
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saliva quantity and quality. Therefore, the new composite material with Ca and P ions 

and acid-neutralizing properties would help protect the tooth structures. In addition, 

DMAHDM with its contact killing effect would help to inhibit local biofilm growth 

and plaque accumulation and prevent recurrent caries.  

Furthermore, in the case of older individuals with impaired physical 

performance, low salivary flow, and weaker muscle function. These alterations, 

combined with poor dietary habits increase susceptibility to one of the most prevalent 

biofilm-driven oral diseases: root caries. Current resin composites for root caries lack 

the ability to inhibit biofilm growth, and instead may even accumulate more 

biofilms/plaques compared to other restorations. Therefore, it is valuable to know that 

our low-shrinkage-stress has an antibacterial property that will help suppress 

acidogenic bacteria, as well as with NACP particles that can neutralize the acids and 

remineralize the lesions to protect the tooth structures. Moreover, the UV resin would 

minimize the polymerization shrinkage stress around the restoration margins and 

achieve a better marginal adaptation. Therefore, if effectively translated into dental 

clinics, the newly discovered bioactive low-shrinkage-stress composites could help to 

increase the survival rate of root caries restorations.  

While the results of this dissertation highlight the potential of the bioactive low-

shrinkage-stress nanocomposite to suppress recurrent caries at the restoration margins 

and increase restoration longevity. Even though we used artificial saliva and 

multispecies biofilms, in vitro investigations are not cable of replicating the oral cavity. 

Moreover, in vitro assays are unable to take into consideration several variables, 

including salivary flow, oral cleanliness habits, exposure to carbohydrates often, and 

interactions between oral species. Therefore, the use of translational (animal & intraoral 

in situ) models to challenge these restorations inside the oral cavity is required. 
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Additionally, the polymerization shrinkage-stress values in the current investigation 

were determined using a tensometer. However, there is a need for a testing set-up that 

could reproduce the compliance conditions found in a tooth cavity preparation. To 

overcome this limitation, further studies are needed to use the dye penetration leakage 

to confirm the polymerization shrinkage stress reduction achieved by the bioactive low-

shrinkage stress nanocomposite. Combining different measuring tests could be 

necessary to obtain more comprehensive thoughts concerning the clinical performance 

of such restoration.   
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