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ABSTRACT 

Title of the Dissertation: Development of New Formulations of nCaF2 Dental 

Nanocomposites with Antibacterial and Remineralizing Properties. 

Heba Ahmed Mitwalli, BDS, MS, Doctor of Philosophy, 2021. 

Dissertation directed by: Michael D. Weir, Ph.D., Research Assistant Professor, 

Department of Advanced Oral Sciences and Therapeutics, University of Maryland 

School of Dentistry, Baltimore, MD, USA.  

It is desirable to use a minimally invasive approach in dentistry through conservative 

techniques in order to prevent destruction of the tooth structure. Since resin-based 

dental materials are increasingly used, the occurrence of re-infections is also increasing. 

Recurrent caries and secondary infections are major problems in the restorative 

dentistry field. The prevalence of recurrent caries associated with resin-based 

restorative materials was previously shown to reach 60%.  It is the most common 

reason recognized for composite resin restorations replacement and failure.  

Many efforts have been made to incorporate antibacterial agents into restorative 

materials. However, the majority of these materials act by releasing these agents into 

the surrounding environment, leading to their depletion over time. There is a clinical 

need for durable bioactive composite restorations that resist the formation of secondary 

caries for an extended period of time. Dimethylaminohexadecyl methacrylate 

(DMAHDM) is an antibacterial agent that is immobilized in resin and not lost or 



 

 

released with time. Therefore, this dissertation aims to develop new composite resin 

formulations containing DMAHDM antibacterial, 2-methacryloyloxyethyl 

phosphorylcholine (MPC) protein repellent, and nanoparticles of calcium fluoride 

(nCaF2) remineralizing modalities which could be a promising approach for 

management of recurrent caries around or under restoration margins. This dissertation 

incorporated DMAHDM, MPC and nCaF2 into composite resin restorations to achieve 

potent, long-lasting antibacterial, protein repellent, and Ca and F ion release and 

recharge/re-release capabilities. Mechanical testing was performed for all composite 

formulations. To determine biofilm properties, a human salivary microcosm biofilm 

model was used. Biofilm colony-forming units (CFU), minimum inhibitory 

concentration, lactic acid production, and metabolic activity of biofilm were 

investigated. Fluoride (F) and calcium (Ca) initial ion releasing, recharging and re-

releasing capabilities were tested. The majority of nCaF2 nanocomposites show 

matching mechanical properties to the commercial control composite. The nCaF2-

DMAHDM nanocomposites have potent antibacterial effects that substantially reduce 

biofilm activities in all biofilm experiments. Similarly, all nCaF2 nanocomposites have 

higher values of F and Ca ion release- recharge, and re-release when compared to the 

commercial control composite.  

Therefore, these new composite resin formulations may potentially lead to a 

fundamental contribution in restorative techniques that can be used to fight this most 

common limitation of composite restorations - recurrent caries - and contribute to the 



 

 

longevity of composite restorations through long-lasting antibacterial and protein 

repellent properties and remineralization capabilities.  
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 1 

CHAPTER ONE: INTRODUCTION 

1.1. Background 

Biofilms are a complex of aggregated microorganisms correlated with an extracellular 

matrix with adherent bacterial cells [1]. The formation of biofilms on synthetic surfaces 

are major health issues in healthcare and industrial fields [2]. In the medical field, 

biofilm attachment on implants and devices develop unfavorable side effects and may 

affect their functionality and limit the lifetime of such devices. Similarly, biofilm 

attachment trigger bacterial infections, substantively complicating conditions in clinics, 

and sometimes, causing death [3,4].  

Biofilms are the main reason behind the majority of dental diseases, with dental 

caries being the most prevalent [5]. The incidence of dental caries is growing 

worldwide in adults and children. About 90% of adults reported having dental caries, 

26% of which were untreated [6]. Moreover, medical and dental challenges are more 

prevalent in the elderly, which can worsen damage created by dental caries [7]. For 

example, in an elderly population with systemic diseases, the consumption of certain 

medicines can cause hyposalivation, that can higher their chances of having cariogenic 

microorganism that lead to dental caries [8].  

The biofilm induced oral infections related to existing restorations involve 

replacing restorations and additional tooth structure loss. Infections around implants 

may lead to bone loss and failure of implants and thus bone grafts and replacing the 

implant crown or prosthesis. Likewise, biofilms may stay in the root canal system after 
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root canal treatment and can cause re-infections. Root canal re-treatments are then 

necessary, weakening the remaining tooth structure and may lead to its loss. Therefore, 

it is a worldwide health priority to alter the development of biofilms [9].  

Microorganisms in biofilms of dental plaque are more resistant to antibacterial 

strategies when compared to planktonic microorganisms [10,11]. The nutritive, moist, 

and warm atmosphere of the oral cavity offers an ideal situation for the growth and 

proliferation of microorganisms. With time, the complex interaction between host, diet, 

and microorganisms leads to bacterial colonization and pathogenic biofilm 

development [12]. Pathological biofilms that attach on the restorative materials or tooth 

surface through certain binding proteins, which are virulence factors in dental caries 

formation [12]. With the continuous neglect of oral hygiene and the consumption of 

sugary diet, the biofilms attached can result in microbial proliferation and a more 

diverse microbial community. Cariogenic microorganisms within the biofilms, 

specifically Streptococcus mutans and lactobacilli, upregulate certain virulence factors, 

consume fermentable carbohydrates and create lactic acid which could demineralize 

the minerals in tooth structure [13].  

1.2. Commonly Used Conventional Restorative Materials  

Numerous treatment options for restoring a tooth cavity following caries excavation are 

available, ranging from minimally invasive conservative techniques to total cuspal 

coverage. The goal of caries management therapy is remineralization. Dissolution of 

enamel occurs at low pH but when sugar content is reduced, and pH is subsequently 
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increased to normal range, some amount of the tooth material that is lost can be 

recovered. This process is called remineralization [14]. When the carious lesion is 

larger with an obvious cavitation restorative treatment options are the choice [15].  

The goal is to preserve tooth structure by selecting the most minimally invasive 

technique possible [15]. Small to moderately sized carious lesions can be restored with 

direct restorations such as glass ionomers (GIs) and resin modified glass ionomers 

(RMGIs), amalgams, and composite resin restorations [16]. However, when the lesion 

is more severe, and the remaining tooth structure is minimal indirect restorations can 

serve the situation. Indirect restorations range from partial coverage such as inlays and 

onlays to total crown coverage using a crown or tooth capping.  

Furthermore, there is an increased demand and patients’ awareness of their 

esthetics. Amalgam restorations require some retentive features when preparing the 

tooth cavity after caries excavation that will cause more tooth structure loss. Moreover, 

their metallic gray color is not esthetically pleasing compared to tooth colored 

restorations [16]. Whereas, glass ionomers and resin modified glass ionomers have the 

advantage of fluoride release however, they have comparatively inferior mechanical 

and physical properties compared to composite resin restorations [17]. Therefore, 

treating dental caries with composite resin restorations as a minimally invasive 

treatment is the most commonly used option. 
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1.3. Drawbacks of Composite Resin Restorations 

In dental practice, composite resin restorations are the most commonly used material 

due to their handling properties, excellent esthetics, bonding approach, and lack of 

extensive retentive tooth preparations [15]. Dental plaque tends to accumulate on 

composite resin restorations more than other restorative materials that have bioactive 

ingredients (fluoride, silver, copper, or zinc) such as glass ionomers and amalgams 

[17,18].  

As resin-based dental materials are being increasingly used, the incidence of 

biofilm related infections is also growing. Recurrent caries and secondary infections 

continue to be a critical downside in restorative dentistry. It was previously reported 

that prevalence of recurrent caries around or under composite resin restorative materials 

was 60%, and it was documented to be the main reason for composite resin restorations 

replacement and failure [19,20].  

Dental plaque accumulation at the interface between the tooth and the 

restoration aids microorganisms by forming biofilms and invading the interface, 

initiating a new recurrent caries lesion. The secondary carious lesion around or under a 

restoration is influenced by several aspects such as dental restorative material surface 

characteristics, pathogenic biofilms growth and areas between the teeth that are hard to 

access and clean [21]. Acid production by dental plaque accumulating at the restoration 

margins is a triggering aspect for failure of restorations [21].  
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Generally, resin-based restorations are inert with no bioactivity. Conventional 

resin-based restorative materials primarily contain methacrylate monomers. Due to the 

ester moieties existence in their methacrylate-based restorative materials are greatly 

susceptible to stresses of degradation triggered by salivary enzymes and microbial 

invasion [22,23]. Since no resin-based material can polymerize entirely to reach 100% 

of monomers conversion to polymers, the stresses of degradation within the material 

lead to the releasing of unreacted monomers, that could trigger biofilm formation and 

microbial attachments [24,25]. Therefore, numerous efforts were undertaken to design 

bioactive resin-based materials that could be resistant to microbial attachments by 

neutralizing the oral cavity’s acidity so as to improve such material’s clinical longevity 

[26,27].  

One of the approaches to offer a long-term, durable restoration and to eliminate 

and/or control these infections is though the integration of antimicrobial agents that 

may aid in the disruption of biofilm formation. Consequently, numerous efforts were 

made for bioactive components to be incorporated into composite resin systems to 

improve their antibacterial functioning [21,28,29]. Three main agents in developing 

bioactive materials were studied: 1) releasing antibacterial agents, 2) copolymerizable 

antibacterial agents, and 3) dual-functional antibacterial agents. 

One of the disadvantages of released antimicrobial agents is their burst effect 

by fast initial release, which is accompanied by a dramatic reduction in antibacterial 

action over a short time period. On the other hand, polymerizable antibacterial agents, 
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are retained in the dental resin matrix through copolymerization, which offers 

antibacterial outcomes without the antibacterial components release and grants long-

lasting antimicrobial protection [27,30]. Dual antibacterial agent combines 

polymerizable antibacterial agent with releasing antibacterial agent to maximize the 

antimicrobial effectiveness.  

1.4. Ideal Antimicrobial Agents for Resin-Based Restorations 

Antimicrobial agents are chemical agents that restrict microbial growth and 

proliferation, hence diminishing the destructive bacterial outcomes. Several measures 

must be considered in the development of resin-based restorative materials with 

antimicrobial properties. An ideal antimicrobial agent involved in resin-based 

restorations should not adversely affect its mechanical properties, whilst preserving 

durable antimicrobial effects with no resulting toxic effects [31]. In order to maximize 

the durable antimicrobial advantages, the antimicrobial agent should not be limited to 

the restorations’ surface, however it should be existent through the whole bulk of the 

material. This way, the material could retain the same antimicrobial effect even in cases 

where the outer surface of the restoration is removed due to occlusal wear. Additionally, 

extensive efforts are focused on the development of antibacterial agents with wide-

spectrum activity against cariogenic biofilms and low toxic side-effects while 

preserving clinically suitable antibacterial and mechanical properties [29]. Several 

approaches were studied to develop bioactive properties in resin-based dental materials 

and are discussed in the following section. 
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1.5. Types of Antibacterial Approaches 

1.5.1. Co-Polymerizable Antibacterial Agents  

Co-polymerizable antibacterial agents can kill bacteria and diminish build-up of 

microbial biofilm through incorporation by either covalent conjugation or 

physisorption [2,26]. Several antimicrobial agents serve this purpose. Quaternary 

ammonium methacrylates (QAMs), are synthetic examples of those agents while 

antimicrobial enzymes (AMEs), and antimicrobial peptides (AMPs) are natural 

examples [2,11].  

Quaternary ammonium methacrylates have been developed and integrated into 

dental materials. They work by a contact-killing mechanism, where the positive charge 

of the quaternary amine, N+, changes the electrical balance of the bacterial cell and 

disturbs their membrane by binding directly to the negative charge of the bacterial cell 

membrane [32]. The antibacterial activity of QAMs with short chains, rely solely on 

the positive charge of their ammonium group. QAMs with long chains develop double-

killing effects through: (1) their quaternary amine N+ positive charge; and (2) their 

improved hydrophobicity due to their long alkyl chain lengths, which enhance their 

ability in penetrating the hydrophobic cell membrane of the bacteria [33].  

1.5.2. Releasing Antibacterial Agents  

Releasing antibacterial agents act to kill bacteria by the gradual release of embedded or 

preloaded antibacterial components. They can kill both attached and planktonic 
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bacteria. Release of preloaded antibacterial components is achieved by diffusion into 

the surrounding environment, hydrolysis, and degradation [34].  

Releasing antibacterial agents reduce the possibility of microbial resistance and 

reduce potential adverse systematic effects by releasing antibacterial components 

merely wherever needed. Nevertheless, releasing antibacterial agents achieve only a 

temporary effectiveness, since the concentration of the antibacterial agent is limited and 

is considered a major drawback [35].  

1.5.3. Dual-Functional Antibacterial Agents 

Co-polymerizable antibacterial agents can be utilized in conjunction with another 

antibacterial agent to enhance their antimicrobial effectiveness. Combining co-

polymerizable antibacterial agents with another antibacterial agent could deliver lasting 

antibacterial effectiveness through reducing microbial resistance and/or proliferation. 

A bioactive dental material with dual antibacterial action would comprise: (1) releasing 

antibacterial agent that can be delivered into sites with infection for eradication of 

persisting bacteria; and (2) co-polymerizable antibacterial agent that could inhibit 

bacterial attachments on its surface via contact-killing effect and offer long lasting 

benefits [2,32].  

1.6. Comparison of Co-Polymerizable Versus Releasing Antibacterial Agents in 
Dentistry  

Extensive efforts have been made to develop resin-based restorative materials with 

antibacterial properties. Releasing antibacterial agents such as fluoride, chlorhexidine, 
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and silver release high levels of those agents initially without causing systematic or 

toxic side effects and show no bacterial resistance. Nevertheless, they are dispersed in 

the matrix, and they tend to leach out with their effect being diminished over time [34]. 

Likewise, the mechanical properties of resin-based restorations containing releasing 

antibacterial agents might deteriorate over time as voids tend to form in the interior of 

the material after releasing the agents. A previous report showed that incorporating 1% 

of chlorhexidine gluconate reduced the materials’ tensile and compressive strengths 

[36]. This is where the advantage of the co-polymerizable antibacterial agents in the 

monomer formulations arises. The co-polymerizable antibacterial agents employ their 

effect via a contact-killing mechanism without leaching out and thus offers long-term 

durable antibacterial properties. Additionally, it has a limited influence on the cure 

performance, mechanical properties and its durability is sustainable even following 

water aging [11,37].  

1.7. Other Methods to Reduce the Occurrence of Recurrent Caries 

1.7.1. Agents with Microbial Resistant Surfaces  

Microbial resistant surfaces lessen the initial phase of microbial development through 

reducing the amount of early microbial attachment. Protein adsorption on the surfaces 

of the material facilitates microbial attachment, which offers anchor spots for microbial 

growth [38]. Surface immobilizing agents that may decrease protein adsorption 

considerably decreases the quantity of microbial growth [39]. In aqueous environments, 

the surfaces of these materials could produce a hydration layer physical barrier. An 
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example of agents with microbial resistant surfaces are zwitterion-based surfaces 

[40,41]. 

1.7.2. Zwitterionic Based Surfaces  

Zwitterions (dipolar ions) are electrically neutral ions with negative and positive 

electrical charges at varying sites in a molecule. Zwitterionic polymers are smart 

materials with distinctive groups of both negative and positive charges involved in their 

configuration [42]. Their microbial-repelling functionality are associated with 

hydration layers formation that physically and energetically obscure the material 

surface and decreases the attachments of bacteria and proteins. The hydration layer in 

zwitterions binds firmly to the surface of the material via strong electrostatic 

connections [41]. Materials with bacterial resistant surfaces could decrease microbial 

attachments without microbial interactions or killing consequence. However, any 

deterioration or defects in the surface due to long-term chemical or physiological 

interactions can lessen the ability of the surface in protein repelling and microbial 

attachments prevention, and it will be vulnerable to microbial contamination [9]. An 

example or a protein repellent agent is 2-methacryloyloxyethyl phosphorylcholine, 

(MPC) [43]. 

Previous studies indicated that in relation to biofilm formation, a major 

drawback is that the effectiveness of contact killing mechanism granted with the use of 

DMAHDM can be hampered, and bacterial biofilm adhesion could be facilitated due 

to the presence of the salivary pellicle on the restoration and tooth structure [44]. 
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Surfaces covered with a glycoprotein-rich pellicle interact with oral microbes, where 

initial colonizers adhere and later co-bond with other microorganisms [45]. Since the 

bacterial cell has negative charges, a naturally negative charged surface could limit 

bacterial adhesion and provide protein repelling [46]. Therefore, it will be beneficial to 

combine a protein repellent agent such as MPC with antibacterial agents [43]. The 

combination of MPC with DMAHDM has exhibited a synergistic outcome in 

preventing the formation of biofilm, without impacting the mechanical properties of 

the material [47]. 

1.7.3. Materials with Remineralizing Potential 

The incorporation of agents with remineralizing potential is another fundamental 

approach in the inhibition of recurrent caries. Fluoride is very well recognized in 

literature for it remineralizing benefit. Fluoride ions (F) stimulate remineralization and 

suppress the oral microorganisms and demineralization [48,49]. When F ions are 

present during demineralization, fluoride enhances phosphate and calcium ions 

precipitation and forms fluorapatite [Ca5(PO4)3F] to provide tooth structure protection 

[50–52]. Fluoride was similarly known to have the advantage to reduce the production 

of bacterial acids which is an important factor in the reduction recurrent caries [53]. 

Hence, the incorporation of restorative with fluoride ions are promising to reduce 

demineralization [54].  

While fluoride releasing restorations are known to render teeth more resistant 

to recurrent caries [53], most of the availably present commercial materials, for 
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example GIs and RMGIs, cannot be used in areas in the mouth with high occlusal load 

due to their inferior mechanical properties.  

Nanotechnology is a favorable technology in developing the next generation of 

dental restorative materials that could serve in remineralizing the tooth structure and in 

inhibiting oral biofilms and demineralization [55]. Based on this platform, the strategy 

that we are proposing here is to inhibit carious lesions within the composite resin 

restorations by inhibiting or decreasing the demineralization process and bacterial 

growth. This strategy is driven by the shift of the demineralization process to 

remineralization via Ca and F ion release from nCaF2. Nano-sized calcium fluoride 

(CaF2) is a non- crystalline filler that has a reasonably high specific surface area of 35.5 

m2/g which is 20 times higher than the surface area compared to that of traditional CaF2 

powder with almost of 1.9 m2/g [56]. This high surface area of nCaF2 could provide the 

high levels of fluoride ion releasing without compromising its mechanical strength. The 

use of less nCaF2 compared to the mass fraction of traditional-sized filler particles 

prevents the mechanical properties from being jeopardized. Furthermore, the 

integration of nano sized particles with a large surface area results in releasing of higher 

amounts of fluoride and calcium with a small filler level of nCaF2. The Ca and F ion 

release of the nCaF2 composite lasts only for several weeks or months, then ion release 

decreases with time. However, composite restorations are expected to last for years of 

service. Therefore, to provide long term remineralization, the development of a 

rechargeable nCaF2 composite is highly desirable [57–59]. 
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1.8. Different Resin Systems to Provide Long-Term Rechargeability 

The ion release capability of nCaF2 composites are limited since they can only sustain 

release F and Ca ions for several weeks to months. Therefore, our goal is to provide a 

more durable release for an extended period of time. Recently, nanocomposites with 

nanoparticles of amorphous calcium phosphates (NACP) showed promising results of 

rechargeability using different base monomers [60,61]. 

The monomers used were bisphenol A diglycidyl methacrylate (BisGMA) and 

triethylene glycol dimethacrylate (TEGDMA) at a 1:1 mass ratio. BisGMA, TEGDMA, 

and Bis[2-(methacryloyloxy)ethyl] phosphate (BisMEP) at a 2:1:1 mass ratio. 

Pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated bisphenol A 

dimethacrylate (EBPADMA) at a 1:1 mass ratio. Both BisMEP and PMGDM were 

chosen as they are adhesive acidic monomers and could chelate with the inorganic acids 

in the recharging solution to attain the desired rechargeability. BisGMA,TEGDMA was 

chosen as it is the most commonly used base monomer [62–64]. However, the 

recharging/re-releasing ability of composite restorations containing nCaF2 

remineralizing filler nanoparticles has not been evaluated.  

Therefore, we aim to develop and characterize a novel composite resin 

restorative material with strong and long-term antibiofilm, protein repellent, and 

remineralization properties to increase the longevity of composite restorations and 

prevent recurrent caries. These described methods provide a promising approach that 
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can be applied to a wide range of dental materials to help reduce bacterial infections 

and strengthen the tooth structure. 
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Specific Aims 

Specific Aim 1: To design formulations for dental composites with the incorporation 

of DMAHDM, MPC, and nCaF2 that allow the dental composite to present clinically 

acceptable mechanical properties while maintaining Ca and F ion releasing, protein 

repellent, and antibacterial capabilities.  

Specific Aim 2: To develop rechargeable nCaF2 composite resin and investigate the Ca 

and F ions release, recharge, and re-release of composites using nanoparticles of 

calcium fluoride to achieve long-term inhibition of recurrent caries and foster 

remineralization.  

Specific Aim 3: To develop nCaF2-DMAHDM remineralizing and antibacterial 

composite resin formulations and investigate the remineralizing and antibacterial 

properties to reduce the cariogenicity of multispecies biofilm cultured from human 

saliva.  

Central Hypothesis  

The incorporation of DMAHDM for its contact killing properties, MPC for protein 

repellence, and nCaF2 for the release/recharge and re-release of Ca and F ions would 

not compromise the physical and mechanical properties of the novel composite, while 

producing substantial antibacterial, protein repellent, and remineralization capabilities.  
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CHAPTER TWO 
 

Novel CaF2 Nanocomposites with Antibacterial Function and 

Fluoride and Calcium Ion Release to Inhibit Oral Biofilm and 

Protect Teeth1 

 

Chapter abstract 

Background: The objective of this study was to develop a novel dental 

nanocomposite containing dimethylaminohexadecyl methacrylate (DMAHDM), 2-

methacryloyloxyethyl phosphorylcholine (MPC), and nanoparticles of calcium 

fluoride (nCaF2) for preventing recurrent caries via antibacterial, protein repellent and 

fluoride releasing capabilities. 

Methods: Composites were made by adding 3% MPC, 3% DMAHDM and 15% nCaF2 

into bisphenol A glycidyl dimethacrylate (Bis-GMA) and triethylene glycol 

dimethacrylate (TEGDMA) (denoted BT). Calcium and fluoride ion releases were 

evaluated. Biofilms of human saliva were assessed. 

Results: nCaF2+DMAHDM+MPC composite had the lowest biofilm colony forming 

units (CFU) and the greatest ion release; however, its mechanical properties were 

lower than commercial control composite (p < 0.05). nCaF2+DMAHDM composite 

had similarly potent biofilm reduction, with mechanical properties matching 

 
1 Published in the Journal of Functional Biomaterials. 2020, 11, 56. 
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commercial control composite (p > 0.05). Fluoride and calcium ion releases from 

nCaF2+DMAHDM were much more than commercial composite. Biofilm CFU on 

composite was reduced by 4 logs (n = 9, p < 0.05). Biofilm metabolic activity and 

lactic acid were also substantially reduced by nCaF2+DMAHDM, compared to 

commercial control composite (p < 0.05). 

Conclusions: The novel nanocomposite nCaF2+DMAHDM achieved strong 

antibacterial and ion release capabilities, without compromising the mechanical 

properties. This bioactive nanocomposite is promising to reduce biofilm acid 

production, inhibit recurrent caries, and increase restoration longevity. 

2.1. Introduction 

Dental resin composites are an excellent material for direct restorations of anterior teeth 

and in many cases posterior teeth due to their esthetics and ease of placement [65]. 

Nevertheless, composites are known to accumulate more oral bacterial plaque and 

biofilm than other direct restorative materials, which could expose the restored tooth to 

a higher risk for future recurrent caries [66]. Indeed, most failed restorations due to 

secondary caries are restored with composites [19,20]. The formation of plaque starts 

with the salivary-acquired pellicle formation. The glycoprotein found in the acquired 

pellicle promotes bacterial cell adherence. The microbes in the biofilm then produce 

acids which lowers the pH and lead to mineral loss over time resulting in dissolution of 

the tooth structure, the formation of caries, and failure of the restoration [67–69]. 
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Unfortunately, currently available commercial composites lack antibacterial properties. 

Accordingly, efforts were made to overcome the presence of cariogenic bacteria, in an 

effort to prevent recurrent caries [70]. 

The incorporation of calcium fluoride nanoparticles (nCaF2) into composites 

has the potential to reduce demineralization [54]. Fluoride (F) ions work by stimulating 

the remineralization and suppressing the oral microorganisms [48,49]. The presence of 

F ions in the event of demineralization enhances the precipitation of calcium and 

phosphate ions and forms fluorapatite [Ca5(PO4)3F] to protect the tooth surface [50–

52]. Fluoride was also shown to have the advantage of reducing bacterial acid 

production to reduce recurrent caries. 

Designing a composite containing calcium fluoride nanoparticles would 

enhance the fluorapatite deposition in the affected tooth structure. When the tooth 

structure is subjected to acidic attack by the cariogenic pathogens, calcium and 

phosphate ions are lost from enamel. Using remineralization approaches to restore the 

lost minerals is required to enforce and strengthen the tooth structure. Therefore, the 

composite with calcium fluoride nanoparticles would enhance remineralization and 

form fluorapatite that is able to resist future acidic challenges. Several studies have 

demonstrated the ability of forming fluorapatite using nanotechnology [71,72]. In one 

study, they manufactured fluorapatite nanoparticles and examined its doping with silver 

ion nanoparticles and evaluated its physical and antimicrobial effects. The results 

showed 30% inhibition of bacterial growth after 4 h of incubation while maintaining 
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the natural morphology of fluorapatite [71]. In another study, fluorapatite was 

incorporated into chitosan scaffolds. Fluorapatite maintained its structure, granted 

antimicrobial effects, and showed osteoconductive capability [72]. 

Furthermore, the incorporation of antibacterial agents into composites have also 

been investigated. Imazato et al. integrated 12-methacryloyloxydodecylpyridinium 

bromide (MDPB) into composites and showed successful antibacterial effects [26,73–

75]. The incorporation of quaternary ammonium polyethylenimine (QPEI) into 

composites also produced a potent and wide-spectrum antimicrobial effect against 

salivary microorganisms [76]. Antimicrobial peptides (AMPs) were also demonstrated 

to have antimicrobial properties by bacterial membrane permeabilization and 

intracellular targeting [11]. Other studies developed antibacterial agents such as quaternary 

ammonium methacrylates (QAMs) such as dimethylaminohexadecyl methacrylate 

(DMAHDM) [27,77] and showed a strong antibiofilm activity without compromising the 

mechanical properties [33]. 

Previous studies indicated that the salivary protein accumulation on composite 

surface could lower the efficiency of “contact-killing” mechanisms [78,79]. 

Accordingly, efforts were made to improve protein-repellent strategies including the 

addition of protein-repellent agents such as (2-methacryloyloxyethyl 

phosphorylcholine, or MPC) into resins [80–82]. This method provided resistance to 

protein adsorption and bacterial adhesion due to the hydrophilic characteristic of MPC 
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[29,30]. However, to date, there has been no report on the development of a novel 

bioactive dental composite that contains nCaF2, DMAHDM, and MPC in combination. 

The objectives of this study were to develop a new composite consisting nCaF2, 

DMAHDM, and MPC, and to investigate the mechanical, ion release and oral biofilm 

properties for the first time. The following hypotheses were tested: (1) Adding 

DMAHDM and MPC into the nCaF2 composite would have mechanical properties 

similar to a commercial control composite; (2) Adding DMAHDM and MPC into the 

nCaF2 composite would not compromise the F and Ca ion release; and (3) The new 

bioactive composite would have much less microorganisms, produce less biofilm acid, 

and have better remineralizing properties than the commercial control composite. 

2.2. Materials and Methods 

2.2.1. Fabrication of Composites 

The experimental resin consisted of bisphenol A glycidyl dimethacrylate (BisGMA, 

Esstech, Essington, PA, USA), and triethylene glycol dimethacrylate (TEGDMA, 

Esstech) at 50:50 mass ratio. Camphorquinone at 0.2% (Millipore Sigma, Burlington, 

MA, USA) and 0.8% ethyl 4-N, N-diethylaminobenzoate (Millipore Sigma) were 

incorporated for photoactivation. The resin is referred to as BT resin. MPC (Millipore 

Sigma) was added at a mass fraction of 3% and incorporated into the BT resin with 

magnetic stirring bar at 150 rpm to be dissolved completely into the resin. 

The synthesis of DMAHDM was performed using a modified Menschutkin 

reaction [83]. Briefly, 10 mmol of 2-(dimethylamino) ethyl methacrylate (Millipore 
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Sigma), 10 mmol of 1-bromohexadecane (TCI America, Portland, OR, USA), and 3 g 

of ethanol were combined in a reaction vessel and then stirred for 24 h at 70 °C. After 

the evaporation of the solvent and removal of impurities, the DMADHM was collected. 

DMAHDM was added into the BT resin at a mass fraction of 3% and was stirred using 

a magnetic stirring bar at 150 rpm until it was completely dissolved into the resin. 

The nCaF2 was manufactured using a spray-dry method as described in previous 

studies, yielding a mean particle size of 32 nm [54,56,84,85]. The mass fraction of 

nCaF2 incorporated into BT resin was 15%, based on our preliminary study. A previous 

study tested different concentrations of nCaF2 in composite and, after long-term water-

aging, the composite with 20% nCaF2 had a flexural strength of 60 MPa [84]. In the 

present study, 15% nCaF2 was integrated into the resin to achieve good mechanical 

strength. Silanized barium boroaluminosilicate glass particles with a mean size of 1.4 

µm (Dentsply Sirona, Milford, DE, USA) were incorporated into the BT resin for 

mechanical enhancement. As a commercial control composite, Heliomolar (Ivoclar 

Vivadent, Mississauga, ON, Canada) was also tested. Heliomolar contains 66.7% filler 

mass fraction of ytterbium-trifluoride and nanofillers of 40–200 nm of silica. The 

following groups were tested (Table 2. 1 summarizes the materials used in the study): 

1. Heliomolar (referred to as commercial control (CC)); 

2. BT Resin + 70% glass (referred to as experimental control (EC)); 

3. Remineralizing composite: BT + 15% nCaF2 + 55% glass (referred to as nCaF2); 

4. Antibacterial and remineralizing composite: BT + 15% nCaF2 + 3% DMAHDM + 

55% glass (referred to as nCaF2+DMAHDM); 
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5. Protein-repellent and remineralizing composite: BT + 15% nCaF2 + 3% MPC + 

55% glass (referred to as nCaF2+MPC); 

6. Antibacterial, protein-repellent, and remineralizing composite: BT + 15% nCaF2 + 

3% DMAHDM + 3% MPC + 55% glass (referred to as nCaF2+DMAHDM+MPC). 

 

Table 2. 1. Materials used in the study. 

Formulation/Manufacturer Abbreviation Fluoride DMAHDM MPC 

Heliomolar, Ivoclar Vivadent, 
Mississauga, ON, Canada 
(Commercial control) 

CC + - - 

30% BT+70% Glass 
(Experimental Control) 

EC - - - 

30% BT+15% nCaF2+55% Glass nCaF2 + - - 

27% BT+15% nCaF2+ 
3%DMAHDM+55% Glass 

nCaF2+DMAHDM + + - 

27% BT+15% nCaF2+3% MPC 
+55% Glass 

nCaF2+MPC + - + 

24% BT+15% nCaF2 

+3% DMAHDM+3% MPC+55% 
Glass 

nCaF2+DMAHDM+MPC + + + 

 

2.2.2. Characterization of nCaF2 

Transmission electron microscopy (TEM, Tecnai T12, FEI, Hillsboro, OR, USA) was 

used to assess the nanoparticles. Samples were prepared through placing nanoparticles 

on a perforated copper grid coated by a carbon film. To avoid particle agglomeration, 

the sample was ultrasonicated for 5 min in acetone prior to deposition. Particle size 
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distribution was measured using a laser diffraction particle size analyzer (SALD-2300, 

Shimadzu North America, Columbia, MD, USA). 

2.2.3. Mechanical Properties Testing 

Each composite paste was mixed in a disposable plastic container using a speed mixer 

(DAC 150.1 FVZ-K SpeedMixer™, FlackTec Inc., Landrum, SC, USA) at a speed of 

2800 rpm for 1 min, and then thoroughly mixed by hand on a plastic slab for 5 min. 

The paste was then placed in a rectangular mold of 2 × 2 × 25 mm3. Mylar strips were 

placed on both sides, followed by two glass slides. The specimen was light-cured using 

a curing unit at 1200 mW/cm2 (Labolight DUO, GC America, Alsip, IL, USA) on each 

side for 1 min [86]. After demolding, the samples were stored in a 100% humidity 

chamber for 24 h at 37 °C. Flexural strength and elastic modulus were tested at a 

crosshead-speed of 1 mm/min with a 10 mm span with a three-point flexural test using 

a computer-controlled Universal Testing system (Insight 1, MTS, Eden Prairie, MN, 

USA) [87,88]. Flexural strength and elastic modulus were measured after 24 h of 

specimen immersion in distilled water at 37 °C. Flexural strength: S = 3Pmax/L(2bh2), 

where Pmax is the fracture load, L is span, b is sample width and h is thickness. Elastic 

modulus: E = (P/d) (L3/[4bh3]), where load P was divided by displacement d which is 

the slope in the linear elastic region. Six specimens were tested for each group (n = 6). 
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2.2.4. Ca and F Ion Release 

The ion releases for all groups containing nCaF2 were tested. A solution of sodium 

chloride (NaCl) (133 mmol/L) was buffered with 50 mmol/L HEPES to pH 7 [87,89]. 

Three specimens of 2 × 2 × 12 mm3 were placed into 50 mL of solution, accommodating 

a specimen volume/solution ratio of 3.0 mm3/mL, similar to those in previous studies 

[87,89,90]. The specimen’s F and Ca ions release were measured at 1, 2, 4, 7, 14, 21, 

28, 35, 42, 49, 56, 63, and 70 days. At every time point, aliquots of 2 mL were collected 

and substituted by a fresh 2 mL solution of NaCl. The aliquots were investigated for 

Ca ions by a colorimetric assay using a microplate reader (SpectraMax M5, Molecular 

Probes, Sunnyvale, CA, USA) as previously described, using known standard and 

calibration curves [87,89,90]. The F ion release was tested with a F ion selective 

electrode (Orion, Cambridge, MA, USA). Fluoride standard solutions were measured 

to form a standard curve. The standard curve was used to establish the F concentration. 

The F ion concentration measurement was performed by combining 0.5 mL of sample 

and 0.5 mL of undiluted TISAB solution (Fisher Scientific, Pittsburgh, PA, USA). 

2.2.5. Sample Preparation for Biofilm Tests 

The cover of a 96 well plate was used to fabricate composite discs for microbiological 

experiments yielding samples 0.5 mm in thickness and 8 mm in diameter [83]. 

Composite paste was placed at each indent in the 96-well plate cover then covered with 

Mylar strips and glass slides to form a smooth surface. It was then light cured as 

described previously and then stored for 24 h at 37 °C. The following day discs were 
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magnetically stirred for 1 h at 100 rpm in distilled water to remove uncured monomers 

[73,91,92]. The specimens were sterilized using ethylene oxide (Anprolene AN 74i, 

Andersen Products, Haw River, NC, USA) for 24 hours and allowed to de-gas for 7 

days, following the instructions of the manufacturer. 

2.2.6. Saliva Collection and Dental Plaque Microcosm Biofilm Model 

Saliva collection was conducted in accordance with the Declaration of Helsinki, and 

the protocol was approved by the Institutional Review Board at the University of 

Maryland Baltimore (IRB #: HP-00050407). The advantage of the dental plaque 

microcosm biofilm model is the use of an inoculum of human saliva to mimic the 

heterogeneity and complexity of the bacteria that are present in human dental plaque 

[73]. An equal amount of saliva was simultaneously gathered from ten healthy 

contributors with normal dentition, free of active caries, and no antibiotic use within 

the prior 3 months. Contributors were instructed not to brush their teeth 24 h preceding 

collection and not to eat or drink 2 h preceding the collection. Subsequently, the 

collected saliva from all participants was mixed and diluted to 70% in sterile glycerol. 

Then the saliva–glycerol solution was stored at −80 °C until use [93]. 

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 



 

 26 

(Millipore Sigma), 0.2 g/L calcium chloride (Millipore Sigma). The pH of the medium 

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

0.001 g/L hemin were added. During biofilm experiments, 2% sucrose solution and the 

saliva–glycerol solution were used as an inoculum at a ratio of 1:50. The sucrose and 

inoculum were added to the medium and 1.5 mL of the medium was placed in each 

well of a 24-well plate containing a composite specimen from each groups. Specimen 

were incubated in 5% CO2 at 37 °C for 8 h to permit biofilm growth on the samples. 

The same procedure was repeated after 8 h without the addition of saliva and incubation 

occurred again for 16 h. After 16 h the samples were moved to a new 24-well plate 

which contained fresh medium and sucrose, and was further 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 [33,47]. 

2.2.7. Biofilm Colony Forming Units (CFU) Counts 

Nine discs were prepared for each group. Following the 48 h incubation, the disc 

samples containing biofilm were transported into a vial filled with 1 mL of cysteine 

peptone water (CPW). This was vortexed for 5 s then sonicated for 5 min and vortexed 

again to harvest the biofilm [81]. Serial dilutions of the suspensions of bacteria were 

prepared and transported to agar plates to grow. The CFU were counted on three 

different agar plates. To determine total streptococci count, mitis salivarius agar (MSA, 

Becton Dickinson, Sparks, MD, USA) were used. To determine the growth of mutans 

streptococci, 0.2 units per mL bacitracin (Millipore Sigma) was added to the mitis 
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salivarius agar (MSB). To evaluate the growth of the total microorganisms, tryptic soy 

blood agar (TSBA) agar plates were used by adding defibrinated sheep blood to tryptic 

soy agar (TSA, Becton Dickinson). The agar plates were kept at 37 °C in a 5% CO2 

incubator for 48 h. CFU calculations was based on the colony number and multiplied 

by the dilution factor [81]. 

2.2.8. Biofilms Metabolic Activity Evaluation (MTT) 

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide) assay was 

performed to investigate the biofilm metabolic activity. Following 48 h of incubation, 

the discs (n = 9) were transferred into a clean 24-well plate, then 1 mL of tetrazolium 

dye was placed to every disc. The discs were then incubated in an incubator of 5% CO2 

at 37 °C. Discs were then transported to another 24-well plate, and 1 mL of dimethyl 

sulfoxide (DMSO) was added to every disc and incubated for 20 min in a dark room 

[61,81]. After incubation, 200 µL of the DMSO solution was collected and the 

absorbance at 540 nm was measured [61,81] using a microplate reader (SpectraMax® 

M5, Molecular Devices, San Jose, CA, USA). 

2.2.9. Biofilms Lactic Acid Production 

Following 48 h incubation, discs (n = 9) were moved to a different 24-well plate 

comprising 1.5 mL buffered-peptone water (BPW) with 0.2% sucrose then incubated 

for 3 h in a 5% CO2 incubator at 37 °C to release acids. After 3 h, the BPW solution 

lactic acid concentrations were measured by recording the absorbance at 340 nm 
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[61,81] using a microplate reader (SpectraMax® M5, Molecular Devices). Standard 

curves were produced by means of lactic acid standards. 

2.2.10. Scanning Electron Microscopy (SEM) of Biofilms 

For biofilm visualization and confirmation of bacterial attachments on composite discs, 

biofilms formed at 24 h, 48 h, and 96 h were sputter-coated with platinum. Scanning 

electron microscopy (SEM, Quanta 200, FEI Company, Hillsboro, OR, USA) was used 

to examine the bacterial accumulation (Figure 2. 7). 

2.3. Statistical Analysis 

All data were evaluated with one-way analysis of variance (ANOVA), and post hoc 

multiple comparison using Tukey’s honestly significant difference test was performed. 

All statistical analysis was completed using the GraphPad Prism 8 software package 

(GraphPad Software, San Diego, CA, USA) at 0.05 level of significance. 

2.4. Results 

A representative TEM image of calcium fluoride (nCaF2) nanoparticles is shown in 

Figure 2. 1A. The nanoparticle size distribution ranged from 22 nm to 57 nm, with a 

mean particle size of 32 nm and is illustrated in Figure 2. 1B.  
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Figure 2. 1. (A) TEM of nanoparticles of CaF2 (nCaF2) synthesized in this study. (B) Particle size 
distribution of nCaF2. The nCaF2 were synthesized via a spray-drying technique and collected using 
an electrostatic precipitator. 

Flexural strength and elastic modulus of the six composite groups (mean ± sd; n = 

6) are shown in Figure 2. 2A,B, respectively. The flexural strength was measured after 

one day of immersion in water at 37 °C. The flexural strength was significantly higher 

in EC and nCaF2 composites, when compared to the commercial Heliomolar control (p 

< 0.05). Flexural strength in groups with nCaF2+DMAHDM and nCaF2+MPC matched 
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those of Heliomolar control composite (p > 0.05). However, Flexural strength in 

nCaF2+DMAHDM+MPC was significantly lower than commercial Heliomolar control 

(p < 0.05). 

 

Figure 2. 2. Mechanical properties of composites: (A) Flexural strength, and (B) Elastic modulus 
(mean ± sd; n = 6). The flexural strength was higher in experimental control (EC) and nCaF2 than 
commercial Heliomolar control (p < 0.05). Flexural strength in nCaF2+DMAHDM and 
nCaF2+MPC matched Heliomolar control (p > 0.05). However, the flexural strength in 
nCaF2+DMAHDM+MPC was reduced (p < 0.05). The elastic modulus of the EC and nCaF2 were 
higher than Heliomolar control (p < 0.05). All other groups had comparable elastic moduli to 
Heliomolar control after 1 day of immersion (p > 0.05). In each plot, different letters (a, b, c) 
indicate values that are significantly different from each other (p < 0.05). 

The elastic modulus values of EC and nCaF2 were significantly greater than all 

other groups (p < 0.05). Other groups had comparable elastic modulus values to 

Heliomolar control (p < 0.05). 
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The accumulative F ion release is shown in Figure 2. 3. At 70 days, the composite 

nCaF2+MPC had the highest F release of (0.40 ± 0.02) mmol/L (p < 0.05). Meanwhile, 

nCaF2+DMAHDM+MPC had F release of (0.25 ± 0.03) mmol/L, nCaF2+DMAHDM 

had (0.20 ± 0.03) mmol/L, and nCaF2 had (0.04 ± 0.01) mmol/L of fluoride ion release. 

Heliomolar control had the lowest F release of (0.004 ± 0.0003) mmol/L. 

 
Figure 2. 3. Fluoride (F) ion release from composites (mean ± sd; n = 6) at pH 7.0. The 
incorporation of nCaF2, DMAHDM, and MPC increased the release of F ions with time (p < 0.05). 
Different letters (a, b, c, d, e) indicate significant differences between groups at day 70 (p < 0.05). 

The calcium ion release is plotted in Figure 2. 4. At 70 days, nCaF2+MPC had a 

Ca ion release of (0.32 ± 0.005) mmol/L, and nCaF2+DMAHDM+MPC had a similar 

ion release at (0.35 ± 0.006) mmol/L. Groups containing MPC had ion releases that 

were significantly higher when compared to other groups (p < 0.05). nCaF2 had a Ca 
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ion release of (0.11 ± 0.004) mmol/L. nCaF2+DMAHDM had (0.18 ± 0.005) mmol/L, 

and Heliomolar control had close to zero Ca ion release. 

 
Figure 2. 4. Calcium (Ca) ion release from composite resins (mean ± sd; n = 6) at pH 7.0. The 
incorporation of nCaF2, DMAHDM, and MPC increased the release of Ca ions with time (p < 0.05). 
Different letters (a, b, c, d) indicate significant differences between groups at day 70 (p < 0.05). 

Two-day biofilm colony forming units CFU on composites are shown in Figure 2.  

5: (A) Total microorganisms, (B) total streptococci and (C) mutans streptococci (mean 

± SD; n = 9). CFU was reduced by 6 logs from a mean of 2.51 × 108 counts for 

Heliomolar control to 1.00 × 102 counts for the new nCaF2+DMAHDM+MPC 

composite (p < 0.05). nCaF2+DMAHDM reduced the CFU by 4 logs (p < 0.05). The 

combination of nCaF2+DMAHDM+MPC yielded the smallest CFU counts. 
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Figure 2. 5. Colony-forming unit (CFU) counts of 2-day biofilm on composite discs (mean ± sd; n 
= 9): (A) Total microorganisms, (B) total streptococci, and (C) mutans streptococci (mean ± sd; n 
= 9). The incorporation of nCaF2+DMAHDM+MPC had the lowest CFU, followed by 
nCaF2+DMAHDM in the total microorganisms. The reduction of CFU in nCaF2+DMAHDM+MPC 
and nCaF2+DMAHDM was similar in total streptococci and mutans streptococci (p < 0.05). In each 
plot, different letters (a, b, c, d) indicate significant differences between groups (p < 0.05). 
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The bacterial metabolic activity of 2 days biofilm on composites is shown in Figure 

2. 6A. Metabolic activity was decreased from 0.18 (OD540/cm2) for commercial 

Heliomolar composite control, to 0.02 for the nCaF2+DMAHDM+MPC composite (p 

< 0.05). Biofilm lactic acid production results can be seen in Figure 2. 6B. The lactic 

acid production was reduced from 0.72 mmol/L on commercial Heliomolar control 

composite to 0.29 mmol/L in the nCaF2+DMAHDM+MPC composite. 

 
Figure 2. 6. (A) The total metabolic activity, and (B) Lactic acid production (mean ± sd; n = 9) of 
composite specimens exposed to salivary biofilm. The incorporation of nCaF2+ DMAHDM had the 
best reduction in the metabolic activity and lactic acid production (p <0.05). In each plot, different 
letters (a, b, c, d) indicate significant differences between groups (p < 0.05). 
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SEM results in Figure 2. 7 indicate an extensive biofilm formation at 24 h, 48 h, 

and 96 h in all groups except those containing the antimicrobial DMAHDM. 

Heliomolar (CC), experimental control (EC), and nCaF2+MPC groups had the most 

biofilm formation at all time points, followed by the nCaF2 group. Biofilm formation 

increased with time. However, in DMAHDM-containing groups there was minimal 

attachment of biofilm observed. At 96 h, the DMAHDM-containing groups showed a 

reduction in biofilm attachment compared with earlier time points. 
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Figure 2. 7. Scanning Electron Microscopy (SEM) images of biofilm formed on composite disc 
surfaces at 24 h, 48 h, and 96 h. All images are at 3000× magnification. Arrows indicate presence 
of minimal biofilm on DMAHDM-containing specimens. All other groups had full coverage of a 
substantial and mature biofilm. 
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2.5. Discussion 

The present study developed a new composite consisting of nCaF2, DMAHDM and 

MPC, and investigated the mechanical, ion release and oral biofilm properties. The 

protein-repellant nCaF2+DMAHDM+MPC had slightly lower mechanical properties 

when compared to all other groups. However, nCaF2+DMAHDM had good mechanical 

properties matching those of a commercial composite, while possessing high levels of 

F and Ca ion release and a strong antibacterial effect. The new bioactive composite 

nCaF2+DMAHDM decreased biofilm CFU by four orders of magnitude over that of 

commercial control composite, and substantially reduced acid production to inhibit 

caries. 

Critical to the development of any new composite restorative material are its 

mechanical properties. The flexural strength of EC was around (170 ± 38) MPa. With 

the addition of 15% nCaF2, the strength was reduced slightly to (157 ± 5) MPa. Those 

values are consistent with the results in a previous study [56]. The composite in that 

study had 65% total fillers and 20% CaF2, similar to the 70% total fillers and 15% 

nCaF2 composition in the present study. The flexural strength for the control group 

containing no nCaF2 in the previous study was (145 ± 9) MPa, while the group which 

had 20% nCaF2 had a flexural strength of 121 MPa. The nCaF2+DMAHDM and 

nCaF2+MPC had similar strengths of (95 ± 6), and (96 ± 5) MPa, respectively. 

Meanwhile, for nCaF2+DMAHDM+MPC, the flexural strength was around (64 ±3) 

MPa. Those are similar to the results of a previous study using the same filler mass 
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fraction where the flexural strength was around 90 MPa when 3% MPC and 3% 

DMAHDM were added to the BT resin [47]. The decreased strength in 

nCaF2+DMAHDM+MPC could be due to two reasons. First, the BT base resin is 

composed of BisGMA and TEGDMA, which contain two reactive groups each. 

However, both DMAHDM and MPC are monomethacrylates and contain one reactive 

group. The addition of these monomethacrylates may substantially change the reaction 

kinetics and resulting crosslinked network, which can result in inferior mechanical 

properties. Another possible explanation for the decrease in mechanical properties is 

due to the hydrophilic nature of MPC. The specimens for flexural strength were stored 

for 24 h in water at 37 °C. The hydrophilicity of MPC makes it more likely that the 

composite would absorb water during the 24 h immersion prior to testing. This would 

likely lead to the reduction in flexural strength compared with the non-MPC groups. 

Fluoride releasing materials have been known to render teeth more resistant to 

decay [53]. However, many available materials with fluoride-releasing properties, such 

as glass ionomer and resin modified glass ionomers, have inferior mechanical 

properties that do not serve the high load requirements for restorations in stress-bearing 

areas. Therefore, the incorporation of F ions into composite restorations would have 

the dual benefit of fluoride release and improved mechanical properties [57–59]. The 

current study synthesized nCaF2 through a spray-drying method, which produced 

nanoparticles of CaF2 with a median particle size of about 32 nm. The use of small 

amounts of nCaF2 fillers prevented the mechanical properties to be compromised. As 
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seen in previous studies, the use of fluoride fillers with larger particle sizes require higher 

mass fractions of fillers to achieve significant fluoride ion release. This would lead to a 

decrease in the composite mechanical properties [28]. 

The incorporation of nanoparticles with a high surface area resulted in the 

release of high levels of F and Ca ions using a low nCaF2 filler level [84]. F ions foster 

remineralization by forming fluoroapatite [Ca5(PO4)3F] [94]. Furthermore, it was 

shown that the lower the pH, the higher the release of ions. In this study, the release of 

F ions was significantly increased with the integration of 15% nCaF2 at a pH of 7, 

measuring (0.04 ± 0.01) mmol/L. This was comparable to the 0.03 mmol/L F release 

level in a study that had a pH of 6, yet with an increased percentage of CaF2 (23%) 

[95]. Groups containing MPC had the highest F ion release over time. The levels of 

release in nCaF2+MPC and nCaF2+DMAHDM+MPC were (0.40 ± 0.02) mmol/L and 

(0.25 ± 0.03) mmol/L, respectively. This could be due to the hydrophilic nature of 

MPC, resulting in a higher level of water uptake. As more water was absorbed by the 

composite, the Ca and F ions were solubilized, leading to an increase in the initial ion 

release. However, nCaF2+DMAHDM F ion release was (0.20 ± 0.03) mmol/L, which 

was superior to the control. While the amount of nCaF2 was the same in the two groups, 

the lower level of initial release in nCaF2+DMAHDM, when compared to MPC 

containing groups, could result in a more sustained level of F ion release over a longer 

period. The releasing trend of F and Ca ions were the same for all groups. The groups 

containing nCaF2 had a high F release initially, and subsequently were followed by a 
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steady state release. The higher release of Ca and F ions in all nCaF2 composites 

revealed that CaF2 nanoparticles were fast released from the nCaF2 composites because 

of the hydrolytic breakdown of the interface between the resin matrix and the CaF2 

nanoparticles. A likely explanation for such a trend is that the ions were released from 

the near-surface Ca and F reservoir of the nCaF2 composite, and the reservoir near the 

surface diminished with the increase in immersion time. However, in clinical situations, 

the superficial layer of nCaF2 would experience repeated chewing forces and tooth-

brushing, hence the CaF2-depleted surface would be removed by wear. As a result, a 

fresh surface would be exposed with the ability to further continue the calcium and 

fluoride release. Further studies are needed to investigate the outcome of wear on Ca 

and F ion release, as well as whether these materials can be made rechargeable to extend 

the lifetime of ion release. 

Recurrent caries is considered a major drawback of composite restorations 

[65,96,97]. Studies proposed that the greater vulnerability to recurrent caries may be 

associated with the absence of composites’ antibacterial capability when compared to 

other commonly used restorative materials such as glass ionomers and amalgams 

[21,66]. Therefore, the improvement of composites by incorporating antibacterial, 

protein repellent, and remineralizing properties is essential to lengthen the service life 

of composite restorations. DMAHDM has demonstrated strong antibacterial effects on 

an extensive antimicrobial spectrum through its contact-killing properties [78,98]. 

Since DMAHDM contains a reactive methacrylate group, it is copolymerized within 
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the resin matrix, rendering it immobilized and preventing its release or loss over time 

[78,99]. Hence, its antibacterial capability is long-lasting. However, the antibacterial 

ability of DMAHDM is limited to biofilms that contact the composite surface [78], as 

biofilms that are not in contact with DMAHDM cannot be killed via DMAHDM’s 

mechanism of action. Even with this limitation, the composite containing 

nCaF2+DMAHDM substantially lowered the biofilm development and production of 

lactic acid, reducing the CFU of biofilm by 4 logs. 

It can be seen in Figure 2. 6B that the experimental control group and the group 

containing nCaF2 and MPC exhibited a greater lactic acid production when compared 

with the other groups. DMAHDM has been shown in previous work to have a strong 

antibacterial effect, as illustrated by the CFU data in Figure 2. 5. This antibacterial 

activity is reflected indirectly by the lactic acid production. When an S mutans biofilm 

accumulates, the secretion of lactic acid occurs. In the absence of a viable biofilm, the 

concentration of lactic acid is expected to be very low, as is the case in the DMAHDM-

containing groups. Interestingly, the nCaF2 and nCaF2+MPC groups did not have a 

significant reduction in CFU (Figure 2. 5), but the nCaF2 group showed a significant 

reduction in lactic acid production in contrast to the nCaF2+MPC group. Previously, it 

has been shown that the inclusion of CaF2 in a composite formulation has a moderating 

effect on the lactic acid production [100]. It has been speculated that the F ion release 

helped reduce the acid production of the bacteria via the inhibition of metabolic 

pathways such as the fermentation pathway for lactic acid production, biofilm plaque, 
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and hydrodynamic effects on mass transfer, fluoride delivery, and caries [101]. 

However, when MPC was added to the composite containing nCaF2, there was no 

decrease in lactic acid production. This response may be related to the interactions 

between the calcium and fluoride ions and the phosphorylcholine fragment of MPC. 

The protein-repellent nature of MPC from the hydrogen bond network of water 

molecules surrounding the phosphorylcholine fragment limited the ability of the protein 

to adsorb on the surface. It was found, however, that the presence of halide ions (Cl−, 

Br−, I−) influenced the hydrogen bond network and the diffusion through it [102]. It is 

possible that the presence of F− ions would have a similar result, which may affect F 

ion diffusion and disrupt the creation of a protein-repellant coating, leading to biofilm 

formation. 

SEM images in Figure 2. 7 confirm the presence of substantial biofilm on all 

groups except those containing DMAHDM. At 24 h and 48 h, Heliomolar (CC), 

experimental control (EC), nCaF2, and nCaF2+MPC groups exhibited the formation of 

microcolonies and early biofilm multilayers. The biofilms on these groups at 96 h were 

fully mature, substantial, and dense. However, in DMAHDM-containing groups there 

was minimal attachment of biofilm observed. At 96 h the DMAHDM-containing 

groups showed a reduction in biofilm attachment compared to earlier time points. It is 

possible that the antimicrobial effect of DMAHDM as a contact-killing agent had 

eliminated the bacteria left on the samples over time. These results correlate very well 

with the CFU results. 



 

 43 

It is possible that the salivary proteins adsorption on composite resin surfaces 

might reduce the effectiveness of this “contact-killing” mechanism. Therefore, a 

protein repellent agent was added. MPC is a methacrylate that contains phospholipid 

polar groups. MPC is highly hydrophilic and has been shown to decrease the adsorption 

of protein and reduce bacterial attachments [103]. Previous work indicated that 

integrating MPC into the resin decreased the adsorption of proteins by approximately 

one order of magnitude [43,47]. Additionally, it was shown that surfaces containing 

MPC were resistant to brushing mechanical stresses [104]. In this study, MPC was 

incorporated into the resin, and copolymerized into the composite resin. This is 

analogous to the process of incorporating DMAHDM, with a similar result of a stable, 

covalently bonded, and non-releasing functionality. 

In the current study, the antibacterial capability of the experimental composite 

was improved with nCaF2 and was further substantially improved with the use of both 

nCaF2 and DMAHDM. However, the nCaF2+MPC group showed no reduction in the 

CFU counts. The composite that had nCaF2+DMAHDM+MPC displayed the most 

potent antibacterial effect with CFU 6 log biofilm reduction. Therefore, these results 

confirmed that the addition of DMAHDM is vital to improving the antibacterial effect. 

It is thought that DMAHDM serves to reduce the accumulation of biofilm and, as a 

result, improves the efficacy of MPC in resisting protein adsorption. However, in the 

absence of DMAHDM, the bacterial biofilm will accumulate and render MPC less 

effective. 
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The combination of nCaF2+DMAHDM promoted remineralization and had a 

significant antibacterial effect. Another potential benefit of using nCaF2 is that the 

release of F ions could act as transmembrane proton carrier and an inhibitor to the 

glycolytic enzyme, thus preventing oral microorganisms by stimulating acidification of 

the cytoplasm and providing antibacterial effect at a long-distance to inhibit caries 

[48,105]. These properties would be highly valuable to inhibit recurrent caries around 

the margins of the restoration, since this is the location that most dental plaque tends to 

accumulate. In addition to its superior antibacterial and remineralization properties, the 

nCaF2+DMAHDM composite exhibits excellent mechanical properties which make it 

suitable in a variety of restoration applications. In comparison, the composite consisting 

of nCaF2+DMAHDM+MPC exhibited lower mechanical properties. However, the 

strength and modulus achieved by this group was still high enough to be used for 

restorations in low load areas such as class V restorations [88]. This is a critical area of 

utilization, since older patients tend to have exposed root surfaces that are more prone 

to caries. Further studies are needed to investigate the nCaF2+DMAHDM combination 

in dental cements, bonding agents, fissure sealants, and composites to remineralize 

tooth lesions and suppress biofilm and plaque buildup, especially in patients with a high 

caries risk. 
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CHAPTER THREE 
 

 Novel Rechargeable Calcium Fluoride Dental Nanocomposites 

 

Chapter abstract 

Objectives: Composite restorations with calcium fluoride nanoparticles (nCaF2) can 

remineralize tooth structure through F and Ca ion release. However, the persistence of 

ion release is limited. The objectives for this study were to achieve long-term 

remineralization by developing a rechargeable nCaF2 nanocomposite and investigating 

the F and Ca recharge and re-release capabilities. 

Methods: Three nCaF2 nanocomposites were formulated: (1) BT-nCaF2:Bisphenol A 

glycidyl dimethacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGDMA); 

(2) PE-nCaF2:Pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated 

bisphenol A dimethacrylate (EBPADMA); (3) BTM-nCaF2:BisGMA, TEGDMA, and 

Bis[2-(methacryloyloxy)ethyl] phosphate (Bis-MEP). All formulations contained 15% 

nCaF2 and 55% glass particles. Initial flexural strength and elastic modulus, F and Ca 

ion release, recharge and re-release were tested and compared to three commercial 

fluoride-containing materials.  

Results: BT and BTM nCaF2 composites were 3-4 times stronger and had elastic 

modulus 2 times that of resin-modified glass ionomer controls. PE-nCaF2 had 

comparable strength to RMGIs. All nCaF2 composites had significant F and Ca ion 
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release and ion rechargeability.  In F and Ca recharging cycles, PE-nCaF2 had the 

highest ion recharging capability among nCaF2 groups, followed by BT-nCaF2 and 

BTM-nCaF2 (p < 0.05). For all recharge cycles, ion release maintained similar levels, 

demonstrating long-term ion release was possible. Furthermore, after the final recharge 

cycle, nCaF2 nanocomposites provided continuous ion release for 42 days without 

further recharge.  

Significance: Novel nCaF2 rechargeable nanocomposites exhibited significant F and 

Ca ion release over multiple recharge cycles, demonstrating continuous long-term ion 

release. These nanocomposites are promising restorations with lasting remineralization 

potential. 

3.1. Introduction 

It is desirable to use a minimally invasive approach in dentistry through conservative 

techniques in order to prevent destruction of the tooth structure [16]. With the popular 

use of resin-based dental materials, the incidence of reinfections associated with 

biofilm is also increasing due to factors such as the restorative material itself, location 

of the restoration as well as patient-related factors [21]. Recurrent caries and secondary 

infections are major problems in the field of restorative dentistry. Previous reports have 

shown recurrent caries associated with resin-based restorations, and it has been 

recognized as the most common reason for resin composite restorations replacement 

and failure [65].  
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An important approach to assist in remineralizing initial carious lesions 

involves incorporating remineralizing agents. The efficiency of fluoride use for 

remineralization is well known. Fluoride ions (F) enhance remineralization and repress 

demineralization [48,49]. The existence of F ions in the process of demineralization 

enhances calcium and phosphate ions precipitation and fluorapatite [Ca5(PO4)3F] 

formation to protect the tooth structure [50,52].  

Fluoride was also shown to reduce the production of bacterial acids and 

recurrent caries in in vitro and in situ models. However, its anti-caries effect is still not 

based on clinical evidence[53,106]. Topical use of fluoride, such as mouthwash, or 

toothpaste are often used for caries prevention. However, topical fluoride agents, last 

for a relatively short time and it requires patient compliance [52]. Similarly, fluoride 

containing materials such as glass ionomers (GIs) and resin modified glass ionomers 

(RMGIs), have the advantage of fluoride release. However, resin composites containing 

calcium fluoride nanoparticles (nCaF2) may be useful because of both their mechanical 

and esthetic properties. Using a relatively low filler level of nCaF2 can prevent 

compromising the mechanical properties of the composite. Furthermore, incorporating 

nanoparticles with a high surface area results in high levels of F ions release while using 

a low filler level of nCaF2.  

Therefore, it is a promising approach to prevent caries through remineralization 

via the use of nCaF2 composites that have the ability to release calcium (Ca) and 

fluoride (F) ions [107]. Moreover, higher levels of F ion release can be achieved using 
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less nCaF2 filler particles due to the higher surface area associated with use of 

nanoparticles. Recently, composites containing nCaF2 with a mean diameter of 32 nm 

were developed [54,56,107]. These composites achieved elevated F and Ca ions release 

levels. While the Ca and F ion release in resin modified glass ionomers compared with 

these composites was two times higher, the mechanical properties of the composites 

were at least 4 fold higher than resin modified glass ionomers [54,56]. The initial Ca 

and F ion release of these nCaF2 composites continues for several weeks to months, 

with the ion release decreasing over time. However, composite restorations are 

expected to last for years of service.  

Therefore, it would be greatly beneficial for nCaF2 composites to be capable of 

recharging and re-releasing F and Ca ions, and to release F and Ca ions for an extended 

period to provide the advantage of long-term remineralization. However, to date, 

literature and patent searches revealed no report on rechargeable 

nCaF2 nanocomposites. 

Therefore, the aims of the study were to develop for the first time calcium 

fluoride rechargeable nanocomposite and explore the efficacy of nCaF2 recharge and 

re-release using different resin matrices. A previous study with nCaF2 and bisphenol A 

diglycidyl methacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGDMA) 

base matrix that showed good mechanical properties and high release levels of Ca and 

F ions served as an experimental control [107,108]. Two additional nanocomposites 

containing nCaF2 were formulated. The first was comprised of a 2:1:1 mass ratio of 
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BisGMA, TEGDMA, and Bis[2-(methacryloyloxy)ethyl] phosphate (BisMEP). The 

second was comprised of a 1:1 mass ratio of pyromellitic glycerol dimethacrylate 

(PMGDM) and ethoxylated bisphenol A dimethacrylate (EBPADMA). BisMEP and 

PMGDM were chosen since they are both acidic adhesive monomers [62–64], that 

could chelate with Ca and F ions from the recharging solution to accomplish the 

rechargeability [60]. The following hypotheses were tested: (1) calcium fluoride 

rechargeable nanocomposites can be formulated and the efficiency of the recharge will 

depend on the types of resin matrix; (2) the F and Ca ion re-release can be sustained 

over time from the nCaF2 nanocomposite to show no decrease with increasing the 

number of recharging/re-releasing cycles; (3) the nCaF2 rechargeable nanocomposite 

would achieve mechanical properties that match or exceed the rechargeable fluoride-

containing commercial control restorations.   

3.2. Materials and Methods  

3.2.1. Fabrication of nCaF2 Nanocomposite  

The nCaF2 was made using a spray-drying technique, yielding a mean particle size of 

32 nm [84,85]. Calcium chloride (CaCl2, Millipore Sigma, Burlington, MA, USA) and 

ammonium fluoride (NH4F, J.T. Baker, Phillipsburg, NJ, USA) were dissolved in 2 L 

distilled water at a 1:2 molar ratio. The combination was stirred for 2 hours using a 

magnetic stirrer at 300 rpms. The transparent reaction mixture transformed into an 

opaque white suspension over time as nanosized CaF2 was formed. The solution was 

then centrifuged at 4000 rpm for 10 minutes and a white paste was obtained. The paste 
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was washed thoroughly with distilled water and ethanol. An amount of 0.357 g of the 

CaF2 paste were placed in beaker with 2L distilled water. The diluted suspension was 

sonicated for about 2 hours in an ultrasonic cleaner (3510R-MTH, Bransonic, Danbury, 

CT) then pumped into a spray drying system as described previously [109]. The CaF2 

suspension was fed to a nozzle (ViscoMist, Lechler Inc., St. Charles, IL) at an 

approximate rate of 20 mL/min and atomized into an air stream (≈ 70 °C) in the spray-

dryer chamber. H2O vaporized with the air flow and the suspended nanoparticles of 

CaF2 in the flow were collected in an electrical precipitator (MistBuster, Air Quality 

Engineering, Inc., Minneapolis, MN).  

The nCaF2 mass fraction integrated into each experimental resin system was 

15%. In addition, silanized barium boroaluminosilicate glass particles with a mean size 

of 1.2 μm (Dentsply Sirona, Milford, DE, USA) was added as a filler into each 

experimental resin system at a mass fraction of 55% to improve the mechanical 

properties. The overall filler mass fraction for each experimental composite was 70%.  

Three different resin matrices were used to formulate the nCaF2 nanocomposite: (1)  

1:1 mass ratio of BisGMA (Millipore Sigma, Burlington, MA, USA) and TEGDMA 

(Millipore Sigma)	 (referred to as BT resin); (2) 2:1:1 mass ratio of BisGMA, 

TEGDMA, and an acidic monomer Bis- MEP (Millipore Sigma) (referred to as BTM 

resin) [110]; (3) 1:1 mass ratio of the acidic monomer PMGDM (Esstech) and 

EBPADMA (Millipore Sigma) (referred to as PE resin) [111]. The experimental 

nanocomposites were photoactivated using 0.2% camphorquinone and 0.8% ethyl 4-



 

 51 

N,N-dimethylaminobenzoate (Millipore Sigma), following previous studies [87,112].  

All experimental composites were prepared by combining the different resin matrices 

with the nCaF2, and the glass particles to from a cohesive mix and were mixed in a 

speed mixer at 2800 rpm/min (DAC 150.1 FVZ-K SpeedMixerTM, FlackTec Inc., 

Landrum, SC, USA). Table 3. 1. summarizes the materials used in the study.  

Three commercially available fluoride containing restorative materials were 

used as controls to offer a comparative range for mechanical and Ca and F ion releasing 

properties. The first commercial restorative material was a resin-modified glass 

ionomer (RMGI) material (Vitremer, 3 M, St. Paul, MN, USA) containing 

fluoroaluminosilicate glass, and an aqueous photo-sensitive, polyalkenoic acid. A 2.5:1 

powder:liquid ratio was used accommodating a 71.4% filler mass fraction following 

the manufacture instructions. The second commercial control was also a RMGI (Ketac 

Nano, 3 M) consisting of fluoroaluminosilicate glass and polyalkenoic acid with 

methacrylate groups modification, with a 69% filler amount. The third commercial 

control was a composite restorative material with fluoride-releasing components 

(Heliomolar, Ivoclar Vivadent, Mississauga, ON, Canada) containing 66.7% of 40–

200nm nanofillers of ytterbium-trifluoride and silica.  
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Table 3. 1. List of experimental resin formulations and commercial restorative materials included in 
the study. 

Material Composition Acronym Mass 
Fraction 

Fillers 
Volume 

% 

Manufacturer Batch 

#  

Vitremer* Powder: 
Fluoroaluminosilicate 
glass, redox system 

FAS 71.4% - 3 M, St. Paul, 
MN, USA 

Lot: 
NC07
766 

Liquid: An aqueous 
solution of modified 
polyalkenoic acid, 2-

hydroxyethylmethacryl
ate (HEMA) 

VBCP - - 

Ketac Nano* Paste A: Silane treated 
glass, silane treated 

zirconia, 2-
hydroxyethylmethacryl

ate (HEMA), 
polyethylene glycol 

dimethacrylate 
(PEGDMA), silane 

treated silica, bisphenol 
A glycidyl 

dimethacrylate (Bis-
GMA), triethylene 

glycol dimethacrylate 
(TEGDMA) 

- 69% 
Fillers 

- 3 M, St. Paul, 
MN, USA 

Lot: 
NA79
649 

Paste B: Silane treated 
ceramic, copolymers of 

acrylic and itaconic 
acids, water, 2-

hydroxyethylmethacryl
ate (HEMA), 

Diphenyliodonium 
Hexafluorophosphate 

- 

Heliomolar* Bisphenol A glycidyl 
dimethacrylate 

Bis-GMA 19% Ytterbium
-trifluoride 
and silica: 

46% 

Ivoclar 
Vivadent, 

Mississauga, 
ON, Canada 

Lot: 
Y4311

6 Urethane 
dimethacrylate 

UDMA 

1,10-Decandiol 
dimethacrylate 

D3MA 3% 
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BT Bisphenol A glycidyl 
dimethacrylate 

Bis-GMA 49.5% nCaF2: 
8.39% 

Glass:   
44% 

Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
MKC
L0376 

Triethylene glycol 
dimethacrylate 

TEGDMA 49.5% Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
STBH
8825 

BTM Bisphenol A glycidyl 
dimethacrylate 

Bis-GMA 49.5% nCaF2: 
8.5% 

Glass: 
44.61% 

Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
MKC
L0376 

Triethylene glycol 
dimethacrylate 

TEGDMA 24.75% Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
STBH
8825 

Bis[2-
(methacryloyloxy) 
ethyl] phosphate 

Bis-MEP 24.75% Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
MKB
N4167

V 

PE Pyromellitic glycerol 
dimethacrylate 

PMGDM 49.5% nCaF2: 
8.67% 

Glass: 
45.5% 

Esstech, 
Essington, PA, 

USA 

Lot: 
877-

35-110 

Ethoxylated bisphenol 
A dimethacrylate 

EBPADMA 49.5% Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
MKCF
2804 

For all 
experimental 
formulations 

Camphorquinone CQ 0.2% NA Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
09003
AQV 

Ethyl 4-N, N-
dimethylaminobenzoate 

4EDMAB 0.8% NA Millipore 
Sigma, 

Burlington, 
MA, USA 

Lot: 
06106

CE 

* Composition of commercial materials are listed according to the manufacturer. 

 

 

Table 3. 1. Continued. 
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3.2.2. Mechanical Testing  

Samples were prepared using a metal mold of 2 x 2 x 25 mm3.  Composite paste was 

spatulated into each mold, sandwiched between mylar strips and glass slides and light 

cured for 1 min from each exposed side with a light intensity of 1200 mW/cm2 

(Labolight DUO, GC America, Alsip, IL, USA). After removing the bar sample from 

the mold, bars were further cured from the sides previously in contact with the metal 

mold. Bar samples were stored for a minimum of 24 h at 37 ◦ C [113]. Samples were 

then stored wet for an additional 24 hours. Initial flexural strength and modulus of 

elasticity of bar samples were tested using a three-point flexure testing on a span of 10 

mm at a crosshead- speed of 1mm/min with a computer-controlled Universal Testing 

Machine (MTS Insight 1, Cary, NC) [60]. Flexural strength (S) was calculated by: S = 

3Pmax /L(2bh2 ), where the load of fracture is Pmax , span is L, sample width is b, and 

thickness is h. Calculation of modulus of elasticity was given by: E = (P/d)(L3/[4bh3]), 

where P load divided by d displacement in the incline of the elastic linear area.  

3.2.3. Ion Release of F and Ca from Nanocomposites of nCaF2 

Composite samples were fabricated as described in section 2.2. For the ion release 

measurement, a 133 mmol/L solution of sodium chloride (NaCl) was buffered with 50 

mmol/L lactic acid to pH 4, as a result of an accelerated experiment and following 

previous studies mimicking a cariogenic environment [60]. Three samples of 2 × 2 × 

12 mm3 were immersed in solution of 50 mL yielding a 2.9 mm3/mL sample 

volume/solution. This was comparable to a previous study where a sample volume per 
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solution was approximately 3.0 mm3/mL [114]. The F and Ca ions concentrations were 

measured at 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70 days. At each time point, 2 

mL aliquots were collected and replaced with 2 mL fresh solution. A 

spectrophotometric method using o-(1,8-dihydroxy-3,6-disulfon-aphthylene-2,7-

bisazo)-bisbenzenearsonic acid (Arsenazo III) was used for the detection of calcium 

ions. The absorption at 650 nm for each aliquot was recorded (SpectraMax M5, 

Molecular Probes, San Jose, CA, USA) and compared using known calibration curves 

to calculate the concentration of Ca ions released [111,114]. A selective electrode for 

F ion (Orion, Cambridge, MA, USA) was used to test the F ion release.	To establish the 

F ions concentrations a standard curve was made by measuring fluoride standard 

solutions.	The measurement of F ion concentration was completed by combining 0.5 

mL of TISAB solution (Fisher Scientific, Pittsburgh, PA, USA) and 0.5 mL of sample.	

Six sets of samples for each group were tested and averaged for the ion release 

measurements. Cumulative concentrations of the released ions were reported [87]. The 

initial ion release from nanocomposite of nCaF2 was referred to as “initial release”, to 

distinguish it from the following recharging and re-releasing cycles. 

3.2.4. Recharge of nCaF2 Composite and Re-Release of Ions  

After completion of the initial 70 days release period, all samples were removed and 

rinsed with distilled water for 1 min, sonicated for 30 mins then were further rinsed 

with distilled water for an additional 1 min. Samples were subsequently immersed in 

50 mL fresh pH 4 NaCl solution, then the F and Ca ion release was further measured 
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after 10 days to evaluate and ensure Ca and F ion release had ceased prior to the start 

of the recharge and re-release experiments as described in a previous study [60]. In this 

experiment, the recharge solutions for F and Ca ions were formulated respectively. The 

fluoride ion recharge solution contained F ion concentration of 5000 ppm (0.263 M of 

NaF). The calcium ion recharge solution consisted of 20 mmol/L CaCl2 and 50 mmol/L 

HEPES buffer. The pH of each solution was adjusted using 1 mol/L KOH to pH 7.0 

[60]. 

Three samples of approximately 2 x 2 x 12 mm3 were randomly assigned either 

to F or Ca recharging groups. Each batch of samples were immersed in 5 mL of the 

fluoride or calcium recharge solution and vortexed (Analog Vortex Mixer, Fisher 

Scientific, Waltham, MA, USA) at a power level of 3 for 1 min, and the recharge 

procedure was repeated 3 times at 9 AM, 1 PM and 5 PM. [60]. The samples were then 

rinsed with distilled water for one minute to allow the removal of any excess deposits 

on sample surfaces. The recharged samples were placed into 50 mL of 133 mmol/L 

NaCl solution (pH 4) to measure F and Ca ion re-release for 7 days as one cycle. A total 

of six cycles of the recharge and re-release were performed. This is illustrated in Figure 

3. 3. After the sixth cycle, the samples were placed in 50 mL of pH 4 fresh NaCl 

solutions and the F and Ca ion re-release measurements were carried out for 42 

additional days to examine how long the samples could further release F and Ca ions 

without additional recharge. Re-release of F and Ca ions were measured at days 1, 2, 4, 

7, 14, 21, 28, 35 and 42 days. 
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3.3. Statistical Analysis 

One-way analyses of variance (ANOVA) was completed using Origin software 

(OriginLab Corporation, Northampton, MA, USA) to identify any significant outcomes 

in the variables. Tukey’s multiple comparison test was performed for data comparison 

at a 0.05 p value.  

3.4. Results  

The initial flexural strength and modulus of elasticity of the restorative materials (mean 

± sd; n = 6) are plotted in Figure 3. 1. The BT-nCaF2 nanocomposite showed the highest 

strength (145.37 ± 14.57) MPa followed by BTM-nCaF2 nanocomposite (111.17 ± 

7.92) MPa (p < 0.05). PE-nCaF2 nanocomposite had the lowest strength among nCaF2 

composites (43.93 ± 3.63) MPa and was lower than commercial composite control 

(94.68 ± 5.41) MPa (p < 0.05). BT-nCaF2 and BTM-nCaF2 nanocomposites had 

strengths significantly higher than Vitremer and Ketac Nano RMGI controls which had 

strengths of (25.8 ± 8.68) MPa and (35.23 ± 9.55) MPa respectively (p < 0.05). BTM-

nCaF2 nanocomposite had the highest elastic modulus (10.36 ± 0.75) GPa followed by 

BT-nCaF2 nanocomposite (8.75 ± 0.58) GPa (p < 0.05). PE-nCaF2 nanocomposites had 

a modulus of elasticity of (2.19 ± 0.17) GPa and were lower than commercial controls 

(p < 0.05). Heliomolar commercial control had a modulus of (6.92 ± 0.36) GPa. 

Vitremer and Ketac Nano RMGI controls has a modulus of (5.34 ± 0.52) GPa and (4.48 

± 0.61) GPa respectively. BT-nCaF2 and BTM-nCaF2 nanocomposites had strengths 
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approximately 3-4 times greater than, and modulus of elasticity two times greater than 

those of commercial RMGI controls.	  

 

Figure 3. 1. Mechanical properties: (A) Initial flexural strength and (B) modulus of elasticity. Each 
value is mean ± sd (n = 6). BT- and BTM nanocomposites with nCaF2 had strengths approximately 
3-4 folds of, and modulus of elasticity two folds of commercial RMGI controls. In each plot, 
different letters indicate values that are significantly different from each other (p < 0.05).  
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Nanocomposites with nCaF2 and commercial controls with fluoride components 

were tested for initial release of F and Ca ions, and the results are plotted in Figure 3. 

2 (mean ± sd; n = 6). Among all groups, the Vitremer RMGI had the highest F ion 

release at day 70 (2.89 ± 0.14) mmol/L. Among nCaF2 containing groups, F ion release 

was higher for the PE-nCaF2 (1.28 ± 0.02) mmol/L and BT-nCaF2 (1.15 ± 0.01) mmol/L 

groups, followed by BTM-nCaF2 (0.44 ± 0.01) mmol/L group (p < 0.05). Heliomolar 

composite control had a release close to zero which is similar to what was found in 

previous studies [54,107]. For Ca ion release, the PE-nCaF2 had the highest initial 

release at day 70 (2.54 ± 0.11) mmol/L (p < 0.05) followed by the BT-nCaF2 (1.77 ± 

0.01) mmol/L and the Vitemer RMGI (1.71 ± 0.03) mmol/L, which had a similar Ca 

ion release (p > 0.05). The BTM-nCaF2 group (0.54 ± 0.01) mmol/L had a lower Ca 

ion release than the BT-nCaF2 group (p < 0.05). Ketac Nano RMGI (0.36 ± 0.01) 

mmol/L had a similar release to BTM-nCaF2 (p > 0.05). Heliomolar had very little Ca 

ion release (0.07 ± 0.001) mmol/L. For all groups, the released ion concentrations 

increased with time, reaching a plateau at approximately 49 days, indicating little 

additional release from 49 days to 70 days.  
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Figure 3. 2. Fluoride and calcium ion release from initial nCaF2 nanocomposites and commercial 
controls. (A) Cumulative fluoride, and (B) calcium ion concentrations. Each value is mean ± sd 
(n=6). In each plot, different letters indicate values that are significantly different from each other 
at day 70 (p < 0.05). The groups are listed in order of highest to lowest ion concentration when 
measured at the endpoint of the experiment. 
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After 70 days without further ion release, the nCaF2 nanocomposites and 

commercial controls were recharged and their ion re-release was measured. Samples 

were immersed in fresh pH 4 NaCl solution and the re-release was measured for 7 days, 

as one cycle. Six recharging/re-releasing cycles are plotted in Figure 3. 3. Values 

plotted are mean ± sd, of n = 3. At day 7 of the last recharge cycle, the F ion re-release 

was the highest in Vitremer RMGI (1.29 ± 0.045) mmol/L followed by PE-nCaF2 group 

(0.63 ± 0.01) mmol/L. BT-nCaF2 and BTM-nCaF2 groups had similarly high releases 

of (0.28 ± 0.01) mmol/L and (0.26 ± 0.01) mmol/L respectively followed by Ketac 

Nano RMGI (0.17 ± 0.01) mmol/L. Heliomolar had the lowest F ion re-release (0.02 ± 

0.003) mmol/L (p < 0.05). For Ca ion re-release, the PE-nCaF2 nanocomposite had the 

highest re-release (0.47 ± 0.001) mmol/L, followed by Vitremer RMGI (0.36 ± 0.003) 

mmol/L, then BT-nCaF2 (0.27 ± 0.01) mmol/L (p < 0.05). BTM-nCaF2 had the lowest 

Ca ion re-release of nCaF2 composites (0.22 ± 0.01) mmol/L (p < 0.05). 
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Figure 3. 3. Nanocomposites with nCaF2 and commercial controls following ion exhaustion were 
recharged and their ion re-release were measured. Six cycles of recharging/re-releasing were made 
for the nCaF2 nanocomposites and the commercial controls. (A) Fluoride ion recharging cycles, and 
(B) calcium ion recharging cycles. Each value is mean ± sd (n = 3). In each plot, different letters 
indicate values that are significantly different from each other at day 7 (p < 0.05). The groups are 
listed in order of highest to lowest ion concentration when measured at the endpoint of the 
experiment. 
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Each groups re-release reached similar levels of ion concentration for each cycle, 

indicating that the ion re-release was maintained with no reduction from cycle 1 to cycle 

6 as seen in Figure 3. 4. Results data from the recharge cycles were replotted in Figure 

3. 4 to show the extent of ions released from each group at the end point of each cycle 

from Figure 3. 3. These results indicate that the concentration of ions released is fairly 

consistent and does not diminish over the course of the six cycles. 
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Figure 3. 4. Fluoride (A) and calcium (B) ion concentration of each group. Re-release reached 
similar levels of ion concentration for each cycle, indicating that the ion re-release was maintained 
with no reduction from cycle 1 to cycle 6. The groups are listed in order of highest to lowest ion 
concentration when measured at the endpoint of the experiment. 

Following six recharging/re-releasing cycles, the same samples were re-used, 

without additional recharge, for 42 days of continuous F and Ca ion release 

measurements. These results are shown in Figure 3. 5. At day 42 Vitremer RMGI had 

the highest F ion re-release (1.96 ± 0.07) mmol/L followed by PE-nCaF2 (1.19 ± 0.02) 
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mmol/L, BT-nCaF2 (0.79 ± 0.02) mmol/L and BTM-nCaF2 (0.5 ± 0.01) mmol/L groups 

(p < 0.05). For calcium ion re-release measurements PE-nCaF2 (1.56 ± 0.05) mmol/L 

and BT-nCaF2 (1.07 ± 0.03) mmol/L groups were the highest (p < 0.05) followed by 

Vitremer (0.54 ± 0.02) mmol/L and BTM-nCaF2 (0.49 ± 0.01) mmol/L (p > 0.05). 

These results demonstrated that after the recharge and re-release cycles, the nCaF2 

nanocomposite samples achieved continuous ions re-release for an extended time 

period.  

  



 

 66 

 

Figure 3. 5. Following six recharging/re-releasing cycles, without additional recharge, 42 days of 
continuous F and Ca ion release measurements are plotted (mean ± sd; n = 3).  (A) Fluoride ion 
re-release, and (B) calcium ion re-release measurements. Vitremer RMGI had the highest F ion re-
release followed by PE-nCaF2, BT-nCaF2, and BTM-nCaF2 groups (p < 0.05). For calcium ion re-
release measurements PE-nCaF2 and BT-nCaF2 groups were the highest (p < 0.05) followed by 
Vitremer and BTM-nCaF2 (p > 0.05).  In each plot, different letters indicate values that are 
significantly different from each other at day 42 (p < 0.05). The groups are listed in order of highest 
to lowest ion concentration when measured at the endpoint of the experiment. 
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3.5. Discussion   

In this study, nCaF2 composites with capacity for recharge were demonstrated for the 

first time, achieving successful rechargeability and sustained re-release of F and Ca 

ions. BT-nCaF2	 nanocomposites displayed clinically significant recharging/re-

releasing capability with good initial mechanical properties. The bacteria in the biofilm 

generate acids that lead to tooth decay and recurrent caries, resulting in restoration 

failure. The shift of equilibrium between minerals gained or lost over time determines 

if dental caries will progress, stabilize, or relapse.	Enhancement of remineralization can 

be achieved by the fluoride and calcium ion concentrations in conjunction to a saturated 

supply of PO4 that exceeds the surrounding oral fluids [115,116].  The present study 

represents the first effort to investigate the recharge capability of a novel CaF2 

nanocomposite, without providing a PO4 ion releasing component.  This method could 

increase the Ca and F ion concentrations while relying on the PO4 ions in saliva for 

remineralization. Further study is needed to add nanoparticles of amorphous calcium 

phosphate (NACP) in combination with nCaF2 to achieve the release and recharge of 

Ca, PO4 and F ions to further promote remineralization and protect tooth structures. 

Toothpastes containing fluoride and fluoride topical agents have been used to 

investigate the recharge properties of F-releasing materials	[117–119].	Glass ionomers,	

RMGIs, and compomers exhibited fluoride ions releasing, absorbing, and re-releasing 

properties. The restorative material rechargeability relies on its chemical composition 

and the method of recharge applied.	Generally, glass ionomer-based materials are more 
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efficient than resin composites in reserving fluoride ions and revealed superior 

recharging capabilities [120,121].	Moreover, materials that have greater initial release 

of F ions gave a greater F recharging ability	[118,120,121]. It was postulated that during 

the recharge process the F ions occupies the areas that were occupied earlier by the F 

ions present prior to the initial release. However, one major drawback in some glass 

ionomer-based materials is the compromised mechanical properties that is not adequate 

to function in restorations with high load requirements. Therefore, it is of significant 

importance to enhance the F-releasing and recharging abilities of resin composite 

restorations that has superior mechanical properties. Several methods were 

implemented into resin composites such as the use of F-releasing monomers, the 

incorporation of organic fluoride salts, and heavy metal F-exchange chelates, and 

bioactive glass containing fluoride [70,119,120]. The study that incorporated bioactive 

glass containing fluoride had a BisGMA-TEGDMA based resin, and has shown 

successful recharge of fluoride ions for 222 hours and sustained release of ions with a 

20% increase following exposure to 5000 ppm fluoride [119].	

Similarly, the newly developed nCaF2 nanocomposites also exhibited favorable 

results, showing release not only of fluoride but also calcium ions [56,107]. In a 

previous study BT-nCaF2 nanocomposite had high F and Ca ion release levels using a 

reasonably small filler amount by using nano particles of CaF2 with a mean size of 

32nm, thus allowing for more space in the resin to be occupied by the glass filler 

particles for reinforcement and improved mechanical properties	[107,108]. In addition, 
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nCaF2 nanocomposites reduced the colony forming unit (CFU) biofilm by 2 logs. 

Hence, imparting recharging and re-releasing properties to the nCaF2 nanocomposite 

could be beneficial in providing better long-term remineralization effects.  

The current study revealed that the F and Ca ion recharge and re-release 

achieved high levels for nCaF2 composite using a BisGMA-TEGDMA resin, 

comparable to the resin used in previous studies [107,108]. Furthermore, this study 

indicated that the BT-nCaF2 nanocomposite resulted in a high initial F ion and Ca 

release. It also had a high recharging/re-releasing effect. This result matches previously 

reported studies of F-releasing materials, which showed that when high levels of initial 

ion release are achieved it can lead to a higher ability of recharge and re-release 

[118,120,121]. The pH 4 was chosen for the solution of ion release experiments, as a 

result of an accelerated experiment and following previous studies mimicking a 

cariogenic environment. As the pH of oral plaque following a sucrose rinse could drop 

to 4.5 or even 4 [87,122]. 

The PE-nCaF2 composite exhibited greater re-release of F and Ca ions than the 

BT-nCaF2 composite. The PE-nCaF2 achieved the highest Ca initial release among 

nCaF2 groups. PMGDM is an acidic adhesive monomer containing a carboxylate group 

that has been used in dental adhesives and in CaP-based materials and has the potential 

to chelate with the inorganic ions in the recharge solution consequently enabling 

recharge [60,62,123]. It is likely that a dynamic equilibrium exists among the release 

of Ca ions from the PMGDM monomer and the calcium ions chelation to the monomer, 
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which depends on the pH of the local recharge solution. The recharge solution had a 

pH of 7. Chelation effect could occur between the PMGDM in the nCaF2 composite 

and Ca ions dispersing from the recharging solution. Following recharge, the bond 

between calcium ions and PMGDM could be separated in the pH 4 solution where the 

ion re-release measurement was taken, replicating the biofilm acids cariogenic pH. This 

could account for the significant recharging capability of the PE composite.  

The BTM-nCaF2 nanocomposite, which contained an acidic monomer, showed 

a lower initial release of F and Ca ions than other nCaF2 composites. Furthermore, the 

recharge and re-release of F and Ca ions were lower than the BT and PE composites.	

The distinctive findings of the PE and BTM composites revealed that different resin 

systems with different acidic monomers employ varying efficiency in improving the 

recharge/re-release of F and Ca ions.  These findings suggest that the F and Ca ions 

may diffuse and transport more easily in the resin of the PE group. Another possible 

reason is that PMGDM has two reactive groups that could react with more ions while 

the Bis-MEP has a single phosphate reactive group. Additional studies are required to 

fully investigate the different acidic monomers effects on the recharge/re-release of F 

and Ca ion in resin composites. Nevertheless, the current study indicated that the 

commonly used BisGMA-TEGDMA resin without any acidic monomers yielded the 

highest initial release for F ions and the second highest Ca initial release and also had 

a significant F and Ca ion recharge capabilities. 
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The initial F ion release of the PE-nCaF2 and BT-nCaF2 composites were 

greater than those of the commercial F-releasing materials except for Vitremer RMGI. 

Heliomolar composite control had a F initial release close to zero which is similar to 

what was found in previous studies [54,107]. The F ion initial release for Vitremer was 

the highest among all groups, which is similar to what was reported in previous studies 

then the release rate decreased after 21 days [54,124–126]. The F ion burst release in 

Vitremer was due to the acid-base reaction of setting of the polyacid liquid and 

fluoroaluminosilicate glass powder, which released a large quantity of F ions following 

the setting of the material [124,125]. This phenomena, together with the surface wash-

out phase effect, are the principal causes for the substantial initial F ion release from 

Vitremer RMGI material, followed by a significant reduction on the second day after 

recharge [70,120,121]. Similarly, the rechargeability of the nCaF2 composites had 

much higher F ion re-release than the commercial F- releasing controls except for 

Vitremer. With the 7 days recharge cycle it is expected that the same wash-out 

mechanism of available fluoride from the recharge solution is occurring. Moreover, the 

recharge and re-release capability of the nCaF2 composites were maintained and did 

not decrease with increasing the number of recharge and re-release cycles.  

Several points should be noted for the nCaF2 nanocomposites. (1) Following 

recharge, the effect of re-release detected for the nCaF2 composite continued for 7 days 

(Figure 3. 3). (2) There was no decrease in the F and Ca ion re-release upon subsequent 

re-release cycles, which suggests a potential for long-term inhibition of caries that 
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would be favorably beneficial in clinical situations.	 (3) Following the 6th cycle of 

recharging the samples re-released ions for 7 days, then samples continued re-releasing 

ions for at least another 42 days without further recharging (Figure 3. 5).	(4) In the 

current study, composite samples were immersed in a solution of pH 4 for ion release 

measurements as an accelerated method.	 In clinical situations, acidogenic bacteria 

generate organic acids that include propionic, acetic, formic, and lactic acids from 

fermentable carbohydrates [127]. Consequently, after a sucrose rinse the pH of oral 

biofilm drops to 4.5 or even 4 [122]. It was shown in the Stephan Curve that the biofilm 

pH, after a glucose rinse, stays at a cariogenic state for around 30 min, and returns to a 

safe pH of 5.5 or greater following the completion of the bacterial glucose 

metabolization and the salivary acid buffering [122]. Hence, in clinical situation the 

cariogenic low pH would last for about 30 min following a meal or a glucose rinse. 

That accounts for only a few hours of daily low pH accumulated time in clinical 

situations. In this study the samples were immersed in a solution of pH 4 for 24 hours, 

which might cause a faster ion release exhaustion from the samples. Therefore, it is 

expected that after recharging, the F and Ca ions re-release from the BT-nCaF2 

nanocomposite would potentially last for much longer than 42 days.	More studies are 

required for clinical applications to explore and improve the recharging technique and 

the F and Ca ion re-releasing process.  

Another essential requirement for any restoration is its strength. While the PE-

nCaF2 composite showed the best recharging/ re-releasing capabilities, its flexural 
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strength was quite low at (43.9± 3.6) MPa. Both BT-nCaF2 and BTM-nCaF2 groups 

had initial flexural strengths 1.5 folds of commercial control composite and had 3-4 

folds the strength of commercial RMGIs. BT and BTM nCaF2 composites have 

strengths comparable to or stronger than the new RMGI for example ACTIVA 

bioactive, ionic composite resin (Pulpdent, Germany) [113]. The flexural strength for 

BT-nCaF2 and BTM-nCaF2 composites were (145.4 ± 14.6) MPa and (111.2 ± 7.9) 

MPa, respectively. According to the ISO standard requirements [128], resin-based 

dental restorations must reach a flexural strength not less than 50 MPa. Both the BT-

nCaF2 and BTM-nCaF2 nanocomposites exceeded the minimum ISO requirement. 

 Additionally, BT-nCaF2 and BTM-nCaF2 composites had a modulus of 

elasticity that matches the commercial composite control. However, the PE-nCaF2 

composite had a very low modulus of elasticity when compared to the composite 

commercial control. Therefore, according to the findings of this study the BT-nCaF2 

achieved the best combination of high flexural strength and had a significant potential 

of recharge/ re-release abilities. BisGMA-TEGDMA based resin with different 

concentrations of nCaF2 fillers were previously used and showed a reduction in 

mechanical properties overtime due to water uptake and plasticization [84].  

This paper was focused on the initial strength and modulus. Further studies need 

to be undertaken to investigate the changes in mechanical properties over time due to 

water uptake and plasticization via thermocycling, wear and hardness evaluation. It also 

should be noted that this was the first study focusing on rechargeable-nCaF2 composites 
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and their potential in recharging and re-releasing of F and Ca ions. Further studies are 

needed to investigate if the F and Ca ion recharging and re-releasing would be affected 

by the environment of the oral cavity, for example if any salivary proteins surface 

coatings on the composite would affect the recharging/ re-releasing effects. Similarly, 

future studies could implement more clinically relevant pHs such as pH 5 and use the 

same specimens to investigate the effect of incorporating both recharging solutions on 

the recharge/ re-release of ions.  
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CHAPTER FOUR 

Novel Nano Calcium Fluoride Remineralizing and 

Antibacterial Dental Composites 

Chapter abstract  

Objective: Composite resin restorations with remineralizing and antibacterial 

properties are favorable for inhibition of caries. The objectives in this study were: (1) 

develop a new bioactive composite resin with remineralizing and antibiofilm properties 

by incorporating dimethylaminohexadecyl methacrylate (DMAHDM) into calcium 

fluoride nCaF2 composites with three different base resin systems that would achieve 

good mechanical properties; (2) investigate the effect of incorporating DMAHDM and 

nCaF2 on the release of Ca and F ions; and (3) investigate nCaF2-DMAHDM 

composite’s inhibition effect on saliva derived biofilm compared to a commercial 

control. 

Methods: nCaF2 nanoparticles were produced via a spray-dry method and integrated at 

a mass fraction of 15%. DMAHDM was synthesized via a Menschutkin reaction and 

added at a mass fraction of 3%. Both were incorporated into a series of experimental 

composite resins. Mechanical properties, F and Ca ion releases were assessed. Colony-

forming units (CFU), lactic acid production, MTT assays, and live/dead imaging of 

biofilms on composites were performed.  



 

 76 

Results: The new bioactive composites with 15% nCaF2, and 3% DMAHDM yielded 

a flexural strength and modulus that matched the commercial composite control (p > 

0.05) and were within the ISO recommendations. The nCaF2-DMAHDM composites 

reduced CFU biofilm by 3-4 magnitudes, compared to experimental and commercial 

controls. The composites with nCaF2-DMAHDM had reasonably high F and Ca ion 

release levels essential for remineralization.  

Conclusions: New composite formulations containing bioactive agents have been 

developed with potent antibacterial activity against salivary biofilms and high F and Ca 

ion release levels for remineralization, without deteriorating mechanical properties. 

Clinical Significance: Novel bioactive composite resin formulations using CaF2 

nanoparticles and DMAHDM were developed with potent antibacterial and 

remineralizing effects. Those composite formulations showed high levels of F and Ca 

ion release and are promising formulations to inhibit the occurrence of recurrent caries 

and foster remineralization and be sustainable for long terms.   

4.1. Introduction  

Composites tooth colored restorations are frequently used for filling teeth cavities after 

caries excavation mainly because of their esthetics and direct-restoring abilities 

[18,65,129–131]. Improvements and revolutionary developments have been made in 

the material compositions and placement technology which is a crucial aspect in the 

success of the restoration. However, the oral cavity poses complex challenges such as 
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chewing forces and the presence of acidic biofilms that effect the durability of the teeth 

restoration. The tooth-resin interface is a main challenge where recurrent caries at the 

margins of restorations are a principal drawback to their durability [132]. Indeed, a 

main cause for restoration failure is recurrent caries [65].  Re-treating failed 

restorations was reported to be around 50–70% of all performed restorative procedures. 

Moreover, re-treating failed restorations with recurrent caries typically results in 

weakening the affected tooth and causes additional tooth structure loss [21]. 

Accordingly, it is of critical importance to develop a composite restoration with the 

capacity to minimize the occurrence of recurrent caries.  

Many interventions have been introduced to prevent biofilm formation that leads 

to recurrent caries, such as diet modification, chlorhexidine rinses and fluoride and 

calcium containing products [133]. However, the effectiveness of these methods has 

been limited, as they require long-term patient compliance [133]. Consequently, 

endeavors were made to develop formulations of dental materials with antibacterial and 

remineralization functionalities [65]. These efforts involved incorporating  

antimicrobial agents into composite resins and adhesives [134]. Antibacterial agents 

such as quaternary ammonium methacrylates (QAMs) were previously produced and 

copolymerized into different resins and achieved successful antibacterial results 

[27,74,78,79,99,135]. Adhesives containing the QAM 12-

methacryloyloxydodecylpyridinium bromide (MDPB) was effective in providing 

strong antibacterial activities and is a component of a commercially available adhesive 
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(Clearfil Protect Bond, Kuraray, Noritake Dental Inc., Tokyo, Japan) [74,136,137]. It 

was also shown that the quaternary ammonium compounds’ antibacterial efficacy was 

the greatest when increasing the ammonium group alkyl chain length (CL) to 16 [138]. 

One specific QAM, with an alkyl chain length of 16 units, is referred to as 

dimethylaminohexadecyl methacrylate (DMAHDM) and when copolymerized with 

resins, strong antibacterial properties were achieved [33,139]. DMAHDM containing 

composites and adhesives were examined, and demonstrated strong antibacterial effects 

against cariogenic pathogens [107,140,141].  

Remineralization is another method for caries-inhibition. The ability of fluoride 

ions (F) to inhibit enamel demineralization has been well elucidated. Besides its 

biocidal effect [48], F ions could reduce the solubility of enamel and remineralize the 

decalcified tooth tissue by forming fluoroapatite (FAP) [142,143]. Resin-modified 

glass ionomer cements (RMGI) have been used as a restorative material with fluoride 

releasing potential. However, the F ion release from RMGIs are temporary which does 

not provide the long-term protection against enamel demineralization [144]. Moreover, 

RMGIs demonstrated inferior mechanical properties. Accordingly, composite 

restorations with stronger mechanical enforcement and fluoride releasing properties is 

highly needed to provide long-term protection against recurrent caries.  

Nanotechnology has revolutionized the health care industry and is promising in 

improving the dental materials’ performance. Compared to conventional materials, 

nanomaterials are more effective in decreasing the formation of oral biofilm and 
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promoting remineralization [145]. As biominerals, nanoparticles can more effectively 

interact with the bacteria and limit their adhesion [145]. Efforts have been made to 

develop nanostructured dental materials to combat caries [87,146]. Our lab has 

previously synthesized nanoparticles of calcium fluoride (nCaF2), and incorporated 

them into nanocomposites with favorable mechanical properties and high F release 

levels [54,56,107]. The smaller particle size and higher surface area achieved with the 

use of nCaF2 enabled a higher level of F ion release at a reasonably lower filler level, 

making room in the resin to reinforce their strength by glass fillers, thus avoiding 

jeopardizing the mechanical properties.  

Incorporating nanoparticles of calcium fluoride (nCaF2) into composite resins 

endorsed the release of F and Ca ions particularly in an event of a cariogenic acidic 

challenge [87]. The ion release aids in enhancing remineralization and preventing 

demineralization [92,147]. 

Recently, we developed a rechargeable nCaF2 composite restorations that could be 

repeatedly recharged to release high-levels of F and Ca ions long-term [148]. However, 

their antibacterial effect was not clear. 

Consequently, the objectives of this study were: (1) to develop new formulations 

of composite resins with F and Ca ion remineralizing and antibacterial properties; and 

(2) investigate the effects of incorporating DMAHDM and nCaF2 on the mechanical 

performance, antibiofilm properties, and ion releasing effects. The hypotheses tested 

were: (1) developing a new bioactive composite resin with remineralizing and 
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antibiofilm properties by incorporating DMAHDM into nCaF2 composites would 

achieve acceptable mechanical properties within the international organization for 

standardization (ISO) recommendations range; (2) Incorporating DMAHDM and 

nCaF2  into composites would not compromise the release of Ca and F ions; and (3) 

Adding nCaF2-DMAHDM to composites would impart antibacterial activity against 

human salivary biofilm. 

4.2. Materials and Methods 

4.2.1. Composite Resin Formulation 

Three different sets of experimental resins monomers were formulated. The first resin 

was composed of a 1:1 mass ratio of bisphenol A glycidyl dimethacrylate (BisGMA) 

and triethylene glycol dimethacrylate (TEGDMA) (Esstech, Essington, PA, USA) 

referred to as BT resin. The second resin formulation was composed of 2:1:1 mass ratio 

of BisGMA and TEGDMA (Esstech), and Bis[2-(methacryloyloxy)ethyl] phosphate 

(Bis-MEP) (Millipore Sigma, Burlington, MA, USA) and is referred to as BTM resin. 

The third experimental resin consisted of a 1:1mass ratio of pyromellitic glycerol 

dimethacrylate (PMGDM) (Esstech, Essington, PA, USA) and ethoxylated bisphenol 

A dimethacrylate (EBPADMA) (Esstech, Essington, PA, USA) and is referred to as PE 

resin. Following resin formulations preparation, photoinitiators 0.2% camphorquinone 

and 0.8% ethyl 4-N,N- diethylaminobenzoate were added to render the resins light-

curable [61].  



 

 81 

nCaF2 was prepared using a spray-drying method, yielding distribution of 

nanoparticles ranging from 22-57 nm, with a 32 nm mean particle size [107]. The nCaF2 

was added at 15% mass ratio. DMAHDM was synthesized by a modified Menschutkin 

reaction by a reaction between the organo-halide and the tertiary amine [149]. In brief, 

we combined 2-(dimethylamino) ethyl methacrylate (DMAEMA, Millipore Sigma) (10 

mmol) and 1-bromohexadecane (BHD, TCI America, Portland, OR, USA) (10 mmol) 

with ethanol (3 grams) in a 20 mL glass vial. The reaction proceeded for 24 hours at 70 

°C. After 24 h, the solvent was evaporated leaving DMAHDM as a waxy solid [139].  

For mechanical enforcement silanized particles of barium boroaluminosilicate glass 

with 1.2 μm median size (Dentsply Sirona, Milford, DE, USA) supplemented the nCaF2 

as a co-filler yielding a readily cohesive mix. A commercial control composite 

(Heliomolar, Ivoclar Vivadent, Mississauga, ON, Canada) was used for comparison 

with the experimental composites. Heliomolar contains 66.7% silica nanofillers of 40–

200 nm and fluoride- releasing component ytterbium-trifluoride. The composite groups 

tested in this study are as follows:  

(1)  Commercial control composite: Heliomolar (Ivoclar Vivadent, Mississauga, 

ON, Canada) 

(2) Experimental control composite: 30% BT based resin + 70% glass (referred to 

as BT EC) 

(3) Remineralizing composite: 30% BT based resin + 15% nCaF2 + 55% glass 

(referred to as BT+nCaF2 composite) 
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(4) Antibacterial and remineralizing composite: 27% BT based resin + 15% nCaF2 

+ 3% DMAHDM + 55% glass (referred to as BT+nCaF2+DMAHDM composite) 

(5)  Experimental control composite: 30% BTM based resin + 70% glass (referred 

to as BTM EC) 

(6)  Remineralizing composite: 30% BTM based resin + 15% nCaF2 + 55% glass 

(referred to as BTM+nCaF2 composite) 

(7)  Antibacterial and remineralizing composite: 27% BTM based resin + 15% 

nCaF2 + 3% DMAHDM + 55% glass (referred to as BTM+nCaF2+DMAHDM 

composite) 

(8)  Experimental control composite: glass 30% PE based resin + 70% (referred to 

as PE EC) 

(9) Remineralizing composite: 30% PE based resin + 15% nCaF2 + 55% glass 

(referred to as PE+nCaF2 composite) 

(10) Antibacterial and remineralizing composite: 27% PE based resin + 15% nCaF2 

+ 3% DMAHDM + 55% glass (referred to as PE+nCaF2+DMAHDM composite). 

4.2.2. Degree of Conversion 

Degree of conversion (DC) was performed for all groups using a Thermo Nicolet FT-

IR spectrophotometer (Nexus 670, Thermo Scientific, Madison, WI)  with an IR 

source, a MCT-A (mercury cadmium telluride) detector and a KBr beam splitter and 

an attenuated total reflectance (ATR) accessory (Golden Gate, Specac, Fort 

Washington, PA).  Thirty-two coadded scans at a resolution of 4 wavenumbers 
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resulted in the mid-IR spectra. A small amount of uncured composite resin was placed 

on the ATR crystal and the spectra before cure were collected. The specimen was light-

cured for 60 s using a conventional intensity light at 1000 mW/cm2, (VALO Cordless, 

Ultradent Products, South Jordan, Utah, USA) and spectra were recorded immediately 

after light-cure.  The area of the C=C aromatic absorption at 1583 cm-1 was used as 

the internal standard, while the change in vinyl methacrylate C=C absorption at 1637 

cm-1 was monitored to determine degree of conversion. Degree of conversion 

calculation was made based on the following equation: 

𝐷𝐶(%) = 1 −
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where the vinyl methacrylate and aromatic internal standard absorptions are 

represented before (𝐴!"#$%- , 𝐴'()*'+",- )  and after (𝐴!"#$%&  , 𝐴'()*'+",& ) cure [150]. 

4.2.3. Flexural Strength and Elastic Modulus 

All groups were tested for flexural strength and elastic modulus. Following composite 

paste formulation, a stainless-steel mold of 2 × 2 × 25 mm dimensions was used to form 

composite bars for flexural strength testing. Briefly, paste was placed in the mold and 

sandwiched between a Mylar strip and a glass slide from both sides and light-cured 

with light intensity of 1200 mW/cm2 for 1 min on each side (Labolight DUO, GC 

America, Alsip, IL, USA) [107].  After demolding, bars were light cured again on the 
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sides previously in contact with the metal mold. Bar samples were then stored dry. The 

following day, samples were stored wet for an additional 24 h at 37 °C before testing. 

Flexural strength and elastic modulus testing were carried via a 3-point bending test at 

a 10 mm span with a crosshead-speed of 1 mm/min on a computer-controlled universal 

testing machine (Insight 1, MTS, Cary, NC, USA), following the ISO recommendations 

[61,88].  

4.2.4. F and Ca Ion Release  

A sodium chloride (NaCl) solution of (133 mmol/L) was buffered to pH 4 using 50 

mmol/L lactic acid [87,89]. Three samples of 2 × 2 × 12 mm3 dimension were immersed 

into 50 mL NaCl solution, to accommodate a ratio of sample volume/solution of 3.0 

mm3/mL, comparable to those in previous studies [87,89,90]. The F and Ca ions release 

were measured at 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70 days. At each time 

point, 2 mL aliquots were collected and 2 mL of fresh NaCl solution was added back 

to each solution. To investigate the collected aliquots for Ca ions, a colorimetric assay 

with a microplate reader (SpectraMax® M5, Molecular Probes, San Jose, CA, USA) 

was used as described previously, with known calibration standard curves [87,89,90]. 

To investigate the F ion release, a selective electrode for F ion was used (Orion, 

Cambridge, MA, USA). A standard curve was formed using fluoride standard solutions 

to establish the concentration of F ions. The F ion concentration measurement was 

accomplished by combining 0.5 mL of TISAB solution (Fisher Scientific, Pittsburgh, 

PA, USA) and 0.5 mL of each sample. 
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4.2.5. Preparation of Samples for Biofilm Experiments  

To fabricate composite discs for microbiological experiments a polytetrafluoroethylene 

mold with 1 mm thickness and 8 mm diameter was used. Composite paste was inserted 

in the mold then a Mylar strip and a glass slide were used to create a smooth surface. 

Discs were then light cured on each side for 1 min and stored for 24 hours at 37 ◦C. The 

next day, composite discs were stirred in distilled water for 1 hour at 100 rpm on a 

magnetic stir plate to remove any uncured monomers [73,91]. Ethylene oxide 

(Anprolene AN 74i, Andersen Products, Haw River, NC, USA) was used to sterilize 

disc samples for 24 hours and were de-gassed for 7 days, following the manufacturer’s 

recommendations. 

4.2.6. Salivary Collection and Dental Plaque Microcosm Biofilm Model  

Collection of saliva was conducted according to the Declaration of Helsinki, and the 

approval of the protocol was made at the University of Maryland Baltimore by the 

Institutional Review Board (IRB #: HP-00050407). The advantage of the dental plaque 

microcosm biofilm model is using a human salivary inoculum to mimic the complexity 

and heterogeneity of the bacterial community found in dental plaque [73]. Healthy 

adults contributed to the collection of an equal amount of saliva. Participants had 

normal dentition, with no active carious lesions, and did not consume any antibiotics in 

the past 3 months. Instructions given were not to eat or drink 2 hours prior to the 

collection and no brushing for 24 hours before collection. Then, the saliva gathered 
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from all contributors was mixed and a sterile glycerol was used to dilute it to 70%. 

Subsequently we stored the saliva–glycerol solution at −80 ◦C until use. 

McBain artificial saliva growth media (pH 7) was used for all experiments 

involving biofilm [93]. McBain media is comprised of  2.0 g/L tryptone (Becton 

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

Sparks, MD, USA), 2.5 g/L Type II mucin (porcine, gastric, Millipore Sigma), 1.0 g/L 

yeast extract (Fisher Scientific), 0.35 g/L NaCl,  0.1 g/L cysteine hydrochloride 

(Millipore Sigma), 0.2 g/L potassium chloride (Millipore Sigma), 0.2 g/L calcium 

chloride (Millipore Sigma). After autoclave sterilization, the medium was cooled to 

room temperature and 0.001 g/L hemin, and 0.0002 g/L vitamin K1 were added. 

Throughout biofilm experiments, composite samples from each group are 

placed in a 24-well plate. For medium preparation, the saliva–glycerol solution was the 

inoculum used at a 1:50 ratio, and 0.2% sucrose solution was added together with 

inoculum to the medium and 1.5 mL of the medium was added in each well of a 24-

well plate. Samples were stored in a 5% CO2 incubator at 37 ◦C for 8 hours to permit 

the growth of biofilm on the samples. After 8 hours of incubation, the process was 

repeated without adding saliva and the samples were incubated for an additional 16 

hours. Following the 16 hours samples were transferred to a new 24-well plate 

containing fresh medium and sucrose and further incubated for 24 hours. Exposure of 

composite samples to bacterial culture totaled 48 hours in order to develop a reasonably 

mature dental plaque microcosm biofilm on composite discs [33].  
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4.2.7. Colony Forming Units (CFU) Counts of Biofilm 

For each group, seven disc samples were fabricated. After 48 hours of incubation, the 

specimens covered with biofilm were transferred to a vial containing 1 mL of cysteine 

peptone water (CPW). The vial was vortexed for 5 s then ultrasonicated for 15 min and 

re-vortexed for another 10 s before harvesting the biofilm [61]. Serial dilutions of the 

bacterial suspensions were carried out, then platting was made into three different agar 

plates to grow. Mitis salivarius agar plates (MSA, Becton Dickinson, Sparks, MD, 

USA) were used to count the CFU of total streptococci. Then, 0.2 units/mL of bacitracin 

(Millipore Sigma) was incorporated into the mitis salivarius agar (MSB) to establish 

the CFU count of the mutans streptococci. Tryptic soy agar (TSA, Becton Dickinson) 

were supplemented with defibrinated sheep blood to form tryptic soy blood agar 

(TSBA) agar plates and were used to evaluate the total microorganisms’ growth. The 

agar plates were incubated in a 5% CO2 at 37 ◦C for 48 hours. CFU counts were made 

based on the calculation of the number of colonies multiplied by the dilution factor 

[61].  

4.2.8. Minimum Inhibitory Concentration (MIC)  

MIC is the lowest antimicrobial agent concentration that inhibits the visible growth of 

a microorganisms [151,152]. When adding the antibacterial agent into the media at the 

MIC, the bacteria are not all killed, but the bacterial concentration is very minimal to 

the point where the solution appears clear with no turbidity [152]. MIC were measured 

using a human salivary inoculum. MIC were determined via serial microdilution assays 
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[151,152]. Four groups were tested for their MIC. The first group served as the 

experimental antibacterial control where unpolymerized DMAHDM monomer was 

dissolved in distilled water giving a final concentration of 20 mg/mL [149,153]. The 

second group contained BisMEP resin monomer at the same concentration that formed 

our composite resin in BTM groups which was approximately 43.3 mg/mL. The third 

group was composed of a combination of the first two groups. Chlorhexidine diacetate 

(CHX) (Sigma, St. Louis, MO) served as positive control. From these starting solutions, 

125 μL of the stock solutions were added to a well in a 96 well plate. Then, serial five 

fold dilutions were made into 100 μL of McBain media supplemented with 0.2% 

sucrose. Following serial dilutions 100 μL of McBain media supplemented with 0.2% 

sucrose and saliva at 1:50 ratio was added totaling 200 μL. The 96-well plate was placed 

in a 5% CO2 incubator at 37 °C for 24 hours. McBain media with 1:50 ratio of saliva 

and 0.2% sucrose suspension without antibacterial agent served as positive control. 

McBain media with 0.2% sucrose without antibacterial agent served as negative 

control. Following incubation in 5% CO2 at 37 °C for 48 hours, turbidity was measured 

at 600 nm using a spectrophotometer (SpectraMax® M5, Molecular Probes). The 

negative and positive control wells were used as references. MIC was determined as 

the last point (the first clear well with the antibacterial agent at the lowest concentration) 

wherever no turbidity was detected compared to the controls. The test was performed 

in triplicate [152].  
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4.2.9. Evaluation of Metabolic Activity (MTT) of Biofilm 

To examine the metabolic activity of the biofilm, an MTT (3-[4,5-dimethylthiazol-2-

yl]-2,5- diphenyltetrazolium bromide) assay was conducted. After 48 hours of 

incubation, the disc samples (n = 6) were moved to a clean 24-well plate then 1 mL of 

tetrazolium dye was placed to each well containing the discs. The samples were stored 

at 37 ◦C in 5% CO2 for one hour. The samples were then transferred to a clean 24-well 

plate and 1 mL of dimethyl sulfoxide (DMSO) was added to each disc and placed in an 

incubator in a dark room for 20 min. Following incubation, we collected 200 μL of the 

DMSO solution and used a microplate reader (SpectraMax® M5, Molecular Devices) 

to measure absorbance at 540 nm [61,107,154].  

4.2.10. Lactic Acid Production of Biofilm 

After 48 hours of incubation, samples (n = 6) were placed in a clean 24-well plate with 

1.5 mL buffered-peptone water (BPW) and 0.2% sucrose. They were then placed in an 

incubator with 5% CO2 at 37 ◦C for 3 hours to release acids. Following 3 hours, the 

lactic acid concentration measurements of the BPW solution were made using a 

microplate reader (SpectraMax® M5, Molecular Devices) at an absorbance of 340 nm 

[61]. Lactic acid standards were used to create standard curves.  

4.2.11. Live Dead Assay for Cell Viability Assessment 

New discs were fabricated (n = 3). Following 48 hours incubation, samples were 

washed using a phosphate buffered saline (PBS) then stained by pipetting the 
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fluorescence onto the discs and were incubated at a dark room for 15 min to determine 

the cell viability.  SYTO9 (Molecular Probes, Eugene, OR, USA) stained the live 

bacteria to produce a green fluorescence and propidium iodide (Molecular Probes) 

stained the dead bacteria to produce a fluorescence of red color [154]. An inverted 

epifluorescence microscope (TE2000-S, Nikon, Melville, NY, USA) was used to 

acquire images of the stained discs to examine the biofilm growth.  

4.3. Statistical Analysis 

Data evaluation was done using one-way analysis of variance (ANOVA), then a post 

hoc multiple comparison via Tukey’s honestly significant difference test was made. 

Statistical analyses were performed using Origin software (OriginLab Corporation, 

Northampton, MA, USA) at 0.05 significance level.  

4.4. Results 

The degree of vinyl conversion was measured for all groups and is plotted in Figure 4. 

1. All experimental groups had higher degree of conversion compared to the 

Heliomolar commercial control (p < 0.05). In the BT based resin groups, the addition 

of nCaF2 did not affect the degree of conversion results, with the BT-CaF2 composite 

having a DC of (59.7 ± 2) % compared with (61.8 ± 1.4) % for the BT control. Similarly, 

the addition of DMAHDM, with a DC of (59.9 ± 2) % was not significantly different 

from the other BT groups (p > 0.05). In BTM based resin, the addition of nCaF2 also 

did not affect the conversion results, with the BTM-CaF2 composite having a DC of 
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(52.3 ± 0.3) % compared with (52.5 ± 0.2) % for the BTM control. However, when 

adding DMAHDM the degree of conversion increased to (62.6 ± 2.8) % (p < 0.05). In 

the PE based resin, the degree of conversion was generally higher than all other groups 

(p < 0.05) with the PE EC DC of (72.9 ± 3) %. The addition of nCaF2 and DMAHDM 

did not seem to affect the degree of conversion in the PE based resin groups with 

degrees of conversion of (74.4 ± 4.6) % and (69.9 ± 5.3) % respectively (p > 0.05). 

 

Figure 4. 1. Degree of conversion (DC; mean ± standard deviation (SD indicated by bars)) attained 
in composite specimens at 24 h post-curing. The number of samples in each group n = 3. Different 
letters indicate values that are significantly different from each other (p < 0.05). 

The flexural strength and elastic modulus for all groups (n = 6; mean ± SD) are 

plotted in Figures 4. 2A and 4. 2B. The measurement of flexural strength was made 

following 24 h water immersion at 37 ◦C. The BT EC composite had a strength of 

(169.58 ± 37.93) MPa, BT+ nCaF2 had a strength of (144.97 ± 15.18) MPa, and 

BT+nCaF2+DMAHDM had a strength of (95.28 ± 6.32) MPa. The BTM EC had a 
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strength of (125.93 ± 7.49) MPa, BTM+ nCaF2 had a strength of (117.78 ± 7.65) MPa, 

and BTM+nCaF2+DMAHDM had a strength of (96.68 ± 10.71) MPa. Heliomolar 

composite control had a strength of (94.68 ± 5.41) MPa. The BT and BTM based 

composite resins flexural strength were significantly higher, in comparison to the 

Heliomolar commercial composite control (p < 0.05). The addition of nCaF2 did not 

adversely affect the flexural strength in all groups (p > 0.05). The BT and BTM based 

composite resins with nCaF2+DMAHDM were matching the Heliomolar control 

composite (p > 0.05). Yet, the flexural strength in PE based composites were 

significantly lower than commercial Heliomolar control (p < 0.05) where PE EC had a 

flexural strength of (42.82 ± 2.41) MPa, PE+nCaF2 was (43.35 ± 4.37) MPa and 

PE+nCaF2+ DMAHDM was (24.17 ± 3.23) MPa. These strength values did not reach 

the acceptable range recommended by the ISO standard [88] and were therefore 

excluded from subsequent experiments.  

The elastic modulus results of BTM based composites were significantly higher 

than all other groups (p < 0.05). BTM EC had a modulus of (11.99 ± 0.73) GPa, while 

the elastic modulus of BTM+nCaF2 and BTM+nCaF2+DMAHDM were (10.44 ± 0.81) 

GPa and (10.84 ± 1.39) GPa respectively. BT group had comparable values of elastic 

modulus to Heliomolar control (6.92 ± 0.36) GPa. Where the elastic modulus for BT 

EC was (9.52 ± 0.81) GPa, BT+nCaF2 (8.69 ± 0.66) GPa and BT+nCaF2+DMAHDM 

(4.86 ± 0.35) GPa. However, PE based resin had significantly lower elastic modulus 

compared to the commercial control (p < 0.05). PE EC had an elastic modulus of (3.24 
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± 0.12) GPa, PE +nCaF2 (2.25 ± 0.28) GPa and PE+nCaF2+DMAHDM was (1.64 ± 

0.18) GPa. 

 

Figure 4. 2. Mechanical properties of composites after 24 h in water. (A) Flexural strength and (B) 
elastic modulus. Each value is mean ± SD (n = 6). Different letters indicate values that are 
significantly different from each other (p < 0.05). 

The cumulative fluoride ion release is shown in Figure 4. 3A. At 70 days, 

composites with nCaF2 alone had a higher F ion release when compared to composites 

with nCaF2+DMAHDM (p < 0.05). The composites with BT based resin exhibited 
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larger ion release values when compared to composites with BTM based resin (p < 

0.05). BT+nCaF2 had the greatest F release of (1.15 ± 0.01) mmol/L at 70 day (p < 

0.05), while the F ion release for BT+nCaF2+DMAHDM was (0.89 ± 0.01) mmol/L. 

BTM+nCaF2 had a release of (0.44 ± 0.01) mmol/L, and BTM+nCaF2+DMAHDM had 

(0.22 ± 0.03) mmol/L of fluoride ion release. Heliomolar control had the lowest F ion 

release of (0.02 ± 0.0008) mmol/L.  

The cumulative calcium ion release is plotted in Figure 4. 3B. At day 70, the 

BT+nCaF2 composite showed the largest ion release at (1.77± 0.01) mmol/L (p < 0.05), 

followed by BT+nCaF2+DMAHDM composite (1.46± 0.05) mmol/L (p < 0.05). The 

BTM+nCaF2 composite had a release of (0.54 ± 0.005) mmol/L. The 

BTM+nCaF2+DMAHDM group had a Ca ion release of (0.33 ± 0.03) mmol/L. The 

Heliomolar commercial composite control displayed the least release of (0.07 ± 0.001) 

mmol/L. 
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Figure 4. 3. Fluoride and calcium initial ion release. (A) Cumulative fluoride ion concentrations, 
and (B) cumulative calcium ion concentrations. Each value is mean ± SD (n = 6). In each plot, 
different letters indicate values that are significantly different from each other at day 70 (p < 0.05).  
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Forty-eight hour biofilm colony forming units (CFU) on composites discs are 

shown in Figure 4. 4: (A) Total microorganisms (TSA), (B) total streptococci (MSA) 

and (C) mutans streptococci (MSB) (n = 7; mean ± SD). CFU of total microorganisms 

were reduced by 3-4 logs by the addition of DMAHDM. CFU was reduced from a mean 

of 1.74 × 109 counts for Heliomolar control to 1.91 × 106 counts for the 

BTM+nCaF2+DMAHDM composite and 3.33 × 105 for the BT+nCaF2+DMAHDM (p 

< 0.05). The presence of DMAHDM also reduced the total streptococci CFU by 3-4 

logs from 3.46 × 108 counts for the Heliomolar commercial control to 2.82 × 105 counts 

in the BTM+nCaF2+DMAHDM composite and 1.13× 104 in the 

BT+nCaF2+DMAHDM composite (p < 0.05). For the mutans streptococci there was 

almost two log reduction in the CFU of BTM+nCaF2+DMAHDM 4.60 × 103 when 

compared to Heliomolar at 9.76 × 104 and more than three log reduction in the 

BT+nCaF2+DMAHDM composite 5.43 × 101 (p < 0.05). 
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Figure 4. 4. Colony-forming unit (CFU) counts of 48 hours biofilms on composite discs (mean ± 
SD; n = 7): (A) Total microorganisms, (B) total streptococci, and (C) mutans streptococci. In each 
plot, different letters indicate significant differences between groups (p < 0.05).  
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The minimum inhibitory concentration (MIC) values of the antibacterial agents 

against human saliva are recorded in Table 4. 1 and represented in Figure 4. 5. When 

the bacterial growth is inhibited at a lower antibacterial concentration this indicates a 

greater antibacterial potency. The DMAHDM antibacterial agent showed significant 

antibacterial potency, with an MIC value of 0.032 mg/L. However, when the 

DMAHDM was combined with BisMEP monomer the MIC was 5 times greater than 

that of DMAHDM alone. The BisMEP by itself had an MIC with four orders of 

magnitude higher than DMAHDM antibacterial agent. 

Table 4. 1. MIC values of antibacterial agents and resins against salivary biofilm. 

Compound MIC 

Chlorohexidine 0.016mg/L 

DMAHDM 0.032mg/L 

BisMEP 43.33mg/L 

DMAHDM+BisMEP 0.16mg/L (DMAHDM) + 

0.35mg/L (BisMEP) 
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Figure 4. 5. Schematic representation of the minimum inhibitory concentration (MIC) of the 
antibacterial agents against human saliva. 

Viability of 48 hours biofilm is shown in Figure 4. 6 A and B: (A) Lactic acid 

production, and (B) MTT metabolic activity (n = 6; mean ± SD). DMAHDM 

incorporation greatly reduced the biofilm’s lactic acid production and metabolic 

activity, compared to groups with no DMAHDM (p < 0.05). Remineralizing nCaF2 

composite with no DMAHDM displayed similar lactic acid production and metabolic 

activity to the Heliomolar commercial composite control (p > 0.05). 

BT+nCaF2+DMAHDM composite showed the least lactic acid production and 

metabolic activity among all groups (p < 0.05) followed by BTM+nCaF2+DMAHDM 

composite (p > 0.05). 
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Figure 4. 6. (A) Lactic acid production, and (B) metabolic activity (mean ± SD; n = 6) of biofilms 
grown on composite discs. In each plot, different letters indicate significant differences between 
groups (p < 0.05). 
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Representative live/dead images of 48h bacterial biofilm on composites are 

presented in Figure 4. 7. Heliomolar, BT EC, and BTM EC were completely obscured 

by live bacterial biofilm. BT+ nCaF2 and BTM+ nCaF2 had mostly live bacteria, with 

limited areas of dead bacteria. BTM+nCaF2+DMAHDM exhibited mostly dead 

bacteria with little live bacteria. The BT+nCaF2+DMAHDM group show much less 

bacterial attachment and those that were attached were mostly dead.  
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Figure 4. 7. Representative merged live/dead images of 48 hours biofilms grown on composite 
discs. (A) Heliomolar; (B) BT EC; (C) BT+nCaF2; (D) BT+nCaF2+DMAHDM; (E) BTM EC; (F) 
BTM+nCaF2; and (G) BTM+nCaF2+DMAHDM. 
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4.5. Discussion 

The present study developed composite formulations with antibacterial and 

remineralizing potential and demonstrated high Ca and F ion release without affecting 

the mechanical properties. Our previous study on rechargeable nCaF2 composites with 

different resin monomer formulations showed a significant potential of recharging and 

sustainable long-term release of Ca and F ions [148]. Each resin formulation displayed 

distinct ions recharge/re-release capability. The current study builds off of that previous 

work by adding an antibacterial monomer to these composites using DMAHDM in 

order to improve their performance by imparting antibiofilm properties. 

The hypotheses were confirmed; incorporating DMAHDM into the nCaF2 

composite did not adversely affect the mechanical properties and matched or exceeded 

those of a commercial composite control (p > 0.05). Incorporating DMAHDM into 

nCaF2 composites did not compromise the release of Ca and F ions when compared to 

Heliomolar commercial control. Furthermore, the nCaF2-DMAHDM composites’ 

biofilm growth and lactic acid production were greatly reduced, with CFU reduction of 

3-4 logs, compared to the experimental composite with no DMAHDM and the 

Heliomolar commercial control composite.  

Recurrent caries are a major drawback encountered when using composite 

restorations [65,96,97]. Studies suggested a link between the absence of antibacterial 

capability of composites - unlike other conventional restoring materials, such as glass 

ionomers and amalgams - and the susceptibility to recurrent caries [21,66]. Hence, 
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developing a new generation of composites with antibacterial and remineralizing 

abilities could be advantageous in prolonging the composite restorations’ service life. 

In previous studies, techniques were developed to impart antibacterial effects in 

composite restorations. The most direct way was to incorporate soluble disinfectants, 

for example the QAM benzalkonium chloride or chlorhexidine, into the composite [21]. 

However, a major drawback with releasing antibacterial agents is their burst releasing 

effect followed by a substantial reduction in amount released. Since the restorations are 

expected to last for long periods of time in the mouth, antibacterial agents that do not 

leach out would be preferred. Another main drawback is that the released agents tend 

to leave voids in the material where they were previously found and thereby degrading 

the mechanical properties of the material. To counteract these shortcomings, the QAM 

antibacterial agent MDPB was synthesized and copolymerized into resins to avoid the 

disadvantages of releasing antibacterial agents [21,26,73]. This approach offers durable 

antibacterial effects and renders the antibacterial agent immobilized in resin with no 

dissolution of the antimicrobial agent with time [27,74]. DMAHDM is another 

copolymerizable QAM with a 16-unit alkyl chain length. A previous study investigated 

the effect of incorporating QAMs with different chain lengths and showed that 

DMAHDM had the best antibacterial properties. The antibacterial mechanism of action 

of QAMs is contact-killing [78,79]. When the positively-charged QAMs contacts the 

negatively-charged bacterial cell wall, the cell membrane’s electrical balance can be 

disturbed, which may lead to the death of bacterial cell [78,79].  
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In this study, the composite formulations containing 3% DMAHDM greatly 

reduced the biofilm acid production, compared to those with no DMAHDM and the 

commercial control composite. The BT based composite with DMAHDM showed the 

least lactic acid production followed by the BTM based composite with DMAHDM. 

The biofilm metabolic activity was greatly reduced in the presence of DMAHDM by 

around 70% compared to commercial control (p < 0.05). The antibacterial activity of 

BT+nCaF2+DMAHDM group was the greatest followed by BTM+nCaF2+DMAHDM 

(p < 0.05).  

The BTM+nCaF2+DMAHDM composite CFU of biofilm was reduced by three 

orders of magnitude and almost 4 logs in BT+nCaF2+DMAHDM composite. This 

indicates the potential for substantially decreasing the occurrence of caries by using the 

nCaF2-DMAHDM composites. Those findings were confirmed in the live/dead images 

of 48 hours biofilms grown on composite discs. 

Although the antimicrobial effects with BTM composites were significantly 

greater than the commercial control composite, there was a significantly lower 

antimicrobial effect when DMAHDM was combined with the BisMEP containing 

composites when compared to the BT based composites. Therefore, in order to explore 

the effect of BisMEP on the antimicrobial effect of DMAHDM we performed a 

minimum inhibitory concentration (MIC) assay.  Although MIC assays are typically 

undertaken to quantify the antibacterial efficacy against single species bacteria, we 

have used the MIC procedure here as a preliminary assessment of the response of a 
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multispecies salivary biofilm to the dental resins in our experiment as a way to ascertain 

whether the addition of BisMEP has a deleterious effect on the antibacterial response 

as was shown in the biofilm CFU data.   

The MIC results indicated that the DMAHDM antibacterial agent showed great 

antibacterial potency as expected. However, when the DMAHDM was combined with 

BisMEP monomer the MIC was 5 times greater than that of DMAHDM alone. The 

MIC experiments corroborate the observed reduction in antimicrobial effect of the 

DMAHDM+BisMEP containing composites illustrated in Fig. 4. 5. In a previous study, 

the adhesive monomer BisMEP was used in a model self-etch adhesive where it was 

shown that the acidic functionality of the BisMEP might neutralize the tertiary amine 

of the photoinitiator [155].  In an analogous manner, it is possible that the ions from 

the phosphoric acid functional group of BisMEP can partially neutralize the quaternary 

cations in DMAHDM.  If this neutralization occurs, it will cause a reduction in the 

charge density at the composite surface and lead to a concomitant reduction of the 

antibacterial properties.  The acidic-basic chemical reaction of BisMEP may 

contribute to the reduction in amine concentration and thereby may decrease the 

efficiency of DMAHDM. It was also proposed that the reaction might affect the 

polymerization of the adhesive containing BisMEP due to the sensitivity of the photo-

initiator 4E with amine on the functional monomer’s acidity, thus resulting in poor 

polymerization. Indeed, this is seen in the results for degree of conversion (Fig. 4. 1), 

where adding BisMEP to the base BisGMA:TEGDMA group resulted in a decrease of 
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the degree of conversion.  However, the degree of conversion of the BTM-DMAHDM 

group was similar to that of the BT-DMAHDM group.  This could also indicate that 

in the BTM-DMAHDM group, the BisMEP acidic moiety preferentially neutralizes the 

quaternary ammonium cation, leaving the tertiary amine of the photoinitiator free to 

participate in the photopolymerization reaction without any hindrance.  In addition, it 

was previously shown that BisMEP is highly negatively charged which might reduce 

cell attachments [156]. These finding correlates well with our MIC results where the 

high acidity of the acidic monomer could reduce bacterial attachments at higher 

monomer concentrations.  

Another mode to combat recurrent caries is by using remineralizing agents. The 

efficacy of fluoride use for remineralization is well recognized in the literature [120]. 

Glass ionomers and resin modified glass ionomers have the ability to release fluoride. 

However, their mechanical properties are jeopardized during this process. Therefore, 

the addition of nCaF2 as part of the filler system into the resin were investigated, and 

yielded high levels of F ion release without negatively affecting the mechanical 

properties [54,85]. Recent studies developed nCaF2 rechargeable composites with 

sustainable F and Ca ion release [107,108,148]. These composites also reduced levels 

of lactic acid production through neutralization (Fig. 4. 6A) that may assist in the 

inhibition recurrent caries [100]. 

In this study, different formulations of nCaF2 composites were tested for Ca and 

F ion release. The nCaF2 composites showed the ability for release of F and Ca ions. In 
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the present study, the BT+nCaF2 composite showed a significant fluoride ion 

concentration at day 70 of (1.15 ± 0.01) mmol/L. While the BT+nCaF2+DMAHDM 

had average cumulative F ion concentration of (0.89 ± 0.01) mmol/L. The BTM+nCaF2 

composite F release is (0.44 ± 0.01) mmol/L. The BTM+nCaF2+DMAHDM had 

average cumulative F ion concentration of (0.22 ± 0.03) mmol/L. The groups without 

DMAHDM had a higher F ion release with both resin monomers. This could be due to 

that DMAHDM that is positively charged, while F ions have negative charges. Some 

of the negatively-charged fluoride ions could be retained by the positively-charged 

DMAHDM, which likely caused a moderate reduction in the F ion release [108]. 

Similarly, it was noted that the release was lower with the BTM resins when compared 

to BT resins. This is similar to results seen when nano amorphous calcium phosphate 

(nACP) was used as a filler instead of nCaF2 [157] and there is a reduction in the ion 

release when an acidic monomer is introduced into the resin system.  It has been 

speculated that the possible binding of the remineralizing ions to acidic monomers may 

lead to this reduction in ion release [157].   However, all the experimental groups 

showed greater F ion release than the commercial composite control. The small size 

and high surface area of CaF2 nanoparticles likely contributed to the higher F ion release 

level [84].  Even though the ion release of DMAHDM containing groups were lower 

than groups without DMAHDM, the Ca and F ions released were much higher than 

what was reported necessary to achieve tooth structure remineralization. In a previous 
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study, this remineralization level was 0.30 mmol/L for Ca ions and 0.015mmol/L for F 

ions [111]. 

The degree of conversion of the composite formulations were tested and showed 

varying results with each composite resin formulation. It was shown in the BT based 

resin formulation that adding nCaF2 or DMAHDM did not negatively affect the 

conversion results (p > 0.05). In the BTM resin formulation the addition of nCaF2 was 

not significantly different from the BTM with nCaF2 (p > 0.05). However, when adding 

DMAHDM there was a significant increase in the degree of conversion (p < 0.05).  

This could be due to the structure of DMAHDM. Since it is a monomethacrylate, the 

crosslink density would be expected to be reduced, leading to less-hindered motion of 

the free radicals during polymerization and an increase in the conversion. Whereas, 

BisGMA and TEGDMA alone have two reactive groups so the crosslink density is 

greater. This will lead to a higher degree of conversion with the presence DMAHDM. 

The PE based resins had overall higher conversion results when compared to other 

resins and the addition of both nCaF2 and DMAHDM did not significantly affect the 

conversion. The higher degree of conversion in the PE groups could be attributed to the 

lower viscosity of the PE-containing composites compared with the BisGMA-based 

composites [158]. 

In this study, the strengths for the BT and BTM composite were all higher or 

matching the Heliomolar composite control which had a strength of 94.68 ± 5.41MPa. 

However, the PE based composite resins had strengths significantly lower than ISO 
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recommended range where a resin based dental restoration must not be lower than 50 

MPa [88]. The lower strength found in PE based resins is mainly attributed to the 

hydrophilic nature of PMGDM, which allowed a significant amount of water sorption 

and plasticization of the composite [158]. Therefore, the PE resin formulations were 

excluded from biofilm experiments in this study. The modulus of elasticity results of 

BTM based composites were significantly higher than all other groups (p < 0.05). BT 

groups had comparable values of elastic modulus to Heliomolar control. However, PE 

based resin had significantly lower elastic modulus compared to the commercial control 

(p < 0.05). 

The present study developed different formulations of bioactive DMAHDM-

nCaF2 composites, with the following main benefits: (1) Matching flexural strength 

with the commercial control composite (Heliomolar); (2) greater degree of conversion 

when compared to Heliomolar; (4) strong antibacterial activity, reducing biofilm CFU 

by 3-4 logs, compared to Heliomolar; (5) greater amounts of F and Ca ion release than 

Heliomolar; (6) Reduced lactic acid production and biofilm metabolic activity when 

compared to Heliomolar. (7) BT based composites achieved the best combination of 

mechanical properties, ion release and antibiofilm effects. (8) BTM based composites 

had comparatively good properties however, overall had lower properties when 

compared to BT based composites. (9) PE based composites had lower mechanical 

properties that do not serve restorations in high load areas. Therefore, BT and BTM 

based new bioactive composite formulations are promising in preventing recurrent 
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caries and promoting remineralization. Further investigations are needed to explore the 

long-term physical durability of these experimental composites through the 

measurement of hardness and wear-resistance after thermocycling as well as 

antimicrobial assessment after thermocycling aging.  Additionally, the change in 

antimicrobial effect of combinations of the quaternary ammonium methacrylate 

DMAHDM with the acidic monomer BisMEP will be explored by evaluating the MIC 

of these combinations against single bacterial species commonly found in the oral 

environment.  In doing so, we will gain a broader understanding of the potential for 

the use of these nCaF2+DMAHDM formulations in bonding agents, dental cements, 

fissure sealants, and composites for remineralization of tooth lesions and for biofilm 

and plaque buildup suppression.  
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CHAPTER FIVE 

SUMMARY AND CONCLUSION 

Efforts were made to inhibit the development and progression of dental caries and in 

particular recurrent caries around or under restorations. Antibacterial agents have been 

developed through many different strategies. The introduction of nanotechnology and 

the variety of therapeutic approaches to inhibit recurrent caries and their applicability 

to clinical situations and their long-term persistence are of particular interest. The goal 

of the research presented in this dissertation was to examine the central hypothesis in 

which the incorporation of DMAHDM for its contact killing properties, MPC for 

protein repellence, and nCaF2 for the release/recharge and re-release of Ca and F ions 

would not compromise the physical and mechanical properties of the novel composite, 

while producing substantial antibacterial, protein repellent, and remineralization 

capabilities that can be widely applicable to various dental materials to face the 

challenges of recurrent caries. The main findings of this thesis are summarized below.  

Incorporating bioactive agents is one of the approaches to lengthen the life of the 

restoration and inhibit recurrent caries. Hence, in Chapter 2, a novel composite with 

remineralization and antibacterial properties was established by combining 

nCaF2+DMAHDM for the first time. Significant release of F and Ca ions from the 

composite was achieved through the incorporation of nCaF2. The new composite 

exhibited strong antibacterial and ion release capabilities, prevented biofilm production 
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of lactic acid, and decreased biofilm CFU by 4 log. This bioactive nanocomposite is 

promising to protect tooth structures, inhibit demineralization, and provide a reservoir 

for the release of calcium and fluoride ions. The combined effect of nCaF2+DMAHDM 

shows promise in a variety of dental applications where remineralization and 

prevention of recurrent caries is a priority. 

An Alternative method to combat recurrent caries is via remineralization 

approaches that can be sustained long-term. Therefore, in Chapter 3, the development 

of a rechargeable nCaF2 nanocomposite was investigated using different resin systems. 

Rechargeable nCaF2 composites with significant recharging potential and sustained 

long-term releasing of F and Ca ions for caries-inhibition and remineralization were 

developed. Different resin monomers displayed distinct recharging/re-releasing 

efficacy. Nanocomposites containing nCaF2 using BisGMA-TEGDMA resin achieved 

the best combination of mechanical properties and recharge and re-release capabilities. 

During the six recharge cycles there was no decline in the release of F and Ca ions as 

the recharging/re-releasing cycles progressed. Furthermore, after 6 cycles of recharge, 

the composites displayed continuous re-release of F and Ca ions for 42 days. 

Nanocomposites with nCaF2 particles in the BisGMA-TEGDMA resin had flexural 

strength 1.5 folds of commercial control composite and had 4-fold greater strength 

results than the commercial resin-modified glass ionomer restorations. We can 

conclude that this novel methodology of F and Ca ion recharging and re-releasing is 
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promising to achieve long-term inhibition of caries and remineralization capabilities in 

such areas as composites, cements, luting agents, sealants, and implant coatings. 

In Chapter 4, we developed new anti-microbial composite resin formulations 

that were previously developed in chapter 3 without antibacterial agents and tested their 

antibacterial functionality using nCaF2 and DMAHDM. Our novel composites 

achieved the high levels of F and Ca ion release necessary for remineralization, without 

deteriorating the mechanical properties. The experimental composites similarly 

achieved potent antibacterial effects and provided significant antibacterial activity 

against biofilms derived from human saliva. These nanocomposites reduced the biofilm 

CFU by 3-4 logs and reduced the lactic acid production and metabolic activity 

substantially. Therefore, we can conclude that our novel composite resin formulations 

are promising in inhibiting recurrent caries and be sustainable for long-term. 

Nonetheless, further investigations are necessary to assess their performance in 

vivo. Similarly, longer studies evaluating the antibacterial agents’ durability after long 

term water aging and the performance of these materials under clinically-relevant 

challenges such as thermocycling and fatigue testing are critical. 
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