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ABSTRACT 

 

Title of Dissertation: Novel Dental Nanocomposites with Low-Shrinkage-Stress, Ion 

Recharge, Antibacterial and Remineralization Capabilities to Protect Tooth Structures 

Ghalia Yaseen Bhadila, BDS, GACs, MS, Doctor of Philosophy, 2021. 

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

Tissue Engineering Division, Department of Advanced Oral Sciences and Therapeutics, 

University of Maryland School of Dentistry, Baltimore, MD, USA and Dr. Michael D. 

Weir, Ph.D., Assistant Professor and Lab Manager, Biomaterials and Tissue Engineering 

Division, Department of Advanced Oral Sciences and Therapeutics, University of 

Maryland School of Dentistry, Baltimore, MD, USA. 

Committee Members: Huakun Xu, MS, Ph.D.; Michael D. Weir, Ph.D.; Nancy J. Lin, 

BS, Ph.D.; Mary Anne Melo D.D.S, M.Sc., Ph.D.; Pei Feng, MD, Ph.D.  

The objectives of this dissertation were to: (1) investigate a bioactive nanocomposite with 

strong antibacterial and ion-recharge capabilities containing dimethylaminododecyl 

methacrylate (DMAHDM) and nanoparticles of amorphous calcium phosphate (NACP), 

and evaluate long-term Ca and P ion recharge by testing for 12 cycles of recharge and 

release; (2) develop a low-shrinkage-stress (LSS) nanocomposite with antibacterial and 

remineralization capabilities through the incorporation of DMAHDM and NACP to reduce 

marginal enamel and dentin demineralization under recurrent caries biofilm-model; (3) 

investigate the effects of the new composite on biofilm inhibition, mechanical properties, 

shrinkage stress, degree of conversion, and Ca and P ion releases; and (4) investigate the 

cytotoxicity of the new LSS composite and its monomers in vitro. For the antibacterial and 



  

rechargeable nanocomposite, biofilm lactic acid and colony-forming units (CFU) were 

measured. Ion recharge was tested for 12 cycles. For the LSS antibacterial and 

remineralizing nanocomposite, mechanical properties, shrinkage stress, and degree of 

conversion were evaluated. The growth of Streptococcus mutans and multi-species salivary 

biofilms was assessed using biofilm CFU, lactic acid production, and confocal laser 

scanning microscopy. Ca and P ion releases, and human gingival fibroblasts cytotoxicity 

were measured. The bioactive rechargeable nanocomposite reduced biofilm acid 

production and viability. High levels of ion releases were maintained throughout 12 cycles 

of recharge, maintaining steady-state releases without reduction in 6 months, representing 

long-term remineralization potential. The LSS composite with DMAHDM and NACP had 

flexural strength matching that of a commercial control composite. The bioactive low-

shrinkage-stress composite substantially reduced the biofilm CFU and lactic acid 

production compared to control composite. The bioactive LSS composite exhibited no 

significant difference in antibacterial performance before and after three months of aging, 

demonstrating long-term antibacterial activity. The shrinkage stress of the bioactive low-

shrinkage-stress nanocomposite was 36% lower than that of traditional control composite, 

with similar degrees of conversion. The new bioactive nanocomposite had a satisfactorily 

low cytotoxic effect toward human gingival fibroblasts and the new monomers had 

fibroblast viability similar to that of commercial control. The two developed 

nanocomposites are promising to inhibit recurrent caries and protect the teeth with an 

intended application for reducing recurrent caries.  
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  1 

CHAPTER ONE: INTRODUCTION 
 

Background 

Dental caries is a biofilm-mediated, diet modulated, multifactorial oral disease, in which 

fermentable carbohydrates are the main factors involved in its initiation [1]. The basic 

mechanism of dental caries is demineralization of hard dental tissue promoted by organic 

acids produced by bacterial biofilms subjected to frequent sucrose exposure [2,3]. As the 

cariogenic dental biofilm becomes more mature, acidogenic and acidouric bacteria 

dominate [4]. This process is especially complicated as the human mouth has the second 

biggest microbial community in the body, with over than 700 different bacterial species [5-

7]. Therefore, one of the main strategies to control dental caries should  be through the 

control of dental biofilms [8].  

Dental caries is a chronic dental disease that affects individuals worldwide and 

presents a huge economic burden [1]. Despite significant progress in caries prevention and 

dental biomaterials, dental caries is still the most common oral disease and it costs the 

United States $298 billion annually [9]. Among adults aged 20 to 64 years of age in the 

United States, 91% had dental caries and 27% has untreated tooth decay [10]. 

Unfortunately, even after restoring carious lesion, restoration failure can occur. In general, 

the replacement of failed dental restoration accounts for 57% of all operative dental 

procedures [11]. According to a recent review, secondary caries (caries lesion developed 

adjacent to a restoration) is the main reason for restoration replacement followed by 

restoration fracture [11].  

Currently, dental composites are considered the most frequently used direct 

restorative material in restoring carious teeth [12]. This increasing popularity is due to their 
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minimally invasive approach, desirable esthetics, adequate mechanical properties and 

bonding to tooth structure [13]. However, secondary caries at the composite-tooth interface 

has been a main reason for restoration failures accounting for a great percentage (29-59%) 

of all replaced restorations [11]. A recent systematic review evaluated the longevity of 

posterior composites in adults reported an annual failure rate to be 1.55% [14]. 

 

Properties of composite restoration that increase susceptibility to 

secondary caries 

Several factors account for the high rate of secondary caries around composite restorations. 

First, resinous materials have a higher affinity to accumulate more plaque and bacterial 

biofilm on their surfaces than other restorative materials such as amalgam and glass 

ionomers [15,16]. It has been previously shown that plaque associated with composite 

restorations tends to favor the adherence of the more cariogenic bacteria, including mutans 

streptococci and lactobacilli [17]. This high biofilm accumulation on composite 

restorations is a major cause of secondary caries formation and subsequently restoration 

failures [18]. Second, resin composites are more susceptible to developing secondary caries 

due to the lack of any antibacterial components in their composition, unlike amalgam and 

glass-ionomer which contain antibacterial metal and fluoride ions, respectively [15,19]. 

Therefore, new therapeutic composites with antibacterial properties are needed. This was 

reflected in the extensive efforts that focused on developing dental materials containing 

antibacterial agents with broad-spectrum activity, low toxicity while maintaining 

satisfactory mechanical properties [20]. 
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The third factor is the marginal discrepancies of dental composites caused by 

polymerization shrinkage stress.  Upon light activation, polymerization occurs with the 

formation of a cross-linked rigid network of polymers causing shrinkage and strain on the 

tooth/restoration interface. Polymerization shrinkage of as low as 1% can create massive 

polymerization stresses that can negatively affect the composite material performance [21] 

and lead to marginal imperfections [22]. Polymerization shrinkage stresses have been 

linked to several adverse clinical outcomes such as cusp deflection, enamel crack 

propagation, reduced bond strength, microleakage at tooth-restoration interface, internal 

and marginal gap formation, and interfacial debonding [22,23]. It has been previously 

reported that the amount of interfacial debonding increased linearly with the increase of 

the polymerization shrinkage stress [24]. When the bonding strength is sufficient to resist 

the stress then cuspal deflection occurs with possible post-operative hypersensitivity or 

tooth fracture [25]. However, if the bonding strength of the adhesive system is insufficient 

to counteract the polymerization shrinkage stress, marginal gap will develop causing 

marginal leakage [25]. These marginal gaps allow the cariogenic bacteria in the oral cavity 

to invade through and colonize leading to secondary caries [26] compromising the 

longevity of the restoration (Figure 1). Therefore, the development of a resin with low 

polymerization stresses is highly needed. This is of importance because the selection of the 

composite monomer system highly influence the rate of polymerization, material handling 

characteristics, and, consequently, the performance of the restoration [27]. 
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The fourth factor is the high susceptibility of traditional resin composites to 

degradation. Dr. Bowen invented Bis-GMA/TEGDMA resin, the resin formula that has 

been used for more than 50 years in dentistry [28]. The widespread usage of Bis-

GMA/TEGDMA-based composite is due to its good mechanical performance and dentin-

matching color property [29]. Yet, when these composites are subjected to challenging 

environment such as acidic oral environment or acidogenic bacteria, they undergo 

irreversible hydrolysis and ultimately fail [30,31]. Taking into account that full 
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Figure. 1 A schematic to show the traditional resin 
volumetric shrinkage Figure 1. Traditional resin polymerization shrinkage 
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polymerization with 100% degree of conversion cannot be achieved, the release of 

unreacted monomers due to the degradation stresses may trigger bacterial adherence and 

biofilm formation [32].  Thus, the oral environment limits the longevity of the traditional 

composites due to salivary and biofilm-produced enzymes and acids [33]. Currently, the 

majority of the resinous materials are ester-containing methacrylate materials. Esterase 

enzyme, secreted by cariogenic bacteria as Streptococcus mutans (S. mutans) as well as by 

human salivary enzymes, have the ability to degrade these ester-containing materials over 

time [31,34] resulting in lower mechanical strength and hardness [35]. This hydrolytic 

and/or enzymatic degradation at the dentin-composite interface can be extensive enough to 

allow entry of cariogenic microorganisms such as S. mutans, through the created gaps 

resulting in secondary caries [26,36]. Collectively, these challenges can cause irreversible 

hydrolysis of the composite and it ultimately fails [30]. Therefore, there is a need to develop 

new non-methacrylate monomers in order to reduce ester-linkage in composites. 

Additionally, initial placement of composites usually does not provide 100% gap-

free margins [37]. Marginal gaps can result in an influx and proliferation of bacteria and 

subsequently result in secondary caries. And since the tooth-composite margin at the 

bonding interface is considered a weak area, it is highly susceptible to plaque accumulation 

and bacterial invasion [38]. Even with an initial good marginal adaptation, further chewing 

and sliding wear over time can jeopardize the sealing capacity of the restoration [39]. The 

aforementioned drawbacks of composite restorations, including secondary caries and 

polymerization stresses, together with the concerns of material degradation, call for new 

resin composites with improved properties. It would be highly desirable to develop a 
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bioactive composite with the ability to reduce polymerization shrinkage stress and bacterial 

invasion at tooth-restoration interface. 

 

Modified dental composites with enhanced properties 

Antibacterial agents: As a measure to minimize the incidence of secondary caries, 

composite restorations should be reinforced with antibiofilm agents [40]. Several trials 

have been conducted to introduce anti-caries properties and bio-interactivity into resinous 

materials [41]. Previous studies have incorporated antibacterial agents into resinous 

materials such as soluble disinfectants (e.g., chlorhexidine), antibiotics such as vancomycin 

and metronidazole [20], and zinc oxide nanoparticles into various dental materials, which 

provided strong antibacterial effects [42]. However, one disadvantage of releasing 

antibacterial agents is the initial burst release of these materials into the surrounding 

environment and the resultant short-term effect [43,44]. These materials tend to leach out 

to the surrounding environment and thus become depleted over time, not only diminishing 

their antibacterial properties but also resulting in a porous filling material with reduced 

mechanical properties [20,44]. Therefore, due to their bacterial selectivity and short-term 

effects, there was a steering towards polymerizable quaternary ammonium methacrylates 

(QAMs). 

To provide long-lasting antibacterial effects, QAMs, a class of cationic contact-

active compounds with broad spectrum antimicrobial effect, were synthesized [45]. They 

have the ability to co-polymerize and covalently bond in dental resins, thus attaining long-

term antibacterial effects [44,46-49]. The concept of immobilized antibacterial monomer 

was first introduced by Imazato et al. developing 12-methacryloyloxydodecylpyridinium 
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bromide (MDPB) [50]. MDPB was the first QAM used in dental materials and has been 

successfully commercialized (Clearfil SE Protect) [51]. After that, several novel QAMs 

were developed and incorporated into dental resins, including quaternary ammonium 

polyethylenimine (QPEI) nanoparticles [46,47,52], 2-dimethyl-2- dodecyl-1-

methacryloxyethyl ammonium iodine (DDMAI) [53,54], and dimethylaminododecyl 

methacrylate (DMADDM) [55]. Recently, dimethylaminohexadecyl methacrylate 

(DMAHDM), a mono-methacrylate monomer, has been synthesized and immobilized in 

resins to formulate strong antibacterial composites [56]. The antibacterial mechanism of 

action of QAMs is believed to be through contact-killing effect. The electrostatic 

interaction between the negatively-charged bacterial cell and the positively-charged (N+) 

sites of a QAM resin causes a disturbance in the electric balance of the lipid bilayer of the 

cell membrane and major changes to the membrane permeability. As a result, the bacterium 

bursts under its own osmotic pressure and releasing its cellular contents and subsequently 

dies [57,58] (Figure 2).  

Figure 2. The antibacterial mechanism of action of QAMs. Created with BioRender.com 
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The biological safety of these antibacterial monomers is of utmost importance; thus, 

it has been studied by several groups. The cytotoxicity of DMAE-CB has been evaluated 

against mice fibroblasts and was no more toxic than Bis-GMA [59]. Also, MDPB presented 

a cytotoxicity level against human pulpal cells similar to that of TEGDMA monomer [60]. 

Additionally, Li et al. reported the favorable fibroblast and odontoblast cells viability in 

response to QAMs with different alkyl chain lengths (CL) [56]. All tested QAMs, including 

DMAHDM, presented cytocompatibility similar to TEGDMA and 2-hydroxyethyl 

methacrylate (HEMA) and better than BisGMA [56].  Therefore, QAMs were incorporated 

into composites and bonding agents because of their antimicrobial activity and low toxicity 

[45,61]. 

QAMs-containing composite can retain its antibacterial activity due to its 

immobilization within the resin, thus providing long-term antibacterial effects. This has 

been supported in previous studies where the antibacterial effects of DMAHDM were 

maintained after one year of water aging [62]. DMADDM, a QAM with a shorter alkyl 

chain showed a similar trend in maintaining its antibacterial properties after 6 months of 

water-aging [63]. The effect of the QAM CL has been evaluated in bonding agents [56]. 

Their results showed that DMAHDM with CL of 16 had the strongest antibacterial effect 

and has been incorporated into composites and adhesives to attain potent antibacterial 

effects [64-66] (Figure 3). Since then, intensive research has been conducted on the 

promising molecule, DMAHDM.  
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Remineralizing agents: During secondary caries development, bacterial acid production 

causes demineralization that cannot be reversed merely via saliva [67]. Hence, there is a 

great need for other means of remineralizations to shift the caries balance toward 

remineralization [67]. A previous study used microencapsulated remineralizing agents of 

5.0 M Ca (NO3)2, 0.8 M NaF, 6.0 M K2HPO4 in orthodontic cement and measured ion 

release for 9 months [68]. An alternative study reported successful remineralization of 

tooth structures with calcium (Ca) ion release of approximately 0.3 mmol/L and P ion 

release of 0.05 mmol/L [69]. Another study reported the ability of an amorphous calcium 

phosphate (ACP) composite to recover 71% ± 33 % of their lost mineral in a static 

remineralization model, and to recover 38% ± 16% in a dynamic model in caries-like lesion 

using bovine enamel [70]. Additionally, in another work, an ACP-containing composite 

had the potential to remineralize tooth structure throughout the body of carious lesions due 

to the release of supersaturating levels of Ca and P ions [71]. 

With the introduction of nanotechnology in dentistry, the incorporation of 

nanoparticles of amorphous calcium phosphate (NACP) into dental resins has been 

reported [72]. These NACP particles (116 nm) are an order of magnitude smaller than 

traditional micron-sized ACP particles and have a much higher surface area (17.76 m2/g 

vs. 0.5 m2/g of previous ACP) [73,74], thus releasing more ions at a lower filler level than 

Figure 3. Chemical Structure of DMAHDM 
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that required when using traditional ACP particles [72]. Therefore, an innovative strategy 

to combat demineralization of tooth structures would be to incorporate NACP to release 

Ca and P ions. NACP composites are “smart” and significantly increase the release of Ca 

and P ions at an acidic pH when these ions would be most needed to combat caries [74]. 

This is promising because composites with the ability to release Ca and P ions can form 

hydroxyapatite and remineralize the decayed lesions by increasing the mineral level in the 

lesion [69,75] without the presence of apatite seed crystallites to initiate the 

remineralization process [76]. The NACP-containing resins were demonstrated to be 

effective in remineralizing carious lesions in human enamel and dentin under chemical 

demineralizing/remineralization cycles [77,78]. It demonstrated 48% dentin lesion 

remineralization through the release of Ca and P ions via a NACP-nanocomposite, 

compared to 5% remineralization via commercial fluoride composite [78]. Moreover, 

NACP-containing nanocomposite was successful in providing enamel remineralization 

that was 4-fold higher than that of a fluoride-releasing composite control in an in vitro 

cyclic demineralization/remineralization treatment [77]. Recently, NACP has been 

incorporated into composites and adhesives to provide ion rechargeability and increase ion 

availability using a recharge solution simulating a potential mouthwash [64,79,80] (Figure. 

4). However, only short-term studies evaluated the rechargeability of NACP with no more 

than 48 days of evaluation. To date, no studies have investigated the effect of DMAHDM 

incorporation on the ability of a NACP-containing composite to provide long-term Ca and 

P ion recharge and re-release. Only short-term recharge experiments have been conducted 

for no more than 6 cycles of recharge and re-release. In this thesis, the long-term ion 
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rechargeability of an antibacterial and NACP-containing composite will be evaluated for 

181 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modified monomer composition and polymerization mechanism: The final properties 

of the set composite are dictated by the polymer network formation and its composition 

[81]. Extensive research was directed toward developing composite formulations with 

reduced polymerization stress as a method to minimize cuspal deflection and interfacial 

Figure 4. The mechanism of recharge of NACP 
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debonding [82]. For example, several trials have been conducted to improve the available 

resin’s performance by changing the resin-monomer system and the polymerization 

mechanisms. Previous efforts have been dedicated to developing low-shrinkage-stress 

resins, either by the use of a ring-opening polymerization mechanism (silorane monomer), 

or the use of high molecular weight monomers [22], or addition-fragmentation-chain 

transfer monomer [83], vinylcyclopropanes [84,85] or even through the use of thiole-ene-

methacrylate systems to delay stress generation [86]. Nevertheless, some thiol monomers 

have bad odor, and their polymer networks present low mechanical properties [85]; the 

addition-fragmentation-chain transfer monomers could diminish the double bond 

conversion considerably [87]. Additionally, a previous study compared the effect of using 

two different photoinitiator systems on the polymerization stress generation, total cusp 

deflection and marginal integrity [81]. Another study reported a modified monomer system 

by replacing TEGDMA in the traditional resin with Tricyclo (5.2.1.0) decanedimethanol 

dacrylate (SR833s) and isononyl acrylate (IBOA) monomers [88]. This decreased the 

polymerization shrinkage strain and stress; however, the degree of conversion was also 

reduced [88]. Recently, a new resin system has been developed and consisted of urethane 

dimethacrylate (UDMA) and a hydrolytically-stable and ether-based triethylene glycol 

divinylbenzyl ether (TEG-DVBE) copolymers [89]. The diluent monomer used in this new 

resin system is, TEG-DVBE, a styrene derivative monomer which has demonstrated a 

unique ability in resisting degradation under several hydrolytic and enzymatic challenges 

[31]. Also, the use of TEG-DVBE allowed the reduction of about 50% of the hydrolysable 

ester group in the resin system [89]. Therefore, the use of a hydrolytically stable monomer 

(TEG-DVBE) has the potential to minimize biological degradation of the tooth-restoration 
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bond and enhance the performance and the durability of the composite. However, its low 

viscosity makes it suitable to serve as a diluent monomer that needs a base monomer. 

Therefore, a high molecular weight monomer, UDMA, was used as a base monomer in this 

system. Compared to Bis-GMA, UDMA reduces the potential concerns of the estrogenicity 

of Bis-GMA-based resins [90] and has higher stability to resist salivary hydrolysis [35]. 

Finally, the polymerization rate of TEG-DVBE improves with the addition of UDMA, 

indicating a synergistic effect between UDMA and TEG-DVBE in which UDMA can act 

as a co-initiator for TEG-DVBE [89]. The performance of this resin was assessed 

previously, but without the addition of antibacterial or remineralizing agents [29]. This 

thesis will focus on the development of a new antibacterial and remineralizing low-

shrinkage-stress composite through the incorporation of DMAHDM and NACP into this 

unique low-shrinkage-stress resin formula. 

 

 

 

 

 

Despite the developments in composite compositions and performance, further 

improvement can be reached by developing a low-shrinkage-stress antibacterial and 

remineralizing dental composite. To date, there have been no other report on the 

incorporation of DMAHDM and NACP into a low-shrinkage and hydrolytically stable 

dental resin to achieve dental composite with strong, enduring antibacterial and Ca and P 

ion release capabilities with low-shrinkage stresses. 

Figure 5. Chemical structure of TEG-DVBE monomer 



  14 

Specific Aims  

Aim 1: Investigate a bioactive nanocomposite with strong antibacterial and ion-recharge 

capabilities containing DMAHDM and NACP, and evaluate, for the first time, long-term 

Ca and P ion recharge by testing for 12 cycles.  

Aim 2: Develop the first low-shrinkage-stress nanocomposite with antibacterial and 

remineralization capabilities through the incorporation of DMAHDM and NACP and 

investigate the effects on biofilm inhibition, mechanical properties, shrinkage stress, 

degree of conversion, and Ca and P ion releases; and on marginal enamel hardness.  

Aim 3: Evaluate the sustainability of the antibacterial effect of the triple benefit low-

shrinkage-stress, antibacterial and remineralizing nanocomposite against Streptococcus 

mutans biofilms; and the remineralization and cariostatic potential on dentin under a 

biofilm-induced recurrent caries model.  

Aim 4: Evaluate the sustainability of the antibacterial effect of the triple benefit low-

shrinkage-stress, antibacterial and remineralizing nanocomposite against salivary biofilm 

model, and to investigate the cytotoxicity of the new composite and its monomers. 

Central Hypothesis  

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

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

bioactive composite with margin-protection, antibacterial, and remineralization 

capabilities to protect tooth structures, without compromising mechanical and chemo-

physical properties of the composite. 
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CHAPTER TWO: Novel antibacterial calcium phosphate 

nanocomposite with long-term ion recharge and re-release to inhibit 

caries 

Chapter abstract  

Objectives:  Calcium (Ca) and phosphate (P) ion-rechargeable composites were 

developed; however, only short-term studies have been reported. The long-term 

rechargeability is clinically important but currently unknown. The objectives of this study 

were to investigate a bioactive nanocomposite with strong antibacterial and ion-recharge 

capabilities containing dimethylaminododecyl methacrylate (DMAHDM) and 

nanoparticles of amorphous calcium phosphate (NACP), and evaluate long-term Ca and P 

ion recharge by testing for 12 cycles (taking about 6 months to complete) for the first 

time.  

Methods: NACP (mean particle size = 116 nm) and DMAHDM were 

synthesized. Ethoxylated bisphenol A dimethacrylate (EBPADMA) and pyromellitic 

glycerol dimethacrylate (PMGDM) formed the resin EBPM. Three groups were tested: 

(1) Heliomolar control; (2) 30 % EBPM + 20 % NACP + 50 % glass; (3) 27 % EBPM + 

3 % DMAHDM + 20 % NACP + 50 % glass (all mass %). Biofilm lactic acid and 

colony-forming units (CFU) were measured. Ion recharge was tested for 12 cycles. 

Results: Flexural strength and elastic modulus of composites were similar (p > 

0.1). NACP-DMAHDM composite reduced lactic acid, and reduced biofilm CFU by 

almost 4 logs. Both NACP and NACP-DMAHDM composites had similarly high levels 

of Ca and P ion recharge and re-release (p > 0.1). The ion release was maintained 
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through-out 12 cycles of recharge, reaching a steady-state without reduction in 6 months 

of repeated recharge and re-release (p > 0.1), representing the potential for long-term ion 

release and remineralization. 

Conclusions: Bioactive nanocomposite demonstrated long-term Ca and P ion-

rechargeability for the first time, with remineralization potential, good mechanical 

properties and potent anti-biofilm function, showing promise for tooth cavity restorations 

to combat caries. 

 

2.1. Introduction  

Resin composites are the most frequently used direct restorative material due to their 

conservative removal of tooth structure, improved esthetics, and direct filling capabilities 

[13,91]. However, composites still present some serious drawbacks, including recurrent 

caries, restoration fracture, and marginal leakage [23]. Marginal leakage allows for 

bacterial entry, proliferation, and production of acids, subsequently resulting in recurrent 

caries. Recurrent caries is considered one of the two main reasons to replace an existing 

restoration [23,92], followed by restoration fracture [93,94]. The replacement of failed 

dental restorations constitutes approximately 50% to 70% of performed operative dental 

procedures [93,95], which involves removal of additional tooth structure, resulting in a 

weaker tooth that is more susceptible to fracture [19]. Therefore, there is a strong need to 

develop a new generation of bioactive dental composites with antibacterial and 

remineralization abilities [92,96].  

Quaternary ammonium methacrylates (QAMs) were synthesized and incorporated 

into resins to produce antibacterial effects [44,48,52]. QAMs are a class of cationic 
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compounds with a broad-spectrum antimicrobial effect [97,98]. The alkyl chain length 

(CL) of quaternary ammonium compounds has been correlated with their antibacterial 

effectiveness [56,99-101]. Recently, dimethylaminohexadecyl methacrylate (DMAHDM) 

with a CL of 16 was synthesized and shown to have stronger antibacterial properties than 

QAMs with shorter CLs [56]. DMAHDM has been incorporated into composites and 

adhesives that showed potent antibacterial properties against a wide range of oral 

pathogens [56,100,102-104]. 

Another way to combat dental caries is through the application of remineralizing 

materials that can release calcium (Ca) and phosphate (P) ions, which constitute the major 

mineral component of the tooth structure. Nanoparticles of amorphous calcium phosphate 

(NACP) were synthesized and previously incorporated into composites that promoted tooth 

remineralization through the release of high levels of Ca and P ions [105] especially in 

challenging acidic environments where they are most-needed [74]. NACP composite had 

the capability of being repeatedly recharged to provide ion re-release, thereby 

demonstrating a long-term remineralization potential [64,80]. A previous study showed the 

rechargeability of Ca and P ions for a NACP containing composite through six cycles of 

recharge and re-release taking 48 days to complete [64]. However, that rechargeable NACP 

composite had no antibacterial properties [80]. The rechargeability of protein-repellant 

adhesive [106], protein- repellant nanocomposite [107] and antibacterial EBPM composite 

[64] were investigated through only three cycles of recharge and re-release cycles taking 

45 days to complete. To date, there has been no report on the long-term Ca and P ion 

recharge and re-release capabilities that extend beyond 6 cycles of recharge and re-release 

with time periods longer than 48 days.  
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The objective of this study was to investigate the long-term Ca and P ion release 

and remineralization potential of a bioactive NACP-DMAHDM composite by evaluating 

12 cycles of recharge and re-release which took 6 months to complete, for the first time. It 

was hypothesized that: (1) The long-term Ca and P ion recharge and re-release would not 

be compromised by the addition of DMAHDM; (2) The rechargeable NACP-DMAHDM 

composite would have much less biofilm growth and lactic acid production, compared to 

groups without DMAHDM; (3) The new bioactive composite would provide long-term 

remineralization with maintained Ca and P ion release throughout the 12 cycles of recharge 

and re-release.  

 

2.2. Materials and methods  

2.2.1 Fabrication of composite containing DMAHDM  

The resin matrix consisted of 49.5% ethoxylated bisphenol A dimethacrylate 

(EBPADMA) (Esstech, Essington, PA, USA) and 49.5% pyromellitic glycerol 

dimethacrylate (PMGDM) (Esstech, Essington, PA, USA) (all mass % unless specified 

otherwise). In addition, 0.2% camphorquinone and 0.8% ethyl 4-N,N-

diethylaminobenzoate were added for light-cure activation. This resin was referred to as 

EBPM [108].  

DMAHDM was synthesized using a modified Menschutkin reaction, in which a 

tertiary amine group was reacted with an organ-halide [109]. Briefly, 10 mmol of 2- 

(dimethylamino) ethyl methacrylate (DMAEMA, Sigma-Aldrich, St. Louis, MO, USA), 

10 mmol of 1-bromododecane (BDD, TCI America, Portland, OR, USA), and 3 g of 

ethanol were combined in a vial, which was stirred at 70°C to react for 24 h. When the 
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reaction was completed, the ethanol solvent was eliminated by evaporation to yield a 

colorless, clear and viscous DMAHDM liquid [101]. DMAHDM was incorporated into 

EBPM at a mass fraction of DMAHDM/(EBPM+DMAHDM) = 10%. A total filler mass 

fraction of 70% was incorporated into the resin matrix as described below, thus resulting 

in a 3% DMAHDM mass fraction in the final composite, following a previous study [101].  

A spray-drying technique was used to synthesize NACP by dissolving 0.8 g of calcium 

carbonate and 5.094 g of di-calcium phosphate anhydrous in 1.5125 g of acetic acid. The 

Ca and P ionic concentrations were 8 mmol/L and 5.333 mmol/L, respectively. This 

solution was sprayed into a heated chamber of the spray-drying machine, and then an 

electrostatic precipitator was used to collect the dried NACP particles. The NACP had a 

Ca/P molar ratio of 1.5, similar to that of ACP (Ca3(PO4)2) [74]. The mean particle size 

was 116 nm [74].  

Silanized barium boroaluminosilicate glass particles with a median size of 1.4 μm 

(Caulk/ Dentsply, Milford, DE, USA) were used for mechanical reinforcement of the 

composite. The total filler mass fraction in the resin was 70%, including 20% NACP and 

50% glass, which were readily mixed into the resin mixture using a Speed-Mixer (DAC 

150.1, FlackTek, Inc., Landrum, SC, USA) to produce a cohesive composite paste. A 

commercial composite (Heliomolar, Ivoclar, Ontario, Canada) was used as a comparative 

control. It contained 66.7% nano-fillers of 40 to 200 nm of silica and ytterbium- trifluoride 

with fluoride-releasing capabilities.  

Three groups of composites were included in the subsequent experiments: 

(1) Heliomolar (referred to as commercial control composite); 

(2) Rechargeable NACP composite: 30% EBPM+20% NACP+50% glass (referred to as 
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Rechargeable NACP); 

(3) Rechargeable antibacterial NACP-DMAHDM composite: 27% EBPM+3% 

DMAHDM+20% NACP+50% glass (referred to as Rechargeable NACP-DMAHDM).  

 

2.2.2 Flexural Strength and Modulus of Elasticity  

Stainless steel mold of 2×2×25 mm was used to fabricate samples for measurements of 

flexural strength and modulus of elasticity. Each composite paste was placed into a mold, 

covered with Mylar strips and light-cured (Triad 2000, Dentsply, York, PA, USA) for 1 

min on each side. The irradiance of the Triad 2000 curing unit was previously calculated 

to be 65 mW/cm2  [110]. Specimens were incubated in an oven at 37°C for 24 h. Flexural 

strength and elastic modulus were measured using a three-point flexural test with a 10 mm 

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

Machine (5500R, MTS, Cary, NC, USA) [74,111]. Flexural strength S was calculated by: 

S=3PmaxL/ (2bh2), where Pmax is fracture load, L is span, b is specimen width and h is 

specimen thickness. Elastic modulus E was calculated by: E=(P/d) (L3/(4bh3)), where load 

P divided by displacement d is the slope in the linear elastic region of the load-displacement 

curve [74,111]. 

 

2.2.3. Composite Surface Roughness  

Composite bars with approximately 2×2×12 mm dimensions were used for surface 

roughness assessments before starting the ion release and recharge. The average surface 

roughness (Ra, μm) was measured with a Mitutoyo (SJ-310 SURFTEST) surface 

roughness tester following a previous study (n=6) [112]. In a previous study, composite 
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surfaces produced using Mylar strips showed surface roughness values that were not 

significantly different from the Enhance/BisCover finishing protocol [113]. Both the 

Enhance/Biscover and the Mylar strip- formed surfaces were much smoother than other 

surfaces produced by various finishing and polishing procedures [113]. Therefore, in the 

present study, the surface roughness measurement was done on composite surfaces 

produced using Mylar strips. The surface roughness device had a 5 μm stylus tip radius.  

 

2.2.4. Samples for biofilm testing  

Sample disks were fabricated using molds with a diameter of 9 mm and thickness of 2 mm. 

Disks were light-cured (Triad 2000; Dentsply, York, PA, USA) for 1 min on each side 

[100]. The cured disks were immersed in distilled water and magnetically stirred at 100 

rpm for 1 h to remove the initial burst of uncured monomers, following previous studies 

[114]. The disks were then sterilized with ethylene oxide (Anprolene AN 74i, Andersen, 

Haw River, NC, USA) and degassed for 7 days following the manufacturer's instructions.  

 

2.2.5. Bacteria inoculation and biofilm formation  

The bacterial experiments were approved by the University of Maryland Baltimore (UMB) 

Institutional Review Board (IRB). S. mutans biofilm was selected in the current study 

because S. mutans is one of the main pathogenic bacteria highly associated with secondary 

caries formation around composite restorations [115]. S. mutans showed its ability to create 

an aggressive plaque biofilm and acidify the local plaque environment, all of which 

contributed to caries formation [116,117]. S. mutans was obtained from the American Type 
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Culture Collection (ATCC 700610, UA159, Manassas, VA, USA). S. mutans was 

inoculated in brain heart infusion broth (BHI, Difco, Sparks, MD, USA) at 37°C under 

aerobic condition (5% CO2) for 16 h and then adjusted to 107 colony-forming units 

(CFU)/mL using a spectrophotometer (Genesys 10S, Thermo Scientific, Waltham, MA, 

USA) based on the OD 600 nm versus CFU/mL. This adjusted suspension was used as the 

inoculum.  

Composite disks were placed in a 24-well plate filled with 1.5 mL of BHI 

supplemented with 1% sucrose and the adjusted S. mutans inoculum. After 24 h, the disks 

with adherent biofilm were transferred to a new 24-well plate filled with fresh medium, 

according to a previous study [118]. Biofilms on disks were grown for 48 h to form 

relatively mature biofilms.  

 

2.2.6. Live/dead staining assay  

Composite disks (n = 3) with 48 h biofilm were gently washed three times with phosphate 

buffered saline (PBS), then stained with Live/Dead Baclight bacterial viability kits 

following the manufacturer’s instructions (Molecular Probes, Eugene, OR, USA) [56,119]. 

SYTO 9 and propidium iodide were mixed at 1:1 ratio and used to stain the disks for 15 

min. Live bacteria were stained with SYTO 9 to radiate a green fluorescence. Dead bacteria 

with compromised cell membrane were stained with propidium iodide to radiate a red 

fluorescence. Images of stained disks were captured with an inverted epifluorescence 

microscope (TE2000-S, Nikon, Melville, NY, USA). The images were captured with the 

red and green fluorescence filters separately and then overlaid to become a single image. 
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The time and location of the captured images (green and red fluorescence) were kept 

constant.  

 

 
2.2.7. Biofilm CFU counts  

Disks with 2-day biofilms were transferred into a new 24-well plate filled with 1mL 

phosphate buffered saline (PBS). The biofilm was harvested by scraping and 

sonication/vortexing (Fisher, Pittsburg, PA, USA), according to previous studies [56,100]. 

The suspensions were serially diluted and spread on BHI agar plates to evaluate the number 

of S. mutans colonies. After 48 h incubation at 37°C in 5% CO2, the number of colonies 

was counted and used with the dilution factor to determine the CFU counts.  

 

2.2.8. Lactic acid production by biofilms  

Disks with 2-day biofilms were washed three times with PBS, and then immersed in a 24- 

well plate filled with 1.5 mL of buffered peptone water (BPW; Sigma-Aldrich) 

supplemented with 0.2% sucrose. The 24-well plate was incubated at 37°C in 5% CO2 for 

3 h [100,101]. The lactate concentrations produced by biofilms were determined using an 

enzymatic method via the lactate dehydrogenase approach. This was accomplished by 

measuring the absorbance at an OD 340 nm using a microplate reader (SpectraMax M5, 

Molecular Devices, Sunnyvale, CA, USA) with known lactic acid standards (Supelco 

Analytical, Bellefonte, PA, USA) and calibration curves, according to previous studies 

[100,101] (n=5).  
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2.2.9. Measurement of Ca and P ion release from NACP composite  

For ion release measurements, only group 2 and 3 were tested for Ca and P ion release, the 

commercial control composite was not included as it is not expected to release Ca and P 

ions. To Simulate a cariogenic condition in the oral cavity, a sodium chloride (NaCl) 

solution (133 mmol/L) buffered to pH 4 using 50 mmol/L lactic acid was used to measure 

the ion release [74,120]. Three specimens of approximately 2×2×12 mm were immersed 

in 50 mL of NaCl solution. This had a specimen volume/solution of 2.9 mm3/mL, 

following previous studies [64,69]. Calcium and phosphate ion concentrations released 

from the specimens were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63 and 70 days 

[64]. At each time point, aliquots of 0.5 mL were removed and replaced by fresh solution 

[64,80]. The aliquots were analyzed for Ca and P ion concentrations using a 

spectrophotometric method (DMS-80 UV– vis, Varian, Palo Alto, CA, USA) via known 

standards and calibration curves (n=8) [64,80]. The measured ion releases are stated as the 

“initial release”, to distinguish it from the recharge and re-release in the section below.  

 

2.2.10. Ca and P ion recharge and re-release  

After the completion of the initial ion release for 70 days, the same specimens were used 

for the recharge and re-release test. The Ca ion recharge solution contained 20 mmol/L 

CaCl2 and 50 mmol/L of 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) 

buffer, while the P ion recharge solution contained 12 mmol/L KHPO4 and 50 mmol/L 

HEPES buffer. Both solutions were adjusted to pH 7 using 1 mol/L KOH [71]. Three 

specimens of approximately 2×2×12 mm were immersed in 5 mL of the calcium or 

phosphate solution and gently agitated for 1 min on a vortex machine (Analog Vortex 
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Mixer, Fisher Scientific, Waltham, MA, USA) at a power level of 3 in order to simulate 

the mouthwash usage action. Then the specimens were rinsed with distilled water for 1 min 

to remove any loosely attached ion deposits on specimen surfaces. Following previous 

studies, the recharge was repeated three times at 9:00 am, 1:00 pm and 5:00 pm for one 

day, for a total of 3 min of recharge [79,80]. Then these recharged specimens were 

immersed into a 50 mL NaCl (133 mmol/L) solution at pH 4 to measure the ion re-releases 

at 1, 3, 5, 7, 9 and 14 days [64,80]. This constituted one cycle of recharge and re-release. 

The second cycle was then started by recharging the samples for another 3 min, and the ion 

re-releases were measured for another 14 days. Each cycle took 15 days, with the test of 

12 cycles taking nearly half a year to complete.  

 

2.2.11. Statistical analysis  

Statistical analyses were performed with SPSS, version 25.0 (SPSS Inc., Chicago, IL, 

USA) at an alpha of 0.05. One-way analysis of variance (ANOVA) and Tukey's multiple 

comparison tests were used to detect the significant effects of the variables. T-test was used 

for the analysis of Ca and P initial ion release and recharge and re-release. Each error bar 

represents a standard deviation (SD) and serves as the estimate for measurement 

uncertainty.  

 

2.3. Results 

Fig. 6 (A and B) plots the flexural strength and modulus of elasticity of the three groups 

(mean ± SD; n=6). The three composites had equivalent mechanical properties (p > 0.05). 
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The rechargeable NACP-DMAHDM composite showed no significant difference in 

flexural strength and modulus of elasticity when compared to those without DMAHDM 

(p>0.05). This indicates that adding DMAHDM and NACP did not compromise the 

mechanical properties. Fig. 1C plots the composite surface roughness (mean ± SD; n=6). 

Adding 3% DMAHDM did not significantly affect the roughness of the composite, 

compared to that without DMAHDM (p > 0.05). Both rechargeable composites had a 

surface roughness matching that of the commercial control composite (p > 0.05).  
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Figure 6. Mechanical properties of composites: (A) Flexural strength, 

(B) elastic modulus, and (C) Surface roughness of composites 
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Representative live/dead images of 2-day biofilms on the composites are presented 

in Fig. 7. Both the commercial control and the rechargeable-NACP composite with 0% 

DMAHDM were mostly covered by live bacteria as represented by the green color. On the 

other hand, the rechargeable NACP-DMAHDM composite showed less live bacteria, and 

was mostly covered by dead bacteria, represented by the red color.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Representative live/dead staining images of 48 h biofilms on composites 
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The CFU counts are plotted in Fig. 8A for 2-day biofilms on composites (mean ± 

SD; n=5). The CFU counts on disks containing DMAHDM were about 3 to 4 orders of 

magnitude less than those without DMAHDM. The Rechargeable NACP-DMAHDM 

composites were the most effective in reducing biofilms when compared to the commercial 

control and the rechargeable NACP composite without DMAHDM (p < 0.05). The level 

of bacterial lactic acid production is plotted in Fig. 8B (mean ± SD; n=5). Both the 

commercial control and the rechargeable-NACP composite with 0% DMAHDM had a 

similar metabolic activity and high lactic acid production (p>0.1). In comparison, the 

rechargeable NACP-DMAHDM composite showed significant reduction in lactic acid 

production of biofilms (p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Biofilm growth on composites. (A) Colony-forming unit (CFU) counts, and 

(B) Lactic acid production of 48 h biofilms on composites 
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Fig. 9 presented the initial ion release of Ca and P ions (mean ± SD; n=8): (A) Ca 

ion release, and (B) P ion release. There was no significant difference in Ca and P initial 

ion release among the two groups (p>0.1) as both showed increasing ion concentrations 

with time. At day 70, the rechargeable NACP-DMAHDM composite had Ca ion release of 

7.78 ± 0.16 mmol/L and the P ion release was 6.11 ± 0.12 mmol/L.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 9. Initial ion release from the virgin composites 
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The results of the twelve cycles of ion recharge and re-release are shown in Fig. 10 

(mean ± SD; n=4): (A) Ca ion re-release, and (B) P ion re-release. Both composites had 

continuous ion release after each recharge. For the Ca ion release, the rechargeable NACP- 

DMAHDM composite had ion release of 0.40±0.07 mmol/L by the end of cycle six, and 

0.36±0.02 mmol/L by the end of cycle 12 (p>0.1). For the P ion release, the rechargeable 

NACP-DMAHDM composite had ion release of 0.32±0.01 mmol/L by the end of cycle 

six, and 0.30±0.02 mmol/L by the end of cycle 12 (p>0.1). There was a steady-state of ion 

re-release from cycles 5 to 12, without significant decrease with increasing the number of 

cycles (p>0.1).  

 

 

 

Figure 10. Calcium and phosphate ion recharge and re-release from the rechargeable NACP composites 
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Fig. 11 plots the ion re-release at day 14 of each cycle: (A) Ca ion re-release, and 

(B) P ion re-release (mean ± SD; n=4). It clearly shows the trend of a moderate decrease 

in ion release from cycles 1 to 5, and reaching a steady-state of ion re-release from cycles 

6 to 12. These results demonstrated that (1) the addition of DMAHDM to the rechargeable 

NACP composite did not adversely affect the ion recharge and re-release with increasing 

the number of cycles; (2) The steady-state of ion re-release indicates continuous ion 

recharge and re- release to provide long-term ion availability for remineralization.  
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2.4. Discussion 

The present study investigated an antibacterial and remineralizing nanocomposite through 

the incorporation of DMAHDM and NACP, and evaluated 12 cycles of ion recharge and 

re-release for the first time, which took 6 months to test. The nanocomposite demonstrated 

significant antibacterial effects, high levels of initial Ca and P ion release, and long-term 

ion recharge and re-release capabilities. Incorporating DMAHDM and NACP into the 

nanocomposite did not adversely influence the mechanical properties, which were similar 

to that of a commercial composite. The incorporation of DMAHDM did not compromise 

Figure 11. Calcium and phosphate ion re-release concentrations at the last day (day 14) 

for each cycle of recharge and re-release. 
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the Ca and P ion release and long-term rechargeability of the composite in the 12 cycles, 

while reducing biofilm quantity, lactic acid production, and CFU counts by 3 to 4 logs.  

Various chemical compositions of QAMs have been previously developed and 

incorporated into dental resins including, quaternary ammonium polyethyleneimine 

(QPEI) nanoparticles and 12-methacryloyloxydodecylpyridinium bromide (MDPB) that 

showed sustained and long-lasting antibacterial effects that do not diminish over time, 

without compromising other needed mechanical properties of the material [52,121]. A 

previous study investigated the effect of QAM alkyl chain length of a series of antibacterial 

monomers on the cytotoxicity of human gingival fibroblasts and odontoblast-like cells in 

vitro [56]. The results showed that DMAHDM had a minimal cytotoxicity that matched 

HEMA and TEGDMA, with significantly less cytotoxicity than BisGMA. In addition, they 

found that when using the cured resin eluents on odontoblast-like cells, the cell viability 

for the DMAHDM group was similar to the control group using culture medium without 

any resin eluents [56].  

In the present study, incorporating 3% DMAHDM into the nanocomposite reduced 

lactic acid production by S. mutans to one-tenth that of the commercial control composite 

and reduced CFU counts by 3-4 logs, when compared to other control groups. Lactic acid 

is the primary acid that accounts for 70% of all bacteria-produced acids responsible for 

tooth demineralization [122]. This renders the new rechargeable NACP-DMAHDM 

composite to be a powerful tool to combat dental caries. In a previous study, the 

antibacterial activity of a rechargeable NACP-DMAHDM composite was investigated via 

a dental plaque microcosm biofilm model and showed a CFU reduction of 3 to 4 logs in S. 

mutans biofilm alone, as well as in a total microorganism biofilm [64]. These results were 



  35 

similar to the 3 log CFU reduction achieved in the current study. Another study investigated 

the antibacterial effects of different DMAHDM concentrations using a multispecies 

biofilm model consisting of S. mutans, Streptococcus sanguinis (S. sanguinis) and 

Streptococcus gordonii (S. gordonii), and showed 2-3 logs in biofilm CFU reduction [102]. 

Wang et al. investigated the antibacterial effects of DMAHDM-containing composite 

against biofilms with 1, 3, 6 and 9 species of periodontal pathogens. Although their results 

indicated a slightly decreasing killing-efficacy of DMAHDM with increasing the number 

of bacterial species, the composite was still able to reduce the nine-species biofilm CFU 

by nearly 44 folds [65]. These results indicate that the DMAHDM-containing resin is 

effective in inhibiting both single species and multispecies biofilms, which warrant further 

study. In a previous study, the effects of salivary pellicles on bonding agents containing 

dimethylaminododecyl methacrylate (DMADDM) on biofilm inhibition were investigated. 

Indeed, pre-coating of salivary pellicles on the resins moderately reduced the antibacterial 

effects of DMADDM. However, the DMADDM-containing bonding agent resin still 

reduced the biofilm CFU by nearly two orders of magnitude even with the presence of 

salivary pellicle coating on the resin surface [123]. In our current study, DMAHDM with 

a longer alkyl chain than DMADDM was used, hence DMAHDM had a stronger 

antibacterial activity than DMADDM. Therefore, it is expected that the DMAHDM resin 

would have a strong antibacterial function even with salivary pellicle coating on the resin 

surface. Further studies are needed to investigate a more complex multispecies biofilm 

model with salivary protein pellicle coating to better assess the antibacterial activity of the 

novel ion-rechargeable NACP-DMAHDM composite.  
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QAMs have antibacterial effects against a wide spectrum of microbes, including 

bacteria and fungi [44]. A limited number of studies investigated the possible development 

of antibacterial drug-resistance against QAMs. A recent study addressed the concerns of 

persisters in S. mutans biofilm when using DMAHDM [124]. The tolerance of surviving 

S. mutans persisters in the initial population to DMAHDM was not transferred to the 

subsequent generations [124]. DMAHDM-induced S. mutans persister biofilms could be 

totally eradicated by using higher concentrations of DMAHDM [124]. In addition, no 

increase in minimum inhibitory concentration (MIC) values was detected between S. 

mutans parental strain and S. mutans persisters induced by DMAHDM, indicating that the 

surviving bacterial strain was not a resistant strain [124]. In another study by Kitagawa et 

al., the development of bacterial resistance using S. mutans and Enterococcus faecalis (E. 

faecalis) after repeated exposures to cationic antimicrobial agents was assessed. They 

showed that after 10 passages of exposure to cationic biocides, S. mutans and E. faecalis 

did not exhibit any resistance to MDPB, a QAM antibacterial agent [125]. Therefore, while 

these studies indicated no oral bacterial resistance to QAMs, further studies are needed on 

the possible development of antibacterial drug- resistance against QAMs after longer term 

exposures.  

NACP has shown its smart ability to release high levels of Ca and P ions especially 

at acidic pH environments where demineralization of tooth structure occurs, without 

negatively affecting the mechanical properties of the material [74,120], and without the 

presence of apatite seed crystallites to initiate the remineralization process [76]. Previous 

studies reported the ability of nanocomposite containing NACP and a poly (amido-amine) 

(PAMAM) dendrimer as nucleation template to remineralize the pre-demineralized human 
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dentin in a cyclic artificial saliva/lactic acid challenge environment and increase dentin 

hardness to match the hardness of pre-demineralized dentin [77,126]. Utilizing a human in 

situ model, a NACP containing composite was also able to inhibit caries formation through 

the release of high levels of Ca and P ions that increased at lower cariogenic pH levels 

[120]. When microradiographs were taken, less carious lesions were observed in enamel 

around the NACP containing composite, when compared to commercial control [120]. 

Recently, a rechargeable NACP-composite was developed and demonstrated Ca and P ion 

recharge and re-release capabilities [64,80]. However, the rechargeability of the NACP-

composite was tested over a short duration. The present study developed an antibacterial 

and rechargeable NACP-composite and investigated its long-term ability to recharge and 

re-release Ca and P ions.  

The results of the current study showed that incorporating 20% NACP into the 

composite released high levels of Ca and P ions and was successfully recharged with Ca 

and P ions over 12 cycles of ion recharge and re-release, allowing the composite to serve 

as a Ca and P ions reservoir capable of providing long-term remineralization. Previous 

studies on resin-based Ca-P cements released Ca and P ions at levels of 0.3 mmol/L and 

0.05 mmol/L, respectively, which were shown to be sufficient to remineralize tooth lesions 

[69]. The present study incorporated NACP with a much smaller particle size of 116 nm 

and a higher surface area of 17.76 m2/g when compared to 0.5 m2/g of traditional CaP 

particles. The NACP- composite in the present study released 0.36 mmol/L and 0.3 mmol/L 

of Ca and P ions, respectively, after 12 cycles of recharge and re-release. These findings 

indicate that the levels of Ca and P ion releases exceeded the needed levels for 
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remineralization as shown by previous studies [69]. Therefore, the present rechargeable 

composite possessed a long-term ion- release and remineralization capability.  

The EBPM resin used in the present study is responsible for the rechargeability of 

the composite, due to the presence of the PMGDM monomer. PMGDM contains active 

carboxylate groups that can chelate with Ca or P ions in recharge solutions at pH 7. During 

an acidic attack, the bond between the PMGDM and Ca ions can break, releasing these 

ions into the surrounding surfaces. After the initial Ca and P ion release, the sites previously 

occupied by the Ca and P ions become vacant to accept incoming ions from the recharge 

solution. This Ca and P chelation ability allows for ion release and re-uptake by the EBPM 

resin [80]. The recharge solution used in the present study simulates a potential mouthwash 

containing Ca and P ions that can be used by the patient for 3 minutes/day for one day, 

which can provide two weeks of continues ion release. This could be especially beneficial 

for high caries risk patients.  

The incorporation of NACP and DMAHDM into the composite produced 

antibacterial and remineralization capabilities without compromising the flexural strength 

and modulus of elasticity of the material. It is important for composite to be strong and 

capable of withstanding high chewing forces, especially when used in Class I and Class II 

restorations. The uncompromised flexural strength of the NACP-DMAHDM composite 

can be attributed to the addition of the reinforcing glass particles. Surface roughness is 

another important property for resin-composites, as rough restoration surfaces retain more 

plaque, cause superficial staining, and gingival inflammation; and thus affect the whole 

clinical performance of the dental restoration [112,127]. Incorporating DMAHDM and 
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NACP into the composite showed surface roughness values similar to that of commercial 

control. 

This study evaluated a bioactive and therapeutic composite can shift the clinical 

practice into a more conservative and minimally invasive practice by killing remaining 

bacteria and remineralizing demineralized tooth lesions due its antibacterial properties, 

remineralization capability, and long-term recharge and re-release effect. Further studies 

are needed to investigate caries-inhibition using an in-situ model simulating clinical 

applications to evaluate the efficacy of the rechargeable NACP-DMAHDM composite.  
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CHAPTER THREE: Low-shrinkage-stress nanocomposite: An insight 

into shrinkage stress, antibacterial and ion release properties1 

Chapter abstract  

Objectives: (1) To develop the first low-shrinkage-stress nanocomposite with 

antibacterial and remineralization capabilities through the incorporation of 

dimethylaminododecyl methacrylate (DMAHDM) and nanoparticles of amorphous 

calcium phosphate (NACP) to reduce marginal enamel demineralization under biofilms; 

(2) to investigate the effects of the new composite on biofilm inhibition, mechanical 

properties, shrinkage stress, degree of conversion, and calcium (Ca) and phosphate (P) ion 

releases; and (3) investigate the cytotoxicity of the new low-shrinkage-stress monomer in 

vitro.  

Methods: The low-shrinkage-stress resin consisted of urethane dimethacrylate 

(UDMA) and triethylene glycol divinylbenzyl ether (TEG-DVBE). Composite was 

formulated with 3% DMAHDM and 20% NACP. Mechanical properties, shrinkage stress, 

and degree of conversion were evaluated. The growth of Streptococcus mutans (S. mutans) 

on composites and enamel slabs with different composites was assessed. Ca and P ion 

releases and monomer cytotoxicity were measured.  

Results: Composite with DMAHDM and NACP had flexural strength of 84.9 ± 

10.3 MPa (n = 6), matching that of a commercial control composite. Adding 3% 

DMAHDM did not negatively affect the composite ion release. 

 

1 This chapter contains major excerpts from this article, “Low‐shrinkage‐stress nanocomposite: An insight 

into shrinkage stress, antibacterial, and ion release properties”. Journal of Biomedical Materials Research 

Part B: Applied Biomaterials, 2021) in which I served as a first author. 
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 The new composite decreased the biofilm CFU by 4 log orders and substantially 

reduced biofilm lactic acid production compared to control composite (p<0.05). Under S. 

mutans biofilm, the marginal enamel hardness was 1.2 ± 0.1 GPa for the remineralizing 

and antibacterial group, more than 2-fold the 0.5 ± 0.07 GPa for control (p < 0.05). The 

shrinkage stress of the low-shrinkage-stress composite containing 3% DMAHDM and 20% 

NACP was 36% lower than that of traditional composite control (p<0.05), with similar 

degrees of conversion of 73.9%. The new monomers had fibroblast viability similar to that 

of commercial control (p > 0.1). 

Conclusions: A novel bioactive nanocomposite was developed with low shrinkage 

stress, strong antibiofilm activity and high levels of ion release for remineralization, 

without undermining the mechanical properties and degree of conversion. This new 

composite is promising to inhibit recurrent caries at the restoration margins by reducing 

polymerization stress and protecting enamel hardness. 

 

3.1. Introduction  

Dental resin composites are popular for restoring carious lesions [12], however, 

polymerization shrinkage and secondary caries remain as major unresolved issues for resin 

composites, limiting the longevity of the restorations [11,128]. Replacement of a failed 

restoration results in more tooth structure removal and hence a higher susceptibility for the 

tooth to fracture. Polymerization shrinkage stresses of composites at the tooth-restoration 

interface play an important role in secondary caries formation [92]. These stresses can 

cause restoration debonding, interfacial microcracks and gaps [22]. Therefore, the selection 
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of composite monomers and the principal polymerization mechanisms highly influence the 

polymerization stress and, consequently, the longevity of the restoration [27]. 

Previous efforts have been dedicated to improving the monomers and 

polymerization mechanisms [129,130]. The present study investigated a new resin system 

containing urethane dimethacrylate (UDMA) and triethylene glycol divinylbenzyl ether 

(TEG-DVBE) monomers [89]. UDMA, a high viscosity methacrylate-derivative monomer, 

has good mechanical performance and higher degree of conversion than Bisphenol A 

glycidyl dimethacrylate (Bis-GMA) or ethoxylated bisphenol A dimethacrylate 

(EBPADMA) [89]. TEG-DVBE is a low viscosity ether-based monomer which can 

copolymerize with methacrylate derivatives [31] via composition-controlled photo-

polymerization [29,131]. Unlike traditional resins, TEG-DVBE is stable against hydrolysis 

and esterase degradation, with minimal degradation in several challenging environments 

[31]. 

Current dental composites lack antibacterial properties and accumulate more 

biofilms than other restorative materials [15]. Thus, various chemical compositions of 

QAMs, such as 12- methacryloyloxydodecyl-pyridinium bromide (MDPB) and quaternary 

ammonium polyethylenimine (QPEI) nanoparticles, have been developed and incorporated 

into resins to obtain long-lasting antibacterial effects [44,52]. QAMs can be copolymerized 

into the resin and do not leach out significantly after curing, which results in long-lasting 

antibacterial effects with little negative influence on the structure of the resin [98,132]. 

Recently, dimethylaminohexadecyl methacrylate (DMAHDM) was synthesized and 

incorporated into composites and adhesives, providing potent antibacterial activity against 
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various types of oral pathogens [100] Yet, no study has been reported on the addition of 

DMAHDM into a low- shrinkage-stress composite.  

Furthermore, nanoparticles of amorphous calcium phosphate (NACP) were 

recently incorporated into resins to release high levels of calcium (Ca) and phosphate (P) 

ions [74]. These ions were able to remineralize enamel and dentin in an acid-challenge 

model and strengthen tooth structure [77,78]. However, there has been no report on the 

incorporation of NACP into a low-shrinkage-stress composite. In the present study, NACP 

was incorporated into the new low-shrinkage-stress antibacterial composite. To date, there 

has been no report on the use of Streptococcus mutans (S. mutans) biofilm model to 

determine the effects of NACP and DMAHDM-containing low-shrinkage-stress composite 

on human enamel hardness around the restoration under biofilms. Thus, in this study, we 

used human enamel to simulate the cariogenic effect of S. mutans around the restoration 

margins to provide a clinically relevant assessment of the remineralizing and antibacterial 

properties of this new low-shrinkage-stress composite.  

The objectives of this study were to: (1) develop a novel low-shrinkage-stress 

composite with remineralizing and antibacterial properties, and investigate its effect on 

protecting enamel hardness at restoration margins under biofilm acidic attack for the first 

time; (2) investigate the polymerization stress, degree of conversion, antibiofilm properties 

against Streptococcus mutans (S. mutans) biofilm, and Ca and P ion release for the first 

time; and (3) assess the cytotoxic effect of the new monomer against fibroblast.  

Four hypotheses were tested: (1) the new composite would have low 

polymerization stress without jeopardizing the degree of conversion or the mechanical 

properties; (2) The novel low-shrinkage-stress composite would greatly reduce S. mutans 
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biofilm growth; (3) The new low-shrinkage-stress composite would release high levels of 

Ca and P ions and enhance the hardness of enamel at margins under biofilms; and (4) the 

new monomer would produce gingival fibroblast viability similar to those of a clinically-

used dental monomer. 

 

3.2. Materials and methods  

3.2.1 Fabrication of low-shrinkage-stress composite containing DMAHDM and NACP  

The low-shrinkage-stress resin consisted of 55.8% (all mass %, unless specified otherwise) 

of urethane dimethacrylate (UDMA, Esstech, Essington, PA, USA), 44.2% of 

triethyleneglycol-divinylbenzyl ether (TEG-DVBE) [29]. The synthesis and 

characterization of the monomers were described elsewhere [31]. Briefly, TEG-DVBE was 

synthesized through a dropwise addition of Triethylene glycol in Dimethylformamide 

(DMF) to a stirred suspension of NaH at 0 to 4 °C under argon atmosphere over 30 min. 

After the reaction mixture was stirred for 2 h at room temperature, 4-vinylbenzyl chloride 

in DMF was added dropwise over 30 min, and the reaction mixture was stirred at room 

temperature for 18 h. Then the reaction mixture was quenched by slow addition of a 

saturated NH4Cl aqueous solution. The resulting solution was diluted with deionized water 

and extracted with ethyl acetate. Under reduced pressure, the solvent was removed 

followed by other processing steps, to obtain a pale-yellow oil [31]. The resin was activated 

using 0.2% camphorquinone (CQ, Aldrich, Saint Louis, MO, USA) and 0.8 % of 4-N, N-

dimethylaminobenzoate (4EDMAB; Aldrich) as photo-cure initiators. This resin is referred 

to as “UV”.  
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DMAHDM was synthesized via a modified Menschutkin reaction as described in a 

previous study [109]. DMAHDM was mixed into the UV resin at 3% of the final composite 

to obtain strong antibacterial activity without adversely affecting the mechanical properties 

of the resin [64]. This resin is referred to as UV-DMAHDM.  

NACP with a mean particle size of 116 nm and a Ca/P molar ratio of 1.5:1 were 

synthesized using a spray-drying technique, as described in a previous study [74]. NACP 

were mixed into the UV resin at a filler mass fraction of 20% of the final composite to 

maintain good mechanical properties of the composite and release high levels of Ca and P 

ions for remineralization [74,77].  

Silanized barium boroaluminosilicate glass particles with a median size of 1.4 μm 

(Caulk/ Dentsply, Milford, DE, USA) were used for mechanical reinforcement to the 

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

produce a cohesive composite paste. Heliomolar (Ivoclar, Ontario, Canada) containing 

66.7% of nano-fillers of silica and ytterbium-trifluoride was used as a commercial 

comparative control.  

 

3.2.2. Flexural strength and elastic modulus  

Each composite paste (n = 6) was placed into 2×2×25 mm stainless steel molds and covered 

with Mylar strips and glass slides on both sides of the mold. Specimens were photo-cured 

(Labolight DUO, GC America, Alsip, IL, USA) for 1 minute on each open side of the mold. 

The specimens were demolded and stored dry at 37 °C for 24 h. Flexural strength and 

elastic modulus (n = 6) were measured using a three-point flexural test with a 10 mm span 

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



  46 

(5500R, MTS, Cary, NC, USA) [74,111]. Flexural strength was calculated using the 

formula: S = 3PmaxL/(2bh2), where Pmax is the fracture load, L is the span, b is specimen 

width and h is thickness. Elastic modulus was calculated using the formula: E = (P/d) 

(L3/(4bh3)), where load P divided by displacement d is the slope in the linear elastic region 

of the load-displacement curve [74,111].   

Seven composites were tested for mechanical properties: 

(1) Commercial control composite (denoted “Heliomolar control”); 

(2) Low-shrinkage-stress control composite with 43% glass filler: 37% UV + 63% glass 

(denoted “UV+63glass”); 

(3) Low-shrinkage-stress control composite with 45% glass filler: 35% UV + 65% glass 

(denoted “UV+65glass”); 

(4) Low-shrinkage-stress remineralizing composite with 43% glass filler: 37% UV + 20% 

NACP + 43% glass (denoted “UV+NACP+43glass”); 

(5) Low-shrinkage-stress remineralizing composite with 45% glass filler: 35% UV + 20% 

NACP + 45% glass (denoted “UV+NACP+45glass”); 

(6) Low-shrinkage-stress and antibacterial-remineralizing composite with 43% glass 

filler: 34% UV + 3% DMAHDM + 20% NACP + 43% glass (denoted 

“UV+DMAHDM+NACP+43glass”); 

(7) Low-shrinkage-stress and antibacterial-remineralizing composite with 45% glass 

filler: 32% UV + 3% DMAHDM + 20% NACP + 45% glass (denoted 

“UV+DMAHDM+NACP+45glass”).   

 

3.2.3  Hardness of composites 
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Based on the mechanical test results, the “35UV+20NACP+45glass” composite had a 

similar strength to the “37UV+20NACP+43glass” composite. However, the paste with 

45% glass was relatively dry and difficult to mix, thus excluded from subsequent 

experiments. The following four composites were tested in the subsequent biofilm 

experiments: Heliomolar control; UV+63glass (denoted “UV Control”); 

UV+NACP+43glass (denoted “UV+NACP”); and UV+DMAHDM+NACP+43glass 

(denoted “UV+DMAHDM+NACP”).  

Vickers indentation (HMV II; Shimadzu Corporation, Kyoto, Japan) was 

performed at a load of 50 g and a dwell time of 15 seconds using three composite bars with 

approximately 2×2×12 mm dimensions for each group (n = 3). Indentation sizes were 

measured with a 10x or 20x objectives. The reported hardness represents the average of 

four repetitive measurements in each composite bar. 

 

3.2.4. Measurement of Ca and P ion release  

To simulate a cariogenic oral condition, a sodium chloride (NaCl) solution (133 mmol/L) 

was buffered to pH = 4 with 50 mmol/L lactic acid [64]. Three specimens of 

approximately 2×2×12 mm were immersed in 50 mL of solution to yield a specimen 

volume/solution of 2.9 mm3/mL, similar to that in a previous study [64]. The 

concentrations of Ca and P ions released from the specimens were measured for 3 months 

at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84 and 91 days [64]. Solutions were 

kept in a 37 °C incubator during the experiment. At each time, aliquots of 0.5 mL were 

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

ions via a spectrophotometric method (SpectraMax M5, Molecular Devices, Sunnyvale, 
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CA, USA) using known standards and calibration curves, following previous study [74]. 

The commercial control composite was not included because it had no Ca and P ions. 

 

3.2.5. Specimen fabrication for S. mutans biofilm experiments  

Composite disks were fabricated using Teflon molds (9 mm in diameter and 2 mm in 

thickness) and light-cured (Triad 2000; Dentsply) for 1 min on each side. The cured disks 

were agitated in water at 100 rpm for 1 h to remove the initial burst of uncured monomers 

[114]. The disks were sterilized with ethylene oxide (Anprolene AN 74i, Andersen, Haw 

River, NC, USA) and de-gassed for 7 days.  

 

3.2.6. Bacteria inoculation and biofilm formation  

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

Review Board. The use of S. mutans (UA159) was selected because it is one of the key 

pathogenic bacteria highly related to secondary caries formation around composite 

restorations [115]. To prepare the bacterial inoculum, 15 μL of stock bacteria was added 

into 10 mL of brain heart infusion broth (BHI, Difco, Sparks, MD, USA) and incubated 

overnight at 37°C with 5% CO2. The inoculum was adjusted using spectrophotometer 

(Genesys 10S, Thermo Scientific, Waltham, MA, USA) to 107 colony-forming unit counts 

CFU/mL based on the standard curve of OD600nm versus the CFU/mL graph. S. mutans with 

a concentration of 107 CFU/mL was inoculated in 1.5 mL of BHI medium with 1% sucrose 

and distributed into a 24-well plate with the composite disks [124]. After 24 h, the 

composite disks were transferred to a new 24-well plate filled with fresh medium, and 
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incubated for another 24 h [124]. Biofilms on disks were cultured for a total of 48 h to form 

relatively mature biofilm. 

  

3.2.7. Live/dead staining assay of biofilms  

Three composite disks with 48 h biofilms were washed with phosphate buffered saline 

(PBS) to remove the planktonic bacteria. The BacLight live/dead kit (Molecular Probes, 

Eugene, OR) was used to stain the disks. A mixture of 1:1 ratio of SYTO 9 and propidium 

iodide was pipetted on each sample. Live bacteria with intact membranes were stained with 

SYTO 9 to radiate a green fluorescence. Bacteria with compromised cell membranes were 

stained with propidium iodide to radiate a red fluorescence. Images of the stained disks 

were obtained using an inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, 

Melville, NY) [133]. 

 

3.2.8. Colony-forming unit counts (CFU) of biofilms  

Six composite disks for each group were transferred into a new 24-well plate filled with 1 

mL of phosphate buffered saline (PBS). The biofilms were harvested by scraping and 

sonication/vortexing (Fisher, Pittsburgh, PA, USA). Biofilm suspensions were serially 

diluted, spread onto BHI agar plates and incubated at 37 °C aerobically for 48 h [133]. The 

number of S. mutans colonies was counted and used, along with the dilution factor, to 

determine the CFU counts.  

 

3.2.9. Lactic acid production and biofilm biomass of biofilms  
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For acid production, composite disks (n = 6) were washed three times with PBS, and then 

transferred into a new 24-well plate containing 1.5 mL of buffered peptone water (BPW; 

Sigma-Aldrich) supplemented with 0.2% sucrose. The disks were incubated at 37 °C in 5% 

CO2 for 3 h. The lactate concentrations produced by biofilms were determined using an 

enzymatic lactate dehydrogenase method. The absorbance at an OD340nm was measured 

using a microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) 

with known lactic acid standards (Supelco Analytical, Bellefonte, PA, USA) and 

calibration curves [133]. For biofilm biomass, six composite disks for each group were 

rinsed in PBS, air-dried for 20 min, and then stained with 0.1% crystal violet (Sigma-

Aldrich) for 15 min. The excess of unbound dye was removed by washing the disks with 

PBS. The bound crystal violet was de-stained using 95% ethanol. The biofilm biomass was 

evaluated by measuring the optical density of the solution using a microplate reader 

(SpectraMax M5) at an OD570nm [66]. 

 

3.2.10. Polymerization shrinkage stress and degree of conversion  

Heliomolar presented a lower degree of conversion compared to the tested composites. 

Therefore, in addition to using Heliomolar as a control, a traditional composite (with 

common monomers used in commercial composites for decades) was included as a 

comparative control as well. This traditional composite consisted of bisphenol A glycidyl 

dimethacrylate (BisGMA, Esstech, Essington, PA, USA) at 50%, triethylene glycol 

dimethacrylate (TEGDMA, Esstech) at 50% (referred to as BT) was included as a 

comparable comparative control to assess the polymerization stress and degree of 

conversion of the new low-shrinkage-stress composite. BT has been one of the major resin 
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systems used in commercial composites for decades. Therefore, the following seven groups 

were tested for the polymerization stress and degree of conversion: 

(1) Heliomolar commercial control composite (denoted “Heliomolar Control”);  

(2) Composite control (denoted “BT Control”); 

(3) Low-shrinkage-stress composite control (denoted “UV Control”); 

(4) Remineralizing composite (denoted “BT+NACP”); 

(5) Low-shrinkage-stress remineralizing composite (denoted “UV+NACP”); 

(6) Remineralizing and antibacterial composite (denoted “BT+DMAHDM+NACP”); 

(7) Low-shrinkage-stress remineralizing and antibacterial composite (denoted 

“UV+DMAHDM+NACP”). 

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

each composite paste (n = 3) was prepared to measure the polymerization stress using a 

cantilever beam-based tensometer [134]. This tensometer is facilitated with a built-in high-

speed NIR spectrometer [21] for simultaneous monitoring of the real-time double-bond 

conversion in transmission. Upon light curing (LZ1-10DB0, LED Engin High Pow-der 

LEDs, Mouser Electronics, Mansfield, TX; 60 s irradiation, 1000 mW/cm2 intensity) the 

polymerization shrinkage occurred, and its accompanied stress caused a deflection in the 

calibrated cantilever beam. This deflection was recorded by a displacement sensor at the 

free end of the beam [21,29]. The polymerization shrinkage stress was then calculated 

using the following formula [134]: Ϭ = F/A= 6δEI / πr2a2 (3l−a), where σ is the 

polymerization shrinkage stress, F is the force exerted by the sample shrinkage, A is the 

cross-sectional area, r is the radius of the sample, δ is the beam deflection at the free end, 

E is the Young's modulus, I is the moment of inertia of the beam, and l and a are the length 
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of the beam and the distance between the sample position and the clamped edge of the 

beam, respectively [134]. 

The following formula was used to calculate the double-bond conversion [135]: 

Degree of conversion (%) = [1 – (Areapolymer /Areamonomer)] x 100%, in which the 

Areamonomer is the peak area of the sample prior to the beginning of irradiation, while 

Areapolymer is the peak area of the sample at each time point during the polymerization 

process. The areas of absorption peaks of the vinyl group of TEG-DVBE at 1629 cm-1 and 

the methacrylate groups of UDMA, TEGDMA or BisGMA at 1638 cm-1 were integrated. 

The concomitant polymerization stress/degree of conversion assessments were 

continuously collected for 300 seconds (5 minutes) at instrumental compliance of 0.33 

μm/N. The use of 2.5 mm sample diameter and 2 mm sample height corresponded to a C-

factor = bonded area / unbonded area = 0.625 [136,137].    

 

3.2.11. S. mutans biofilm model for enamel demineralization 

Extracted human third molars were stored in 0.01% thymol solution at 4 °C. The use of 

teeth was approved by the University of Maryland (UMB) Institutional Review Board 

(IRB). Teeth were sectioned using a diamond saw under water coolant (Isomet, Buehler, 

Lake Bluff, IL) to prepare 24 enamel slabs with a dimension of 6x6 mm. Circular cavities 

with an approximate diameter of 4 mm and a depth of 1.5 mm were prepared. As shown in 

Fig. 12A working window of 1 mm width of enamel surface around the cavity was exposed 

for hardness measurements. The rest of the enamel surfaces was covered with a double 

layer of acid-resistant nail varnish. The 24 enamel slabs with prepared cavities were 

randomly divided into four groups, each group with 6 slabs. Each group was restored with 
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one of the four composites. Specimens were polished using sandpapers with grit of # 600, 

1200, 2400 and 4000, consecutively. Then, the restored enamel slabs were sterilized with 

ethylene oxide (Anprolene AN 74i, Andersen, Haw River, NC, USA) and de-gassed for 3 

days, according to the manufacturer’s instructions.  

The use of bacterial species was approved by the UMB IRB. S. mutans (UA159) 

was selected to initiate demineralization of the enamel slabs because S. mutans is a 

pathogenic bacteria which is highly related to caries [115]. S. mutans obtained from 

American Type Culture Collection (ATCC, Manassas, VA, USA) was cultured overnight 

for 16 h in brain heart infusion broth (BHI, Difco, Sparks, MD, USA) at 37 °C with 5% 

CO2. The inoculum was adjusted using spectrophotometer (Genesys 10S, Thermo 

Scientific, Waltham, MA, USA) to 10
7 colony-forming unit counts CFU/mL based on the 

standard curve of OD600 nm versus the CFU/mL graph [124]. S. mutans with a 

concentration of 10
7 CFU/mL was inoculated in 1.5 mL of BHI medium with 1% sucrose 

and distributed into each well of 24-well plate each with a sterile enamel slab (Fig. 12B). 

The inoculum was first incubated aerobically at 37 °C with 5% CO2 for 8 h, then refreshed 

and incubated for another 16 h, for a total of 24 h (Fig. 1B). To simulate the daily tooth 

brushing action, sterile paper wipes were used to remove the biofilms from the enamel 

slabs every 24 h, which were then placed into a new well and inoculated in a fresh media 

to re-grow the biofilm (Fig. 12B). This bacterial acidic attack on enamel was repeated for 

7 days. The following groups were used in the demineralization testing: 

(1) Commercial control composite (denoted “Heliomolar control”); 

(2) Low-shrinkage-stress composite control (denoted “UV Control”); 

(3) Low-shrinkage-stress antibacterial composite (denoted “UV+DMAHDM”); 



  54 

(4) Low-shrinkage-stress remineralizing and antibacterial composite (denoted 

“UV+DMAHDM+NACP”). 

 

3.2.12. Marginal enamel hardness measurement near the interface 

The hardness measurements adjacent to the restoration were conducted using Vickers 

hardness tester (Shimadzu) 

as described earlier [138]. 

The hardness of the enamel 

surface was measured at 

different distances from the 

restoration margin: 100 μm, 

200 μm, 300 μm [139]. 

Three indentations were 

made at each distance for 

each enamel sample, with 

six samples for each group 

(Fig. 12C). Non-treated 

enamel hardness without 

biofilm was also measured 

as a control. 

 

 

 Figure 12. Schematic diagram presenting the workflow of the experimental 

design using an S. mutans biofilm model on composite restoration in enamel 
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3.2.13. Monomer cytotoxicity testing using human gingival fibroblast cells  

To test cytotoxicity, we cultured human gingival fibroblasts (HGF, ScienCell, San Diego, 

CA, USA) in fibroblast medium (FM) supplemented with 2% fetal bovine serum, 1% 

Fibroblast Growth Supplement, 100 IU/mL penicillin, and 100 IU/mL streptomycin. The 

protocol of using HGF was approved by the UMB IRB. BisGMA monomer (Esstech) was 

tested as a control since it is one of the most commonly used monomers in dentistry. 

Unpolymerized UV and BisGMA monomers were dissolved in dimethyl sulfoxide 

(DMSO) and then diluted with medium because these monomers were highly 

hydrophobic [56]. The final concentration of DMSO in medium was < 0.1% and had no 

influence on cell proliferation in the preliminary study. The monomers were dissolved in 

medium with a serial dilution [140] at the following concentrations: 0, 1.5, 3.1, 6.2, 12.5, 

25, and 50 μg/mL. High concentrations of up to 50 μg/mL were used to determine cell 

viability [56,141]. Clinically, a deep Class V would use about 0.029 g of composite [142] 

with 0.00989 g of monomer. Even in the worst-case scenario, where all the 0.00989 g 

monomers were leached out in 1-day, human saliva flow of 1,000 to 1,500 mL/day would 

yield a monomer concentration of only 9.894 μg/mL. Therefore, this made sure that we 

covered even much higher monomer concentrations in this test. 

 The medium and cells with no monomer were used as a control. HGF (passage 7) 

were inoculated into the 96-well plate at a density of 5000 cells/well [143]. After 24 h of 

incubation at 37 °C with 5% CO2, the culture media in the 96-well plate was replaced 

with 100 μL of monomer-containing medium (quadruple reading for each concentration). 

The cells were cultured for another 24 h at 37 °C with 5% CO2 incubator [143], and then a 



  56 

cell counting Kit-8 (CCK-8, Dojindo, Rockville, MD, USA) was used to assess the cell 

viability. The absorbance was measured (SpectraMax M5) at 450 nm. Cell viability was 

expressed as percentage cell viability with respect to the control. 

 

3.2.14. Statistical analysis 

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

USA). One-way and two-way ANOVA with Tukey’s multiple comparison test were 

performed to detect significant differences between groups. T-test was performed for the 

Ca and P ion release. Results were considered statistically significant at a p-value of less 

than 0.05.  

 

3.3. Results  

The mechanical results of composites are plotted in Fig. 13 (mean ± SD; n = 6): (A) flexural 

strength and (B) elastic modulus. Increasing the glass filler mass fraction from 43% to 45% 

did not significantly increase the flexural strength (p > 0.05). However, incorporating 45% 

glass filler produced a relatively dry paste that was difficult to mix. Both groups with 

NACP and NACP + DMAHDM had similar strengths to commercial control (p > 0.05). 

The low-shrinkage-stress, remineralizing and antibacterial composites had comparable 

mechanical properties to those of the commercial control (p > 0.05). 
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Figure 13. Mechanical properties of composites: (A) Flexural strength and (B) elastic modulus 
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Figure 14 illustrates the results of hardness of the composites (mean ± SD; n = 3). 

Incorporating 3% DMAHDM and 20% NACP did not decrease the hardness of the low-

shrinkage-stress composite. There was no significant difference between DMAHDM and 

NACP-containing composite and commercial control composite (p > 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

Ca and P ion releases over time from the composites are plotted in Figure 15A (Ca 

ions) and Figure 15B (P ions) (mean ± SD; n = 4). The concentrations of the released ions 

increased with time. After three months of ion release, 

UV+3DMAHDM+20NACP+43glass composite had Ca ion release of 5.17 ± 0.48 mmol/L 

which is comparable to the level of Ca ion released by 

UV+0DMAHDM+20NACP+43glass composite 5.09 ± 0.75 mmol/L (p > 0.05). Therefore, 

the incorporation of 3% DMAHDM to the remineralizing low-shrinkage-stress composite 

Figure 14. Composite hardness 
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did not compromise the ion release ability of the NACP, compared to the low-shrinkage- 

stress composite with 0% DMAHDM (p > 0.05). The P ion release had a similar behavior.  
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Figure 15. Calcium (Ca) and phosphate (P) ion release from composites 
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Representative live/dead images of 2-day S. mutans biofilms on composite disks 

are shown in Fig. 16. Commercial control composite and NACP composite were primarily 

covered by live bacteria (green color). In contrast, 

NACP + DMAHDM composite had significant 

aggregates of compromised bacteria (red color).  

 

 

 

 

 

 

 

 

 

 

Figure 16. Representative live/dead staining images of 48 h 

biofilms on resin disks 
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The CFU counts of 2-day S. mutans biofilms on composites are plotted in Fig. 17 

(mean ± SD; n = 6). CFU counts on disks containing DMAHDM had 4 log reduction in 

CFU counts. NACP composite without DMAHDM had CFU results similar to those of the 

commercial control (p > 0.05).  

 

 

 

Biofilm lactic acid production is plotted in Fig. 18 (mean ± SD; n = 6). Both the 

commercial control and the NACP composite with 0% DMAHDM had similar lactic acid 

production amounts (p > 0.1). In comparison, NACP + DMAHDM composite reduced the 

lactic acid production of biofilms (p < 0.05).  
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Figure 17. Colony-forming unit (CFU) counts of biofilms on composite disks 
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The biofilm biomass results are plotted in Fig. 19 (mean ± SD; n = 6). The biofilm 

biomasses on the commercial control and NACP composites were much greater than that 

on NACP + DMAHDM composite. Therefore, adding DMAHDM substantially decreased 

the biofilm biomass production.  
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Figure 18. Lactic Acid production by biofilms on composite disks 
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The polymerization shrinkage stress vs. polymerization time is presented in Fig. 20 

(mean ± SD; n = 3). BT composite groups showed much higher polymerization shrinkage 

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

development of polymerization stress. The BT+DMAHDM+NACP composite had a 

polymerization shrinkage stress of 3.88 ± 0.3 MPa. The UV+DMAHDM+NACP 

composite dropped the stress level to 2.48 ± 0.0 MPa (p < 0.05). 
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Figure 19. Biomass of biofilms on disks 
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The degree of polymerization conversion result is plotted in Figure 21 (n = 3). In 

general, there was a gradual increase in the degree of conversion with polymerization time, 

followed by a plateau. The UV Control composites had the smallest degree of conversion, 

compared to other groups (p < 0.05). The UV groups showed a deferred arrival to the peak, 

compared to BT groups. Both BT and UV composites with 3% DMAHDM + 20% NACP 

reached the same level of degree of conversion at 5 minutes (p > 0.05). Therefore, the UV 

composites achieved a lower polymerization shrinkage stress, without compromising the 

degree of conversion. 

 

 

Figure 20. Polymerization shrinkage stress vs. polymerization time 
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Sound enamel (without biofilm acid attack) had a hardness (mean ± SD; n = 24) of 

2.89 ± 0.19 GPa. The enamel hardness after S. mutans biofilm acidic attacks is plotted in 

Figure 22, at different distances from the restoration’s margin. The hardness at different 

distances showed the same trend. The UV+3DMAHDM+20NACP+43glass composite 

group had the highest enamel hardness among all the groups (p < 0.05), which was 2-fold 

greater than that of commercial and experimental control groups. This was followed by the 

UV+3DMAHDM+0NACP+63glass group which was nearly 1.5 times that of commercial 

and experimental control groups. For instance, at a distance of 100 μm, the enamel hardness 

for commercial control and UV+0DMAHDM+0NACP+63glass were 0.44 ± 0.06 GPa and 

Figure 21. The degree of conversion vs. polymerization time 
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0.47 ± 0.06 GPa, respectively. On the contrary, the enamel hardness was to 0.69 ± 0.08 

GPa and 1.07 ± 0.09 GPa, for UV+3DMAHDM+0NACP+63glass composite and 

UV+3DMAHDM+20NACP+43glass composite, respectively (p < 0.05).  

 

 

 

 

 

 

Figure 22. Enamel hardness at three distances from the margin of the composite 

restoration after 7 days of bacterial acidic attack under biofilms 
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Figure 23 presents the in vitro cell viability of HGF cells toward uncured 

BisGMA and UV monomers (mean ± SD; n = 4) at different monomer concentrations. 

There was no significant difference in cell viability between BisGMA and UV monomers 

(p > 0.05). The new UV monomer matched the cytotoxicity of the clinically-used 

BisGMA monomer. 

 

 

 

 

 

 

 

 

Figure 23. Percentage of human gingival fibroblast cell viability vs. monomer 

concentration in culture medium (µg/mL). 
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3.4. Discussion 

The purpose of this work was to develop a low-shrinkage-stress nanocomposite with 

antibacterial and Ca and P ion release capabilities to protect the restoration margins and 

inhibit secondary caries. Polymerization shrinkage stresses can cause interfacial 

debonding, microleakage at the tooth-restoration interface, and potentially recurrent caries 

and tooth fracture [23]. Therefore, the development of resins with low polymerization 

stresses is highly desirable. A previous study reported a modified monomer system by 

replacing TEGDMA in the traditional resin with Tricyclo (5.2.1.0) decanedimethanol 

dacrylate (SR833s) and isononyl acrylate (IBOA) monomers [88]. This decreased the 

polymerization shrinkage strain and stress; however, the degree of conversion was also 

reduced [88]. Previously, the shrinkage stress of 18 commercially available resin 

composites was reported to range from 3.94 MPa to 10.45 MPa [144]. Currently, the search 

for a low-shrinkage-stress dental composite is still a work in progress. Herein, we 

developed a novel low-shrinkage-stress resin containing UDMA and TEGDVBE 

monomers, and achieved a low polymerization stress of only 2.48 MPa. Furthermore, this 

new nanocomposite possessed strong antibacterial and remineralization capabilities, while 

not compromising the degree of conversion. 

Traditional composites undergo faster polymerization rates, producing a stiff 

composite with a lower flow capacity. On the other hand, the new low-shrinkage-stress 

composite containing DMAHDM and NACP had a slower polymerization rate with a 

delayed gel point than the BT composite. This delay allowed sufficient time for the UV 

system to release the stress and prohibit excessive contraction stress accumulation [29]. A 

previous study compared the polymerization stress of glass-filled BT and UV composites. 
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Their findings are consistent with the present study in which the UV composite had the 

latest onset of stress development and maintained the least polymerization stress over time 

[29]. However, that previous study contained no DMAHAD nor NACP.  

The process of polymerization produces chemically cross-linked networks that are 

often characterized by the degree of conversion [145]. Previous literature suggested a 55% 

as a lower limit of the degree of conversion for a clinically successful tooth restoration 

[146]. The composites in the present study had degrees of conversion greater than 55%, 

and all of them reached the same level of degree of conversion at 20 seconds of curing. 

The UV composite containing DMAHDM and NACP was the latest in achieving a plateau 

conversion; however, no statistically significant differences were observed in the degrees 

of conversion of all the groups. A previous study reported similar findings in which the 

UV resin reached 70% degree of conversion within 20 seconds of light irradiation [131], 

consistent with the present study. 

The use of this new low-shrinkage-stress resin mixture provides several merits over 

traditional composites. Compared to Bis-GMA, UDMA reduces the potential concerns of 

the estrogenicity of Bis-GMA-based resins [90] and has higher stability to resist salivary 

hydrolysis [35]. However, UDMA still has a high molecular weight that requires a diluent 

monomer for proper handling. Typically, TEGDMA is used to reduce the viscosity of the 

resin [147]. In this study, we used the hydrolytically-stable diluent monomer, TEG-DVBE, 

instead. UDMA, like other methacrylate monomers, has unfavorable ester groups. Thus, 

with the use of TEG-DVBE, ≈ 50% of the unfavorable ester groups in the new resin system 

were reduced [89]. These ester groups usually degrade in the stressful intraoral 

environment via acidic, basic or enzymatic-produced hydrolysis, particularly at or near the 



  71 

tooth-restoration interfaces [92]. Esterase enzyme can be secreted by cariogenic bacteria 

as S. mutans as well as by human salivary enzymes, including cholinesterase (CE) and 

pseudo-cholinesterase (PCE). They have the ability to split ester-containing materials such 

as Bis-GMA and TEGDMA-based materials [31,34]. According to a previous study, the 

synergistic effect of the salivary esterase enzymes, CE and PCE, can degrade Bis-GMA-

based resins and allow bacterial leakage through the gaps [36]. However, with the use of 

TEG-DVBE, the biological degradation of the tooth-restoration bond can be minimized to 

enhance the performance and durability of the composite. This was reported in a previous 

study where the level of biodegradation and hydrolysis was compared between the 

traditional Bis-GMA and TEGDMA to the new ether-based TEG-DVBE [31]. The 

hydrolysis of the ester groups in the Bis-GMA and TEGDMA-based resin caused the loss 

of the polymer and the softening of the resin [31]. This ester hydrolysis resulted in a 

significant damage in the mechanical performance of the polymer within 16 days. In sharp 

contrast, TEG-DVBE and its polymer presented no degradation under the enzymatic 

challenges (CE and PCE) [31]. 

Another approach to enhance the bio-stability of composites is by controlling 

bacterial growth at the tooth-restoration interfaces [30]. DMAHDM, with an alkyl chain 

length of 16, was previously incorporated into composites and adhesives [56,64], 

demonstrating a strong antibacterial effect [56]. The present study showed that 

incorporating 3% DMAHDM greatly reduced the lactic acid production and decreased the 

biofilm CFU by four orders of magnitude (which means a 99.99% bacterial biofilm 

reduction) [148]. A previous study reported the use of different mass fractions of 

antibacterial methacrylate or methacrylamide monomers containing long-chain quaternary 
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ammonium fluoride in an experimental dental composite [149]. The antibacterial effect of 

these composites against S. mutans biofilms escalated from no reduction to 3.88 log 

reduction [149]. In another study, the number of S. mutans biofilm (CFU) was reduced by 

3 logs (99.9%) with the use of MDPB/MDP-containing resin after 18 h incubation [150]. 

This MDPB monomer is a component of Clearfil Protect Bond, a commercial bonding 

agent. In the present study, with the novel low-shrinkage-stress resin, we achieved an 

antibacterial effect with a slightly higher killing effect (log reduction of 4) than those 

previously reported antibacterial monomers. The composite containing DMAHDM 

presented much lower biofilm biomass production (including live and dead cells and the 

extracellular matrix) than the controls. S. mutans was used in this study because it has the 

ability to create an aggressive plaque biofilm and acidify the local plaque environment, 

leading to caries formation [116,117]. Further studies are required to investigate a more 

complex multispecies biofilm model and evaluate the antibacterial activity of the novel 

low-shrinkage-stress NACP-DMAHDM composite.  

Another key property of a dental composite is the load-bearing capability [111]. 

The novel low-shrinkage-stress composite with 20% NACP and 3% DMAHDM achieved 

a strength similar to commercial control composite already used clinically, while having 

antibacterial and remineralizing properties that the commercial composite did not have. 

This comparable strength can be attributed to the use of the glass particles for mechanical 

reinforcement, along with the nano-sized NACP fillers. The NACP had particle sizes an 

order of magnitude smaller than traditional micron-sized ACP particles [74,151]. These 

nanoparticles have a much higher surface area, thus releasing more ions at a lower filler 

level than that required when using traditional ACP particles. Therefore, even at a low filler 



  73 

level of 20% NACP, the composite released high levels of Ca and P ion. This made room 

in the resin matrix to add 43% of glass fillers for mechanical reinforcement. Therefore, the 

new low-shrinkage-stress nanocomposite had a strength matching the commercial 

composite (Heliomolar). With similar mechanical properties, the new low-shrinkage-stress 

nanocomposite may be used in restorations where Heliomolar is used. Since the new 

nanocomposite possessed ion release, antibacterial and low-shrinkage-stress benefits, it is 

promising to help reduce secondary caries at the margins and increase the longevity of the 

restorations. A previous study evaluated the mechanical properties of composites 

containing different mass fractions of NACP which were aged for 2-years [152]. They 

found that the strength of the composite with 20% NACP was not significantly different 

from that of the commercial control Heliomolar at 2 years [152]. Another study reported 

the mechanical properties of NACP-QADM nanocomposite after 180-day of water 

immersion [153]. The flexural strength and elastic modulus presented a moderate decrease 

in the first 30 days, followed by a minimal decrease during 1-6 months of aging, with 

mechanical properties matching those of commercial control composites at 180 days [153]. 

These previous studies indicated that the addition of NACP did not compromise the 

strength after long-term aging, compared to commercial composites. This is due to the 

small particle size and higher surface area of NACP, which enabled high levels of ion 

release at a relatively low NACP mass fraction of 20% [74]. This left room in the resin 

matrix for a relatively high filler level of silanized glass particles for reinforcement 

[74,152]. 

In this study, S. mutans biofilm was used to simulate the oral biofilm acidic attack 

on teeth. S. mutans biofilms were cultured for 7 days continuously, imitating an extreme 
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clinical situation, and allowing demineralization to occur in a short time. Thus, the effect 

of NACP and DMAHDM could be investigated in an accelerated model in vitro. The use 

of this biofilm model successfully resulted in significant demineralization in enamel within 

7 days, comparable to that with the use of a chemically-prepared acidic gel system for 21 

days [154,155]. The biofilm model used in this study had main advantages over the 

traditional chemically-induced demineralization. It is more clinically relevant as it utilized 

a cariogenic pathogen in this model, and it required less time to reach similar enamel 

hardness after demineralization. Herein, two bioactive agents were used, DMAHDM and 

NACP, both of which contributed to suppressing demineralization and increasing enamel 

hardness. Incorporating 20% NACP into the low-shrinkage-stress composite regenerated 

enamel minerals lost due to the bacterial acidic attack. As a result, the surface hardness of 

enamel slabs was increased from 0.5 GPa to 1.2 GPa with the use of 3% DMAHDM + 20% 

NACP composite.  

In the present study, two strategies were investigated for demineralization 

prevention. The first strategy focused on the modulation of biofilm formation via 

incorporation of DMAHDM to minimize bacterial biofilm formation, viability and 

cariogenic properties [102]. The second strategy focused on controlling marginal enamel 

mineral content. Ca and P ion release from the NACP enhanced tooth remineralization and 

minimized minerals loss as previously reported [77,78]. For these reasons, the group with 

3% DMAHDM + 20% NACP had the highest hardness of enamel. Therefore, incorporating 

NACP as a remineralizing agent and DMAHDM as antibacterial agent in the low-

shrinkage-stress composite is promising to improve enamel hardness, minimize the 

incidence of demineralization around restorations, and increase the longevity of the bonded 
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interface. Future studies should investigate the effect of this low-shrinkage-stress 

composites on post-placement marginal integrity at tooth-restoration interfaces and 

measure the total cuspal deflection. 

Even though the DMAHDM + NACP group’s enamel hardness was double that of 

the control group, it is still lesser than the hardness of sound enamel. This was likely 

because that the accelerated S. mutans biofilm model with continuous sugar intake in this 

study created an extremely severe cariogenic condition, for four reasons. First, the S. 

mutans biofilm model used BHI culture media for 7 days with no buffer, which is much 

more aggressive than what happens intraorally, where the saliva serves as a buffer. Second, 

NACP was the only source of minerals for remineralization in this model. In contrast, with 

a NACP composite restoration in the oral environment in vivo, there is saliva flow with 

minerals as another source of ions for remineralization. Third, the biofilm model in the 

present study used a single species S. mutans, which is known as the most strongly 

cariogenic species, with its ability to produce acids and synthesize extracellular 

polysaccharides to facilitate adherence to surfaces to form biofilms [156]. The amount of 

acid production by S. mutans is much larger than other oral bacteria [157]. Fourth, no tooth 

brushing was performed in this model, while clinically tooth brushing is recommended to 

be done twice daily with a fluoridated toothpaste. Future studies should utilize a salivary 

microcosm model to better investigate the effect of DMAHDM and NACP on a more 

complex, orally-mimicking, biofilm model.  

While the novel low-shrinkage-stress nanocomposite with antibacterial and 

remineralizing properties in the present study is highly promising, the new resins used for 

dental restorations are required to be non-cytotoxic and biocompatible. A substantial 
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amount of research has been conducted on the cytotoxicity of dental monomers 

[56,140,143,158]. HGF were used in the present study because they are clinically relevant 

and in close proximity to dental restorations. Our findings suggest that UV resin did not 

induce any significant toxicity more than what is already found with BisGMA, a monomer 

used in the dental field for more than 50 years.  In this experiment, cells were exposed to 

different monomer concentrations for 24 h because most toxic effects from composite 

resins occur during the first 24 h [140]. In a previous study, the cytotoxicity of DMAHDM 

monomer on human gingival fibroblasts was reported to be comparable to HEMA and 

TEGDMA monomers and lower than BisGMA [56]. Additionally, they found that when 

using cured resin eluents on human gingival fibroblasts, the DMAHDM groups had a cell 

viability similar to the control group. These findings indicate that DMAHDM and UV 

monomers are suitable for clinical applications. Future in vivo experiments are needed to 

investigate the biocompatibility of the composite containing UV and DMAHDM. 
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CHAPTER FOUR: Bioactive Low-Shrinkage-Stress Nanocomposite 

Suppresses S. mutans Biofilm and Preserves Tooth Dentin Hardness 

 

Chapter abstract  

Objectives: Recurrent dental caries is one of the main reasons for resin composite 

restoration failures. This study aimed to: (1) develop a bioactive, low-shrinkage-stress, 

antibacterial and remineralizing composite and evaluate the sustainability of its 

antibacterial effect against Streptococcus mutans (S. mutans) biofilms; and (2) evaluate the 

remineralization and cariostatic potential of the composite containing nanoparticles of 

amorphous calcium phosphate (NACP) and dimethylaminohexadecyl methacrylate 

(DMAHDM), using dentin hardness measurement and a biofilm-induced recurrent caries 

model.  

Methods: The antibacterial and remineralizing low-shrinkage-stress composite 

consisted of urethane dimethacrylate (UDMA) and triethylene glycol divinylbenzyl ether 

(TEG-DVBE), 3% DMAHDM and 20% NACP. S. mutans biofilm was used to evaluate 

antibiofilm activity, before and after 3 months of composite aging in acidic solution. 

Human dentin was used to develop a recurrent caries biofilm-model.  

Results: Adding DMAHDM and NACP into low shrinkage-stress composite did 

not compromise the flexural strength. The low-shrinkage-stress composite with 

DMAHDM achieved substantial reductions in biofilm colony-forming units (CFU), lactic 

acid production, and biofilm biomass (p < 0.05). The low-shrinkage-stress 

DMAHDM+NACP composite exhibited no significant difference in antibacterial 

performance before and after 3 months of aging, demonstrating long-term antibacterial 
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activity. Under S. mutans biofilm acidic attack, dentin hardness (GPa) was 0.24 ± 0.04 for 

commercial control, and 0.23 ± 0.03 for experimental control, but significantly higher at 

0.34 ± 0.03 for DMAHDM+NACP group (p < 0.05). At an instrumental compliance of 

0.33 μm/N, the polymerization shrinkage stress of the new composite was 36% lower than 

that of a traditional composite (p < 0.05).  

Conclusion: The triple strategy of antibacterial, remineralization and lower 

shrinkage-stress has great potential to inhibit recurrent caries and increase restoration 

longevity.  

 

4.1. Introduction  

Dental caries is a widespread and costly biofilm-dependent oral disease [9,91,159,160]. 

Despite the increasing popularity of resin composite restorations, current resin-based 

restorations lack the ability to inhibit biofilm growth, and may accumulate more biofilms 

and plaque than other restorative materials such as amalgam and glass ionomer cements 

[15,161-163]. Resin composites can enhance bacterial growth, undergo degradation, and 

are prone to compromised longevity [164]. Among the numerous bacterial species in dental 

plaque, Streptococcus mutans (S. mutans) has been linked to cariogenic biofilm and dental 

caries formation [159,161,165]. S. mutans bacteria generate acids to induce tooth 

demineralization [161,166] and hydrolyze resin composites with specific activity toward 

the methacrylate’s ester group [161]. This hydrolysis of resinous materials can potentially 

contribute to the pathogenicity of recurrent caries at the margins around the composite 

restorations [167]. 
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One way to address the recurrent caries problem is to engineer composite materials 

with antibacterial properties [72]. Previous studies synthesized several quaternary 

ammonium monomers (QAMs) and incorporated them into resins. For example, Imazato 

et al. incorporated antibacterial monomer 12- methacryloyloxydodecylpyridinium bromide 

(MDPB) into dental resins, achieving strong antibacterial activities [121]. Other 

antibacterial monomers, including quaternary ammonium polyethylenimine (QPEI) 

nanoparticles [52] and ionic dimethacrylates (IDMAs) [109], have been used to obtain 

antibacterial functions. Recently, dimethylaminohexadecyl methacrylate (DMAHDM), 

with an alkyl chain length of 16, showed strong antibacterial activity [168]. Adding QAMs 

in resins yields long-term anti-biofilm property because the QAM bonds covalently to the 

polymer network and is immobilized with the resin [44]. Previous water-aging studies have 

confirmed the long-term durability of QAMs in composites and adhesives 

[62,63,132,153,169]. However, these previous studies on antibacterial dental resins did not 

possess low-shrinkage-stress capabilities. 

Polymerization shrinkage stresses of dental composites have been linked to enamel 

crack propagation, internal and marginal gap formation, and reduced bond strength [22]. 

Therefore, researchers have devoted efforts to developing low-shrinkage monomers such 

as silorane monomer and high molecular weight monomers [22]. The interfacial debonding 

of composites with different levels of shrinkage has been measured previously using 

acoustic emission [24,170]. Interfacial debonding was observed in all types of composites, 

and materials with lower shrinkage stresses had minimal debonding [24,170]. Therefore, it 

is highly desirable to develop a multifunctional composite with the ability to reduce 

polymerization shrinkage stress and inhibit bacterial penetration at the tooth-restoration 
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interface. Here, we developed a new composite using a unique low-shrinkage-stress resin 

and incorporated both antibacterial and remineralizing agents. The antibacterial agent was 

to hinder biofilm growth to inhibit future caries. The remineralizing agent was to 

remineralize the remnant of tooth lesions and neutralize biofilm acids. 

The resin system used in the present study consisted of urethane dimethacrylate 

(UDMA) and hydrolytically-stable and ether-based triethylene glycol divinylbenzyl ether 

(TEG-DVBE) copolymers [89]. The use of TEG-DVBE allowed the reduction of nearly 

50% of the hydrolysable ester group in the resin system [89]. Additionally, TEG-DVBE 

has proven its stability to enzymatic and hydrolytic degradation challenges [31].  However, 

its low viscosity makes it suitable to serve as a diluent monomer that needs a base 

monomer. One of the strategies to reduce polymerization shrinkage is to increase the 

molecular weight per reactive group [171]. Therefore, a high molecular weight monomer, 

UDMA, was used as a base monomer in this system. Compared to BisGMA (one of the 

most common dental monomers), UDMA has several merits such as its higher stability 

toward salivary hydrolysis [35], greater flexibility and cross-linking density [90,172] 

which significantly improves the conversion and strength without increasing the 

polymerization shrinkage [173].  

To develop bioactive composites, nanoparticles of amorphous calcium phosphate 

(NACP) that possess long-lasting calcium (Ca) and phosphate (P) ion release capability 

were synthesized [74]. The authors previously reported a NACP-containing composite 

remineralized demineralized enamel and dentin in vitro using a chemical demineralization 

and remineralization model [77,78]. However, further study is needed to investigate the 

efficacy using a biofilm-based recurrent caries model. To date, there has been no report on 
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the development of a low shrinkage-stress composite incorporating DMAHDM and NACP 

on the inhibition of caries at the margins and the protection of mineral and hardness of 

tooth structures. 

The objectives of the present study were to: (1) develop a low-shrinkage-stress and 

bioactive composite with antibacterial and remineralizing properties, and (2) evaluate the 

long-term effect of the low-shrinkage-stress composite and assess the DMAHDM + NACP 

effects in a biofilm-based dentin demineralization model for the first time. It was 

hypothesized that: (1) the antibacterial effect of the new low-shrinkage-stress composite 

would not decrease after aging in an acidic solution, thereby providing long-term 

antibacterial capability while producing high levels of Ca and P ion release; (2) the new 

low-shrinkage-stress and bioactive composite would protect dentin at the restoration 

margins when attacked by S. mutans biofilms, yielding much greater dentin hardness than 

the control groups.  

 

4.2. Materials and Methods 

4.2.1.  Fabrication of low shrinkage-stress composite containing DMAHDM and NACP 

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

(all mass%, unless specified otherwise) and 44.2% of TEG-DVBE, as described in a 

previous study [29]. The synthesis and characterization of the TEG-DVBE monomer has 

been reported in a previous study [31]. Briefly, TEG-DVBE was synthesized through 

dropwise addition of triethylene glycol in dimethylformamide (DMF) to a stirred 

suspension of NaH at 0 to 4 °C under an argon atmosphere for 30 min. After 2 h of stirring, 

4-vinylbenzyl chloride in DMF was added dropwise for 30 min, and the reaction mixture 



  82 

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

addition of a saturated NH4Cl aqueous solution. The resulting solution was diluted with 

distilled water and extracted with ethyl acetate. Under reduced pressure, the solvent was 

removed, producing a pale-yellow oil [31]. 

The resin was photoactivated using 0.2% camphorquinone (CQ, Aldrich, Saint 

Louis, MO, USA) and 0.8% of 4-N, N-dimethylaminobenzoate (4EDMAB; Aldrich). This 

resin is denoted as “UV” resin and was used at 37 wt% (63.8 vol%). DMAHDM was 

synthesized via a modified Menschutkin reaction as described in a previous study [109]. 

DMAHDM was added to UV at a final mass fraction of 3% of the composite. 

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

technique, as described previously [74]. A filler mass fraction of 20 wt% (11.9 vol%) 

NACP was chosen and added into the UV resin to maintain good mechanical properties of 

the composite while releasing high levels of Ca and P ions for remineralization [74,77]. 

Silanized barium boroaluminosilicate glass particles with a median size of 1.4 μm (Caulk/ 

Dentsply, Milford, DE, USA) were used for mechanical reinforcement of the composite. 

The total fillers in the resin matrix were 63 wt% (36.2 vol%), including 20 wt% NACP 

(11.9 vol%) and 43 wt% (24.3 vol%) glass. The 43 wt% (24.3 vol%) glass was selected 

following preliminary experiments to maintain a cohesive composite paste. In addition, 

Heliomolar (Ivoclar, Ontario, Canada) containing 66.7 wt% (46 vol%) of nano-fillers of 

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

was chosen as a comparative control because of its ion-releasing ability, following previous 

studies [126,174]. 
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According to preliminary studies, Heliomolar presented a lower degree of 

conversion compared to the tested composites. Therefore, in addition to using Heliomolar 

as a control, a conventional composite (with common monomers used in commercial 

composites for decades) was included as a comparative control as well. This conventional 

composite consisted of bisphenol A glycidyl dimethacrylate (BisGMA, Esstech, Essington, 

PA, USA) and triethylene glycol dimethacrylate (TEGDMA, Esstech) at a 1:1 mass ratio 

(referred to as BT). This BisGMA:TEGDMA mass ratio has been selected following 

previous studies [102,169,175] due to the feasibility to dissolve the antibacterial agent into 

the resin. Resins with a higher BisGMA ratio would become too viscous, which makes it 

challenging to dissolve DMAHDM into the monomers. The following seven groups were 

tested for the polymerization shrinkage stress and the mechanical properties before 

immersion: 

(1) Heliomolar commercial control composite (denoted “Commercial Control”); 

(2) Experimental control: 37% BT + 0% DMAHDM + 0% NACP + 63% glass (denoted 

“BT-Experimental Control”); 

(3) Low-shrinkage-stress experimental control: 37% UV + 0% DMAHDM + 0% NACP 

+ 63% glass (denoted “UV-Experimental Control”); 

(4) Remineralizing composite: 37% BT + 0% DMAHDM + 20% NACP + 43% glass 

(denoted “BT+NACP”); 

(5) Low-shrinkage-stress remineralizing composite: 37% UV + 0% DMAHDM + 20% 

NACP + 43% glass (denoted “UV+NACP”); 

(6) Antibacterial and remineralizing composite: 37% BT + 3% DMAHDM + 20% 

NACP + 43% glass (denoted “BT+DMAHDM+NACP”); 
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(7) Low-shrinkage-stress antibacterial and remineralizing composite: 37% UV + 3% 

DMAHDM + 20% NACP + 43% glass (denoted “UV+DMAHDM+NACP”). 

 

4.2.2.    Polymerization shrinkage stress measurement 

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

composite paste (n = 3) was used to measure the polymerization stress using a cantilever 

beam-based tensometer at an instrumental compliance of 0.33 μm/N [134]. Polymerization 

shrinkage occurred during light-curing (LZ1-10DB0, LED Engin High Power LEDs, 

Mouser Electronics, Mansfield, TX, USA; 60 s irradiation, 1000 mW/cm2 intensity). The 

accompanying polymerization shrinkage stress was calculated using the formula [134]:  

Ϭ = F/A= 6δEI / πr2a2 (3l - a) 

where σ is the polymerization shrinkage stress, F is the force exerted by the sample 

shrinkage, A is the cross-sectional area, r is the radius of the sample, δ is the beam 

deflection at the free end, E is the Young's modulus, I is the moment of inertia of the beam, 

and l and a are the length of the beam and the distance between the sample position and the 

clamped edge of the beam, respectively [134]. 

 

4.2.3.  Flexural strength and elastic modulus measurement before immersion 

Flexural strength and elastic modulus (n = 6) were measured using three-point flexural test 

with a 10 mm span at a crosshead-speed of 1 mm/min on a computer-controlled Universal 

Testing Machine (5500R, MTS, Cary, NC, USA) [74,111]. Flexural strength was 

determined using the formula S = 3PmaxL/(2bh2), where Pmax is the fracture load, L is the 

span, b is specimen width and h is thickness. Elastic modulus was determined using the 
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formula E = (P/d) (L3/(4bh3)), where load P divided by displacement d is the slope in the 

linear elastic region of the load-displacement curve [74,111].  

 

4.2.4.  Flexural strength and elastic modulus after immersion  

The flexural strength and elastic modulus (n = 6) were assessed after 200 days of immersion 

in a sodium chloride (NaCl) solution (133mmol/L) buffered to pH = 4 with 50 mmol/L 

lactic acid [64]. 

The following four composites were tested for the subsequent experiments: 

(1) Heliomolar commercial control composite (denoted “Commercial Control”); 

(2) Low shrinkage-stress experimental control composite: 37% UV + 0% DMAHDM + 

0% NACP + 63% glass (denoted “UV-Experimental Control”); 

(3) Low shrinkage-stress remineralizing composite: 37% UV + 0% DMAHDM + 20% 

NACP + 43% glass (denoted “UV+NACP”); 

(4) Low shrinkage-stress antibacterial and remineralizing composite: 34% UV + 3% 

DMAHDM + 20% NACP + 43% glass (denoted “UV+DMAHDM+NACP”). 

 

4.2.5.  Measurement of Ca and P ion release 

Three specimens of approximately 2×2×12 mm3 were immersed in 50 mL of sodium 

chloride solution (133 mmol/L) was buffered to pH = 4 to yield a specimen 

volume/solution of 2.9 mm3/mL, following the protocol reported in a previous study [64]. 

The concentrations of Ca and P ions released from the specimens were measured for 3 

months. At each time, aliquots of 0.5 mL were removed and replaced by fresh solution. 

The aliquots (n = 4) were analyzed for Ca and P ions via a spectrophotometric method 
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(SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) using known standards and 

calibration curves, following a previous study [74]. 

 

4.2.6. Biofilm sample preparation and aging 

Composite disks with a diameter of 8 mm and a thickness of 1 mm were prepared and light-

cured on both sides (Labolight DUO, GC America, Alsip, IL, USA) for a total of 1 min 

following a previous study [175]. The composite disks were stirred in deionized water at 

100 rpm for 1 h to remove the initial burst of uncured monomers [66]. Half of the specimens 

were immersed in NaCl solution (pH = 4) at 37 °C for 3 months. All samples were sterilized 

using ethylene oxide (Anprolene AN 74i, Andersen, Haw River, NC, USA) and degassed 

for 7 days, following the manufacturer’s instructions.  

 

4.2.7. Biofilm formation on composite disks 

Human saliva collection was approved by the University of Maryland Baltimore 

Institutional Review Board. Saliva was collected from ten healthy individuals who have 

not used antibiotics in the past three months. Prior to saliva donation, donors were asked 

not to brush their teeth for 24 h and abstain from food and drink intake for 2 h. Saliva was 

centrifuged at 3000 rpm for 20 min then filter-sterilized using 0.22 µm filter (VWR 

International, Radnor, PA, USA). The sterile saliva with no bacteria was used to create a 

salivary protein pellicle and enhance bacterial adhesion on the composite disks. Each 

composite disk was immersed in the sterile saliva in a 24-well plate for 2 h at 37 ◦C before 

adding the bacterial inoculum [65,66]. 
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The use of bacterial species was approved by the University of Maryland 

Institutional Review Board. S. mutans (UA159) was selected because it is a pathogenic 

bacterial species that is highly related to caries [115]. For all the biofilm assays, S. mutans 

was cultured overnight in brain heart infusion broth (BHI, Difco, Sparks, MD, USA) at 37 

°C with 5% CO2. The inoculum was adjusted using spectrophotometer (Genesys 10S, 

Thermo Scientific, Waltham, MA, USA) to 10
8 

colony-forming unit counts (CFU/mL) 

based on the standard curve of OD600 nm versus the CFU/mL graph [176]. The culture 

medium (BHI) was supplemented with 2% sucrose (wt/vol) (denoted as BHIS) and 

distributed into each well of 24-well plates. After 24 h of incubation, the composite disks 

with adherent biofilms were refreshed with fresh medium and incubated for another 24 h. 

These two days of culture formed relatively mature biofilms on resins. The biofilms were 

used for subsequent experiments, following previous studies [66,176]. 

 

4.2.8. Live/dead staining assay 

Biofilm on composite disks (n = 3) were stained with a Live/Dead Baclight bacterial 

viability kit (Molecular Probes Inc., Eugene, OR, USA), as previously described [65,176]. 

The fluorescent dyes SYTO 9 and propidium iodide were mixed at 1:1 ratio and used to 

stain the disks for 15 min. Live bacteria were stained by SYTO 9 to generate green 

fluorescence, and compromised bacteria were stained by propidium iodide to generate red 

fluorescence. The biofilms were imaged with an inverted epifluorescence microscope 

(TE2000-S, Nikon, Melville, NY) [65,176]. 

 

4.2.9. Biofilm CFU counts 



  88 

The 2-day biofilms on composite disks (n = 6) were harvested in PBS by scraping and 

sonication/vortexing (ThermoFisher Scientific, Waltham, MA, USA). The suspensions 

were serially-diluted and spread on BHI agar plates. After 48 h of incubation at 37 °C in 

5% CO2, the colony number was counted and the CFU counts were determined [65,176]. 

 

4.2.10.  Lactic acid production by biofilms 

The 2-day biofilms on composite disks (n = 6) were washed twice with PBS, then immersed 

in buffered peptone water (BPW, MilliporeSigma, Burlington, MA, USA) supplemented 

with 0.2% sucrose and incubated at 37 °C in 5% CO2 for 3 h [153,176]. The lactate 

concentrations in BPW were determined using a lactate dehydrogenase enzymatic method 

by measuring OD340nm using a multi-mode microplate reader (SpectraMax M5, Molecular 

Devices, San Jose, CA, USA), as previously described [153,176]. 

 

4.2.11. Crystal violet (CV) staining of biofilms 

The biomass of S. mutans biofilms was evaluated via CV staining, following previous 

studies [66,177]. The biofilms on disks (n = 6) were washed 3 times with PBS, stained with 

0.1% (wt/vol) CV for 5 min at room temperature, after which the stain was dissolved in 

95% ethanol. The biofilm formation was quantified by measuring the optical density of the 

solution at 570 nm [66,177].  

 

4.2.12. Streptococcus mutans biofilm model for dentin demineralization 

The use of teeth was approved by the University of Maryland Baltimore Institutional 

Review Board. Extracted human third molars were sectioned using a diamond saw with 
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water as coolant (Isomet, Buehler, Lake Bluff, IL, USA) to prepare 24 dentin slabs, each 

with a dimension of 6x6 mm2. Circular cavities with an approximate diameter of 4 mm and 

a depth of 1.5 mm were prepared. As shown in Fig. 24A, the dentin surfaces were covered 

with a double layer of acid-resistant nail varnish except for a 1-mm wide strip around the 

cavity to test hardness. The 24 dentin slabs with prepared cavities were randomly divided 

into four groups. Each group was restored with one of the four composites. Specimens 

were polished using sandpapers with grit of # 600, 1200, 2400 and 4000, consecutively. 

The restored dentin slabs were disinfected with ethylene oxide (Anprolene AN 74i, 

Andersen Products, Inc., Haw River, NC, USA) and degassed following the manufacturer’s 

instructions.  

The disinfected dentin slabs were placed in a 24-well plate containing the S. mutans 

suspension, as previously described [178]. The inoculum was first incubated aerobically in 

1.5 mL BHIS medium at 37 °C with 5% CO2 for 4 h, then in a growth medium for 20 h for 

a total of 24 h [2,178] (Fig. 24B). The growth medium contained 37 g/L BHI, 25 mM 

PIPES buffer (acid form) and 1.5 mM CaCl2 [2,179]. The pH of growth medium was 

adjusted to 7 by the addition of KOH (5 mM) [2,176,179]. To simulate daily tooth brushing 

action, sterile paper wipes were used to remove the biofilms from the dentin slabs every 24 

h. The dentin slabs were then placed in a fresh media to re-grow the biofilms (Fig. 24B). 

This bacterial acidic attack on dentin was repeated for 10 days. Hardness was measured in 

dentin at three different distances from the resin-dentin interface: 100 μm, 200 μm and 300 

μm. Vickers indentation (HMV II, Shimadzu Corporation, Kyoto, Japan) was performed 

with a load of 25 g for a dwell time of 10 s [178]. Six indentations were made at each 

distance for each sample (Fig. 24C). Dentin hardness of healthy teeth without biofilm was 
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also measured as control. The following groups were used in the demineralization testing: 

Commercial Control, UV-Experimental Control, UV+DMAHDM, and 

UV+DMAHDM+NACP. 

 

 

3.2.13. Statistical analysis 

One-way and Two-way analyses of variance (ANOVA) with Bonferroni multiple 

comparison test were used to compare the means and detect significance between groups 

at p-value of 0.05 using SPSS, version 22.0 (SPSS Inc., Chicago, IL, USA). 

 

Figure 24. Schematic of the experimental design using an S. mutans recurrent caries 

biofilm model on composite restoration 
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4.3. Results 

The polymerization shrinkage stress is presented in Table. 1 (mean ± SD; n = 3). BT 

composite groups showed higher polymerization shrinkage stress, compared with UV 

groups. The BT+DMAHDM+NACP composite had a polymerization shrinkage stress of 

3.88 ± 0.30 MPa. The UV+DMAHDM+NACP composite had a lower polymerization 

shrinkage stress of 2.48 ± 0.03 MPa (p < 0.05). This represents a 36% reduction over that 

of the BT+DMAHDM+NACP composite. 

 

Table 1. Comparison of Shrinkage Stress between new composite vs BT control at 10 min after 

curing. Indicated are mean values with standard deviation in parenthesis 

Resin Composition Shrinkage Stress (MPa) 

Commercial Control 1.5 (0.1)a 

BT-Experimental Control 2.91 (0.28)b 

UV-Experimental Control 0.61 (0.1)c 

BT+NACP 4.05 (0.04)d 

UV+NACP 2.87 (0.32)b 

BT+DMAHDM+NACP 3.88 (0.30)e 

UV+DMAHDM+NACP 2.48 (0.03)f 

 

The mechanical properties of composites (n = 6) are presented in Table. 2. 

UV+DMAHDM+NACP composite had similar strengths to commercial control and 

BT+DMAHDM+NACP (p > 0.05). This indicates that adding 20% NACP and 3% 

DMAHDM did not compromise the mechanical properties of the composite.  
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Table 2. Flexural Strength and Elastic Modulus of Composites. Indicated are mean values with 

standard deviation in parenthesis 

Composite Group Flexural Strength (MPa) Elastic Modulus (GPa) 

Commercial Control 98.97 (19.38)a 9.16 (0.40)c 

BT-Experimental Control 163.33 (29.77)b 9.47 (0.26)c 

UV-Experimental Control 95.1 (11.70)a 5.02 (0.18)d 

BT+NACP 109.82 (5.39)a 11.27 (0.92)e 

UV+NACP 90.73 (8.92)a 7.10 (0.55)f 

BT+DMAHDM+NACP 95.08 (13.73)a 10.06 (0.84)c 

UV+DMAHDM+NACP 84.92 (10.28)a 7.54 (0.58)f 

 

 

The mechanical properties of UV-composites compared to commercial control (n 

= 6) before and after immersion are presented in Figure 25. After 200 days of aging, there 

was a substantial reduction in both elastic modulus and flexural strength in all groups, 

compared to the properties before aging (p < 0.05). However, the reduction in the 

strength of the groups containing NACP was similar to that in the commercial control 

composite (p > 0.1). Additionally, after 200 days of aging, the composite groups 

containing NACP had a slightly lower elastic modulus when compared to control groups 

with no NACP (p < 0. 05). 
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Figure 25. Mechanical properties of composites: (A) Flexural strength, 

and (B) elastic modulus 
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Ca and P ion releases from the composites are plotted in Figure 26A (Ca ions) and 

Figure 26B (P ions) (mean ± SD; n = 4). The UV+DMAHDM+NACP composite achieved 

a Ca ion concentration of 5.17 ± 0.48 mmol/L, comparable to 5.09 ± 0.75 mmol/L released 

by UV+NACP (p > 0.05). The P ion release had a similar behavior. Thus, the incorporation 

of 3% DMAHDM to the remineralizing low-shrinkage-stress composite did not 

compromise the ion release ability of the NACP (p > 0.05). 
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Representative live/dead images of 2-day S. mutans biofilms on the different 

composites are shown in Fig. 27 A-H. Control composites and UV+NACP composite were 

primarily covered with live bacteria (green). In contrast, DMAHDM groups had mainly 

bacteria with compromised membranes (red). No noticeable difference was found between 

0 day and 90 days samples, showing that the anti-biofilm function was not lost during 

aging. 
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Figure 26. Calcium (Ca) and phosphate (P) ion release from composites 
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Figure 27. Representative live/dead staining images of 2-day S. mutans biofilms 
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The CFU counts of 2-day S. mutans biofilms on composites are shown in Fig. 28 

(mean ± SD; n = 6). DMAHDM greatly decreased the CFU by 5 log orders when compared 

with the commercial control (p < 0.05). No significant difference of CFU was noted before 

and after 90 days aging for each group (p > 0.1), which means that the anti-biofilm function 

was not lost during the long-term aging. 

Figure 28. Colony-forming Unit (CFU) counts for 2-day S. mutans biofilms 

on composites 
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Two-day S. mutans biofilms lactic acid production is presented in Fig. 29 (A). The 

amount of lactic acid was significantly higher for biofilms grown on control and 

UV+NACP composites than on UV+DMAHDM+NACP composites (p < 0.05). In Fig. 29 

(B), the biofilm biomass on composites had a similar trend in which DMAHDM decreased 

the biomass significantly (p < 0.05) (mean ± SD; n = 6). Aging of composites for 90 days 

did not reduce the antibacterial efficacy when compared with 0 day (p > 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 29. Biofilm properties on composites. (A) Lactic acid production of 2-day S. 

mutans biofilms; (B) Biofilm biomass of 2-day S. mutans biofilms 
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Sound dentin (without biofilm acid attack) had a hardness of 0.60 ± 0.04 GPa (n = 

24). Dentin hardness at the margins after the biofilm acidic attacks is plotted in Fig. 30 at 

100 μm, 200 μm and 300 μm from the resin-dentin interface (mean ± SD; n = 6). The 

hardness at different distances had a similar trend. The UV+DMAHDM+NACP composite 

group had the highest dentin hardness among all the groups (p < 0.05), which was 1.5 times 

that of the commercial and UV-Experimental control groups.  

 

 

 

 

Figure 30. Dentin hardness at three distances from the margin of the composite 

restoration after 10 days of bacterial acidic attack 
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4.4. Discussion 

The present study is the first report on the development of a low-shrinkage-stress composite 

containing DMAHDM and NACP to protect human dentin hardness with biofilms in a 

recurrent caries model. The hypotheses were validated, in that the antibacterial effect of 

the new low-shrinkage-stress composite did not decrease after aging and indeed provided 

long-term antibacterial capability, while also providing high levels of Ca and P ion release. 

The combination of DMAHDM + NACP protected the dentin at the restoration margins 

under S. mutans biofilm attack, yielding much greater dentin hardness than control group.  

The antibacterial and remineralizing nanocomposite presented flexural strength 

values that were in accordance with the ISO requirements for composite materials (80 MPa 

for polymer-based restorative materials) [111]. The flexural strength of this new composite 

is a potential area of further improvement in a future study. An increase in elastic modulus 

with the incorporation of NACP has been observed in both UV and BT resins. We speculate 

that the increase in elastic modulus was related to the difference in filler particle type, size 

and surface area for NACP vs. glass particles in two ways. First, NACP with its smaller 

particle size might attract a thinner layer of resin to surround its surface. This thinner 

surface allows more light penetration during curing, and thus would increase the degree of 

polymerization conversion. A higher degree of conversion would increase the composite 

rigidity, yielding a high elastic modulus. Our preliminary findings suggested that the 

NACP group had a higher degree of conversion than the glass-filled group, and that was 

also associated with an increase in the elastic modulus. These findings were comparable to 

a previous study where the increase in elastic modulus was positively associated with an 

increase in the degree of conversion [180]. A second possible reason is that, below a critical 
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particle size, the elastic modulus would increase as a function of a decreased particle size 

[181]. When the particle size was below this critical value, the effect on the composite 

modulus would be more significant. This critical particle size cannot be determined a priori 

because it depends on the filler particles, matrix and particle-matrix adhesion [181]. This 

phenomenon is supported by a previous study where the critical particle size of 30 nm was 

the point at which the modulus increased with decreased particle size [181]. However, a 

systematic future study is warranted to fully understand the mechanical behavior of this 

newly developed composite.  

The antibacterial mechanism of QAMs depends on the binding with bacterial 

membranes and causing bacteriolysis [58]. An electric imbalance of the bacterial cell 

membrane occurs when a negatively-charged bacterium contacts the positively-charged 

quaternary amine cation (NR4
+), causing the bacterium to burst under its own osmotic 

pressure [58]. Additionally, chain length has been correlated with the antibacterial 

potency of QAMs [168]. It has been proposed that QAMs with longer alkyl chains have 

dual antibacterial mechanisms: the electrical imbalance due to their positive charge; and 

the ability of the long chain to physically penetrate bacterial cell membrane [168]. 

DMAHDM (chain length of 16) covalently bonds to the polymer matrix of composites 

and adhesives and provides strong antibacterial functions [64-66]. In the present study, 

DMAHDM was incorporated into a low-shrinkage-stress composite to enhance the anti-

caries effect of the new composite. 

Biofilm lactic acid and biofilm biomass decreased significantly for biofilms grown 

on the composite with DMAHDM. No significant difference was noted in the antibacterial 

performance of DMAHDM groups before and after 90 days of acidic solution aging. Our 
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findings are comparable to the findings of a previous study, in which the antibacterial effect 

of QADM was maintained after one year of water-aging [62]. DMADDM, a QAM with a 

chain length of 12, showed a similar trend in retaining its antibacterial properties after 6 

months of water-aging [63]. In other previous reports, an MDPB-containing composite and 

a QAM-containing acrylic resin had strong antibacterial effect after 3 months of water-

aging [132,182].  In another study, a composite containing PEI-nanoparticles maintained 

its antibacterial activity after 1 month of water-aging [52]. These previous studies did not 

use an acidic solution to simulate biofilm acids for the aging and did not investigate any 

low shrinkage-stress resin. The present study showed that the low shrinkage-stress 

UV+DMAHDM+NACP composite achieved long-term antibacterial capability by 

substantially reducing biofilm mass, CFU and lactic acid production even after 90 days of 

acidic solution aging. This was possible because DMAHDM was copolymerized with and 

immobilized in the low-shrinkage-stress resin and was not released or lost over time. 

Further study should compare this antibacterial low-shrinkage-stress composite with a 

commercial antibacterial resin such as Clearfil. 

According to the Stephan Curve, following a glucose rinse, the local plaque pH 

stays around 4 for several minutes before it increases to 5 or 6 after the bacteria have 

completed their metabolism and the saliva provided buffering effect [183,184]. Assuming 

that the duration at pH 4 is 10 min following a glucose rinse or following a meal, and this 

happens five times daily on average for the person in vivo. Then, the 3 months of 

continuous immersion at pH 4 in vitro would correspond to the accumulated pH 4 duration 

that would happen in approximately 7.2 years in vivo. In addition, several previous studies 

reported long-term ion release through the recharging of NACP-containing resins 
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[64,80,185]. A previous study has reported successful in vitro NACP-containing composite 

recharging and ion re-releasing for 6 months in an acidic condition [185]. They measured 

ion re-release through 12 cycles of recharge and re-release, each cycle taking 2 weeks 

[185]. This could be interpreted to about 13.2 years of in vivo recharge and re-release 

carrying the same assumption of subjecting to pH as low as 4 for 10 min following a 

glucose rinse or meal. Additionally, a previous study assessed the Ca and P ion release with 

sample exhaustion and followed by NACP recharge using three different resin systems to 

achieve long-term ion release and remineralization [80]. They conducted 6 recharge cycles 

that presented high levels of Ca and P ion re-release. This was followed by 42 days of 

continuous ion release without further recharge. Therefore, the Ca and P ion release could 

be rendered long-term via recharge. While the present study did not focus on NACP 

recharge, this low-shrinkage-stress material has the potential to be rechargeable, which 

warrant future study. 

In this study, the effect of ion release from NACP-containing composites on their 

mechanical properties were assessed after 200 days of immersion in acidic solution. The 

results indicated that after 200 days of aging, there was a reduction in the strength of all 

the groups. The NACP-containing groups had similar reductions to that of the commercial 

control composite which has been used clinically. This is largely due to the small particle 

size and higher surface area of NACP, which facilitated ion release at relatively low NACP 

fractional mass (20%) [74]. This left room in the resin matrix for a relatively higher 

percentage of silanized glass particle reinforcement [74,152]. Our findings are similar to a 

previous study where composites containing different mass fractions of NACP were aged 

for 2-years [152]. Their results showed that the strength of the composite with 20% NACP 
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was not significantly different from that of the commercial control Heliomolar at 2 years 

[152]. Another study reported mechanical properties of NACP-QADM nanocomposite 

after 180-day of water immersion [153]. The flexural strength and elastic modulus showed 

a moderate decrease in the first 30 days, followed by a minimal decrease in 1-6 months of 

aging, with similar mechanical properties to those of commercial control composites by 

the end of 180 days [153]. 

Several previous studies used S. mutans as a biofilm model to investigate the 

efficacy of various anticaries agents [176,178,179]. Laboratory-based, clinically 

representative studies can accelerate the testing of dental materials at reduced time and cost 

[186]. We grew S. mutans biofilms on human dentin for 10 days by applying all the steps 

of caries process: bacterial acid formation, demineralization, and remineralization. 

Assuming that the duration at pH 4 is 10 min each time, and this happens five times daily 

in vivo. Then the 10 days of in vitro demineralization, would correspond to 48 days of in 

vivo demineralization. We added 2% sucrose and cultured the biofilm for 4 h to mimic the 

food cycling in a 24-h period intra-orally [160,178]. To mimic salivary composition, 

additional Ca ions were supplied in this model  [2,179]. PIPES were added in the growth 

medium to obtain buffering effect similar to that of saliva in vivo [2,179]. Thus, the biofilm 

model used in the current study imitates the oral environment in terms of the daily 

demineralization and remineralization cycles, Ca and P ion concentrations and buffering 

capacity.  

In order to facilitate the use of standardized conditions and allow to focus on the 

variables related to the material, we did not use an adhesive in this study. Previous studies 

formulated adhesives with NACP for remineralization [187,188]. NACP-containing 
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adhesives were able to penetrate the dentinal tubules and form numerous resin tags [63]. 

This was mainly attributed to the small particle size of NACP (116 nm) when compared to 

the diameter of dentinal tubules (2.94 ± 0.38 µm) [189]. Future studies should investigate 

the use of low-shrinkage-stress composite with an adhesive, both containing DMAHDM 

and NACP, for tooth cavity restorations to protect the marginal tooth structures and inhibit 

secondary caries. 

Human dentin was used in this study as a substrate in the biofilm-induced 

demineralization because dentin has a higher chance of presenting marginal gaps in the 

restorations [37]. A previous study reported the percentage of gap-free margin in both 

enamel and dentin after restorations placement [37]. Dentin had a lower percentage of gap-

free margin at the initial placement, and the gap-free percentage further decreased with 

clinical service. Dentin hardness around the composite with DMAHDM + NACP was 

higher than control groups. Combining DMAHDM and NACP provided DMAHDM with 

the ability to inhibit biofilm formation, and NACP with Ca and P ion release to suppress 

excessive demineralization and promote remineralization of dentin. The combined effect 

between DMAHDM and NACP resulted in less dentin demineralization. Further study 

should investigate the effect of DMAHDM + NACP composite on marginal tooth hardness 

under biofilms for longer than 10 days. The dentin hardness of the UV+DMAHDM+NACP 

composite was the best among the other groups, but still significantly lower than the 

hardness of sound dentin for several reasons. First, no tooth brushing was performed in this 

study, while tooth brushing is recommended twice daily using a fluoridated toothpaste. 

Second, BHI was included in the growth medium, so the biofilm was producing acids all 

the times. Third, we used a single species model of S. mutans, which is known for abundant 
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acid production [157]. This created a stronger demineralization effect than what is likely 

to happen intraorally when there are mixed bacterial species. S. mutans is known for its 

ability to create an aggressive plaque biofilm and acidify the local plaque environment, 

which can contribute to an aggressive demineralization of tooth structures [116,117]. 

Moreover, dentin has a complex structure with less hydroxyapatite and more porosity and 

tubules, which make it more susceptible to acid attacks and more challenging to 

remineralize, when compared to enamel [78]. The effectiveness of this new composite in a 

multi-species biofilm model to imitate the oral biofilm complexity is a crucial future study. 

In this study, Heliomolar was chosen as a comparative control because of its ion-

releasing ability. Future study should investigate the mechanical behavior and shrinkage 

strain of the new low-shrinkage-stress composite in comparison with bulk-fill nano-hybrid 

composites and other commercial low-shrinkage composites available on the market today, 

in order to better understand this low-shrinkage-stress composite mechanical properties 

and polymerization kinetics. A positive correlation between the degree of conversion and 

shrinkage stress has been reported previously [190]. In the present study, Heliomolar 

control had a relatively low shrinkage stress (1.5 MPa). This is likely related to our 

preliminary study findings in which Heliomolar presented a low degree of conversion 

(48.3%), when compared to the other groups (57% to 75%). A high conversion is useful 

for optimizing the biocompatibility and mechanical properties of the composite [173]. 

Thus, in the present study, we aimed at developing a low-shrinkage-stress antibacterial and 

remineralizing composite while maintaining a relatively high degree of polymerization 

conversion. In this study we used the most traditional resin mixture to provide a baseline 

study and to optimize the formulation of this newly developed antibacterial and 
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remineralizing composite. Our future study plan is to conduct a systematic study 

investigating the polymerization kinetics of different resin systems in comparison to this 

new material to fully understand the factors and mechanisms behind the shrinkage stress 

reduction of this new material and its comparatives. 

It is controversial what factor could affect the shrinkage stress the most [191]. The 

difference in the particle type and size between the glass and NACP could be behind the 

increased shrinkage stress in NACP-containing groups. Because of the positive correlation 

between degree of conversion and stress [190]. We speculate that the small particle size of 

NACP causing the higher degree of conversion likely contributed to increasing the 

shrinkage stress. This speculation warrants further investigation.  

A previous study tested the volumetric polymerization shrinkage of BT in 7:3 ratio 

compared to UV composites, both with 75 wt% glass fillers using mercury dilatometer 

[29]. Both composites had the same volumetric shrinkage and similar elastic modulus. Yet 

the UV composite presented lower shrinkage stress. In addition, the polymerization 

shrinkage of BT in 1:1 ratio was tested previously and presented greater polymerization 

shrinkage (≈3.8 %) [192] compared to BT in 7:3 ratio (3.2%) [29]. The mechanism of low 

shrinkage stress of UV resin was discussed in a previous study [29]. The low shrinkage 

stress of UV was due to the unique polymerization kinetics of UV, which delayed the gel 

point during light irradiation due to the relatively slow polymerization rate. This 

delay provided sufficient time to release the shrinkage stress and prevent its excessive 

build-up in UDMA/TEG-DVBE system. When the shrinkage stress of a glass-filled UV-

composite was compared to glass-filled BT composite, the UV composite presented a 

lower shrinkage stress [29]. The results of their study and ours had a similar trend; however, 
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the difference in the filler content, type and particle size could be the reason behind the 

difference in the values of shrinkage stress. A previous study reported the shrinkage stress 

of eighteen commercially available composites ranged from 3.94 MPa to 10.45 MPa [144]. 

The new low-shrinkage-stress composite in this study had lower polymerization shrinkage 

stress (2.48 MPa), compared with these commercial composites. Another study reported 

the shrinkage stress of six different composites ranged from 3.54 to 5.42 MPa, with the 

lowest shrinkage stress for a composite prepared with a high molecular mass monomer 

(DX-511) [193]. Nevertheless, the lowest stress previously reported is still higher than the 

stress of the present study for the UV+DMAHDM+NACP composite.  

Regarding the biocompatibility, a previous study investigated the effect of QAM 

alkyl chain length on the cytotoxicity of human gingival fibroblast and odontoblast-like 

cells in vitro [56]. DMAHDM had a minimal cytotoxicity that matched HEMA and 

TEGDMA, with significantly less cytotoxicity than BisGMA. Additionally, they found that 

with the use of cured resin eluents on odontoblast-like cells, the DMAHDM group had a 

cell viability similar to the control group using culture medium without any resin eluents 

[56]. These results indicate that DMAHDM has an acceptable biocompatibility, which 

warrants further in vivo studies. The UV-experimental composite had a whitish light color, 

and the addition of NACP resulted in a slight grayish shade. The pastes were relatively 

translucent and cured with photo polymerization. Further study is needed to investigate the 

effect of the addition of colorants on the shades on the new composite. Future studies 

should investigate the depth of cure, viscosity, and flow properties of this new material. 

Our findings suggested that this low-shrinkage-stress resin system copolymerized 

well with DMAHDM and retained the antibacterial effect of DMAHDM after aging in 



  109 

acidic solution. Additionally, this resin formula allowed high levels of Ca and P ion release 

which enabled the remineralization of the bacterially-demineralized dentin, a challenging 

tooth structure to remineralize compared to enamel. Therefore, the new 

UV+DMAHDM+NACP composite is promising for reducing shrinkage stress, protects the 

bonded interface at the margins, releases Ca and P ions to remineralize lesions created by 

acid demineralization, and suppresses biofilm acids to inhibit recurrent caries. 
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CHAPTER FIVE: Novel Low-Shrinkage-Stress Dental Nanocomposite 

with Long-Term Anti-Biofilm Properties and Cytocompatibility1 

Chapter abstract  

Objectives: A low-shrinkage-stress (LSS), antibacterial and remineralizing 

nanocomposite was recently developed; however, validation of its long-term antibacterial 

potency in modulating human salivary-derived biofilm is an unmet need. This study aimed 

to evaluate the antibacterial effect of the bioactive LSS composite before and after aging 

in acidic solution for 90 days using a multi-species biofilm model, and to evaluate its 

cytotoxicity.  

Methods: The LSS composite consisted of urethane dimethacrylate (UDMA) and 

triethylene glycol divinylbenzyl ether (TEG-DVBE), 3% dimethylaminohexadecyl 

methacrylate (DMAHDM) and 20% nanoparticles of amorphous calcium phosphate 

(NACP). Biofilm colony-forming units (CFU), lactic acid production, and confocal laser 

scanning microscopy (3D biofilm) were evaluated before and after three months of aging. 

Cytotoxicity of the new monomer and composite was assessed against human gingival 

fibroblasts (HGF).  

Results: The new LSS composite presented the lowest biofilm CFU, lactic acid and 

biofilm biomass, compared to controls (n = 6, p < 0.05). The 3D biofilm testing presented 

higher dead/live bacterial ratio on the new composite. Importantly, the new composite  

 

 

1 This chapter contains major excerpts from this article, “Long-term antibacterial activity and 

cytocompatibility of novel low-shrinkage-stress, remineralizing composites.” Journal of Biomaterials 

Science, Polymer Edition, 2021) in which I served as a first author. 
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exhibited no significant difference in antibacterial performance before and after 90-

day-aging, demonstrating long-term antibacterial activity (p > 0.1). Furthermore, the new 

LSS and antibacterial composite had good cytocompatibility, with fibroblast cell viability 

similar to that of commercial control composite used clinically in humans (p > 0.1).  

Conclusion: this study spotlighted that the new bioactive composite not only had a 

low shrinkage stress, but also down-regulated the growth of oral biofilms, reduced acid 

production, maintained antibacterial activity after the 90-day-aging, and did not 

compromise the cytocompatibility. 

 

5.1. Introduction 

Recurrent dental caries remains one of the main reasons behind the high-cost re-dentistry 

[11]. Dental caries is caused by oral biofilms which produce organic acids to dissolve 

tooth minerals [194]. Therefore, any strategy which could suppress caries progression 

should rely on the control of caries as a biofilm-dependent disease [8]. In the past years, a 

great deal of studies incorporated various antibacterial agents into dental resins to 

suppress biofilms and their acid production such as quaternary ammonium methacrylates 

(QAMs) [44,109]. Several studies used QAMs to obtain potent antibacterial function with 

no determinal effects on mechanical and physical properties [96,121,195,196]. For 

example, ionic dimethacrylate monomers (IDMAs) were used to reduce bacterial 

colonization without compromising the viability of mammalian cells [109]. Other studies 

incorporated various QAMs monomers such as 12-methacryloyloxydodecylpyridinium 

bromide (MDPB) [121], methacryloxylethylcetyl dimethyl ammonium chloride (DMAE-

CB) [197], and quaternary ammonium polyethylenimine (QPEI) nanoparticles [52]. 
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Recently, the incorporation of dimethylaminohexadecyl methacrylate (DMAHDM) 

as an antibacterial agent in resin-based restorative materials has been reported [102,196]. 

DMAHDM acts mainly through contact-killing mechanism [198]. It has the ability to 

copolymerize with dental resin matrix and become immobilized upon curing [44]. 

Previously, the long-term antibacterial effect of DMAHDM in dental composite has been 

investigated [169]. However, the resin formula used was a traditional, not a low-shrinkage-

stress resin. Therefore, in our recent publications [199,200], we designed a new composite 

through the incorporation of 3% DMAHDM and 20% NACP into a unique low-shrinkage-

stress (LSS) resin formula. Additionally, we optimized this antibacterial and remineralizing 

LSS composite to lower the shrinkage stress by 36% compared to controls without 

compromising degree of conversion [200]. These assets were achieved along with suitable 

long-term mechanical properties [200]. We also demonstrated the capability of this formula 

to protect marginal hardness using human enamel and dentin substrates under a biofilm-

induced recurrent caries model [199,200]. The antibacterial performance of this new 

composite was evaluated against a single bacterial species (Streptococcus mutans) [199]. 

Yet, the use of a single bacterial species in evaluating the performance of antimicrobial 

restorative material might affect the reliability of the results [18]. Thus, in this study, we 

aimed at investigating the changes in the biofilms promoted by this bioactive LSS 

composite using a mature, complex biofilm model and evaluate the ability of DMAHDM 

to maintain long-term antibacterial potency against this multispecies salivary model. 

The rationale of incorporating NACP into this composite formula is its ability to 

release high levels of Ca and P ions that can shift the dynamic process of 

remineralization/demineralization toward remineralization [78,196]. The filler level of 
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20% NACP was demonstrated to be effective in protecting marginal dentin and enamel 

hardness [199,200]. While it is imperative to promote remineralization, modulate biofilm 

growth, and protect marginal integrity, it is equally imperative for the new antibacterial 

and remineralizing LSS composite to be non-cytotoxic for mammalian cells. Hence, we 

also aimed in this study to evaluate the cytotoxicity of this new LSS composite with and 

without the incorporation of bioactive agents. 

The main concern related to shrinkage stress is the loss of marginal seal, gap 

formation, biofilm invasion, and subsequently restoration failure [201]. Several strategies 

have been utilized to mitigate the adverse outcomes of the polymerization shrinkage such 

as using large molecular mass monomers, increasing the amount of fillers, and altering the 

reaction kinetics [22,87,202]. In this study we used a resin matrix with distinctive features 

to produce a formulation with reduced shrinkage stresses and suitable degree of conversion 

[200]. A high molecular weight base monomer, urethane dimethacrylate (UDMA), was 

used in this resin system along with triethylene glycol divinylbenzyl ether (TEG-DVBE) 

as a diluent monomer. TEG-DVBE is an ether-based monomer which can copolymerize 

with methacrylate derivates via composition-controlled photopolymerization [29,131]. 

TEG-DVBE has proven its stability to enzymatic and hydrolytic degradation challenges 

[31]. On the other hand, the highly flexible monomer, UDMA, [172] can significantly 

improve the polymerization conversion and flexural strength without raising the 

polymerization shrinkage [173]. 

The objectives of this study were to: (1) evaluate the long-term antibacterial effect 

of the LSS antibacterial and remineralizing composite using a multi-species human salivary 

biofilm model; and (2) assess the cytotoxic effect of this antibacterial and remineralizing 
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LSS composite against human gingival fibroblasts (HGF). It was hypothesized that: (1) the 

antibacterial effect of the new LSS composite would not decrease after aging in an acidic 

solution, thereby providing long-term antibacterial action; and (2) the antibacterial and 

remineralizing LSS composite would not adversely affect the gingival fibroblast viability. 

 

5.2.   Materials and Methods 

5.2.1.  Fabrication of Low-Shrinkage-Stress Composite Containing DMAHDM and 

NACP 

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

and 44.2% of TEG-DVBE, as described in previously [29] (all mass%, unless specified 

otherwise). The synthesis and characterization of the TEG-DVBE monomer has been 

reported elsewhere [31]. The monomer mixtures were activated for photo-polymerization 

using 0.2% of photo-oxidant, camphorquinone (CQ; Aldrich, Saint Louis, MO, USA) and 

0.8% of photo-reductant, ethyl 4-N, N-dimethylaminobenzoate (4EDMAB; Aldrich). This 

resin was devoted as “UV” resin.  

DMAHDM was synthesized via a modified Menschutkin reaction as described 

previously [109]. Briefly, a tertiary amine group was reacted with an organ-halide via 

combining 10 mmol of 2-(dimethylamino) ethyl methacrylate (DMAEMA, Sigma-

Aldrich), 10 mmol of 1-bromododecane (BDD, TCI America, Portland, OR, USA), and 3 

g of ethanol into a vial, which was then stirred at 70 °C to react for 24 h. Then the ethanol 

solvent was removed via evaporation, yielding DMAHDM as a clear, viscous liquid. 

DMAHDM was added to UV at a final mass fraction of 3% of the composite. 
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NACP with a mean particle size of 116 nm was synthesized via a spray-drying 

technique, as described previously [74]. NACP was added at 20% filler level into the 

composite to sustain good mechanical properties while releasing high levels of Ca and P 

ions for remineralization, following previous studies [64,74]. Silanized barium 

boroaluminosilicate glass particles with a median size of 1.4 μm (Caulk/ Dentsply, Milford, 

DE, USA) were added at 43% into the composite for mechanical enforcement. The 43% 

glass filler level was selected to maintain good handling properties, based on preliminary 

experiments. 

Heliomolar (Ivoclar, Ontario, Canada) containing 66.7% of nano-fillers of silica 

and ytterbium-trifluoride was used as a commercial comparative control. Heliomolar was 

chosen because of its ion-releasing ability, following previous studies [64,174]. The 

following four composites were tested: 

(5)  Heliomolar commercial control composite (denoted “Commercial control composite”); 

(6) Low-shrinkage-stress (LSS) control composite, 37% UV + 0% DMAHDM + 0% 

NACP + 63% glass (denoted as “LSS control”); 

(7) LSS remineralizing composite, 37% UV + 0% DMAHDM + 20% NACP + 43% glass 

(denoted as “LSS+NACP”); 

(8) LSS antibacterial and remineralizing composite, 34% UV + 3% DMAHDM + 20% 

NACP + 43% glass (denoted as “LSS+DMAHDM+NACP”). 

 

5.2.2. Biofilm Sample Preparation and Aging 

Composite disks with a diameter of 8 mm and a thickness of 1 mm were prepared and light-

cured for 1 minute (Labolight DUO, GC America, Alsip, IL, USA) following a previous 
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study [203]. Composite disks were stirred in deionized water at 100 rpm for 1 h to remove 

the initial burst of uncured monomers [114]. Half of the samples prepared were aged for 3 

months at 37 °C in a sodium chloride (NaCl) solution (133 mmol/L) buffered to pH = 4 

with 50 mmol/L lactic acid. Prior to biofilm experiments, samples were sterilized using 

ethylene oxide (Anprolene AN 74i, Andersen, Haw River, NC, USA) and degassed for 7 

days, following the manufacturer’s instructions.  

 

5.2.3. Biofilm Formation on Composite Disks 

Human saliva collection was approved by the University of Maryland Baltimore (UMB) 

Institutional Review Board (IRB) and used following previous studies [64,203]. Briefly, 

saliva was collected from ten healthy individuals with no active caries and no history of 

antibiotics use in the past three months. Before saliva donation, donors were asked not to 

brush their teeth for 24 h and refrain from food and drink intake for 2 h. The saliva from 

all donors were mixed, diluted in sterile glycerol to a concentration of 70%, and stored at 

-80 °C to form the saliva pool for subsequent use [64,203]. The use of saliva microcosm 

biofilm model allowed imitating the dental plaque more closely and ensured heterogenicity 

of microorganism [204]. 

The saliva-glycerol solution was added into a McBain artificial saliva growth 

medium with 1:50 final dilution. The growth medium contained the following: mucin 

(Type II, porcine, gastric), 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast 

extract, 1.0 g/L; NaCl, 0.35 g/L; KCl, 0.2 g/L; CaCl2, 0.2 g/L; cysteine hydrochloride, 0.1 

g/L; hemin, 0.001 g/L; vitamin K1 , 0.0002 g/L, at pH 7 [205]. Sterilized 0.2% sucrose was 

added to the medium. To start biofilm formation, each composite sample was immersed in 



  117 

1.5 mL of saliva inoculum in each well of a 24-well plate and incubated at 37 °C with 5% 

CO2. After the initial 8 h, the biofilms on the specimens were washed once in cysteine 

peptone water (CPW) to eliminate the planktonic bacterial cells and then transferred to a 

new 24-well plate containing fresh growth medium with 0.2% sucrose and incubated for 

16 h. The biofilm experiments were performed after a total 48 h of incubation to allow the 

formation of a relatively mature dental plaque biofilms on the dental resins [64,66]. 

5.2.4. Biofilm Colony-forming Units (CFU) Counts 

Composite disks with the adherent biofilms (n = 6) were transferred to a new plate with 1 

mL of phosphate buffered saline (PBS). The biofilms were harvested by scraping and 

sonication/vortexing (ThermoFisher Scientific, Waltham, MA, USA). The bacterial 

suspensions were serially diluted and spread on agar plates. The agar plates were incubated 

at 37 °C with 5% CO2 for 48 h. The number of colonies was counted along with the dilution 

factor to determine the CFU counts [64,203]. The agar plates used were: Tryptic Soy Blood 

Agar (TSA) plates supplemented with 5% of defibrinated sheep blood to quantify the total 

microorganisms; Mitis Salivarius Agar (MSA) plates containing 15% sucrose to quantify 

total streptococci; and MSA plates with 0.2 units of bacitracin per mL (MSB) to quantify 

mutans streptococci. All agar plates were prepared as per the manufacturer’s instruction 

(Sigma-Aldrich). 

 

5.2.5. Lactic Acid Production by Biofilms 

Composite disks with adherent biofilms (n = 6) were washed twice with PBS, then 

transferred to a new well plate contained buffered peptone water (BPW, MilliporeSigma, 

Burlington, MA, USA) supplemented with 0.2% sucrose and incubated at 37 °C in 5% CO2 
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for 3 h [64,203]. After 3 h, the lactic acid concentrations in the BPW solutions were 

measured at OD340nm using a multi-mode microplate reader (SpectraMax M5, Molecular 

Devices, San Jose, CA, USA). The lactate concentrations were determined using lactate 

dehydrogenase enzymatic method [64,203]. 

 

5.2.6. Crystal Violet Staining of Biofilms 

Crystal violet dye binds to negatively charged molecules and polysaccharides in the 

extracellular matrix to evaluate the biofilm biomass [66]. Composite disks with adherent 

biofilms (n = 6) were gently washed 3 times with PBS, air-dried for 20 min, then stained 

with 0.1% (wt/vol) crystal violet (Sigma-Aldrich) at room temperature. The samples were 

de-stained using 95% ethanol and the plate were gently shaken for 20 min. The extracted 

solution was transferred to a 96-well plate. The biofilm formation was quantified by 

measuring the optical density of the solution at OD570 nm [66,145]. 

 

5.2.7. Confocal Laser Scanning Microscopy (CLSM) 

CLSM technique was used to assess the viability distribution in dental biofilm and the 

thickness of biofilm grown on resin surfaces. Adherent biofilms on the LSS control and 

LSS+DMAHDM+NACP composite disks were gently washed with PBS to remove 

unattached bacterial cells and then stained with a Live/Dead Baclight bacterial viability kit 

(Molecular Probes Inc., Eugene, OR, USA); where the green fluorescence (SYTO 9) 

indicates the presence of live bacteria and the red fluorescence (propidium iodide, PI) 

indicates the presence of bacteria with compromised cell membrane [206]. CLSM was used 

to image and qualitatively assess the biofilms developed on samples. The fluorescent dyes 
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SYTO 9 and PI were mixed at 1:1 ratio and used to stain the disks for 15 min, then 

immediately subjected to analysis. Each disk was visually scanned and three areas were 

randomly selected for imaging (n = 3) using standard procedures of CLSM described 

previously [206]. Confocal images were obtained using a 20x (numeric aperture 0.8, air 

objective) and vertical optical sectioning with a slice thickness of 1 μm was used to 

generate the z-series. The scans were stacked and reconstructed using Imaris software 

(Bitplane, Saint Paul, MN) to generate the 3D images. The biofilm section parallel to the 

composite surface was referred to as the x-y plane and the section perpendicular to the 

composite surface as z-axis. 

 

5.2.8. Human Gingival Fibroblasts Cytotoxicity Testing 

To test cytotoxicity, we cultured human gingival fibroblasts (HGF, ScienCell, San Diego, 

CA, USA) in fibroblast medium (FM) supplemented with 2% fetal bovine serum, 100 

IU/mL penicillin, and 100 IU/mL streptomycin. HGF were used in the present study 

because of their relevancy to dental restorations. The protocol for using HGF was approved 

by the UMB IRB. HGF cells (passage 7) were inoculated into a 96-well plate at a density 

of 5,000 cells/well in FM [143]. Light-cured composite disks (n = 3) were prepared using 

a 4 mm diameter and 1 mm thickness mold and sterilized using ethylene oxide gas followed 

by degassing for 7 days. Each resin disk was immersed in 4 mL medium for 24 h at 37°C 

to obtain eluents [143,207]. This resulted in a ratio of surface area/solution volume to be 

0.63 cm
2
/mL, which was within the 0.5 - 6 cm2/mL range recommended by the 

International Organization for Standardization (ISO) [208,209]. 
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To test the cytotoxicity with a high relevance of an intended in vivo application, we 

tested the original extract solutions along with a series of dilutions [210]. The original 

extracts were diluted with fresh medium at 2,4,8,16,32,64, and 128-fold [207]. HGF were 

incubated with 100 μL of original extracts and their dilutions from each sample for 24 

hours. The HGFs in culture media without any extracts were used as the negative control. 

Cell Counting Kit-8 (CCK-8, Dojindo, Rockville, MD, USA) was used to evaluate cell 

viability. After 24 hours of incubation in a 96-well plate, 10 μL of CCK-8 solution per well 

was added and incubated for 2 hours at 37 °C with 5% CO2 incubator. The absorbance was 

measured (SpectraMax M5) at 450 nm, which is the readout of cellular dehydrogenase 

activity of live cells in culture media. Cell viability was expressed as percentage cell 

viability with respect to the control. 

 

5.2.9. Statistical analysis 

Statistical analyses were performed using SPSS, version 22.0 (SPSS Inc., Chicago, IL, 

USA). One-way and Two-way analyses of variance (ANOVA) were employed to detect the 

significant effects of the variables. Bonferroni multiple comparison test was used to 

compare the means of each of the groups at p-value of 0.05. 

 

5.3. Results 

Figure 31 represents the CFU counts for 2-day salivary biofilms on composites (mean ± 

SD; n = 6): (A) Total microorganisms; (B) total streptococci; (C) mutans streptococci. No 

significant difference in total streptococci and mutans streptococci counts before and after 

90 days of aging within each group (p > 0.1). DMAHDM-containing group presented the 



  121 

strongest antibacterial effect. The LSS+DMAHDM+NACP presented a statistically 

significant reduction of more than 2 logs in mutans streptococci, total streptococci, and 

total microorganisms, compared to the other tested groups (p < 0.05). 
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Figure 31. Colony-forming Unit (CFU) counts for 2-day salivary biofilms on 

composite disks. (A) Total microorganisms; (B) total streptococci; (C) mutans 

streptococci 
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Lactic acid production of 2-day salivary biofilms on composites (mean ± SD; n = 

6) is illustrated in Figure 32. No significant difference in lactic acid before and after 90 

days of aging for each group (p > 0.1). Compared to the other groups, the DMAHDM-

containing composite significantly reduced the lactic acid production (p < 0.05) before and 

after aging, which indicates the potency of its anti-biofilm function after long-term aging.  

 

 

 

 

 

 

 

 

 

 

Figure 32. Lactic acid production of 2-day salivary biofilms on composite disks 
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Biofilm biomass of 2-day salivary biofilms on composites (mean ± SD; n = 6) is 

presented in Figure 33. The bacterial biomass decreased drastically in DMAHDM groups 

compared to the control and LSS+NACP groups (p < 0.05). Samples’ aging for 90 days 

did not decrease the antibacterial function, compared to those before aging (p > 0.1). 

 

 

 

 

 

 

Figure 34 represents confocal microscopy imaging of salivary-derived biofilms 

developed on composites before aging (mean ± SD; n = 3). (A) Top view of the LSS control 

group; (B) z-axis view for the LSS-control group; (C) top view of the 

LSS+DMAHDM+NACP group; and (D) z-axis view for the LSS+DMAHDM+NACP 

group. Compared to the LSS control, the LSS+DMAHDM+NACP composite had thinner 

Figure 33. Biofilm biomass of 2-day salivary biofilms on composite disks 
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biofilm accumulation (seen on the z-scale). And this biofilm was formed of considerably 

more bacteria with compromised membrane emitting red fluorescence. However, the LSS 

control group had mostly live bacteria with intact membrane emitting green fluorescence.  

 

 

 

 

Figure 34. Representative confocal microscopy images of salivary-derived biofilms 

grown for 2 days on composite disks before aging 
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Figure 35 shows confocal microscopy imaging of salivary-derived biofilms 

developed on composite disks after 90 days of aging (mean ± SD; n = 3). (A) Top view of 

the LSS control group; (B) z-axis view for the LSS control group; (C) top view of the 

LSS+DMAHDM+NACP group; and (D) z-axis view for the LSS+DMAHDM+NACP 

group. The DMAHDM-containing group had noticeably less live biofilm and most of the 

present bacteria were stained red indicating defective bacterial membrane. On the other 

hand, the LSS-control group had thicker biofilm most of which were bacteria with intact 

cellular membrane and stained green. 
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Figure 35. Representative confocal microscopy images of salivary-derived biofilms developed on 

composite disks for 2 days after 90 days of aging 
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Figure 36 plots the HGF cell viability for the new composite, compared to a 

commercial control (mean ± SD; n = 4). The x-axis begins with the original extracts that 

was then serially diluted. The cell viability of all composites except 

LSS+DMAHDM+NACP had no significant difference (p > 0.1). The cell viability of 

LSS+DMAHDM+NACP composite increased with increasing the dilution of the original 

extracts in medium. At dilutions 4 to 128, the LSS+DMAHDM+NACP group had cell 

viability matching that of the commercial control composite (p > 0.1). 

 

 

 

 

 

Figure 36. Human gingival fibroblasts viability toward the newly developed composite  
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5.4. Discussion 

The present study represents the first report on (1) the antibacterial effect of a bioactive 

LSS composite against a salivary microcosm biofilm model pre- and post-aging for 90 days 

and (2) cytocompatibility of the LSS composite against HGF. The first hypothesis was 

validated that the antibacterial potency was not compromised by aging in acidic solution 

for 90 days and the antibacterial LSS composite presented thinner biofilm thickness 

compared to control. The second hypothesis has been partially rejected as the antibacterial 

and remineralizing LSS composite was cytotoxic at zero and 1:2 dilutions and non-

cytotoxic at further dilutions. 

In our previous study, an LSS composite was designed with 20% NACP and 3% 

DMAHDM that reduced the polymerization shrinkage stresses by 36%, compared to a 

traditional BisGMA:TEGDMA composite [200]. It achieved high levels of Ca and P ion 

release and enamel remineralization, without compromising the mechanical properties and 

degree of polymerization conversion [200]. In the present study, we investigated the ability 

of this previously formulated bioactive LSS composite to suppress multi-species high-

challenge biofilms resembling the oral ecosystem at two time points, before and after 

samples’ aging for 3 months. 

Herein, the LSS composite containing DMAHDM was able to suppress the growth 

of the saliva-derived biofilms by reducing the population of total microorganisms, total 

streptococci, and mutans streptococci by 2 to 3 order logs (up to 99.9% bacterial biofilm 

reduction) [211]. In the present study, with the novel low-shrinkage-stress resin, we 

achieved a comparable antibacterial effect compared to a previous report that used different 

mass fractions of DMAHDM monomer in an experimental dental composite [203]. The 
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antibacterial effect of these composites against salivary biofilms escalated from no 

reduction to 4 log reduction with increasing the DMAHDM concentration from 0 to 5% 

[203]. Moreover, the amount of lactic acid production was greatly mitigated (more than 4 

folds) when in contact with LSS+DMAHDM+NACP composite. These results correlated 

well with the CFU findings, as lactic acid is related mainly to the viable biofilm. 

DMAHDM with its ability to reduce the production of lactic acid is targeting one of the 

principal pathways for caries progression. Because lactic acid is among the main organic 

acids produced by cariogenic bacteria to induce teeth demineralization in carious lesion 

[212].  

In the present study, different antibacterial assays were used to understand the effect 

of DMAHDM incorporation on biofilm properties. The CFU assay was used to evaluate 

biofilm viability, while the 3D reconstruction of CLSM images enabled the identification 

of the distribution of live/dead bacterial throughout the biofilm thickness. DMAHDM-

containing composite had significantly higher proportion of compromised bacteria 

throughout the biofilm thickness, compared to LSS control. This could be explained that 

QAMs promoted bacterial lysis throughout the biofilm via an intracellularly mediated 

death program [46,52]. The presence of QAMs created a stressful condition in the bacteria 

biofilm further away from the resin surface, thus inducing the programmed cell death. This 

could explain the presence of great portion of dead bacteria on the DMAHDM-containing 

resins. The presence of more red color (compromised bacteria) in the post-immersion 

confocal images doesn’t necessarily indicate dead bacteria. These bacteria could be injured 

or even starving viable bacteria with the ability to produce lactic acid and when given the 

opportunity via nutritious environment (agar plates), they might be recoverable [213]. 
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Additionally, more compromised bacteria do not necessarily indicate lower biofilm 

biomass as the biomass experiment quantifies the total biofilm including dead and live 

bacteria along with extracellular matrix.  

The assessment of biofilm growth on composites pre- and post-aging demonstrated 

a robust and durable antibacterial effect. Previously, an MDPB-containing composite and 

a QAM-containing acrylic resin presented strong antibacterial effect after 3 months of 

water-aging [132,182]. Nevertheless, these previous studies did not use an acidic solution 

to simulate biofilm acids for the aging experiment and did not investigate low shrinkage-

stress resins. These studies, along with the present study, indicate that quaternary 

ammonium monomers can be chemically immobilized within the resin, yielding a potent 

and reliable long-term antibacterial function [132,182]. They induce bacteriolysis by 

binding to bacterial cell membranes [58]. Our results suggest that DMAHDM crosslinked 

well with the LSS resin, and this was validated in the long-term antibacterial effect that 

was maintained after three months of aging in acidic solution. If significant amounts of the 

DMAHDM in the composite had not been well-polymerized, there would have been a 

decline in the antibacterial potency after aging.  

In the present study, we used a copolymer resin matrix with reduced shrinkage 

stresses and satisfactory high degree of conversion [200]. This was specifically vital 

because unreacted monomers due to low degree of conversion can harm the mechanical 

properties of the restorations and induce cytotoxic effect on the surrounding tissues [214]. 

The first monomer, TEG-DVBE, allowed the reduction of nearly 50% of the hydrolysable 

ester group in the resin system [89] and has proven its stability against several hydrolytic 

and environmental challenges [31]. However, TEG-DVBE has a low viscosity and can 
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serve as a diluent monomer that needs a base monomer. Thus, UDMA, with high molecular 

weight per reactive group [171] was used as a base monomer in this resin system. 

Interestingly, the polymerization rate of TEG-DVBE improves with the addition of 

UDMA, suggesting an additional role of UDMA as a co-initiator to TEG-DVBE [89]. The 

low shrinkage stress of this formula was still maintained with the addition of DMAHDM 

and NACP to the glass-filled UV composite [200]. The mechanism of low shrinkage stress 

of UV resin was deliberated in a previous study [29]. Briefly, the low shrinkage stress of 

UV is speculated to be due to a relatively slow polymerization rate causing a delayed gel 

point upon curing. This delay allows adequate time for the UDMA/TEG-DVBE system to 

release the polymerization stress and reduce its excessive development. 

While the new LSS composite in the present study is highly promising, it is required 

to be non-cytotoxic on human cells. This study is the first to report the cytotoxic behavior 

of this antibacterial and remineralizing LSS composite. By using the original extract 

obtained by immersing cured disks in FM at 37 ◦C for 24 h, the cytotoxicity results will 

not represent the real clinical situation. Because the oral cavity has a continuous flow of 

saliva with the typical saliva flow for an average person to be 1000–1500 mL/24 h [215]. 

Therefore, diluted solutions were used to obtain reasonable results of reliable cytotoxicity 

evaluation. All the groups tested were defined as non-cytotoxic in accordance with ISO 

recommendations with a viability higher than 75% [216] except for the antibacterial and 

remineralizing LSS composite. This indicates that the cytotoxic effect of the new 

composite on HGF cells comes mainly from DMAHDM. The UV-NACP-DMAHDM 

group presented a low cell viability that increased with increasing the dilution of the 

original extracts in medium. At dilution folds of 4 to 128, the UV-NACP-DMAHDM group 
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had cell viability matching that of the commercial control and in accordance with ISO 

recommendations with a viability higher than 75% [216]. As an example, at the 128-fold 

dilution of the original extract (which would yield a total of 512 mL of culture medium), 

with a total solution volume of less than ½ of the saliva volume per day in vivo, the 

LSS+DMAHDM+NACP composite had low cytotoxicity according to ISO 

recommendations (< 25 % cytotoxicity). Furthermore, even at the 32-fold dilution, with a 

total solution volume that is less than 1/10 of the saliva volume per day in vivo, the UV-

NACP-DMAHDM group had cell viability matching that of the commercial control and in 

accordance with ISO recommendations. This is a positive finding and warrants further in 

vivo investigations and offers some confidence in the use of this new material. Our findings 

are in line with a previous study that compared the cytotoxicity of a commercial dental 

adhesive containing QADM as an antibacterial agent against HGF cells [207]. They found 

that the cell viability was low using the original eluents extract but started to increase with 

further dilutions [207]. And they reported that, under dilution folds approaching the saliva 

volume in vivo, QADM-containing bonding agents had human fibroblast viability 

matching that of a commercial non-antibacterial control [207]. Therefore, the LSS 

antibacterial and remineralizing composite achieved a powerful antibacterial activity 

without compromising the fibroblast cytotoxicity. Future studies should investigate the 

biocompatibility of this new composite using in vivo experiments.  

In this study, using an antibacterial and remineralizing LSS composite, a strong and 

long-term antibacterial activity was achieved without compromising human gingival 

fibroblasts. Based on the findings of the in vivo studies performed herein, the new 

LSS+DMAHDM+NACP composite should be considered for an animal model evaluation. 
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Further studies are also needed to investigate the triple strategy of low-shrinkage-stress, 

antibacterial and remineralizing combination in dental sealants and cements, especially for 

high caries-risk patients to prevent recurrent caries 
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CHAPTER SIX: Summary and Conclusion 

 

Recurrent dental caries around composite restorations is a major reason for avertible re-

dentistry. Also, polymerization shrinkage stress, masticatory load over time as well as 

biochemical degradation can lead to marginal failure and secondary caries. In this thesis, 

we developed two dental nanocomposites with common features: remineralization and 

antibacterial properties. However, the first nanocomposite was engineered using an acidic 

monomer to allow for Ca and P ions recharge, while the second nanocomposite was a low-

shrinkage-stress, antibacterial and remineralizing nanocomposite. Both composites 

performed favorably and are promising to inhibit recurrent caries at the margins and 

increase the restoration longevity. 

In chapter two, we investigated a novel DMAHDM-NACP composite with strong 

antibacterial and ion recharge capabilities, demonstrating long-term Ca and P ion release 

and remineralization potential with high levels of Ca and P ion release even after 6 months 

of recharge and re- release. DMAHDM reduced S. mutans biofilm CFU by nearly 4 logs, 

without adversely affecting the composite mechanical properties and ion release and 

rechargeability. Additionally, this rechargeable composite provided substantial recharge 

and sustained release of Ca and P ions for potential long-term remineralization and caries-

reduction effects. Compared to the rechargeable NACP composite without DMAHDM., 

the rechargeable NACP-DMAHDM composite presented similar levels of Ca and P ion 

release, recharge and re-release, that reached a steady-state as the number of recharge and 

re-release cycles increased. Therefore, this dual benefit antibacterial and rechargeable 

nanocomposite is promising to inhibit caries, prevent demineralization, and enhance 

remineralization of tooth structures.  
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Another major shortfall of current composites is the polymerization shrinkage 

stress and its associated adverse clinical outcomes. For this reason, in chapter three we 

developed a novel low-shrinkage-stress nanocomposite with remineralizing and 

antibacterial capabilities. This composite substantially reduced the polymerization 

shrinkage stress as compared to traditional composite, with no negative effect on 

mechanical strength and degree of conversion. The low-shrinkage-stress antibacterial and 

remineralizing nanocomposite performed favorably by reducing the polymerization stress 

to 2.48 MPa, compared to 3.88 MPa of traditional composite. We speculated that the new 

low-shrinkage-stress composite had a slower polymerization rate resulting in a delayed gel 

point when compared to BT composite. The longer time taken by the UV composite to 

reach rigidity allowed easier stress relaxation and prevented excessive contraction stress 

accumulation. The new composite maintained a comparable level of degree of conversion 

to that of traditional composite, while reducing polymerization stress by 36%. 

Additionally, the novel low-shrinkage-stress composite had the ability to release 

high levels of Ca and P ions for remineralization and strengthening of the tooth structures. 

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

the Ca and P ion release. The new low-shrinkage-stress nanocomposite restoration 

protected tooth enamel from demineralization under biofilm acid attack, yielding an 

enamel hardness that was more than 2-fold that of control composite restoration. 

Furthermore, the new composite greatly reduced biofilm formation by 4 orders of 

magnitude and acid production by more than 7 folds. The cytotoxicity of the new low-

shrinkage-stress monomer was similar to that of BisGMA. 
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We further challenged the new composite to remineralize human dentin structure, 

a more complex tooth structure that is harder to remineralize. Additionally, we challenged 

the same composite to maintain strong antibacterial effect after aging for 3 months in acidic 

environment. The results of chapter four indicated that the antibacterial effect of the new 

composite substantially reduced biofilm biomass, lactic acid production, and CFU counts 

by 5 log orders. After 3 months of aging in an acidic solution, the new composite 

maintained a durable and long-lasting antibacterial effect against cariogenic bacteria S. 

mutans. The bioactive low-shrinkage-stress composite presented low shrinkage-stress, 

released Ca and P ions to remineralize tooth lesions, and inhibited biofilm acids to prevent 

caries. These properties helped preserve the marginal dentin, yielding dentin hardness that 

was 41% greater than that of the commercial fluoride-release composite group.  

Chapter five spotlighted the long-term effect of a new low-shrinkage-stress, 

antibacterial and remineralizing nanocomposite in modulating the growth of a salivary-

derived biofilms. The low-shrinkage-stress composite had a long-term antibacterial effect 

that was not decreased after three months of aging in acid solution. Three-dimensional 

confocal images demonstrated less live bacteria on DMAHDM-containing low-shrinkage-

stress composite. The new bioactive low-shrinkage-stress nanocomposite demonstrated 

good gingival fibroblast viability, similar to control composite.  

This dissertation presented the development and evaluation of a rechargeable and 

antibacterial composite; and an antibacterial and remineralizing low-shrinkage-stress 

composite, with Ca and P ion release and biofilm-inhibition to preserve tooth structure at 

the restoration margins. These composites are promising for a wide range of restorations 

to reduce shrinkage stress, maintain marginal integrity, inhibit cariogenic biofilms and 
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protect tooth structures. These new bioactive nanocomposites have the potential to 

suppress recurrent caries at the restoration margins and increases restoration longevity.  

Note related to patency:  

It should be noted that the low-shrinkage-stress dental resin was developed by Dr. Jirun 

Sun at the American Dental Association (ADA). Dr. Sun, collaborator of Prof. Xu and 

coauthor of our publications, has patent protection on the novel compositions and related 

technologies. 
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