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ABSTRACT 1 

 2 

Dental caries at the margins of restorations has been the 3 

main reason for restoration failure. Restorative dental 4 

materials such as resin composite and adhesive systems are 5 

in contact with tooth and can be the ideal vehicle for 6 

delivering anticaries agents. Based on nanotechnology, 7 

nanoparticles of silver (NAg) were introduced into 8 

restorative materials to achieve antimicrobial properties. 9 

Another strategy to combat caries lesions around 10 

restorations is to drive the shift of demineralization to 11 

remineralization process via calcium (Ca) or phosphate (P) 12 

ion release.  This was achieved via resins filled with 13 

nanoparticles of amorphous capcium phosphate (NACP). In 14 

the present contribution we report the development of 15 

restorative materials including primer, adhesive and 16 

composites that containing NAg and NACP. The 17 

antibacterial, remineralizing and mechanical properties of 18 

these new materials indicate that novel nano-sized agents 19 

can fight bacteria and reduce the demineralization in 20 

restored tooth cavities. 21 

 22 

Keywords: nanoparticles, dental materials, nanotechnology, 23 

dental caries. 24 

 25 

1 INTRODUCTION 26 

 27 

Dental caries is a widespread public health problem, 28 

despite much effort in health promotion and disease 29 

prevention. Tooth caries is caused by acidic attack from 30 

cariogenic bacteria, such as Streptococcus mutans and 31 

Lactobacillus. They are present in aggregates of 32 

microorganism cells attached to each other and to a tooth 33 

surface to form oral biofilm or dental plaque. Decreases in 34 

pH (<5.5) of oral biofilm due to the action of bacterial acids 35 

can lead to desolution of calcium and phosphate from the 36 

tooth  causing demineralization. Resin-based composite and 37 

adhesive systems are popular direct restorative options in 38 

dentistry. Caries at the margins of restorations has been the 39 

main reason for restoration failure. The development of 40 

direct-filling restorative dental materials with antibacterial 41 

and remineralizing properties is a promising approach to 42 

addressing the caries problem. Restorative dental materials 43 

such as resin composite and adhesive systems are in contact 44 

with tooth and can be the ideal vehicle for delivering 45 

anticaries agents. Tremendous efforts have been  made in 46 

developing approaches that not only show high antibacterial 47 

efficacy, but also maintain the load-bearing properties of 48 

dental materials. Nanotechnology is a promising approach 49 

to developing the next generation of dental materials, to not 50 

only replace the missing tooth volume as traditional 51 

restorations, but also inhibit oral biofilms and remineralize 52 

tooth caries. Based on this approach, nanoparticles of silver 53 

(NAg) were introduced into restorative dental materials to 54 

achieve antimicrobial properties. NAg possess great 55 

efficacy against cariogenic bacteria with high surface area- 56 

to-volume ratio thereby requiring only a low concentration 57 

for efficacy. Dental materials containing NAg were recently 58 

reported [1-4]. NAg incorporation into composite 59 

containing nanoparticles of amorphous calcium phosphate 60 

(NACP) yielded a potent antibacterial activity while using a 61 
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low NAg filler level [1,2]. Modified adhesive system 62 

components with the addition of NAg as primer and 63 

adhesive also achieved great antibacterial effects on oral 64 

biofilms, without adversely affecting the dentin bond 65 

strength [3-6]. The small size of NAg could allow them to 66 

flow with the primer into dentinal tubules to kill residual 67 

bacteria inside the dental structure.  68 

Another strategy to combat caries lesions around 69 

restorations, also based on nanotechnology, is to drive the 70 

shift of demineralization to remineralization via calcium 71 

(Ca) or phosphate (P) ion release from NACP. Previous 72 

studies have reported successful incorporation of this 73 

remineralizing agent in adhesive and composites [5-8]. In 74 

addition to these agents, Antibacterial quaternary 75 

ammonium methacrylates (QAMs) were synthesized and 76 

incorporated into dental resins. Recently, a new quaternary 77 

ammonium monomer dimethylaminododecyl methacrylate 78 

(DMADDM) was synthesized and showed strong 79 

antibacterial effect [9]. Here we report the development of  80 

dental materials including primer, adhesive and composites 81 

containing the above cited agents. The antibacterial, 82 

remineralizing and mechanical properties of these new 83 

materials indicate that novel nano-sized agents can fight 84 

bacteria and reduce the demineralization in restored tooth 85 

cavities. 86 

 87 

2 MATERIALS AND METHODS 88 

 89 

A set of antibacterial and remineralizing agents were 90 

syntetized and incorported in dental primer and adhesive 91 

components. The new antibacterial monomer DMADDM 92 

with an alkyl chain length of 12 was synthesized using a 93 

modified Menschutkin reaction method. This method, in 94 

which a tertiary amine group is reacted with an organo- 95 

halide, is desirable because the reaction products were 96 

generated at quantitative amounts and required no further 97 

purification [9].  98 

NAg incorporation into dental materials 99 

 The incorporation of NAg into dental resins was shown 100 

to be promising to achieve a strong antibacterial activity 101 

[2,3].  NAg could be formed in the resin in situ, without the 102 

need to mix nanoparticles with resin, thus avoiding the 103 

agglomeration issue.  Silver 2-ethylhexanoate powder 104 

(Strem, New Buryport, MA, USA) could be dissolved in 2- 105 

(tert-butylamino) ethyl methacrylate (TBAEMA, Sigma- 106 

Aldrich, St. Louis, MO) [1,2]. This Ag solution was then 107 

mixed into a resin  at 0.05-0.10% mass fraction of silver 2- 108 

ethylhexanoate. TBAEMA was selected since it contains 109 

reactive methacrylate groups and therefore can be 110 

chemically incorporated into a dental resin upon 111 

photopolymerization.  This method produced NAg with a 112 

mean particle size of approximately 2.7 nm that were well 113 

dispersed in the cured resin matrix [2]. 114 

NACP incorporation into dental materials 115 

 116 

 To synthesize NACP, calcium carbonate (CaCO3, 117 

Fisher, Fair Lawn, NJ) and dicalcium phosphate anhydrous 118 

(CaHPO4 , Baker, Phillipsburg, NJ) were dissolved into an 119 

acetic acid solution to obtain final calcium and phosphate 120 

ionic concentrations of 8 mmol/L and 5.333 mmol/L, 121 

respectively [1,2].  This solution was sprayed into a heated 122 

chamber to remove the liquid and volatile acids.  Then an 123 

electrostatic precipitator (AirQuality, Minneapolis, MN) 124 

was used to collect the dried NACP powder which had a 125 

mean particle size of approximately 116 nm [7]. The NACP 126 

was incorporated into dental adhesive in a range from 0- 127 

40% [5]. Typical NACPand NAg incorporated in dental 128 

adhesives are shown in Fig. 1. 129 

 130 

 131 
 132 

Fig. 1 TEM photomicrographs illustrating the  infiltration 133 

of experimental adhesive system in demineralized dentin 134 

matrix. (A) Apparent long resin tags formation through the 135 

dentinal tubule were observed. Deposition of many NAg 136 

and NACP particles  appeared along the tag (white arrow). 137 

(B) Higher magnification of selected area (square 138 

delimitation) of section of (A), highlighting adequate resin 139 

infiltration. (C) Higher magnification of end of tag; evident 140 

presence of nanosilver and NACP particles (D) Higher 141 

magnification showing the mixture of studied nanoparticles 142 

with the presence of  variety of sizes. 143 

 144 

 Antibacterial  and Mechanical properties  145 

 146 

Using a dental plaque biofilm model, colony-forming 147 

unit (CFU) counts for total microorganisms, total 148 

streptococci, and mutans streptococci were assessed after 149 

biofilm growing over the 9 mm disks. [3,4]. 150 

Mechanical properties were measured by shear bond test 151 

to evaluate the bonding strenght of new materials do human 152 

dentin. 153 
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3 RESULTS 154 

 155 

Mechanical properties of dental primer and adhesives 156 

containing nano-sized antibacterial and remineralizing 157 

agents are plotted in Fig. 2. These strengths 158 

matched/exceeded the values of the primer and adhesive 159 

components without antibacterial agent incorporated. 160 

 161 

 162 
 163 

Fig. 2. Dentin shear bond strength. (A) Primer 164 

containing 0.05% NAg, and (B) adhesive containing NAg 165 

and NACP  (0-40%) Adding NAg and NACP into the 166 

bonding agent did not significantly decrease the dentin 167 

bond strength. The horizontal line indicates values not 168 

significantly different from each other (p > 0.1). (Adapted 169 

from Ref. [4,8] with permission). 170 

 171 

 172 

Fig. 3. Antibacterial activity of un-curd primers in agar 173 

disk diffusion test. Inhibition zone data for total 174 

microorganisms, total streptococci, and mutans 175 

streptococci, respectively.  Each value is mean ± sd (n = 6).  176 

Bars with dissimilar letters indicate values that are 177 

significantly different (p < 0.05). (Adapted from Ref. [3] 178 

with permission). 179 

 180 
 181 

Fig. 4. Dental plaque biofilm colony-forming units 182 

(CFU) formed on the surface of dental adhesive containing 183 

different antibacterial/remineralizing agents. (A) Total 184 

microorganisms, (B) total streptococci, and (C) mutans 185 

streptococci. Each value is (mean ± sd; n = 6). After 6 186 

months, the combining agents reduced the biofilm CFU of 187 

the commercial SBMP control by more than two orders of 188 

magnitude. In each plot, four groups were tested as listed at 189 

the top of the figure: Control; control + DMADDM; control 190 

+ DMADDM + NAg; control + DMADDM + NAg + 191 

NACP. Values with dissimilar letters are significantly 192 
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different (p < 0.05). (Adapted from Ref. [9] with 193 

permission). 194 

 195 

 196 

 197 
 198 
Fig 5. Fluorescence images of biofilm grown on the 199 

adhesive surface to investigate the antibacterial activity of 200 

the adhesive containing DMADDM + NAg + NACP at 1 d 201 

and 6 months, respectively. Live bacteria were stained 202 

green, and dead bacteria were stained red. Live and dead 203 

bacteria in close vicinity and on the top of each other 204 

appeared yellow or orange. (Adapted from Ref. [9] with 205 

permission). 206 

 207 

4 CONCLUDING REMARKS 208 

 209 

 The current data showed that adding the NAg in 210 

primer and the combining of NAg,  DMADDM and 211 

NACP into adhesive reached stronger antibacterial 212 

properties. Dental plaque microcosm biofilm 213 

viability and CFU were significantly reduced with 214 

with the incorporation of  nanotecnology-based 215 

agents, NAg and NACP. 216 

 Antibacterial adhesives would be important to 217 

combat bacteria and offer protection against 218 

secondary caries and pulpal damage. 219 

 Because of the small size of NAg and the high 220 

specific surface area, a low NAg filler level could be 221 

used in the resin to achieve a potent antibacterial 222 

efficacy. It is beneficial to use a low NAg filler level 223 

in the resin so that the NAg did not adversely affect 224 

the resin color and physical/mechanical properties. 225 

In the current study, the presence of NAg in adhesive 226 

and primer did not compromise the dentin bond 227 

strength. 228 

 The new formulations have the potential to kill 229 

residual bacteria in the tooth cavity and inhibit the 230 

invading bacteria along the tooth-restoration 231 

margins, with NACP for Ca and P ions to 232 

remineralize tooth lesions. The novel combination of 233 

antibacterial and remineralizing agents is promising 234 

for incorporation into a wide range of dental 235 

adhesives to inhibit caries. 236 

 237 

 238 
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