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Abstract

Objectives—Antibacterial primer and adhesive are promising to inhibit biofilms and caries.

Since restorations in vivo are exposed to saliva, one concern is the attenuation of antibacterial

activity due to salivary pellicles. The objective of this study was to investigate the effects of

salivary pellicles on bonding agents containing a new monomer dimethylaminododecyl

methacrylate (DMADDM) or nanoparticles of silver (NAg) against biofilms for the first time.

Methods—DMADDM and NAg were synthesized and incorporated into Scotchbond Multi-

Purpose adhesive and primer. Specimens were either coated or not coated with salivary pellicles.

A microcosm biofilm model was used with mixed saliva from ten donors. Two types of culture

medium were used: an artificial saliva medium (McBain), and Brain Heart Infusion (BHI) medium

without salivary proteins. Metabolic activity, colony-forming units (CFU), and lactic acid

production of plaque microcosm biofilms were measured (n = 6).

Results—Bonding agents containing DMADDM and NAg greatly inhibited biofilm activities,

even with salivary pellicles. When using BHI, the pre-coating of salivary pellicles on resin

surfaces significantly decreased the antibacterial effect (p < 0.05). When using artificial saliva

medium, pre-coating of salivary pellicles on resin did not decrease the antibacterial effect. These

results suggest that artificial saliva yielded medium-derived pellicles on resin surfaces, which

provided attenuating effects on biofilms similar to salivary pellicles. Compared with the

commercial control, the DMADDM-containing bonding agent reduced biofilm CFU by about two

orders of magnitude.
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Significance—Novel DMADDM- and NAg-containing bonding agents substantially reduced

biofilm growth even with salivary pellicle coating on surfaces, indicating a promising usage in

saliva-rich environment. DMADDM and NAg may be useful in a wide range of primers,

adhesives and other restoratives to achieve antibacterial and anti-caries capabilities.
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1. Introduction

Composites are popular dental filling materials because of their esthetics and improved

handling and load-bearing properties [1–6]. After bonded into a tooth cavity with an

adhesive, the composite restoration is expected to perform oral functions durably [7–10].

However, nearly half of all restorations fail within 10 years, and replacing them accounts for

50–70% of all restorative dentistry [11,12]. One main problem is that composites tend to

accumulate more biofilms than other restorative materials in vivo [13,14]. Furthermore, gap

formation can be observed between the adhesive and the primed dentin, or between the

adhesive and the hybrid layer [15,16]. Hence, microleakage can occur and biofilms at the

restoration margins can penetrate into the bonded interface, producing acids and causing

secondary caries, which is the main reason for restoration failure [17,18]. Therefore,

antibacterial composites and adhesives are needed to combat biofilms and caries.

Novel polymers containing quaternary ammonium salts (QAS) were developed [19–25].

Monomers such as 12-methacryloyloxydodecylpyridinium bromide (MDPB) and other

antibacterial monomers could copolymerize with dental resins to form antibacterial polymer

matrices that can effectively reduce bacteria growth [19,20,23,25–28]. Adhesives bond the

composite restoration to the tooth structure [29–35]. Hence antibacterial adhesives

containing MDPB were developed to inhibit bacteria at the tooth-restoration margins

[20,36]. In addition, a methacryloxylethyl cetyl dimethyl ammonium chloride (DMAE-CB)

adhesive also inhibited biofilm growth [37]. These polymerizable cationic monomers

covalently bonded within the polymer matrix and killed bacteria upon contact. In addition to

QAS, silver particles were also used to provide antibacterial activity to resinous materials

[38,39]. Nanoparticles of silver (NAg) were well dispersed in the resinous matrix to exert

antibacterial activity for adhesives and composites [24,40,41].

The human oral cavity supports a diverse microbial consortium comprising of hundreds of

bacterial species [42,43]. Saliva in the oral cavity can be absorbed onto dental restoration

surfaces to provide anchor points for bacteria [44] and may block certain functional groups

of material surfaces. Several publications suggested that proteins adsorbed from

physiological fluids, such as saliva-derived protein films, are able to attenuate the

antibacterial properties of the underlying surfaces significantly [45–47].

In our previous studies, antibacterial resins containing a quaternary ammonium

dimethacrylate (QADM) were developed [24,28,40]. More recently, a new quaternary

ammonium monomer, dimethylaminododecyl methacrylate (DMADDM), was synthesized,
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which showed much stronger antibacterial activity than the previously-used QADM in

adhesives [48]. However, the effects of salivary pellicle covering the resin containing

DMADDM on its antibacterial potency have not been reported.

Therefore, the objectives of this study were to develop antibacterial adhesive and primer

containing DMADDM and NAg, and to investigate their effects on microcosm biofilm

properties with or without human salivary pellicle coverage. Microcosm biofilms were

inoculated with mixed saliva from ten human donors. Human saliva without bacteria

provided the salivary pellicles. Two types of culture medium were tested: (1) BHI medium

which contained no salivary proteins, to compare human salivary pellicle-covered resin

surfaces with non-pellicle surfaces; and (2) McBain medium which contained proteins to

mimic saliva, to compare human salivary pellicle-covered resin surfaces with medium-

derived pellicle surfaces. The following hypotheses were investigated: (1) human salivary

pellicle coating will significantly reduce the antibacterial efficacy of DMADDM and NAg

containing adhesive with biofilms cultured in BHI medium; (2) human salivary pellicle

coating will not decrease the antibacterial efficacy of DMADDM and NAg adhesive with

biofilms cultured in McBain medium; (3) adhesives containing DMADDM and NAg will be

strongly antibacterial even when the resin surface was covered with human salivary

pellicles.

2. Materials and methods

2.1. Antibacterial adhesive system containing DMADDM

Scotchbond Multi-Purpose bonding system (3 M, St. Paul, MN) was used as the parent

bonding system and referred as “SBMP”. According to the manufacturer, SBMP etchant

contained 37% phosphoric acid. SBMP primer single bottle contained 35–45% 2-

hydroxyethylmethacrylate (HEMA), 10–20% copolymer of acrylic and itaconic acids, and

40–50% water. SBMP adhesive contained 60–70% BisGMA and 30–40% HEMA.

DMADDM was a quaternary ammonium methacrylate, and was recently synthesized and

incorporated into composites [48]. The synthesis used a modified Menschutkin reaction,

where a tertiary amine group was reacted with an organo-halide [23,24]. A benefit of this

reaction is that the products are generated at virtually quantitative amounts and require

minimal purification. Ten mmol of 1-(dimethylamino)docecane (Sigma, St. Louis, MO) and

10 mM of 2-bromoethyl methacrylate (BEMA, Monomer-Polymer and Dajec Labs, Trevose,

PA) were combined with 3 g of ethanol in a 20 mL scintillation vial. The vial was stirred at

70 ºC for 24 h. The solvent was then removed via evaporation, yielding DMADDM as a

clear, colorless, and viscous liquid. DMADDM was mixed with SBMP primer at a

DMADDM/(SBMP primer + DMADDM) mass fraction of 5%, following previous studies

[36,48]. The same 5% mass fraction of DMADDM was incorporated into SBMP adhesive.

2.2. Antibacterial adhesive system containing NAg

Silver 2-ethylhexanoate powder (Strem, New Buryport, MA) was dissolved in 2-(tert-

butylamino)ethyl methacrylate (TBAEMA, Sigma) at 0.08 g of silver salt per 1 g of

TBAEMA [39]. TBAEMA was used because it improves the solubility by forming Ag N

coordination bonds with Ag ions, thereby facilitating the Ag salt to dissolve in the resin
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solution. TBAEMA contains reactive methacrylate groups and therefore can be chemically

incorporated into a dental resin upon photopolymerization [39,40]. This method produced

NAg with a mean silver particle size of 2.7 nm, which were well dispersed in the cured resin

matrix [39,40]. Ag was incorporated into SBMP primer at silver 2-ethylhexanoate/(primer +

silver 2-ethylhexanoate) mass fraction of 0.1%, following a previous study [41]. The same

0.1% mass fraction of silver was incorporated in SBMP adhesive.

Therefore, three groups were tested: (1) SBMP primer “P”, SBMP adhesive “A” (termed

P&A control); (2) SBMP primer + 5% DMADDM, SBMP adhesive + 5% DMADDM

(termed P&A + DMADDM); (3) SBMP primer + 0.1% NAg, SBMP adhesive + 0.1% NAg

(termed P&A + NAg).

2.3. Resin specimen preparation

The cover of a sterile 96-well plate was used for specimen preparation [37]. Ten μL of a

primer was placed in the bottom of the dent of the cover. After drying with a stream of air,

10 μL of adhesive was applied and photo-polymerized for 20 s. Then, a composite (TPH,

Caulk/Dentsply, Milford, DE) was placed and photo-cured for 1 min. This yielded a tri-

layered primer/adhesive/composite disk of approximately 8 mm in diameter and 1 mm in

thickness. The cured disks were immersed in water and agitated for 1 h to remove any

uncured monomers, following previous studies [20,41]. This treatment ensured that the

subsequent antibacterial property measurement was due to the antibacterial resin, and not

due to a short-term burst release of uncured monomers. The disks were then sterilized with

ethylene oxide (Anprolene AN 74i, Andersen, Haw River, NC).

2.4. Saliva collection for the dental plaque microcosm model and salivary pellicle

The dental plaque microcosm model was approved by the University of Maryland. Human

saliva was shown to be ideal for growing plaque microcosm biofilms in vitro, with the

advantage of maintaining much of the complexity and heterogeneity of the dental plaque in

vivo [43]. Saliva was collected from ten healthy adult donors having natural dentition

without active caries or periopathology, and without the use of antibiotics within the past 3

months [40]. Participants did not brush teeth for 24 h and abstained from food/drink intake

for at least 2 h prior to donating saliva. An equal amount of saliva from each of the ten

donors was mixed together. Half of the saliva was diluted in sterile glycerol to a

concentration of 30%, and stored at −80 ºC to be used as biofilm inoculums [40]. The other

half of the saliva was used for creating salivary pellicles on resin surfaces. The saliva was

centrifuged for 15 min at 12,000 × g to remove debris and then annealed for 30 min at 60 ºC,

to kill the bacteria but not denature the proteins. After filtration through a 0.45 μm cellulose

acetate filter (Corning, New York, NY), the saliva with proteins but without bacteria was

frozen at −80 ºC for usage in salivary pellicle formation on resin surfaces [45].

2.5. Saliva pellicle treatment and types of growth medium

The tri-layered primer/adhesive/composite disks were divided into two groups. Group 1

received salivary pellicle coatings; group 2 had no salivary pellicles. Saliva treatment was

performed by immersing the cured specimens in 1 mL of filter-sterilized saliva for 2 h at 37
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ºC; a previous study showed that this immersion resulted in salivary pellicles covering the

specimen surface [45]. The specimens were then used for bacteria inoculation.

Two types of growth medium were used to culture the bacteria. The first was Brain Heart

Infusion broth which contained no salivary proteins (BHI, Becton Dickinson, Sparks, MD),

following previous studies [45–47]. The second was an artificial saliva named the McBain

medium, with the purpose to mimic saliva and enable the maintenance of complex, stable

salivary microcosms [40,41,49]. McBain medium contained mucin (type II, porcine, gastric)

at a concentration of 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; haemin, 0.001 g/L; vitamin K1, 0.0002 g/L, at pH 7 [43,49]. Mucin is similar to that in

natural saliva and can cover the resin specimen surfaces similar to natural saliva. Mucin

accounts for about 26% of salivary proteins in natural saliva. Bacteriological peptone,

tryptone and yeast extract provided nutrition for bacterial growth.

2.6. Dental plaque microcosm biofilm culture

Each resin disk, with or without salivary pellicle, was placed into a well of 24-well plates,

with the primer surface on the top. The saliva-glycerol stock was added, with 1:50 final

dilution, to either the BHI or the McBain medium as inoculum. An inoculum of 1.5 mL was

added to each well, and incubated in 5% CO2 at 37 ºC for 8 h. The disks were then

transferred to new 24-well plates with fresh medium. After 16 h, the disks were transferred

to new 24-well plates with fresh medium and incubated for 24 h. This constituted 2 days of

incubation, which was shown to form plaque microcosm biofilms on resin disks [40,41].

2.7. Live/dead bacterial viability assay

Specimens with 2-day biofilms were washed with phosphate buffered saline (PBS). Then,

the biofilms were stained using a live/dead BacLight bacterial kit (Molecular Probes,

Eugene, OR). Live bacteria were stained with Syto 9 to produce a green fluorescence.

Bacteria with compromised membranes were stained with propidium iodide to produce a red

fluorescence. Six specimens were examined for each group with confocal laser scanning

microscopy (CLSM 510, Carl Zeiss, Thornwood, NY) [40,41]. A magnification of 200 was

used in taking the images. The green channel was with 488 nm excitation and 514 nm

emission. The red channel was with 543 nm excitation and 570 nm emission.

2.8. MTT metabolic assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a colorimetric assay

that measures the enzymatic reduction of MTT, a yellow tetrazole, to formazan [23,24].

Resin disk with 2-day biofilm was transferred into new 24-well plate with 1 mL of MTT dye

(0.5 mg/mL MTT in PBS) in each well and incubated at 37 ºC in 5% CO2 for 1 h. During

this process, metabolically active bacteria reduced the MTT to purple formazan. After 1 h,

the biofilm specimens were transferred to a new 24-well plate. An aliquot of 1 mL of

dimethyl sulfoxide (DMSO) was added to each well to solubilize the formazan crystals.

After incubation in the dark for 20 min, 200 μL of the DMSO solution was transferred to a

96-well plate, and the absorbance at 540 nm (optical density OD540) was measured via a

microplate reader (SpectraMax M5, Molecular Devices, Sunnvale, CA) [23,24].
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2.9. Lactic acid production and colony-forming unit (CFU) counts

Disks with 2-day biofilms were rinsed in cysteine peptone water (CPW) to remove loose

bacteria and then placed in a new 24-well plate. An aliquot of 1.5 mL of buffered peptone

water (BPW) supplemented with 0.2% sucrose was added into each well. The relatively high

buffer capacity of BPW prevented the pH from becoming significantly acidic, as a low pH

would hinder bacterial acid production. Biofilm were incubated at 5% CO2 and 37 ºC for 3 h

to allow bacteria to produce acid. After 3 h, the BPW solutions were stored for lactate

analysis. Lactate concentrations in the BPW solutions were determined using an enzymatic

(lactate dehydrogenase) method [40]. The microplate reader was used to measure the

absorbance at 340 nm for the BPW solutions. Standard curves were prepared using a lactic

acid standard (Supelco Analytical, Bellefonte, PA) [40,41].

Disks with biofilms were transferred into tubes with 2 mL CPW, and the biofilms were

harvested by sonication and vortexing (Fisher, Pittsburgh, PA) [40,41]. Three types of agar

plates were prepared. First, tryptic soy blood agar culture plates were used to determine total

microorganisms [40,41]. Second, mitis salivarius agar (MSA) culture plates, containing 15%

sucrose, were used to determine total streptococci [40,41,50]. This is because MSA contains

selective agents crystal violet, potassium tellurite and trypan blue, which inhibit most gram-

negative bacilli and most gram-positive bacteria except streptococci, thus enabling

streptococci to grow [50]. Third, cariogenic mutans streptococci are known to be resistant to

bacitracin, and this property is often used to isolate mutans streptococci from the highly

heterogeneous oral microflora. Hence, MSA agar culture plates plus 0.2 units of bacitracin

per mL was used to determine mutans streptococci [40,41,51]. The bacterial suspensions

were serially diluted and spread onto agar plates for CFU analysis [40,41].

2.10. Statistical analysis

All data collected from this research were first checked for normal distribution with the

Kolmogorov–Smirnov test and tested for homogeneity with the Levene’s test. For MTT

metabolic assay and acid production study, inter-group differences were estimated by a

statistical analysis of variance (ANOVA) for factorial models; individual groups were

compared with Fisher’s protected least-significant difference test. For CFU, the values were

first transformed by Log10 to normalize the data distribution and then subjected to ANOVA

and Fisher’s protected least-significant difference test. Statistical analyses were performed

by SPSS 13.0 software (SPSS Inc., Chicago, IL) at a significance level of p < 0.05.

3. Results

Representative live/dead staining CLSM images are shown in Fig. 1 for the adherent

biofilms on resin disks. The control adhesive disks were covered with primarily live

bacteria. In contrast, adhesive disks containing DMADDM or NAg had much more staining

of compromised bacteria, when cultured in both BHI and McBain medium, even for

specimens pre-covered with salivary pellicles.

MTT metabolic activity with culture in BHI medium is plotted in Fig. 2 (mean ± sd; n = 6).

Comparing between the three materials, P&A control had the highest MTT absorbance,

followed by P&A + NAg; P&A + DMADDM had the strongest antibacterial activity with

Li et al. Page 6

Dent Mater. Author manuscript; available in PMC 2014 May 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the lowest metabolic activity (p < 0.05). The control showed no significant difference with

or without salivary pellicle (p > 0.1). For P&A + NAg and P&A + DMADDM, pre-treating

the resin surface with salivary pellicles significantly increased the metabolic activity of

biofilms, compared to bare resin surface counterparts (p < 0.01). These results show that

adding NAg or DMADDM in the bonding agents imparted a strong antibacterial activity;

however, pre-coating the resin surface with salivary pellicles significantly decreased the

antibacterial effect against biofilms, when cultured in BHI.

Fig. 3 shows the MTT metabolic activity of biofilms when cultured in the saliva-like

McBain medium. Adding NAg into bonding agent yielded a strong antibacterial activity;

and adding DMADDM produced an even stronger antibacterial activity (p < 0.05). Without

pre-coating of salivary pellicles, the incorporation of NAg or DMADDM decreased the

MTT activity of biofilms to 27% and 9% of that of the control, respectively. For each

material, there was no significant difference with or without pre-coating of salivary pellicles

(p > 0.1) when cultured in the McBain medium.

The lactic acid production by biofilms adherent on the resin disks is plotted in Fig. 4 using

the BHI medium. Without salivary pellicle coverage, the biofilms on P&A control produced

the most acid (p < 0.05), followed by P&A + NAg (with 23% of the acid of the control), and

P&A + DMADDM (with 8% of the acid of the control). After salivary pellicle treatment, the

incorporation of NAg or DMADDM decreased the acid production to 36% and 17% of the

control (p < 0.05), respectively. For both P&A + NAg and P&A + DMADDM, salivary

pellicle treatment significantly increased the lactic acid production (p < 0.05).

Fig. 5 plots the lactic acid production by biofilm on resin disks cultured in McBain medium.

Without salivary pre-coating on the resin, the biofilms on P&A control produced the most

acid (p < 0.05), followed by P&A + NAg (with 24% of the acid of control), and P&A +

DMADDM (with 8% of the acid of control). After pre-coating with salivary pellicles, the

incorporation of NAg or DMADDM decreased the acid production to 33% and 11% of that

of control (p < 0.05), respectively. For every material, salivary pellicle pre-treatment had no

significant effect on acid production when using the McBain medium (p > 0.1).

CFU counts of biofilms adherent on resin disks are plotted in Fig. 6 for culture in BHI

medium. Without salivary treatment, adding NAg or DMADDM in adhesive greatly

decreased the biofilm CFU, compared to control (p < 0.05). P&A + DMADDM showed the

strongest antibacterial effect, reducing the CFU by more than two orders of magnitude (p <

0.05). For P&A + NAg, the salivary pellicle pre-coating slightly, but not significantly,

increased the CFU values (p > 0.1). For P&A + DMADDM, pre-coating with salivary

pellicles yielded significantly higher CFU, by nearly an order of magnitude, than the

counterpart without pre-coating of salivary pellicles (p < 0.05).

CFU counts of biofilms cultured in McBain medium are plotted in Fig. 7. For each material,

with or without pre-coating of salivary pellicle had no significant effect on CFU (p > 0.1).

The incorporation of NAg or DMADDM in adhesive greatly decreased the CFU, compared

to the control (p < 0.05). P&A + DMADDM showed the strongest antibacterial effect,
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reducing the CFU values by almost two orders of magnitude, compared to the commercial

control adhesive group (p < 0.05).

4. Discussion

In the present study, a new antibacterial monomer DMADDM and NAg were incorporated

into a bonding agent, and the antibacterial efficacy of the adhesive specimens against

salivary protein pellicles was investigated for the first time. The bonding agents containing

DMADDM and NAg greatly inhibited dental plaque microcosm biofilm growth, metabolic

activity, CFU and lactic acid production, even when the resin surface was pre-coated with

salivary pellicles. Previous studies have used oral biofilm models which can be divided into

three categories: single species, defined consortium, and microcosm [43]. Dental plaque is a

complicated ecosystem with about 1000 bacterial species [42], therefore the use of a

microcosm model would be preferred to maintain the complexity and heterogeneity of

biofilms in vivo [43]. Oral bacteria in vivo colonize on the tooth-restoration surfaces to form

biofilms, and cariogenic bacteria in the biofilms can metabolize carbohydrates to organic

acids. This in turn leads to tooth decay and secondary caries at the tooth-restoration margins.

Therefore, the new DMADDM- and NAg-containing antibacterial bonding agents with

substantial reductions in biofilm growth and lactic acid production are promising for caries-

inhibition applications in the oral environment filled with saliva.

Previous investigations reported the contact-inhibition of antibacterial resins containing

quaternary ammonium methacrylates [19–25], such as MDPB-containing materials [20,46]

and DMAE-CB-incorporated adhesive [21,37]. The quaternary ammonium methacrylates

can be immobilized in the resin by covalent bonding during co-polymerization. Hence, the

mode of antibacterial action is contact-inhibition. Previous studies suggested that when the

negatively-charged bacterial cell contacts the positively-charged sites of QAS resin, the

electric balance of cell membrane could be disturbed, and the bacterium could explode

under its own osmotic pressure [52,53]. This contact-killing mechanism would imply that,

when a salivary protein pellicle separates the antibacterial resin surface from the overlaying

biofilm, the antibacterial effect of the resin could be decreased.

Indeed, several publications showed that a saliva-derived protein film on the cationic

antibacterial surfaces reduced the original bactericidal effect [45–47]. The MDPB

immobilized fillers, which contained MDPB at a concentration of 15.8%, could greatly

inhibit the bacterial growth; however, saliva pre-treatment of the surface reduced its

antibacterial potency [46]. After incorporating the MDPB fillers into a composite at a final

concentration of 2.83% of MDPB, the composite could substantially suppress Streptococcus

mutans biofilm accumulation [45]. However, this anti-plaque ability was reduced by salivary

pre-treatment of the composite surface, although the composite still exhibited significantly

less plaque accumulation on its surface than a control composite [45]. Therefore, the

reduction in the antibacterial effect by the adsorption of proteins on the resin surfaces has

been considered a drawback of contact-killing dental materials.

Promising results were obtained in the present study using the newly-developed DMADDM

and NAg in bonding agents. When cultured in the BHI medium without salivary proteins,
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the new antibacterial bonding agents greatly reduced biofilm activities. Covering with

salivary pellicles indeed reduced the antibacterial effect. However, the bonding agents

containing DMADDM and NAg still substantially inhibited biofilm activities even with

salivary pellicles. Furthermore, when cultured in the in artificial saliva McBain medium, the

new antibacterial bonding agents containing DMADDM and NAg showed no decrease in

antibacterial efficacy even with salivary pellicle coverage.

The present study used an artificial saliva for biofilm culture, the McBain medium, which

reflects the gross composition of salivary secretions except certain antimicrobial peptides

and hydrolytic enzymes present within the mouth [49]. One major component of this

medium, mucin, accounts for up to 26% of the natural salivary proteins [54] and is an

important salivary protein in the pellicle [44]. Mucin and other proteins in the McBain

medium could be absorbed onto the resin to form a medium-derived pellicle, which could

cover the anti-biofilm sites of the cationic resin surface, thereby reducing its antibacterial

effect. This was likely why, when cultured in McBain medium, coating an additional human

salivary pellicle to the resin surface did not further decrease its antibacterial effect.

In this regard, the use of BHI and other culture mediums without salivary proteins, together

with the use of antibacterial resins without pre-coating of salivary pellicles, would yield

artificially high antibacterial effects. Such antibacterial activities could greatly diminish

once the resin surfaces are coated with salivary pellicles when placed in vivo. On the other

hand, the use of saliva-mimicking culture mediums such as the McBain medium could

reasonably well measure the antibacterial efficacy of the resin, because it produces a

medium-derived pellicle. This yields similar antibacterial properties for the resin with or

without salivary pellicle coating, indicating that the resin covered with medium-derived

pellicle could be equivalent to human salivary pellicle-coated resin in antibacterial

measurements. Therefore, the microcosm biofilm model together with the artificial saliva

medium of the present study could be an appropriate tool to monitor the contact-killing

mode of antibacterial behavior of QAS-incorporated materials.

The incorporation of NAg at a low concentration of 0.1% also provided a strong

antibacterial activity. NAg was prepared by dissolving the Ag salt in TBAEMA monomer,

which was then mixed with the resin and photopolymerized, thus forming the NAg in situ.

This yielded well-dispersed NAg in the resin without agglomeration, and avoided the need

to mix and disperse nanoparticles in resins [39–41]. The small particle size of NAg, about

2.7 nm in diameter, yielded a high specific surface area, which allowed the use of a low

NAg filler level in the adhesive while achieving a strong antibacterial effect. Considering

the cured bonding agent with NAg being covered with a salivary pellicle, it is possible that

the Ag ions could diffuse and penetrate through the salivary pellicle, and hence exert

antibacterial effects which may not be impeded by the salivary pellicles. However, when the

effect of salivary pellicle on NAg-containing material was measured in the present study, it

was found that its antibacterial activity significantly decreased due to salivary pellicles when

cultured in BHI medium. This may be due to the antibacterial mode of NAg-containing

materials which involves Ag ion release. Ag ions could target the thiol groups (-SH) of

proteins exposed to the extracellular portion of the bacterial membrane [55–57] and

inactivate the vital enzymes of bacteria, thus causing DNA in the bacteria to lose its
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replication ability, which leads to cell death [58]. However, when covered with salivary

pellicles, the negatively-charged N-terminal domain of the acidic proline-RICH proteins

(PRPs), which comprise 37% of the salivary proteins adhering to freshly cleaned teeth [59],

could capture the positively charged Ag ions and work as barrier to hinder Ag+ ion release.

This was likely why the antibacterial effect of the NAg-containing material decreased after

salivary pellicle treatment when cultured in BHI medium. However, even with salivary

pellicles, the bonding agents with NAg and DMADDM still greatly reduced biofilm growth

and acid production, compared to a commercial bonding agent. Furthermore, recent studies

showed that the incorporation of DMADDM and NAg into bonding agents did not adversely

affect the dentin bond strength [48]. Therefore, DMADDM and NAg are promising for use

in primers and adhesives to inhibit the accumulation of biofilms and plaque and the resultant

secondary caries. Further studies are needed to investigate their efficacy in vivo.

5. Conclusions

Antibacterial bonding agents containing novel DMADDM and NAg were synthesized which

greatly reduced the metabolic activity, CFU and lactic acid of microcosm biofilms on resin

surfaces, even when pre-coated with salivary pellicles. When cultured in a medium without

salivary proteins, the pre-coating of salivary pellicles on the resin surface significantly

decreased its antibacterial efficacy, compared to resin without pellicles. However, when

cultured in an artificial saliva medium, the resins with or without the pre-coating of salivary

pellicles had similar antibacterial effects. The results indicate that saliva-like culture

mediums or pre-coating the resin with salivary pellicles are needed to avoid overestimating

the antibacterial efficacy. The results further indicate that the novel DMADDM- and NAg-

containing bonding agents could greatly inhibit biofilms even with salivary pellicles, and

hence are promising for clinical applications in antibacterial and anti-caries restorations.
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Fig. 1.
CLSM images of live/dead biofilms on resin. The top titles indicate the bonding agents, and

the left titles indicate whether the resin was pre-coated with human salivary pellicles, and

the culture medium type. Bacteria with integral membrane were stained green, and bacteria

with compromised membrane were stained red. Bacteria of those two cohorts that were

close to or on the top of each other produced orange or yellow colors. It should be noted that

some red cells may have partially lost membrane function and may still be viable. Control

disks were covered with primarily live bacteria. Adhesives containing DMADDM or NAg

greatly inhibited the microcosm biofilm growth.
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Fig. 2.
MTT assay of metabolic activity of biofilms on resin disks cultured in BHI (mean ± sd; n =

6) for P&A control, P&A + NAg, and P&A + DMADDM. “P” stands for the commercial

SBMP primer control, and “A” stands for SBMP adhesive. A higher MTT absorbance

indicates a higher formazan concentration, which in turn indicates more metabolic activity in

the biofilm. Values with dissimilar letters are significantly different from each other (p <

0.05).
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Fig. 3.
MTT metabolic activity of biofilms when cultured in the saliva-like McBain medium (mean

± sd; n = 6) for P&A control, P&A + NAg, and P&A + DMADDM. Adding NAg into

bonding agent yielded a strong antibacterial activity; and adding DMADDM produced an

even stronger antibacterial activity (p < 0.05). Values with dissimilar letters are significantly

different from each other (p < 0.05).
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Fig. 4.
Lactic acid production by biofilms on resin disks in BHI medium (mean ± sd; n = 6) for

P&A control, P&A + NAg, and P&A + DMADDM. Values with dissimilar letters are

significantly different from each other (p < 0.05).
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Fig. 5.
Lactic acid production by biofilm on resin disks cultured in McBain medium (mean ± sd; n

= 6) for P&A control, P&A + NAg, and P&A + DMADDM. The incorporation of NAg or

DMADDM greatly decreased the acid production of the adherent biofilms. Values with

dissimilar letters are significantly different from each other (p < 0.05).
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Fig. 6.
Colony-forming unit (CFU) counts of biofilms in BHI medium for P&A control, P&A +

NAg, and P&A + DMADDM (mean ± sd; n = 6). Three types of agar plates were tested: (A)

Total microorganisms; (B) total streptococci; and (C) mutans streptococci. For each type of

agar plates, values with dissimilar letters are significantly different from each other (p <

0.05). Adding NAg or DMADDM in adhesive greatly decreased the biofilm CFU, compared

to control (p < 0.05).
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Fig. 7.
CFU counts of biofilms cultured in McBain medium for P&A control, P&A + NAg, and

P&A + DMADDM (mean ± sd; n = 6). Three types of agar plates were tested: (A) Total

microorganisms; (B) total streptococci; and (C) mutans streptococci. For each type of agar

plates, values with dissimilar letters are significantly different from each other (p < 0.05).

The incorporation of NAg or DMADDM in adhesive substantially decreased the CFU,

compared to the control (p < 0.05).
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